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Abstract
Hydrogen is viewed as the future carbon–neutral fuel, yet hydrogen storage is a key issue for developing the hydrogen 
economy because current storage techniques are expensive and potentially unsafe due to pressures reaching up to 700 bar. 
As a consequence, research has recently designed advanced hydrogen sorbents, such as metal–organic frameworks, covalent 
organic frameworks, porous carbon-based adsorbents, zeolite, and advanced composites, for safer hydrogen storage. Here, 
we review hydrogen storage with a focus on hydrogen sources and production, advanced sorbents, and machine learning. 
Carbon-based sorbents include graphene, fullerene, carbon nanotubes and activated carbon. We observed that storage capaci-
ties reach up to 10 wt.% for metal–organic frameworks, 6 wt.% for covalent organic frameworks, and 3–5 wt.% for porous 
carbon-based adsorbents. High-entropy alloys and advanced composites exhibit improved stability and hydrogen uptake. 
Machine learning has allowed predicting efficient storage materials.

Keywords Hydrogen storage · Sorbent materials · Machine learning · High-entropy alloys · Economics of hydrogen 
storage · Storage efficiency

Introduction

In recent years, hydrogen has emerged as a promising clean 
and sustainable energy carrier, garnering attention as a 
viable alternative to conventional fossil fuels across diverse 
sectors, including transportation, power generation, and 
industrial processes. The drive toward a low-carbon future 
has reignited interest in the role of hydrogen, with govern-
ments, businesses, and researchers investing in its potential. 
Its energy-rich nature makes it an appealing choice for trans-
portation, while its storability as both gas and liquid offers 
application flexibility (Osman et al. 2022, 2024c).

Hydrogen fuel, with more than double the efficiency 
of fuels like gasoline (Balat 2008; Gutiérrez-Martín et al. 
2009), is primarily produced through industrial steam 
reforming (accounting for 96% of hydrogen production), 
satisfying a large portion of the United States hydrogen 

demand (Gutiérrez-Martín et al. 2009; Pareek et al. 2020). 
Electrolysis, a significant and emerging technology, accounts 
for the remaining 4% of hydrogen production. This process 
comprises water splitting into its constituent elements, oxy-
gen, and hydrogen, through the application of electrical 
energy (Mazloomi et al. 2012; Nagar et al. 2023; Osman 
et al. 2023a; Li et al. 2023b). While alternative methods, 
such as thermochemical, biomass gasification, wind, and 
solar radiation, are being explored, they require further 
experimental evidence for quantitative hydrogen production 
(Pareek et al. 2020; Osman et al. 2023b). This endeavor is 
complemented by a growing emphasis on harnessing renew-
able energy sources, such as solar and wind for hydrogen 
production. This approach can potentially create an entirely 
emissions-free energy cycle, aligning with the broader goals 
of sustainability and environmental responsibility, generat-
ing several environmental and economic benefits, as shown 
in Fig. 1. However, the broad implementation of hydrogen as 
an energy carrier is impeded by several technical obstacles, 
one of the most significant being the issue of hydrogen stor-
age (Chen and Zhu 2008; Barthélémy et al. 2017).
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Hydrogen storage presents a distinctive set of challenges 
due to hydrogen’s inherent characteristics. Hydrogen exhib-
its a low volumetric energy density as the lightest element 
under standard conditions. This necessitates the develop-
ment of storage methods that can effectively, compactly, 
safely, and economically accommodate the energy needs of 
vehicles (Ratnakar et al. 2021; Usman 2022; Navaid et al. 
2023). Over time, various storage techniques have emerged 
as solutions. Generally, hydrogen storage technologies 
are divided into two main categories: physical-based and 
material-based.

Physical storage relies on altering storage conditions, 
such as pressure in compressed gas or, temperature in liq-
uid storage, or both parameters in the case of cryo-com-
pressed gas storage. In contrast, material-based or solid-
state storage like metal hydrides, complex hydrides, and 
carbon-based materials involves absorption or adsorption 
techniques (Hassan et al. 2021). Solid-state materials have 
garnered significant attention as a promising alternative to 
compressed gas and cryogenic liquid methods due to their 
drawbacks. These conventional methods suffer from various 
limitations, including inefficiency and safety concerns dur-
ing transportation. Cryogenic liquid storage, for instance, 

only allows for storing a relatively small amount of hydro-
gen per unit volume, with significant energy losses during 
liquefaction. Moreover, the heightened flammability of 
compressed hydrogen, coupled with the need for expensive 
high-quality cylinders for cryogenic liquid storage, renders 
these methods economically impractical (Gu et al. 2019; 
Rimza et al. 2022). In contrast, solid-state hydrogen storage 
is being increasingly recognized as a safer, more affordable, 
and compact solution. This approach involves storing hydro-
gen through adsorption mechanisms on the surface of solid 
substrates, offering a promising avenue for efficient stor-
age. Extensive research efforts have been directed towards 
identifying suitable solid-state materials capable of effec-
tively storing hydrogen (Rimza et al. 2022). However, each 
solution has limitations, ranging from storage efficiency and 
weight to considerations and operational temperature ranges. 
Consequently, this field continues to offer opportunities for 
further research and development. While the advantages and 
potential of hydrogen as a fuel are widely recognized, the 
challenges, especially concerning storage, remain substantial 
and multifaceted.

Hence, this review provides a comprehensive analysis to 
explore recent advancements and challenges in hydrogen 

Fig. 1  Benefits of harnessing hydrogen energy for a sustainable 
future. The figure serves to highlight some of these key advantages. 
Firstly, hydrogen demonstrates efficiency in energy transportation, 
presenting a promising solution for sustainable fuel distribution net-
works. Moreover, its rapid refueling capabilities, akin to traditional 
gasoline, offer convenience and accessibility to consumers. Notably, 
hydrogen's zero emissions during usage significantly contribute to 
environmental preservation, fostering a cleaner ecosystem, and miti-

gating harmful air pollutants. Economically, the utilization of hydro-
gen presents opportunities for substantial gains, particularly through 
advancements in hydrogen technology and infrastructure. Addition-
ally, hydrogen-powered vehicles hold promise for reduced long-term 
operational costs, potentially offering financial incentives for both 
consumers and industries. Furthermore, the quieter operation of 
hydrogen-fueled vehicles contributes to decreased noise pollution, 
promoting quieter and more peaceful urban environments
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storage, shedding light on sorbent materials and tech-
niques that promise to overcome existing limitations. The 
review aims to analyze various sorbent hydrogen storage 
methods, including metal–organic frameworks (MOFs), 
covalent organic frameworks (COFs), porous carbon-based 
adsorbents, zeolite, high-entropy alloys, and advanced 
composites, and highlight their potential to enhance 
hydrogen storage performance. Additionally, the review 
emphasizes the significant role of machine learning in the 
exploration of hydrogen storage materials. The objective 
is to showcase how machine learning techniques facili-
tate the understanding of material properties and enable 
the design of improved materials, even in the face of data 
challenges. By addressing the limitations of current stor-
age methods and highlighting the potential of emerging 
technologies, this review aims to provide valuable insights 

for the development of efficient and sustainable hydrogen 
storage systems.

Hydrogen sources and production

The evolution of hydrogen technology demands a com-
prehensive hydrogen supply chain encompassing sources, 
production, storage, and utilization. Figure 2 outlines these 
essential components and proposes hydrogen production and 
utilization strategies.

Hydrogen, the most abundant element in the universe, can 
be sourced from various methods. The production methods 
can be categorized broadly into non-renewable and renew-
able sources. Most global hydrogen production relies on 
non-renewable methods, notably natural gas reforming or 

Fig. 2  Essential elements of the 
hydrogen supply network. This 
figure provides a comprehen-
sive overview of the hydrogen 
supply chain, illustrating the 
various sources and processes 
involved in hydrogen produc-
tion, storage, delivery, and 
utilization. Starting with natural 
resources like natural gas, meth-
ane, propane, naphtha, coal, 
water, and renewable fuels, such 
as ethanol and biomass, the 
diagram outlines the conver-
sion methods, including steam 
reforming, water gas shift, 
partial oxidation, pyrolysis, 
high-temperature solar/nuclear 
splitting, electrolytic processes, 
coal gasification, photolytic, 
and hydrolysis. The produced 
hydrogen is then subjected to 
liquefaction or compression 
and sometimes chemically 
bonded for storage and delivery 
in forms like liquid hydrogen, 
ammonia  (NH3), metal hydride, 
or compressed hydrogen gas. 
The utilization phase spans 
various applications, from 
carbon-free chemical and steel 
manufacturing to heavy-duty 
transportation, long-distance 
power generation, and even 
aviation or spacecraft. This 
figure encapsulates the potential 
of hydrogen to serve as a ver-
satile and clean energy carrier, 
contributing to a sustainable 
energy future
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gasification, which combines methane with steam under 
high pressure and temperature conditions to produce hydro-
gen, carbon monoxide, and carbon dioxide as byproducts. 
Steam methane reforming (SMR) has been utilized for 
hydrogen production for many years and is considered a 
mature technology. It involves the use of natural gas and 
steam to generate hydrogen, constituting a significant por-
tion of 48% of global hydrogen production. Commercially 
available capacities for steam methane-reforming range from 
130,000 to 300,000 tons per year, allowing for handling of 
large volumes. Moreover, steam methane reforming plants 
can capture a substantial portion of the carbon dioxide gen-
erated, ranging from 50 to 92%. This aspect underscores the 
technology's potential for contributing to carbon capture and 
reduction efforts (Oni et al. 2022).

Hydrogen can also be derived from coal through a gasi-
fication process. During gasification, coal undergoes partial 
oxidation by steam and oxygen, resulting in the production 
of primarily carbon monoxide and hydrogen, combined 
with carbon dioxide and steam, to form syngas within a 
high-pressure and temperature reactor (Younas et al. 2022). 
However, coal gasification is a significant source of carbon 
dioxide emissions. Kothari et al. (2008) observed a carbon 
dioxide emission rate of 29.33 kg per kg of hydrogen pro-
duced from a coal gasification system operating at 75% effi-
ciency. Although carbon capture and storage (CCS) technol-
ogy can be employed to capture carbon dioxide emissions, 
it is not considered a suitable solution on a large scale. Fur-
thermore, the world's coal reserves are projected to last for 
approximately 150 years at current production rates (You-
nas et al. 2022). However, concerns about environmental 
impact and the depletion of reserves are increasingly shift-
ing focus towards renewable feedstocks for future hydrogen 
production.

Currently, coal is the primary hydrogen source, account-
ing for about 21.5 billion tons annually (Dash et al. 2023). 
This significant reliance on coal must shift towards renew-
able alternatives. The rising demand for hydrogen is not 
only driven by its potential as a transport fuel or a carrier 
of portable energy but also by its crucial role in oil refin-
ing, petroleum desulfurization and upgrading, and ammonia 
production. Relying on existing technologies will increase 
the consumption of conventional hydrocarbons, predomi-
nantly natural gas, subsequently escalating greenhouse gas 
emissions.

In contrast, renewable sources offer more sustainable 
alternatives. For instance, water electrolysis, which uses 
electrical energy to split water into hydrogen and oxygen, 
can be considered nearly emission-free when powered by 
renewable sources like wind or solar energy (Hassan et al. 
2024a). The electrolysis method stands out among various 
hydrogen production techniques for its ability to yield high-
density and environmentally friendly hydrogen alongside 

pure oxygen through the process of water electrolysis. 
However, the efficiency of hydrogen production via water 
electrolysis remains limited due to its high power consump-
tion and low hydrogen release rate. Globally, only a small 
fraction, approximately 4%, of hydrogen gas is produced 
through electrochemical water electrolysis, primarily due to 
deficiencies in this method and the prohibitively high cost 
of noble electrocatalysts. Currently, platinum (Pt) and ruthe-
nium (Ru)-based compounds serve as the most effective 
electrocatalysts for the hydrogen evolution reaction (HER) 
and oxygen evolution reaction (OER), respectively. How-
ever, these materials are both exceedingly expensive and rare 
precious metals. Consequently, their widespread commercial 
application is hindered by these factors (Anwar et al. 2021).

Biomass gasification is another potentially carbon–neu-
tral option since biomass absorbs carbon dioxide during its 
growth. Although still in the research stages, the biologi-
cal hydrogen production by certain microorganisms holds 
promise (Cao et al. 2020). By the year 2050, biomass is 
anticipated to constitute approximately two-thirds of the 
total direct consumption of renewable energy. It is crucial 
that hydrogen production relies on renewable and sustain-
able resources, such as biomass to adequately address the 
growing global energy demand (Nguyen et al. 2024).

Solar thermochemical processes for hydrogen produc-
tion face several challenges. These include high capital and 
operational costs due to technological development and spe-
cialized infrastructure. Additionally, these processes exhibit 
limited efficiency, typically below 50%, and operate at high 
temperatures and pressures, increasing safety risks and mate-
rial expenses. Corrosion of materials is also a concern, lead-
ing to higher maintenance costs. Moreover, scalability is 
hindered by complex infrastructure requirements, making 
large-scale production costly and challenging. Overall, the 
complexity of solar thermochemical processes necessitates 
skilled personnel and process development, adding further 
to the overall expenses. Additionally, solar-thermal methods 
can yield hydrogen by utilizing concentrated solar power to 
split water or other compounds (Hassan et al. 2024b). These 
renewable approaches align with the growing emphasis on 
sustainable and eco-friendly hydrogen production.

Producing hydrogen from renewable resources, especially 
those originating from agricultural or other waste streams, 
offers a greener alternative. Such methods can produce 
hydrogen with minimal to zero net greenhouse gas emis-
sions, primarily if carbon sequestration technologies are not 
utilized (Dash et al. 2023). These renewable methods also 
enhance the feasibility and economic viability of distributed 
and semi-centralized reforming (Reiter and Lindorfer 2015). 
Transitioning to on-site decentralized hydrogen production 
through electrolysis, thermocatalytic, and biological pro-
cesses can eliminate the need for extensive and costly dis-
tribution networks. However, each of these methods presents 
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its own set of technical challenges (Chakraborty et al. 2021; 
Pal et al. 2022). Among these challenges are optimizing con-
version efficiencies, managing diverse feedstocks, and ensur-
ing the seamless integration of hydrogen production with 
purification and storage technologies. Table 1 illustrates the 
challenges associated with hydrogen production methods.

Hydrogen storage

Hydrogen storage is crucial to the global supply chain, 
ensuring a consistent and timely supply to end-users. Vari-
ous physical storage technologies for hydrogen have been 
developed. These methods, which include compression and 
liquefaction technologies, either individually or in combina-
tion, offer innovative solutions for storing hydrogen in dense 
and stable forms.

The compression of hydrogen is a well-established tech-
nology known for its high rates of hydrogen filling and 
release. Unlike other methods, no energy is required for the 
release of hydrogen. However, compressing hydrogen to 
high pressures consumes about 13–18% of its lower heat-
ing value, impacting the overall economics. Fortunately, 
the increase in pressure only marginally raises the power 
needed for compression. Hydrogen is typically stored in 
cylindrical vessels due to the difficulty in fitting spherical 
vessels onboard. To effectively store hydrogen, lightweight 

and cost-effective vessel materials capable of withstanding 
high pressure are essential. The chosen material must also 
resist hydrogen diffusion and potential embrittlement caused 
by stored hydrogen (Usman 2022).

Another method for physically storing hydrogen involves 
using cryogenic liquid. Storing hydrogen in liquid form 
offers a higher density compared to other methods. Liquid 
hydrogen, for instance, boasts a density of approximately 71 
g/L at its normal boiling point of 20 K, which is roughly 1.8 
times higher than hydrogen pressurized up to 70 MPa at 288 
K. However, the cooling technology required for maintaining 
liquid hydrogen at such low temperatures consumes around 
30% of its total energy content (Abe et al. 2019). However, 
the high costs and complex infrastructure associated with 
liquefaction and distribution make large-scale adoption of 
liquid hydrogen challenging. The liquefaction process to 
convert hydrogen to a liquid state demands significant capi-
tal investment to construct specialized cryogenic distillation 
columns and storage tanks. The distribution infrastructure 
also requires specialized trucks, pipelines, and dispensing 
equipment that can handle ultra-low temperatures without 
significant boil-off losses. These costs can be prohibitive, 
especially in the early stages of market development. Addi-
tionally, distributing a cryogenic liquid fuel on a wide scale 
would involve surmounting challenges related to insula-
tion, transportation distances, dormancy losses, and safety 
considerations. Due to these factors, while liquid hydrogen 

Table 1  Challenges associated 
with hydrogen production 
methods

The table summarizes challenges in diverse hydrogen production methods. Electrolysis confronts high 
energy consumption, costly electricity, and concerns about electrolyzer durability, necessitating pure water. 
Steam reforming, primarily using methane, emits carbon and demands substantial energy. Gasification, 
reliant on coal or biomass, emits carbon dioxide and requires impurity purification. Thermocatalytic meth-
ods, relying on fossil fuels, emit greenhouse gases and need high temperatures. Biological processes suffer 
from slow hydrogen production, genetic modification concerns, and environmental sensitivity. These chal-
lenges highlight the intricate and varied factors in hydrogen production, underscoring the complexity of 
achieving efficient and sustainable hydrogen generation

Production method Associated challenges

Electrolysis High energy consumption
High electricity costs
Durability and lifespan of electrolyzers
Requires pure water source

Steam reforming Predominantly uses methane, leading to carbon emissions
Requires significant energy

Gasification Dependency on coal or biomass
Carbon dioxide and other greenhouse gas emissions
Production of impurities that need further purification

Thermocatalytic Dependency on fossil fuels (typically natural gas)
Greenhouse gas emissions
High temperatures required

Biological processes Slow rates of hydrogen production
Genetic modification concerns
Sensitivity to environmental conditions
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deployment may be feasible for limited applications, expand-
ing its use to larger markets faces critical economic and 
logistical barriers.

In addition, current infrastructure and technology have 
limitations, with most hydrogen pipelines located near 
refineries and chemical plants. Constructing new pipelines 
for transporting large volumes of gaseous hydrogen poses 
significant capital costs and safety concerns, i.e., hydrogen 
embrittlement and leaks. Continuous endeavors are under-
way to investigate alternative approaches, such as repurpos-
ing existing liquefied natural gas (LNG) networks to convey 
gaseous hydrogen or exploring alternative hydrogen carri-
ers like liquid ethanol or ammonia. Additionally, advance-
ments in storage methodologies using various means, such 
as trucks, railcars, ships, or barges are being pursued. Its 
relatively low energy density per unit volume is the chief 
determinant affecting the costs associated with hydrogen 
storage and delivery (Sazali 2020).

Hydrogen storage sorbents are materials engineered to 
capture hydrogen by physically adsorbing it on their sur-
faces or chemically integrating it into their structures. Con-
temporary research predominantly uses microporous sorb-
ents, which provide extensive surface areas. The interaction 
between these sorbents and hydrogen is primarily governed 
by the dynamics of molecular hydrogen  (H2), characterized 
by weak physisorptive attraction. Furthermore, the amount 
of hydrogen adsorbed is directly related to the specific sur-
face area of the sorbent. Various high surface area materials 
are available, each possessing distinct physical and chemical 
characteristics. Figure 3 illustrates the broad categorization 
of hydrogen storage methods into physical and chemical 
storage, each characterized by distinct techniques and prin-
ciples. This review primarily focuses on storing hydrogen 
using innovative sorbent materials. Here are several types 
of sorbents commonly used for hydrogen storage:

Fig. 3  Classification of hydro-
gen storage methods. This figure 
illustrates the various methods 
of hydrogen storage, highlight-
ing the versatility and adapt-
ability of hydrogen as an energy 
carrier. It details two primary 
categories: physical storage, 
which includes liquid hydrogen 
tanks, compressed hydrogen 
tanks, and cryo-compressed 
tanks; and material-based 
storage, which encompasses 
metal hydrides (both simple 
and complex), adsorbents like 
carbon-based materials and 
metal–organic frameworks 
(MOFs), as well as chemical 
hydrides, such as borohydrides 
and ammonia borane. The figure 
also notes that some complex 
metal hydrides are not revers-
ible on-board, while others can 
be regenerated off-board. This 
visual representation under-
scores the importance of ongo-
ing research and development 
in enhancing hydrogen storage 
efficiency, which is crucial 
for the widespread adoption 
of hydrogen as a clean energy 
solution
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Metal–organic frameworks

Metal–organic frameworks (MOFs) represent a class 
of highly porous materials where metal ions or clus-
ters (referred to as secondary building units or SBUs) 
are interconnected by organic linkers. The versatility of 
metal–organic frameworks lies in their ability to be tailored 
using different ligands and secondary building units, result-
ing in a diverse range of metal–organic frameworks struc-
tures, as illustrated in Fig. 4. Moreover, the pore sizes within 
metal–organic frameworks can be fine-tuned by extending 
carbon chains, with linker length dictating pore size. Addi-
tionally, linkers can undergo modifications to enhance their 
chemical properties and selectivity (Butova et al. 2016). 

Various research teams have established a classification 
system outlining seven primary categories of metal–organic 
frameworks based on distinct structures synthesized. These 
categories include isoreticular metal–organic frameworks 
(IRMOF), Hong Kong University of Science and Tech-
nology metal–organic frameworks (HKUST), materials of 
institute lavoisier (MIL), zeolitic imidazolate frameworks 
(ZIF), University of Oslo (UiO), porous coordination net-
works (PCN), and coordination pillared-layer (CPL) (Li 
et al. 2024). Among these, IRMOF, MIL, UiO, and ZIF are 
frequently utilized in solid-state hydrogen storage. IRMOFs, 
exemplified by IRMOF-1 and MOF-5, boast a cubic lattice 
structure with adjustable pore sizes through ligand modifi-
cations, making them versatile in gas storage and catalysis 
(Zhang and Hu 2011). UiO features a zirconium metal (Zr) 

Fig. 4  Metal–organic framework (MOF) synthesis employing a node-
and-connector approach. The figure illustrates how the careful selec-
tion of organic linkers, such as terephthalic acid, and the strategic 
connection of metal clusters, including  Zn2+ and  Zr4+, are crucial in 
constructing the metal–organic framework’s unique structure. These 
decisions directly influence the metal–organic framework’s topology, 
pore dimensions, and surface area, which are essential characteris-
tics for their function. For instance, MOF-5 (Zn) features an octahe-
dron shape with a pore size of 11 Å and a surface area of 950  m2 
 g−1, while UiO-66 (Zr) has a cuboctahedron shape with a pore size 

of 8 Å and a surface area of 881  m2  g−1. Other variations like MIL-
53 (Al) and MIL-101 (Cr) demonstrate the diversity in pore sizes and 
surface areas, ranging from 7 and 2.1 Å to 29 and 34 Å, with corre-
sponding surface areas of 1500  m2  g−1 and 4100  m2  g−1, respectively. 
This figure representation underscores the versatility and potential of 
metal–organic frameworks in various applications, driven by their 
customizable properties. MIL refers to Materials of Institute Lavois-
ier, and UiO refers to the University of Oslo. BET refers to Brunauer–
Emmett–Teller surface area
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core surrounded by organic ligands, offering high thermal 
stability and reusability (Liu 2020). MIL-type metal–organic 
frameworks showcase flexibility with a diamond-shaped 
pore structure and a unique "breathing phenomenon" (Li 
et al. 2021). The ZIF series, with representatives like ZIF-8 
and ZIF-68, exhibit molecular sieving properties and robust 
thermal stability, attributed to the substitution of tetrahe-
dral atoms by transition metal elements and the bridging of 
oxygen atoms by organic ligands (Tiba et al. 2019). These 
metal–organic frameworks hold promise for various appli-
cations due to their diverse structures and functionalities.

Metal–organic frameworks exhibit great promise for 
hydrogen storage due to their exceptional porosity and 
customizable structural attributes (Rosi et al. 2003). These 
microporous solids exhibit exceptional surface areas, often 
exceeding 3000  m2  g−1. Under cryogenic conditions (77 K), 
metal–organic frameworks have demonstrated impressive 
hydrogen storage capacities, reaching up to 9.2 wt.% hydro-
gen (Sumida et al. 2009). Notably, metal–organic frame-
works' hydrogen storage capacity has also been enhanced 
through metal-supported catalyst modifications (Li and Yang 
2006a, b). However, achieving high volumetric capacity 
remains a challenge due to their extensive porosity.

Generally, the primary mechanism for energy storage in 
metal–organic frameworks involves the hydrogen spill-over 
mechanism, which is particularly effective at room tempera-
ture when coupled with metal-based catalysts. This mecha-
nism comprises several key steps (Guo et al. 2020): (1) Sur-
face chemisorption through phase nucleation. (2) Hydrogen 
dissociation on the metal catalyst, which requires an energy 
of 0.8–1.8 eV for hydrogen adsorption. (3) Hydrogen migra-
tion from the metal catalyst to the surface of porous carbon 
materials (PCM), involving an energy barrier of 2.45–3.2 
eV, that can be reduced by hole doping. (4) Diffusion and 
desorption on the substrate which is challenging due to the 
strong C–H bond, presenting a 1.05–2.16 eV barrier. Ensafi 
et al. (2016) developed hydrogen absorbers from layered 
double hydroxides (Al-M) combined with reduced graphene 
oxide (rGO). They used Pd#Al-M/LDH-rGO-o-phenylenedi-
amine to study the spill-over effect. Al represents the chemi-
cal hydride, M (Ni, Cu, Zn) is the metal hydride, o-phe-
nylenediamine enhances adsorption/desorption kinetics, and 
reduced graphene oxide offers a high surface area with sp2 
hybrid carbon atoms. Hydrogen molecules undergo disso-
ciation at the catalytic sites of the spill-over material and 
subsequently transfer to high-surface receptors. Moreover, 
the interaction between amoxicillin (AMX) and Zr-MOFs, 
notably UiO-66-NH2, enhances hydrogen absorption (Liu 
et al. 2020).

Metal–organic frameworks are widely recognized as 
a prominent category of microporous materials, accord-
ing to numerous studies. They are known for their ease of 
assembly and modification, making them highly versatile 

in various applications. Metal–organic frameworks exhibit 
exceptional hydrogen storage abilities, particularly at cryo-
genic temperatures (77 K), aligning closely with the United 
States Department of Energy's (DOE) hydrogen storage 
aims (Shet et al. 2021). The hydrogen storage capacities of 
metal–organic frameworks using hydrogen spillover and car-
bon bridges have been discussed by Li and Yang (2006a). 
This study focused on IRMOF-1 and IRMOF-8 and found 
that the hydrogen uptake of metal–organic frameworks could 
be significantly enhanced through secondary spillover via 
carbon bridges. The storage capacity of IRMOF-8 was 
increased to 4 wt.% at 298 K and 10 MPa, which was eight 
times higher than pure IRMOF-8. The hydrogen adsorption 
measurements were performed using Sievert's apparatus, and 
the results showed reversible and rechargeable storage. The 
study suggests that spillover can be a viable technique for 
achieving high hydrogen storage in metal–organic frame-
works, and further improvements can be made with new 
metal–organic frameworks having higher hydrogen uptakes. 
Another study conducted by Bambalaza et al. (2018) dis-
cussed the compaction of a zirconium metal–organic frame-
work (UiO-66) for high-density hydrogen storage applica-
tions. The study reports that compaction of UiO-66 at high 
pressure (700 MPa) resulted in densification without com-
promising its total gravimetric hydrogen uptake. The densi-
fied pellets achieved a total hydrogen uptake of 5.1 wt.% at 
100 bar and 77 K, compared to 5.0 wt.% for the powdered 
form. The volumetric capacity of the densified UiO-66 was 
reported to be up to 74 g/L at 77 K and 100 bar, compared 
to 29 g/L for the powder. These values were calculated using 
different methods considering packing density and crystal/
skeletal densities of metal–organic frameworks. The study 
demonstrates the potential of compaction to improve hydro-
gen storage capacities in metal–organic frameworks without 
sacrificing their gravimetric uptake.

Metal–organic frameworks with higher structural den-
sity tend to reduce gravimetric adsorption capacity while 
increasing volumetric adsorption due to their structural 
density's impact on gas capture. Factors, such as porosity, 
surface area, and isosteric heat positively influence hydro-
gen storage capacity. According to Xia and Wang (2016), 
MOF-808 stands out in hydrogen adsorption, with MIL-101 
achieving 6.01 wt.% and IRMOF-20 reaching 6.7 wt.% at 
77 K. Shet et al. (2021) provided a comprehensive review 
of strategies to enhance the hydrogen absorption capabili-
ties of metal–organic frameworks by increasing their surface 
area, along with an exploration of the variables influencing 
these characteristics. Various methods, including metal ion 
doping, nanoparticle inclusion, and composite formation, 
can elevate metal–organic frameworks' hydrogen storage 
potential. Understanding the effects of these strategies sim-
plifies the optimization of metal–organic frameworks. Criti-
cal factors, such as temperature, pressure, and composition 
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significantly impact metal–organic frameworks ' ability to 
adsorb hydrogen.

Enhancing the room-temperature hydrogen storage capac-
ity of porous materials can be achieved through a spillover 
process, where hydrogen molecules dissociate into individ-
ual atoms and adhere to the absorbent surface. Experiments 
have confirmed spillover in metal nanoparticle-incorporated 
metal–organic frameworks, determining the depths of hydro-
gen penetration within these materials (Prins 2012; Zhan and 
Zeng 2018). Efficient hydrogen spillover hinges on two cru-
cial factors: the distribution of metal nanoparticles and their 
proximity to the porous carrier. Initially, research on spillo-
ver primarily concentrated on carbon-based supports (Li 
and Yang 2007). In this context, a recently published article 
conducted by Liu et al. (2024) investigated the enhance-
ment of room-temperature hydrogen storage capacities in 
metal–organic frameworks by incorporating CuNi nano-
particles into UiO-66(Zr). The study demonstrates that the 
CuNi@UiO-66 composite exhibits significantly improved 
hydrogen storage performance compared to pure UiO-66. 
The hydrogen storage capacity of CuNi@UiO-66 increases 
from 0.20 to 0.74 wt.%, as measured at 6 MPa and 298 K. 
The results indicate that the introduction of CuNi nanopar-
ticles promotes the adsorption and dissociation of hydro-
gen molecules, favoring the hydrogen spillover effect. This 
research highlights the potential of designing metal–organic 
frameworks loaded with cost-effective metal nanoparticles 
for optimized room-temperature hydrogen storage, offering a 
promising solution for practical applications. Another study 
conducted by Kang et al. (2021) showcased an increase in 
the hydrogen storage capacity of Pt-doped UiO-66-NH2, 
rising from 0.08 to 0.71 wt.% under room temperature 
conditions and at a pressure of 30 bar. Wang et al. (2018) 
found that when borophene was doped with lithium (Li) 
metal ions, its gravimetric hydrogen capacity reached 13.96 
wt.%, whereas borophene doped with sodium (Na) metal 
ions achieved a capacity of 10.39 wt.%. In Mg-MOF-74, 
the study of titanium (Ti) adsorption sites revealed that Ti 
atoms primarily bind to the  MgO2 site, possessing a stable 
binding energy of + 2.92 eV, before attaching to hollow and 
on-O sites. At temperatures of 77 K, 150 K, and 298 K, the 
hydrogen uptakes are 1.81, 1.74, and 1.29 wt.%, respectively. 
Each Ti atom can bind with up to three hydrogen atoms 
(Suksaengrat et al. 2016).

Researchers have been actively involved in optimizing 
pore structures and expanding surface area to improve the 
hydrogen storage capacity of metal–organic frameworks. 
Kaye et al. (2007) conducted several pioneering studies 
aimed at achieving a large specific surface area and enhanc-
ing hydrogen storage performance using metal–organic 
frameworks. The paper explores the impact of prepara-
tion and handling on the hydrogen storage properties of 
 Zn4O(1,4-benzenedicarboxylate)3 (MOF-5). The researchers 

aimed to determine the true hydrogen storage capacity of 
MOF-5 and resolve discrepancies in previous studies. They 
found that the highest surface area material was obtained 
by minimizing exposure to water and air during synthesis. 
The material exhibited significant differences in nitrogen 
and hydrogen adsorption capacities depending on expo-
sure to air. The maximum hydrogen uptake for the pre-
pared sample was 5.2 excess wt.% at 77 K and 40 bar. The 
study emphasizes the importance of minimizing exposure 
to moisture during metal–organic framework synthesis to 
achieve optimal hydrogen storage capacities. In line with 
this approach, Rosi et al. (2003) discussed the hydrogen 
storage capacities of metal–organic frameworks, focusing 
on MOF-5. The authors found that MOF-5, composed of 
 Zn4O(BDC)3 (BDC: 1,4-benzenedicarboxylate), exhibited 
a hydrogen uptake of 4.5 wt.% at 78 K and 1.0 wt.% at room 
temperature and 20 bar pressure. Inelastic neutron scattering 
spectroscopy revealed the presence of two distinct binding 
sites for hydrogen within MOF-5. Preliminary studies on 
similar MOFs, IRMOF-6 and IRMOF-8, showed approxi-
mately double and quadruple the hydrogen uptake of MOF-5 
at room temperature and 10 bar pressure. These findings 
demonstrate the favorable hydrogen sorption properties 
of metal–organic frameworks, indicating their potential 
as materials for hydrogen storage in applications, such as 
hydrogen-fueled vehicles and portable electronics.

Zhu and Zheng (2023) investigated the cryo-adsorption 
hydrogen storage capacity of MOF-5 using the mechano-
chemical method compared to the solvothermal method. 
The results show that the mechanochemically prepared 
MOF-5 (MOF-5(M)) exhibits a larger specific surface area 
and higher adsorption capacities for hydrogen compared 
to the solvothermally prepared MOF-5 (MOF-5(S)). The 
specific surface area of MOF-5(M) is increased by 207%, 
and the maximum excess adsorption capacity of hydrogen 
at 77 K within the pressure range of 0–10 MPa is increased 
by 90.5%. Grand canonical monte carlo (GCMC) simula-
tion also supports these findings. The study suggests that 
MOF-5(M) holds more promise for practical applications 
of hydrogen storage by adsorption.

Furthermore, the effects of structural modifications on 
the hydrogen storage capacity of (MOF-5) have been inves-
tigated by Yang et al. (2012). Four structurally modified 
MOF-5s (P-MOF, C-MOF, I-MOF, and N-MOF) were pre-
pared, and their crystal structure, pore characteristics, and 
hydrogen capacities were studied. The results show that the 
structural modifications significantly influenced the pore 
characteristics, leading to a decrease in specific surface areas 
(SSA) and an increase in ultrafine porosity. These changes 
correlated with an increase in the hydrogen storage capac-
ity of MOF-5 from 1.2 to 2.0 wt.% at 469 K and 1 bar. The 
thermal stability of the MOF-5s was also enhanced, with 
the decomposition temperature increasing from 711 to 783 
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K. These findings provide valuable insights for designing 
metal–organic frameworks-based adsorbents with high 
hydrogen uptake and thermal stability.

In addition to using metal–organic frameworks as hydro-
gen storage material, they can also be used as catalysts or 
catalyst carriers during hydrogenation and dehydrogenation 
processes, owing to their large specific area, high porosity, 
and numerous active metal sites. In this context, a recently 
published article conducted by Zhang et al. (2023) investi-
gated the catalytic effect of MOF-supported niobium pentox-
ide  (Nb2O5) nanoparticles on the hydrogen storage behavior 
of magnesium hydride  (MgH2). The study demonstrates that 
the prepared catalyst,  Nb2O5@MOF, significantly enhances 
the hydrogen storage capacities of magnesium hydride. The 
composite material exhibits improved desorption kinetics, 
with 6.2 wt.% and 6.3 wt.% of hydrogen released within 
2.6 min and 6.3 min at temperatures of 548 K and 523 K, 
respectively. Moreover, the fully dehydrogenated composite 
shows efficient hydrogenation, absorbing 4.9 wt.% and 6.5 
wt.% of hydrogen within 6 min at 448 K and 423 K, respec-
tively. The addition of  Nb2O5@MOF also reduces the hydro-
gen capacity loss after 20 cycles compared to  Nb2O5-doped 
magnesium hydride. The activation energies for desorption 
and absorption reactions are calculated to be 75.57 ± 4.16 
kJ  mol−1 and 51.38 ± 1.09 kJ  mol−1, respectively. The study 
highlights the potential of metal–organic frameworks as 
effective catalysts for enhancing hydrogen storage capaci-
ties in Mg-based materials.

Similarly, Wang et al. (2019a) investigated the catalytic 
effect and mechanism of metal–organic frameworks on the 
hydrogen storage properties of magnesium (Mg). Three 
metal–organic frameworks, namely ZIF-8, ZIF-67, and 
MOF-74, were studied. The addition of MOFs enhanced the 
hydrogen storage capacities of Mg. The hydrogen release 
amounts from Mg, Mg/ZIF-8, Mg/ZIF-67, and Mg/MOF-74 
were determined as 0.6 wt.%, 1.2 wt.%, 2.7 wt.%, and 3.7 
wt.% of hydrogen, respectively, within 5000 s. The activa-
tion energy values for hydrogen release were determined as 
198.9  kJmol−1, 12.8  kJmol−1, and 43.2  kJmol−1 for Mg/ZIF-
8, Mg/ZIF-67, and Mg/MOF-74, respectively. The cyclic 
stability of Mg hydride was significantly improved with the 
addition of ZIF-67. The hydrogen storage capacity of the 
Mg/ZIF-67 nanocomposite remained unchanged even after 
100 cycles of hydrogenation/dehydrogenation.

Li et al. (2014) discussed the enhanced hydrogen stor-
age capacities of palladium (Pd) nanocrystals coated with 
the metal–organic framework (HKUST-1). The study 
reveals that the palladium nanocrystals covered with a 
metal–organic framework exhibit twice the storage capac-
ity of bare palladium nanocrystals. The hydrogen storage 
properties were evaluated using hydrogen pressure-com-
position isotherms. At 101.3 kPa, the absorption of hydro-
gen increased from 0.5 H per Pd atom in bare palladium 

nanocrystals to 0.87 H per Pd atom in Pd@HKUST-1. The 
results suggest that the high surface area, porosity, and con-
densation effect of metal–organic frameworks contribute 
to enhanced hydrogen storage. The metal–organic frame-
work coating also improved the reversibility and speed of 
the hydrogen absorption/desorption process. These findings 
demonstrate the potential of metal–organic frameworks as 
coatings for more effective hydrogen storage.

Furthermore, the inclusion of metal–organic framework 
structures has the potential to boost the catalytic efficacy 
of transition metal compounds by facilitating hydrogen dif-
fusion within bulk  MgH2 via enhanced transfer pathways. 
For instance, Ma et al. (2019) investigated the effects of 
trimesic acid-Ni MOF on the hydrogen sorption capabilities 
of  MgH2. The composite material, Mg-(TMA-Ni MOF)-H, 
is prepared through ball-milling. The study finds that the 
addition of TMA-Ni MOF improves the absorption kinetics 
of hydrogen, with an onset desorption temperature 167.8 K 
lower than pure  MgH2. The catalytic effects of nano-sized 
 Mg2Ni/Mg2NiH4 derived from TMA-Ni MOF are attributed 
to enhancing the sorption kinetic properties by providing 
gateways for hydrogen diffusion during re/dehydrogenation 
processes. The hydrogenation and dehydrogenation enthalp-
ies of the composite remain unchanged, indicating no sig-
nificant alteration in thermodynamics.

In conclusion, metal–organic frameworks hold signifi-
cant promise for efficient hydrogen storage due to their low 
production costs, minimal environmental impact, and suit-
ability for aerospace applications owing to their lightweight 
nature. However, as with many emerging technologies, there 
is still room for improvement, and researchers are actively 
exploring various modifications to enhance metal–organic 
frameworks' hydrogen storage capabilities.

Covalent organic frameworks

Covalent organic frameworks (COFs) are organic structures 
formed by connecting small organic molecules into a regular 
and repeating pattern. These frameworks create a porous net-
work that can store significant amounts of hydrogen. Much 
like metal–organic frameworks, the structure and properties 
of covalent organic frameworks can be adjusted by using 
different organic building blocks. The Yaghi research group 
has successfully synthesized two-dimensional (2D-COFs) 
(Côté et al. 2007) and three-dimensional (3D-COFs) (El-
Kaderi et al. 2007; Hunt et al. 2008) using organic build-
ing units connected by strong covalent bonds like C–C, 
C–O, B–O, and Si–C instead of metal ions. These covalent 
organic frameworks exhibit high surface areas similar to 
metal–organic frameworks (3472  m2  g−1 for COF-102 and 
4210  m2  g−1 for COF-103) and possess very low crystal 
densities (0.17 g  cm−3 for COF-108), making them excellent 
candidates for hydrogen storage (Han et al. 2009).
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In general, 2D-COFs typically exhibit layered structures, 
which can be either hexagonal or square, with the abil-
ity to adjust pore sizes by varying the size of the organic 
monomers (Colson and Dichtel 2013). On the other hand, 
3D-COFs are typically constructed by connecting tetratopic 
building units, including tetrahedral and square ones, with 
linear or triangular organic components. The variety of avail-
able structures for 3D-COFs is somewhat more limited com-
pared to metal–organic frameworks because their topology 
depends on the directionality of the organic building blocks. 
Common three-dimensional topologies, or nets, include car-
bon nitride, diamond, boracite, and platinum sulfide. Similar 
to their amorphous counterparts, these materials can form 
interpenetrated structures (Allendorf et al. 2018). Covalent 
organic frameworks are notable for their thermal and struc-
tural stability, allowing for the preparation of activated sam-
ples without sacrificing crystallinity. The surface areas of 
these activated covalent organic frameworks, as determined 
through nitrogen and argon adsorption studies, vary depend-
ing on their framework structural design. For instance, 
2D-COFs, such as COF-6 (formed from the condensation 
of hexahydroxy triphenylene and 1,3,5-benzenetriboronic 
acid) and CTF-1 (derived from the condensation of 1,4-dicy-
anobenzene) possess BET (Brunauer–Emmett–Teller) sur-
face areas of approximately 750 and 791  m2  g−1, respec-
tively. In contrast, three-dimensional covalent organic 
frameworks like COF-102 and COF-103, resulting from the 
self-condensation of tetra(4-(dihydroxy)borylphenyl) meth-
ane and tetra(4-(dihydroxy)borylphenyl) silane, respectively, 
exhibit impressive BET surface areas of around 3620 and 
3530  m2  g−1, respectively (Kuhn et al. 2008; Furukawa and 
Yaghi 2009; Allendorf et al. 2018). Regarding hydrogen 
absorption, COF-102 and COF-103 demonstrated gravi-
metric uptakes of approximately 6.8 and 6.6 wt.% at 35 bar 
and 77 K, respectively, despite their initial Qst (isosteric 
heat of adsorption) values being relatively low at 3.9 and 
4.4 kJ  mol−1, respectively, due to limited hydrogen binding 
sites (Furukawa and Yaghi 2009). In contrast, 2D-COFs like 
COF-10 and BLP-2(H) exhibited more modest uptakes of 
3.8 and 2.5 wt.% at 77 K (Jackson et al. 2012).

Initially, the potential utilization of covalent organic 
frameworks for hydrogen storage underwent assessment 
through comprehensive multiscale theoretical methods. 
These analyses predominantly forecasted higher gravimetric 
hydrogen absorption for 3D COFs at 77 K in comparison to 
high surface area metal–organic frameworks (Kalidindi and 
Fischer 2013). In this regard, Han et al. (2008) investigated 
the hydrogen storage capacities of covalent organic frame-
works. The researchers conducted theoretical studies and 
simulations to predict the hydrogen binding isotherms for 
various covalent organic frameworks. They found that COF-
105 and COF-108 exhibited the highest hydrogen storage 
capacities, with predicted excess uptakes of 10.0 wt.% at 77 

K. These values outperformed the highest measured values 
for representative metal–organic frameworks. The volumet-
ric uptake of hydrogen was also analyzed, and COF-102 
demonstrated the highest capacity of storing 40.4 g/L of  H2. 
The study suggests that increasing both the surface area and 
free volume of covalent organic frameworks can enhance 
their maximum hydrogen uptake. The results highlight cova-
lent organic frameworks as promising materials for practical 
hydrogen storage applications.

Assfour and Seifert (2010a) utilized molecular dynam-
ics simulations to assess the stability of covalent organic 
frameworks under hydrogen pressure and determine the 
preferred adsorption sites for hydrogen in both 2D and 3D 
COFs. The results reveal that the most favorable adsorption 
sites for hydrogen are on benzene rings in the organic link-
ers of covalent organic frameworks, as well as near boron-
oxygen networks. The adsorption interaction energy for 
covalent organic frameworks is found to be approximately 
3.0  kJmol−1. This indicates a significant adsorption capabil-
ity of covalent organic frameworks for hydrogen storage. 
Furthermore, the study highlights the advantages of covalent 
organic frameworks, such as their high thermal stability, low 
density, and large surface area, which make them promising 
candidates for hydrogen storage. The 3D COFs, particularly 
COF-102 and COF-103, demonstrate high hydrogen uptake, 
approaching the target set by the Department of Energy. 
The research emphasizes the importance of understanding 
the strength of adsorption interactions and the number of 
adsorption sites for efficient hydrogen storage. The findings 
contribute valuable insights for the rational design of cova-
lent organic frameworks as hydrogen storage materials, sup-
porting the development of efficient and practical hydrogen 
storage methods for future energy applications.

Garberoglio was the first to employ GCMC simulations 
to assess hydrogen absorption in covalent organic frame-
work systems, with a particular focus on COF-102 through 
COF-108, at 77 K and 298 K (Assfour and Seifert 2010b; 
Nguyen and Gupta 2022). Among his extensive simulations, 
COF-105 emerged as the most promising framework for 
hydrogen uptake at the lower temperature of 77 K, achieving 
approximately 10.5 wt.%. Building on this work, Klontzas 
et al. (2008) applied a Lennard–Jones model to predict that 
COF-108 could achieve a significant gravimetric uptake of 
21 wt.% at 77 K and 100 bar and 4.5 wt.% at room tem-
perature and 100 bar. Furthermore, Klontzas et al. (2010) 
modified COF-102 by replacing its phenylene moieties with 
other extended aromatic moieties while retaining its original 
topology, resulting in COF-102-2, COF-102-3, COF-102-
4, and COF-102-5, respectively. Among these, COF-102-3 
exhibited the most promising hydrogen storage capabilities, 
achieving 26.7 wt.% at 77 K and 6.5 wt.% at 300 K under 
a pressure of 100 bar. Remarkably, these results exceeded 
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the Department of Energy's target of 6 wt.% even at room 
temperature.

Enhancing the binding energy of hydrogen physisorbed 
on covalent organic frameworks to achieve reversible hydro-
gen storage at ambient temperatures is crucial. One strat-
egy involves doping with metals, such as lithium (Li) and 
magnesium (Mg), which can be easily incorporated into the 
covalent organic frameworks, typically supported on the 
framework of benzene rings (Choi et al. 2008). While this 
approach effectively boosts hydrogen binding energy, main-
taining the stability of the metal atoms within the materials 
and preventing metal aggregation into clusters pose signifi-
cant challenges. In this context, Li et al. (2010) discussed a 
method to enhance the hydrogen storage properties of cova-
lent organic frameworks through substitutional doping. The 
researchers proposed replacing the bridge rings in covalent 
organic frameworks with metal-participated rings to improve 
the binding energies of hydrogen molecules. First-principles 
calculations and Monte Carlo simulations were conducted 
to evaluate the effects of metal doping on hydrogen storage 
capacity. The results indicated that the substitutional dop-
ing strategy significantly increased the binding energy of 
hydrogen molecules, leading to an enhancement by a factor 
of four compared to undoped crystals (i.e., reaching about 10 
 kJmol−1). This improvement resulted in a predicted increase 
in the room temperature hydrogen storage capacity by a fac-
tor of two to three. The study suggests that metal doping in 
covalent organic frameworks can be a promising approach 
to achieving higher hydrogen storage capacities at ambient 
temperatures.

Ke et al. (2017) investigated the modification of COF-108 
to enhance its hydrogen storage capacity at ambient tempera-
ture. The authors propose a two-step method involving geo-
metric modification through  C60 impregnation or aromatic 
ring grafting, followed by surface doping with Li atoms. 
The results show that the combination of Li-doping with 
 C60 impregnation or aromatic ring grafting increases the 
volumetric hydrogen adsorption capacity of COF-108. One 
specific modified COF-108,  Li6C60-impregnated COF-108, 
demonstrated an absolute hydrogen uptake beyond the target 
set by the U.S. Department of Energy (DOE). It achieved 
an uptake of 45.6 mg/g and 28.6 g/cm3 at 233 K and 100 
bar. The impregnation and grafting techniques increased the 
density of doped Li and created more potential interaction 
sites with hydrogen, resulting in a higher number of adsorp-
tion sites. These findings indicate the potential of modified 
covalent organic frameworks for improving hydrogen stor-
age capacities.

Song and Dai (2013) investigated the effect of dopants 
(Li, Na, Mg, and Al) on the hydrogen storage capacities 
of COF-108 using first-principles calculations. The binding 
energy of dopants in COF-108 is estimated, and their influ-
ence on the electronic structure and chemical interactions 

is analyzed. The study finds that Li and Na dopants exhibit 
positive binding energies, with the Na-doped system show-
ing the lowest binding energy of 0.518 eV. These dopants 
cause the conduction band to shift and introduce weakly 
bonded electrons near the Fermi energy, leading to the polar-
ization of hydrogen molecules. This polarization enhances 
the interaction between hydrogen and the host COF-108, 
thereby improving the hydrogen uptake in the doped sys-
tems. On the other hand, Mg dopant slightly reduces the 
band gap between the valence and conduction bands but 
does not significantly affect the electron distributions or 
chemical interactions in COF-108. Al doping requires 
a large amount of energy (2.692 eV) and does not show 
significant improvement in hydrogen uptake. The findings 
suggest that doping Li and Na in COF-108 can enhance its 
hydrogen storage capacity by promoting stronger interac-
tions between hydrogen molecules and the material. These 
insights into the mechanisms of dopant influence contribute 
to the understanding and design of covalent organic frame-
works for efficient hydrogen storage applications.

Guo et al. (2012) explored the hydrogen storage capacity 
of Li-doped Pc-PBBA covalent organic framework through 
a multiscale study. The authors combine first-principles cal-
culations and kinetic Monte Carlo (KMC) simulations to 
analyze hydrogen adsorption, diffusion, and desorption pro-
cesses. The first-principles calculations reveal that Li atoms 
can be doped on the covalent organic framework's surface 
with a binding energy of 1.08 eV. Each Li cation can bind 
three hydrogen molecules with an average adsorption energy 
of 0.11 eV. The maximum hydrogen uptake is found to be 
24 hydrogen molecules per formula unit, corresponding to 
a maximum gravimetric density of 5.3 wt.% and volumet-
ric uptake of 45.2 g/L. The diffusion barriers for hydrogen 
between different Li-adsorption sites range from 0.027 to 
0.053 eV. The kinetic Monte Carlo simulations predict that 
the optimal conditions for hydrogen storage in Li-doped Pc-
PBBA covalent organic framework are at temperature (250 
K) and pressure (100 bar), resulting in a gravimetric density 
of 4.70 wt.% and volumetric uptake of 40.23 g/L. At tem-
perature 300 K and pressure 1 bar, fast desorption kinetics 
are observed, with 97% of hydrogen being released from the 
adsorbed phase to the gas phase.

In conclusion, covalent organic frameworks exhibit 
remarkable potential as hydrogen storage materials due to 
their unique structural properties and versatile function-
alities. Extensive research has highlighted their ability to 
achieve reversible hydrogen storage at ambient temperatures, 
making them promising candidates for sustainable energy 
applications. Covalent organic frameworks offer advantages, 
such as tunable pore structures, high surface areas, and cus-
tomizable chemical functionalities, enabling tailored designs 
for enhanced hydrogen adsorption capacities. While chal-
lenges remain in optimizing stability and scalability, ongoing 
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advancements in covalent organic framework synthesis and 
characterization continue to drive their development towards 
practical hydrogen storage solutions, showcasing covalent 
organic frameworks as exceptional materials in the pursuit 
of clean energy technologies.

Carbon‑based materials

Carbon-based materials have garnered significant attention 
in the realm of hydrogen storage due to their unique proper-
ties. Notably, materials like graphene (Pumera 2011; Tozzini 
and Pellegrini 2013), fullerenes (Yoon et al. 2007; Pupy-
sheva et al. 2008; Lan et al. 2009), carbon nanotubes (Cheng 
et al. 2001; Züttel et al. 2002; Oriňáková and Oriňák 2011), 
and activated carbon (Noh et al. 1987; Jordá-Beneyto et al. 
2007; Wang et al. 2009) have undergone extensive investi-
gations for their ability to store hydrogen with exceptional 
thermal stability, as depicted in Fig. 5. Matching the pore 
size with the kinetic diameter of the hydrogen molecule is 
the fundamental principle underlying the physical storage of 
hydrogen in these materials, with the porous structure being 
the primary determinant of hydrogen adsorption (Singh et al. 
2023). For instance, activated carbons, such as KUA5 have 
exhibited significant hydrogen adsorption capabilities at 
varying temperatures and pressures, achieving up to 8 wt.% 
hydrogen storage (Jordá-Beneyto et al. 2007).

Hydrogen adsorption on carbon materials is contin-
gent upon pore size, categorized as micropores (< 2 nm), 
mesopores (2–50 nm), and macropores (> 50 nm). Phy-
sisorption-based hydrogen storage capacity can be com-
puted as the aggregate of adsorption on the solid surface and 
compression within slit pores. Adsorption predominantly 
occurs in micropores, where the density of the adsorbed 
hydrogen phase surpasses that of the unadsorbed gaseous 
phase above the critical point. The hydrogen storage capac-
ity of the adsorbent material is primarily determined by the 
micropore-specific surface area (SSA) (Mohan et al. 2019). 
Multiple studies have explored the correlation between stor-
age capacity and specific surface area. Panella et al. (2005) 
concluded that hydrogen adsorption is directly proportional 
to specific surface area, regardless of operating temperature 
or carbon material type. Schimmel et al. (2003) found that 
the hydrogen bonding to any carbon material is weak, lead-
ing to low adsorption energy that precludes hydrogen from 
adsorbing in narrow interstitial channels between nanotubes. 
This implies that higher available surface area corresponds 
to higher storage capacity, as observed in activated carbons. 
Noh et al. (1987) demonstrated that surface modification 
via oxygen treatment enhances surface acidity, thereby 
augmenting hydrogen storage capacity without affecting 
specific surface area. Furthermore, Agarwal et al. (1987) 
also observed an increase in storage capacity with specific 
surface area, particularly with certain surface modifications. 

The hydrogen storage performance of various carbon materi-
als under practical conditions can be summarized as follows:

Graphene

Graphene-based materials, particularly graphene oxide 
(GO), have been actively studied for hydrogen storage. 
Graphene oxide, derived from graphite, exhibits a hydro-
gen uptake of 1.90 wt.% (at room temperature and 80 bar 
pressure), while reduced graphene oxide (rGO) shows 1.34 
wt.% (Rimza et al. 2022). This enhanced capacity is attrib-
uted to oxygen functional groups in graphene oxide and 
reduced graphene oxide, which facilitate hydrogen bind-
ing between nanosheets (Rajaura et al. 2016). Additionally, 
preheating graphene oxide at different temperatures (298, 
523, and 723 K) results in hydrogen uptakes of 1.5, 2.0, 
and 2.5%, respectively, due to modifications in its interlayer 
spacing and improved hydrogen binding (Yadav et al. 2020). 
Mesoporous graphene oxide achieved a remarkable capacity 
of 4.65 wt.% at ambient temperature and 40 atm pressure 
(Kim et al. 2016).

While pure graphene cannot store significant amounts 
of hydrogen through physisorption due to its low bind-
ing energy, functionalization offers a promising avenue to 
enhance its hydrogen storage efficiency. Strategies, such as 
doping graphene with metals from transition, alkali, or alka-
line earth metal groups, as well as introducing heteroatoms 
and defect engineering, have been explored to functionalize 
graphene (Lotfi and Saboohi 2014; Zhou et al. 2016; Singh 
et al. 2023). The incorporation of defects like Stone–Wales 
defects and single or double vacancies has been theoreti-
cally demonstrated to increase graphene's hydrogen storage 
capacity to up to 7.02 wt.% (Yadav et al. 2014). Addition-
ally, adjusting the interlayer spacing of graphene using suit-
able spacers represents a viable approach to achieving high 
hydrogen storage capacity, reaching up to 6.5 wt.% (Yu et al. 
2017).

The functionalization of graphene allows for the customi-
zation of material properties, such as chemical reactivity, 
surface area, porosity, and interlayer spacing. This tailored 
approach enhances adsorption capacities while simultane-
ously reducing the energy barrier for adsorption. In this con-
text, Ni-doped (Ariharan et al. 2017) Al-doped (Ao et al. 
2009), and Li-doped graphene (Deng et al. 2004) exhibit 
hydrogen storage capacities of 1.5 wt.% (at 298 K and 9 
MPa), 3.84 wt.% (at 300 K and 100 MPa pressure), and a 
significant 6.5 wt.% (at 298 K and 2 MPa pressure), respec-
tively. Other studies, such as the study of Zhou et al. (2016) 
study on Ni-graphene, found 1.18 wt.% hydrogen uptake at 
room temperature and 60 bar pressure, with complete des-
orption at 523 K. Mn-V-decorated graphene displayed even 
higher hydrogen uptake at 1.81 wt.% at 4 MPa, surpassing 



 Environmental Chemistry Letters

pristine graphene's 0.25 wt.% (Pei et al. 2017). This research 
underscores cost-effectiveness, as Mn and V are more 
affordable than noble metals (Pd, Pt, and Au). Notably, a 
significant hydrogen uptake of 3 wt.% was achieved with 
20 wt.% Pd-doped graphene at 40 bar pressure (Paramb-
hath et al. 2011), while Ni-doped graphene reached 1.1 wt.% 
at 2 MPa (Vinayan et al. 2013). Combining Pd–N-doped 
graphene resulted in 0.83 wt.% hydrogen uptake at 32 bar 
and 1.5–4.5 wt.% at 40 bar pressure (Vinayan et al. 2013). 

Additionally, Pt-nanoparticle-decorated graphene foam 
achieved a significant 3.19 wt.% uptake, aided by polydo-
pamine functionalization to maintain the proper surface area, 
dopant dispersal, and doping amount (Jung et al. 2016). Fur-
thermore, Vaidyanathan et al. (2024) presented the results 
of a study on hydrogen storage capacities of Sc-decorated 
Ψ-graphene. The researchers used density functional theory 
simulations to investigate the binding properties of Sc atoms 
to Ψ-graphene and its ability to store hydrogen. The results 

Fig. 5  Hydrogen storage on titanium-doped fullerene, carbon nano-
tubes (CNTs), graphene, and activated carbons. Titanium-doped 
fullerene utilizes the cage-like structure of fullerene, which is doped 
with titanium atoms to increase its surface area. This enlarged sur-
face area provides ample space for hydrogen adsorption. Titanium-
doped fullerene demonstrates reversible hydrogen uptake, making it 
a promising candidate for onboard storage in fuel cell vehicles. Car-
bon nanotubes possess a tubular graphene lattice, which grants them 
exceptional strength and a large surface area. Hydrogen molecules 
can be stored within carbon nanotubes, enhancing their capacity for 

hydrogen storage. Ongoing research focuses on optimizing carbon 
nanotube structures to improve their practical applicability. Graphene, 
composed of a single layer of carbon atoms arranged in a hexago-
nal lattice, exhibits remarkable mechanical and electrical properties. 
Functionalized graphene sheets can adsorb hydrogen, making them 
ideal for lightweight storage systems. Activated carbons are char-
acterized by their porous structure, consisting of micropores and 
mesopores. These pores effectively trap hydrogen molecules through 
physisorption, enabling efficient storage
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show that Sc-decorated Ψ-graphene exhibits a strong bind-
ing energy of approximately 3.02 eV and can bind seven 
hydrogen molecules with an average binding energy of 
0.36 eV/H2. The hydrogen storage capacities were found to 
be 8.59 wt.% for five hydrogen molecules and 14.46 wt.% 
for seven hydrogen molecules. These capacities meet the 
requirements set by the U.S. Department of Energy for effi-
cient hydrogen storage in light fuel cell vehicles. The study 
also highlights the stability of the system at room tempera-
ture and the low likelihood of Sc–Sc clustering due to the 
high diffusion energy barrier. Macili et al. (2023) developed 
a novel three-dimensional graphene structure that addresses 
the challenges of graphene's two-dimensional characteris-
tics, improving its efficiency in hydrogen absorption.

Leng et al. (2020) investigated the effect of graphene 
on the hydrogen storage properties of  MgH2. The results 
showed that graphene significantly enhances the kinetics of 
 MgH2 by providing additional hydrogen diffusion channels. 
On the other hand, materials composed of stacked graphene 
layers, such as graphite, with defects or interlayer spac-
ing ranging from 6–7 Å, demonstrate significant potential 
for hydrogen storage (Nair et al. 2015). However, pristine 
graphite possesses an interlayer spacing of 3.34 Å, which is 
insufficient to accommodate hydrogen molecules, requiring 
a minimum spacing of 4.06 Å. Therefore, modifying the 
structure of graphitic materials holds promise for enhancing 
hydrogen storage. Nair et al. (2015) investigated the hydro-
gen storage capacity of graphitic carbon nitride (g-C3N4) and 
graphitic carbon nitride doped with palladium (Pd-g-C3N4) 
using Sievert's apparatus. Their findings demonstrated that 
Pd-g-C3N4 exhibited a hydrogen storage capacity of 2.6 
wt.% at 298 k and 4 MPa. Decorating Pd nanoparticles (Pd-
NPs) on the g-C3N4 matrix resulted in a 66% increase in 
hydrogen uptake at ambient temperatures, underscoring the 
hydrogen spillover effect. The efficient dispersion of Pd-NPs 
on the g-C3N4, coupled with intensified interactions between 
them, catalyzed the dissociation and migration of hydrogen 
molecules, thereby facilitating the spillover mechanism.

It is worth noting that fully hydrogenated graphene, also 
known as "graphane," is a solid-state material exhibiting sig-
nificant hydrogen storage capacity. With a chemical formula 
expressed as (CH)n, graphane can be viewed as a  sp3 hybrid-
ized counterpart to graphene, comprising 2-D carbon sheets 
where each carbon atom in the network is covalently bonded 
to a hydrogen atom. Although isolating pure graphane in 
bulk poses challenges akin to graphene, chemical hydro-
genation of graphite and other carbon forms through Birch 
reduction can yield hydrogenated graphene (Schäfer et al. 
2013, 2016; Whitener 2018). These hydrogenated graphene 
materials reportedly contain covalently bound hydrogen, 
approaching the theoretical loading capacity of 7.7 wt.%. 
They remain inert under ambient conditions but irreversibly 
decompose to release hydrogen gas at temperatures ≥ 673 

K (Subrahmanyam et al. 2011; Bouša et al. 2016; Yang 
et al. 2016; Eng et al. 2017). In this regard, Morse and col-
leagues explored the potential of chemically hydrogenated 
graphene as a material for hydrogen storage (Morse et al. 
2021). Hydrogenated graphene has a theoretical hydrogen 
storage capacity of 7.7 wt.% and can release hydrogen gas 
upon thermal decomposition. The study aimed to character-
ize various properties of hydrogenated graphene related to 
hydrogen storage. It was found that compression of hydro-
genated graphene does not affect hydrogen storage, and the 
fraction of hydrogen release can be controlled by tempera-
ture and heating time. The decomposition of hydrogenated 
graphene is the same under different environments, such as 
nitrogen, hydrogen, or vacuum. The activation energy for 
hydrogen release was calculated to be 158  kJmol−1. The 
authors conducted a large-scale synthesis of hydrogen-
ated graphene using the Birch reduction method. The study 
provides valuable insights into the potential application of 
hydrogenated graphene as a hydrogen storage medium. The 
high energy density and promising synthesis methods make 
hydrogenated graphene an attractive candidate for future 
hydrogen storage systems. However, further research and 
characterization are required to fully understand and opti-
mize the properties of hydrogenated graphene for efficient 
hydrogen storage.

Another study conducted by the previous team (Morse 
et al. 2020) presented the synthesis and evaluation of chem-
ically hydrogenated graphene for hydrogen storage appli-
cations. The researchers successfully synthesized 75 g of 
hydrogenated graphene using a scaled-up Birch reduction 
method, representing the largest reported synthesis of this 
material. Characterization techniques confirmed a hydrogen 
loading of 3.2 wt.%. The study demonstrated the controlled 
release of hydrogen gas from the bulk material, revealing a 
bulk hydrogen storage capacity of 3.2 wt.%. The research-
ers also successfully operated a hydrogen fuel cell using 
chemically hydrogenated graphene as a power source. These 
findings highlight the potential of hydrogenated graphene as 
a high-density hydrogen storage medium, contributing to the 
design of prototype hydrogen storage systems.

In conclusion, graphene holds promise as a material for 
hydrogen storage due to its unique properties. Functional-
ized, doped, or defected graphene variants exhibit encourag-
ing theoretical evidence for efficient hydrogen adsorption. 
Transition metal decoration, nitrogen and boron doping, and 
combinations thereof enhance storage capacity by adjust-
ing binding energies. However, challenges persist, particu-
larly in achieving scalable synthesis methods and ensur-
ing controllable adsorption/desorption kinetics. External 
stimuli and surface reconstruction methods offer avenues 
for improving kinetics. Ultimately, the commercialization 
of graphene-based hydrogen storage materials hinges on 
achieving high efficiency, low weight, reusability, low cost, 
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and fast kinetics. With ongoing advancements in porous 
graphene frameworks, graphene could lead to significant 
breakthroughs in hydrogen storage technologies.

Fullerene

Fullerene, a highly symmetrical carbon allotrope, exhibits 
spherical, ellipsoidal, or tubular geometries made up of car-
bon atom meshes in hexagonal or pentagonal configurations 
(Ekpete and Orie 2023). The most common form is  C60, 
known as Buckminster. Fullerenes possess unique proper-
ties, such as stability and the capacity to trap gas atoms, 
making them suitable for hydrogen storage. Metal atom-
supported carbon fullerenes leverage the high electronega-
tivity of  C60 to transfer electrons from metal atoms, leaving 
the metal in a cationic state. This mechanism enables the 
trapping of molecular hydrogen through the charge polari-
zation phenomenon. However, based on theoretical models, 
the metal atom coated on  C60 predominantly maintains an 
isolated configuration (Zhao et al. 2005). In this context, 
Yoon et al. (2007) explored the potential of charged car-
bon fullerenes  (Cn) as hydrogen storage materials. Through 
first-principles calculations, the study investigates the bind-
ing strength of molecular hydrogen to positively and nega-
tively charged fullerenes. The results show that the binding 
strength can be significantly enhanced to a desirable range 
of 0.18–0.32 eV, suitable for near-ambient applications. This 
enhancement is attributed to the polarization of hydrogen 
molecules by the high electric field near the charged fuller-
ene's surface. At full hydrogen coverage, the charged fuller-
enes can achieve storage capacities of up to 8 wt.%. These 
findings suggest the potential of charged carbon fullerenes 
as a new class of high-capacity hydrogen storage media.

Another study conducted by Pupysheva et al. (2008) 
examined the potential of fullerene nanocages for hydrogen 
storage. Using density functional theory (DFT) and ab ini-
tio molecular dynamics simulations, the researchers investi-
gate the capacity of endohedral fullerenes (Hn@Ck) to store 
hydrogen. They find that for a  C60 cage, the maximum stable 
structure can accommodate up to 58 hydrogen atoms. The 
breaking mechanism of this structure is also studied. The 
study estimates the hydrogen pressure inside the fullerene 
nanocage, which is shown to be close to hydrogen metalli-
zation pressure. The researchers established a general rela-
tion between hydrogen pressure and C–C bond elongation 
for fullerene nanocages of different radii. This provides 
insights into the hydrogen content achievable in larger car-
bon nanocages. The formation energy of Hn@C60 struc-
tures is examined, revealing that structures with more than 
two encapsulated hydrogen molecules are metastable. The 
findings of this study demonstrate the potential of fullerene 
nanocages for hydrogen storage. The maximum capacity of 
58 hydrogen atoms within a  C60 cage indicates a significant 

storage capability. The estimated hydrogen pressure inside 
the cage suggests that reasonable storage conditions can be 
achieved. The general relation between hydrogen pressure 
and C–C bond elongation provides a valuable tool for pre-
dicting hydrogen content in larger carbon nanocages. The 
metastable nature of structures with more than two encap-
sulated hydrogen molecules highlights the challenges asso-
ciated with their formation. Overall, these results contrib-
ute to the understanding of hydrogen storage capacities in 
fullerene nanocages and offer insights for further research 
and development in this field. Metal-atom-supported fuller-
enes possess the ability to attract electrons, resulting in the 
metal atom being left in a cationic state, thereby enabling the 
trapping of molecular hydrogen. Lithium-coated fullerenes 
 (Li2C60), the lithium atom, assume stability on the pentago-
nal face of the fullerene, facilitating storage of up to 120 
hydrogen atoms with a binding energy of 0.075 eV/H2 (Niaz 
et al. 2015).

Additionally, investigations into scandium and tita-
nium coatings have been conducted. Yildirim et al. (2005) 
explored the potential of titanium- and scandium-coated 
fullerenes and determined that a theoretical hydrogen stor-
age capacity of 8 wt.% could be achieved, with binding 
energies falling within the range of 0.3–0.5 eV. Mahamiya 
et al. (2022) investigated the hydrogen storage capacity of 
scandium-decorated  C24 fullerene using density functional 
theory simulations. The results show that the system can 
adsorb up to six hydrogen molecules with an average adsorp-
tion energy of 0.35 eV per  H2 and an average desorption 
temperature of 451 K. The gravimetric weight percentage 
(wt.%) of hydrogen for the scandium-decorated  C24 fuller-
ene is found to be 13.02%, surpassing the Department of 
Energy's demand. The study also analyzes the electronic 
structure, orbital interactions, and charge transfer mecha-
nisms. It reveals a total charge transfer of 1.44e from scan-
dium to the carbon orbitals of  C24 fullerene. The stability of 
the structure at high desorption temperatures is confirmed 
through ab initio molecular dynamics simulations. Overall, 
the results suggest that scandium-decorated  C24 fullerene 
is a promising and thermodynamically stable material for 
high-capacity hydrogen storage applications.

Paul et al. (2023) explored the hydrogen storage capac-
ity of yttrium-doped fullerene  C30 using density functional 
theory simulations. The results indicate that a single Y atom 
can adsorb seven hydrogen molecules, with a binding energy 
falling within the range suggested by the U.S. Department 
of Energy. The gravimetric weight percentage for  C30 
loaded with five Y atoms, each adsorbing seven hydrogen 
molecules, is recorded to be 8.06%. This value exceeds the 
Department of Energy's limit of 6.5%, indicating the poten-
tial of Y-doped fullerene  C30 as a hydrogen storage can-
didate. The study discusses the interaction between Y and 
 C30, the Kubas interaction between the metal and hydrogen, 
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and the elongation of the H–H bond in hydrogen molecules. 
These findings highlight the viability of Y-doped fullerene 
 C30 for hydrogen storage applications.

Sahoo et al. (2021) explored the reversible hydrogen stor-
age capacities of Li and Na-decorated  C20 fullerene using 
density functional theory. The study reveals that Li and Na 
atoms bind to the  C20 fullerene through non-covalent closed-
shell interaction. Each Li and Na atom can adsorb up to 
five hydrogen molecules through the Niu-Rao-Jena interac-
tion. The adsorption energy decreases with the addition of 
hydrogen molecules, with an average binding energy ranging 
from 0.12 to 0.13 eV. The gravimetric density of the systems 
can reach up to 13.08 wt.% for  C20Li4 and 10.82 wt.% for 
 C20Na4. Molecular dynamic simulations demonstrate the 
reversibility of adsorbed hydrogen molecules at higher tem-
peratures. These findings indicate that Li and Na decorated 
 C20 fullerene hold promise as hydrogen storage materials.

Jaiswal et al. (2022) reported the potential of Si-substi-
tuted and Li-decorated  C20 fullerene for hydrogen storage. 
The study conducted density functional theory simulations 
to investigate the reversible hydrogen storage capacities. The 
newly designed  Si2C18Li6 and  Si4C16Li6 cages were found 
to exhibit stability and structural integrity at high tempera-
tures. The adsorption energies for hydrogen molecules in 
 Si2C18Li6-nH2 and  Si4C16Li6-nH2 were determined to be in 
the range of 0.119–0.139 eV and 0.131–0.140 eV, respec-
tively. The practical storage capacities of  Si2C18Li6 and 
 Si4C16Li6 cages at specific temperature and pressure ranges 
were found to be 16.09% and 14.77 wt.%, respectively. 
These capacities exceed the target set by the United States 
Department of Energy (5.5 wt.% by 2020). Furthermore, 
Zhang and Cheng (2018) explored the hydrogen storage 
capabilities of alkali and alkaline-earth metal atoms attached 
to  C24 fullerene through density functional theory calcu-
lations. The study finds that the alkali and alkaline-earth 
metal atoms prefer to adsorb on the center of the tetragon 
of  C24 fullerene, providing the highest binding energy. The 
hydrogen storage capacities of different configurations are 
evaluated. The  24H2/6Li/C24,  24H2/6Na/C24, and  36H2/6Ca/
C24 configurations exhibit hydrogen storage gravimetric den-
sities of 12.7 wt.%, 10.1 wt.%, and 12 wt.%, respectively. 
These values surpass the hydrogen storage target set by the 
U.S. Department of Energy for the year 2020. The average 
adsorption energies of hydrogen molecules in these configu-
rations are in the desirable range for physical adsorption at 
ambient conditions. These findings have significant impli-
cations for designing new hydrogen storage materials in the 
future.

In conclusion, fullerene-based materials exhibit promis-
ing capabilities for hydrogen storage, driven by their unique 
structural properties and interactions with metal atoms. 
Metal atom-supported fullerenes demonstrate the potential 
to trap molecular hydrogen through charge polarization, 

offering significant storage capacities. Research on lithium, 
scandium, and yttrium-coated fullerenes reveals their abil-
ity to achieve hydrogen storage capacities exceeding the 
Department of Energy's targets. Additionally, studies on 
silicon-substituted and alkali/alkaline-earth metal-deco-
rated fullerenes demonstrate high gravimetric densities, 
surpassing storage targets. The findings suggest a diverse 
range of fullerene-based materials with considerable 
potential for high-capacity hydrogen storage applications. 
Further research in this area holds promise for addressing 
energy storage challenges and advancing hydrogen fuel 
technologies.

Carbon nanotubes

Carbon nanotubes (CNTs), including single-walled carbon 
nanotubes (SWCNTs) and multi-walled carbon nanotubes 
(MWCNTs), are capable of storing hydrogen through phy-
sisorption. They are considered one of the best options for 
maximizing hydrogen storage via physisorption due to their 
unique properties (ullah Rather 2020). Carbon nanotubes 
have been explored for their hydrogen storage potential 
since their introduction by Dillon et al. (1997). These prop-
erties include their nanostructure, high surface area, tun-
able characteristics, and low mass density, which make them 
favorable for reversible hydrogen storage media. SWCNTs 
are composed of a single layer of carbon atoms arranged in 
a cylindrical structure, while MWCNTs consist of multiple 
concentric layers of graphitic filaments aligned along the 
same axis.

Additionally, SWCNTs can form bundles, and the length 
of carbon nanotubes is typically on the order of microns, 
while the inner diameter is thousands of times smaller 
(Sdanghi et al. 2020). Both theoretical and experimental 
evidence indicate that carbon nanotubes can adsorb hydro-
gen through physisorption and/or chemisorption mecha-
nisms. Physisorption occurs via weak van der Waals forces 
between hydrogen molecules and carbon atoms, with a bind-
ing energy of approximately 0.1 eV. The maximum adsorp-
tion density correlates with specific surface area and pore 
volume. Chemisorption involves the formation of chemi-
cal bonds between hydrogen atoms and carbon, with bind-
ing energies exceeding 2–3 eV. It’s challenging to discern 
exclusively between physisorption and chemisorption. As 
the interaction strength increases, hydrogen may dissoci-
ate into atomic form and diffuse into the nanotubes, akin to 
metal hydrides. Modifying material chemistry or structure 
can alter desorption temperature, albeit within a limited 
range (Oriňáková and Oriňák 2011).

In order to investigate the hydrogen storage mechanism 
in SWCNTs, Lee et al. (2001) conducted systematic cal-
culations at zero temperature to understand the adsorption 
and storage of hydrogen in SWCNTs. The results suggest 
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that hydrogen atoms initially adsorb on the tube wall in 
arch-type and zigzag-type configurations up to a coverage 
of approximately 1. At higher coverages, hydrogen atoms 
are stored within the capillary of SWCNTs in the form of 
hydrogen molecules. The dominant storage mechanism 
involves breaking the C–C midbond within the tube wall 
while preserving the stability of the nanotube structure. The 
study also discusses the extraction process, where hydro-
gen molecules within the capillary dissociate, adsorb onto 
the inner wall, and are further extracted to the outer wall 
through the flip-out mechanism. Gu et al. (2001) investigated 
hydrogen storage in SWNTs using grand canonical Monte 
Carlo simulation. The study models hydrogen–hydrogen and 
hydrogen-carbon interactions with Lennard–Jones potential. 
The adsorption isotherms, adsorption as a function of van 
der Waals distance and diameter, and the influence of pres-
sures and temperatures on adsorption are analyzed. The 
results provide insights into optimizing pore geometry for 
hydrogen storage at specific conditions. The study concludes 
that SWNTs show promise as a hydrogen storage system and 
further research is needed to develop efficient adsorbents 
tailored for hydrogen storage. Another study conducted by 
Ma et al. (2002) explored the storage capacity of hydro-
gen in SWCNTs through molecular dynamics simulations. 
The study finds that the storage capacity inside SWCNTs 
increases with increasing tube diameters. It is observed that 
for SWCNTs with diameters less than 20 Å, the storage 
capacity depends strongly on the helicity of the nanotube. 
The strain on the nanotube caused by the interaction between 
stored hydrogen molecules and the SWCNT is also exam-
ined. The maximum radial strain ranges from 11 to 18% and 
is influenced by the helicity of the nanotube. The tensile 
strengths of SWCNTs decrease with increasing diameters, 
approaching that of graphite (20 GPa) for larger-diameter 
tubes. The results provide insights into the hydrogen stor-
age potential of SWCNTs and their mechanical properties, 
which are crucial for practical applications in energy storage.

Nijkamp et  al. (2001) examined SWNTs' hydrogen 
sorption isotherms, obtaining maximum concentrations of 
0.932 wt.% at 295 K and 2.37 wt.% at 77 K, suggesting 
additional sorption mechanisms beyond physisorption on 
carbon hexagons due to observed deviations in H/C ratios. 
Ye et al. (1999) investigated hydrogen adsorption on purified 
SWNTs, revealing capacities of up to 8 wt.% at low tempera-
tures and pressures. Liu et al. (1999) explored pretreatments' 
effects on SWNT hydrogen adsorption, achieving up to 4.2 
wt.% at room temperature and 10 MPa pressure through acid 
treatment and vacuum heating.

Furthermore, Zhou et al. (2006) investigated the hydrogen 
uptake mechanism on superactivated carbon and MWCTs 
in both powder and pellet forms, analyzing adsorption 
isotherms across a wide temperature and pressure range. 
Employing a volumetric method, hydrogen adsorption data 

were analyzed using advancements in supercritical adsorp-
tion theory. The study concluded that hydrogen adsorption 
occurs predominantly through physical means, with mol-
ecules arranged monolayerly on the carbon surface. Con-
sequently, the storage capacity is primarily dictated by the 
specific surface area of the carbon material. In order to 
investigate the hydrogen storage capacity of MWNTs with 
varying diameters. Hou et al. (2003) find that the hydrogen 
storage capacity of MWNTs is proportional to their diameter. 
It is observed that hydrogen adsorbed in MWNTs cannot be 
completely desorbed at room temperature and ambient pres-
sure. The researchers propose that small "carbon islands" 
within MWNTs serve as the main hydrogen adsorption sites.

In pursuit of meeting the Department of Energy's tech-
nical storage targets, it's evident that relying solely on 
hydrogen physisorption in the materials, as mentioned 
above, despite their unique characteristics, is insufficient. 
To enhance the overall hydrogen storage capacity, various 
proactive measures have been adopted, including activation 
using sodium hydroxide (NaOH) and potassium hydroxide 
(KOH). Chemical activation with sodium hydroxide and 
potassium hydroxide serves to increase surface area and pore 
volume, consequently improving hydrogen uptake capac-
ity in these materials. This enhancement occurs linearly as 
surface area and pore volume increase (Raymundo-Piñero 
et al. 2005; Rather et al. 2008; ullah Rather 2020). Another 
significant strategy to augment hydrogen storage capacity 
involves the incorporation of metal or metal oxide nano-
particles into carbon nanotubes, either through decoration, 
embedding, or doping. This process facilitates hydrogen 
molecule dissociation, leading to the spillover mechanism 
wherein hydrogen atoms are released onto the surface. The 
non-classical spd hybridization and spillover phenomenon 
contribute to enhanced hydrogen uptake capacity in carbon 
nanotube composites (Zacharia et al. 2005, 2007). Various 
methods, including in-situ condensed phase reduction, wet-
ness impregnation, high-energy ball milling, and sputtering, 
are employed for decoration, doping, or embedding purposes 
(Zacharia et al. 2007; Rather et al. 2007; Rather and Nahm 
2014; ullah Rather 2020).

In this regard, doped carbon nanotubes, such as those 
incorporating Co (2.62 wt.%) (Chang et al. 2014), V (0.69 
wt.%) (Zacharia et al. 2005), and Pd (0.6–0.87 wt.%) (Zach-
aria et al. 2005; Wenelska et al. 2014), exhibit enhanced 
hydrogen storage potential. Liu et al. (2010) reported that 
carbon nanotubes' storage capacity remains below 1.7 wt.% 
at room temperature and moderate pressure. In terms of 
MWCTs, MWCNTs exhibit hydrogen uptakes of 0.3–0.9 
wt.% at ambient temperatures (Rather and Hwang 2016; 
Hosseini et al. 2017; Han and Park 2017). The introduc-
tion of a hydrogen spillover catalyst, titanium, increases 
hydrogen uptake in MWCNTs by 5- and 25-fold at 298 K 
and an equilibrium pressure of ~ 16 atm, elevating it from 
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0.43 to 2.0 wt.%. Aboutalebi et al. (2012) studied the hydro-
gen storage performance in MWCNTs and graphene oxide, 
revealing adsorption capacities of approximately 0.9 wt.% 
and 1.4 wt.%, respectively, at 298 K and 50 bar pressure. 
Interestingly, their combined structures exhibited improved 
gravimetric storage, achieving around 2.6 wt.% in the same 
conditions. Similarly, MWCNTs with tin(IV) oxide  (SnO2) 
particles exhibited a 2.62 wt.% hydrogen storage capacity 
(Vellingiri et al. 2018). Mehrabi et al. (2017, 2019) explored 
Pd- and Ni-doped MWCNTs, synthesizing them through 
laser ablation and chemical reduction. The results indicated 
that Pd nanoparticles surpassed Ni in spillover rates, with 
Pd-MWCNTs achieving an 8.6 wt.% uptake and Ni-MWC-
NTs reaching 2.5 wt.%.

Recently, Heydariyan et al. (2023) introduced a novel 
energetic, solid composite based on nano-sized  EuMnO3/
EuMn2O5 incorporated with MWCNT for the development 
of hydrogen storage capacity. Additionally, Alazawi et al. 
(2023) developed MWCNTS-ZnO (acetate) and MWCNTS-
ZnO (complex) nanocomposites, with transmission electron 
microscopy (TEM) confirming the successful formation of 
irregular spherical zinc oxide nanoparticles (45–70 nm) cov-
ering carbon nanotubes with diameters up to 29 nm. The 
findings revealed that MWCNTS-ZnO (complex) exhibited 
the highest hydrogen storage capacity, achieving 4.3 wt.% 
 H2 under conditions of 85 bar pressure and a temperature 
of 77 K.

Regarding SWCNTs, a recent work conducted by Verma 
and Jaggi (2024) investigated the use of osmium-decorated 
SWCNTs for hydrogen storage. The study utilizes density 
functional theory and explores the effects of single and 
dual osmium decorations on the structural, electronic, and 
thermodynamic properties of SWCNTs. The results indi-
cate that osmium decoration enhances the hydrogen storage 
capacity through the spillover mechanism. The adsorption 
energy per hydrogen molecule increases with osmium deco-
ration, reaching − 0.575 eV/H2 for single osmium decoration 
and − 0.681 eV/H2 for double osmium decoration. The study 
reveals a gravimetric hydrogen storage capacity of 1.32 wt.% 
and 2.53 wt.% for single and double osmium decorated 
SWCNTs, respectively, at 298.15 K and 10 atm.

The average Van't Hoff desorption temperature for 
osmium-decorated SWCNTs is also calculated. Yang et al. 
(2019) explored the hydrogen storage capacity of dual-Ti-
doped SWCNTs using first-principles calculations. The dual-
Ti-doped SWCNTs were found to stably adsorb up to six 
hydrogen molecules through Kubas interaction at the  Ti2 
active center. Additionally, the Ti-doping pattern affected 
the hydrogen adsorption capacity, with the dual-Ti deco-
rated SWCNT capable of adsorbing eight hydrogen mol-
ecules with ideal adsorption energy. The synergistic effect 
of Ti atoms with different doping patterns enhanced the 
hydrogen adsorption capacity. The study emphasized the 

potential of Ti-doped SWCNTs as a promising material for 
efficient reversible hydrogen storage. Verdinelli et al. (2019) 
conducted a study that investigated the storage of molecu-
lar hydrogen on ruthenium (Ru) decorated SWCNTs using 
density functional theory. The results showed that Ru atoms 
act as adsorption centers for hydrogen molecules on SWC-
NTs, with an adsorption energy  (Eads) of 0.93 eV/H2. It was 
found that a single Ru atom on SWCNT can hold up to four 
hydrogen molecules, while a uniform addition of Ru atoms 
allows for up to five Ru atoms without clustering. Each Ru 
atom in the 5Ru-decorated SWCNT system can bind up to 
four hydrogen molecules with an  Eads of 0.83 eV/H2. The 
magnetic moment of Ru-decorated systems decreases as the 
number of hydrogen molecules increases. The study suggests 
that Ru-decorated SWCNTs have the potential for efficient 
hydrogen storage.

Modak et al. (2012) conducted research to explore the 
electronic structure and hydrogen adsorption character-
istics of SWCNTs decorated with transition metals. The 
study uses density functional theory and the projector aug-
mented wave method to analyze the ground state geometry, 
electronic structure, and hydrogen adsorption of various 
transition metal decorated SWCNTs. The results reveal a 
systematic change in the adsorption site of transition metal 
atoms with the increasing number of d electrons. Y and Zr 
decorated SWCNTs exhibit metallic behavior, while Nb and 
Mo decorated SWCNTs display semiconducting behavior. 
The adsorption site variation is attributed to the decreas-
ing charge transfer from the transition metal atom to the 
SWCNT along the 4d series. Metallic SWCNT + TM sys-
tems are found to be more effective in hydrogen adsorption. 
The study emphasizes that the retention of magnetism by 
the system is crucial for favorable hydrogen physisorption.

In conclusion, carbon nanotubes, including SWCNTs and 
MWCNTs, exhibit promising potential for hydrogen stor-
age, primarily through physisorption mechanisms. Their 
nanostructure, high surface area, and tunable characteris-
tics render them favorable candidates for reversible hydro-
gen storage media. While SWCNTs feature a single layer of 
carbon atoms in cylindrical form and MWCNTs consist of 
multiple concentric layers, both offer avenues for hydrogen 
adsorption. Through various experimental and theoretical 
studies, it has been demonstrated that modifying carbon 
nanotubes with transition metals, metal oxides, or other 
dopants can significantly enhance their hydrogen storage 
capacities. These advancements, coupled with innovative 
approaches, such as chemical activation and nanocomposite 
formation, underscore the evolving landscape of hydrogen 
storage materials. Further research and development in this 
area holds promise for realizing efficient and practical solu-
tions to meet the stringent hydrogen storage targets set by 
the Department of Energy.
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Activated carbon

Activated carbon (AC), characterized by a substantial sur-
face area ranging from 700 to 3300  m2  g–1, is exception-
ally well-suited for both adsorption and chemical reactions 
(Hermosilla-Lara et al. 2007; Zhao et al. 2012). Its amor-
phous structure is derived from diverse materials, such as 
coal, wood, or coconut shells. According to IUPAC (Inter-
national Union of Pure and Applied Chemistry) standards, 
activated carbon can be classified into microporous (< 20 
Å), mesoporous (20–500 Å), and macroporous (> 500 Å) 
categories, with the pore size determined by the raw material 
and processing methods employed (Romanos et al. 2019). 
The synergy of pore size, volume, and a substantial sur-
face area in activated carbon greatly enhances its hydrogen 
absorption capabilities. For instance, activated carbon syn-
thesized from a biomass precursor through the potassium 
hydroxide activation process boasts an impressive surface 
area of approximately 2090  m2  g–1 and a generous pore vol-
ume of 1.44  cm3  g−1 (Samantaray et al. 2019). Its hydrogen 
absorption capability is considerable, achieving 1.06 wt.% 
at 15 bar and 298 K, highlighting its potential as a catalyst 
support for improved hydrogen uptake via the spill-over 
mechanism (Samantaray et al. 2019). Moreover, Ramesh 
et al. (2017) developed activated carbon materials derived 
from jute fibers and applied potassium hydroxide activation 
to enhance the sample’s porosity. The carbonization and acti-
vation processes resulted in a range of surface areas, with 
values ranging from 380 to 1220  m2  g−1, as listed in Table 2. 
Their results demonstrated that the sample exhibiting the 
largest surface area, 1220  m2  g−1, exhibited a high hydrogen 
absorption capacity of 1.2 wt.% under conditions of 303 K 
and a 40 bar  H2 gas pressure.

Doped or pretreated activated carbons have proven effec-
tive for hydrogen adsorption (Grigorova et al. 2020). Lee 
and Park (2011) developed a Pt-doped AC/MOF composite 
with hydrogen storage of 2.3 wt.% at 298 K and 100 bar, sig-
nificantly outperforming raw activated carbon. Ni nanopar-
ticle-doped activated carbon nanofibers achieved 2.12 wt.% 
hydrogen adsorption at 298 K and 100 bar (Thaweelap et al. 
2021). While Pd nanoparticle doping on activated carbon 
resulted in a relatively lower hydrogen uptake of < 0.2 wt.% 
at 298 K and 2–3 MPa pressure (Zhao et al. 2012), super 
activated carbon (Maxsorb) exhibited a hydrogen absorption 
capacity of 0.67 wt.% (Xu et al. 2007). Table 2 provides an 
overview of the characteristics of activated carbons used 
for hydrogen storage and their storage potential (Bosu and 
Rajamohan 2023).

Zeolites

Zeolites, renowned for their molecular sieve-like charac-
teristics, facilitate hydrogen storage by effectively trapping 

hydrogen within their unique cavities, particularly at ele-
vated temperatures and pressures. Zeolite variants, such as 
KA, Naan, RbA, and CsA, classified as microporous miner-
als, have been harnessed as sorbents for hydrogen storage 
(Chilev et al. 2012). The process involves hydrogen being 
driven into these cavities at higher temperatures and pres-
sures and subsequently being retained within the zeolite 
structure, with release achievable upon heating. Langmi 
et al. (2003) conducted a comprehensive exploration of 
zeolites A, X, Y, and RHO for their hydrogen storage capa-
bilities over a wide temperature range, spanning from − 196 
to 573 K, and under pressures ranging from zero to 15 bar. 
These zeolites were synthesized using hydrothermal meth-
ods and underwent cation-exchange modifications. Their 
findings underscored that hydrogen uptake in zeolites is 
significantly influenced by variables, such as temperature, 
framework structure, and the type of cation present. Earlier 
research indicates that zeolites can store limited amounts of 
hydrogen (< 0.3 wt.%) when charged at room temperature 
or temperatures exceeding 473 K (Weitkamp et al. 1993; 
Langmi et al. 2003, 2005).

Weitkamp et al. (1993) delved into the potential of zeo-
lites as hydrogen storage media, considering various zeolite 
structures and compositions. Their results indicated that 
zeolites featuring sodalite cages in their structure hold the 
most promise for hydrogen storage. Specifically, the zeolite 
with the highest concentration of sodalite cages exhibited the 
greatest storage capacity, reaching 9.2  cm3  g−1 when loaded 
at 573 K and 10 MPa. While the storage capacity of zeolites 
currently lags behind that of metal hydride systems, they 
offer distinct advantages, including robust thermal stabil-
ity, cost-effectiveness, and adjustable composition, making 
them a promising avenue for advancing hydrogen storage 
technologies. Recent work by Pinjari et al. (2023) involved 
enhancing the hydrogen storage properties of ZIF-8 zeolite 
materials at room temperature. They synthesized zeolitic 
imidazolate frameworks (ZIF-8, ZIF-8-T) as well as their 
copper-doped counterparts (CuZIF-8, CuZIF-8-T) for hydro-
gen storage under ambient conditions. CuZIF-8-T exhibited 
an impressive specific surface area of 1973.7  m2  g−1 and a 
micropore volume of 0.72  cm3  g−1, as determined by nitro-
gen adsorption at 77 K. This indicated a higher number of 
adsorption sites compared to their counterparts. Conse-
quently, CuZIF-8-T achieved the highest hydrogen storage 
of 0.70 wt.% at 298 K and 100 bar, maintaining full revers-
ibility over ten cycles.

However, at cryogenic temperatures, the hydrogen storage 
capacity can surpass 1 wt.% (Kazansky et al. 1998; Langmi 
et al. 2003). For example, CaX zeolite demonstrated an 
impressive hydrogen storage capacity of 2.19 wt.% at 15 bar 
and 77 K (Langmi et al. 2005). Du and Wu (2006) reported 
a hydrogen capacity of 2.55 wt.% for NaX zeolite (with a 
surface area of 565  m2  g−1) at 77 K and 40 bar, though this 
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Table 2  Hydrogen storage capacities and properties of different types of activated carbon used for hydrogen storage

Classification 
of precursor

Precursor Activation 
time (h)

Temperature 
(K)

Pressure 
(MPa)

Hydrogen 
storage 
capacity 
(wt.%)

Specific 
surface area 
 (m2  g−1)

Micropore 
volume 
 (cm3  g−1)

Pore size 
of activated 
carbon 
(nm)

References

Natural Chitosan 13 77 2 6.77 1362–3009 0.67–1.497 0.6–0.8 Wang et al. 
(2016)

Bamboo 15 77 4 6.6 3208 1.01 1.08–1.65 Zhao et al. 
(2017)

African palm 
shell

48 77.4 15 6.5 1350 0.48 0.7 González-
Navarro 
et al. 
(2014)

Olive pomace 12 77 20 6.11 0.021 0.270  < 0.7 Bader et al. 
(2018)

Melaleuca bark 36 77 1 4.08 3170 0.86 2–3 Xiao et al. 
(2014)

Onion 36–48 77 0.1 3.67 3150 1.39 1.05–1.08 Musyoka 
et al. 
(2020a)

Bark/camellia 
shell

10 77–87 0.1 3.01 2849 1.08 0.7–1.7 Hu et al. 
(2021)

Rice husks 24 77 0.1 2.85 2232 0.792 0.5–0.9 Heo and Park 
(2015)

Almond shells 25–30 77–298 2.7–4.7 2.53 1307 1.66 40 Bicil and 
Dogan 
(2021)

Fruit bunch 4 77 2 2.14 687 0.297 1.9–2.4 Arshad et al. 
(2016)

Bagasse 24 123 0.1 2.13 2243 1.01 2.39 Peng et al. 
(2020)

Lignin 6–10 77 0.1 1.8 1064–1258 0.42–0.52 0.7 Rowland-
son et al. 
(2020)

Honey vine 
milkweed

18 298 10 1.75 756 0.3 1.35 Ariharan 
et al. 
(2021)

Cola fly ash 14 77 0.1 1.35 946.77 0.477 1000 Musyoka 
et al. 
(2020b)

Arundo donax 170 77–298 0.1 1.3 1784 0.88 Not avail-
able

Üner (2019)

Jute fibres 50 303 4 1.2 380–1224 0.74 0.5–1.5 Ramesh et al. 
(2017)

Palimera sprout 16 298 1.5 1.06 2090 1.44 1–2 Samanta-
ray et al. 
(2019)

Litchi trunk 30 303 6 0.53 3400 1.79 20–100 Huang et al. 
(2010)
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capacity decreased to just 0.4 wt.% at 293 K and 40 MPa. 
Chung (2010) investigated various zeolites for hydrogen 
storage at 303 K and found that ultra-stable Y (USY) zeo-
lite exhibited the highest hydrogen capacity of 0.4 wt.% at 
50 bars.

Novel hydrogen storage materials

Currently, significant advancement has been achieved in 
hydrogen storage state-of-the-art. Researchers continue to 
explore various approaches to enhance hydrogen storage 
capacity, safety, and efficiency. Some promising materials 
include metal–organic frameworks, covalent organic frame-
works, zeolites, and porous carbon-based adsorbents. For 
instance, a category of novel compounds, specifically lay-
ered transition metal carbides or nitrides, known as MXenes 
(e.g.,  Ti3C2,  Nb4C3,  V2C), has demonstrated substantial 
augmentation of the hydrogen storage capabilities of  MgH2 
(Liu et al. 2015, 2019, 2021, p. 2; Shen et al. 2018; Wang 
et al. 2019b; Lu et al. 2021; Duan et al. 2023). For exam-
ple, Liu et al. (2019) found that by combining  MgH2 with 
5 wt.%  Nb4C3 MXene, they were able to achieve a remark-
able hydrogen absorption capacity of 3.5 wt.% within just 
two hours at 323 K. Additionally, this combination exhibited 
an exceptionally low initial dehydrogenation temperature of 
424 K. Lu et al. (2022a) utilized  V2C MXene to modify 
 MgH2, resulting in a composite of  MgH2 with 10 wt.%  V2C 

MXene. This composite exhibited a remarkable hydrogen 
storage capacity of 6.4 wt.% within just 10 min at 573 K. 
Notably, it demonstrated a low activation energy of 87.6 
 kJmol−1 and a reduced dehydrogenation temperature of 463 
K. These findings demonstrate the significant potential of 
MXenes in enhancing the hydrogen storage performance of 
 MgH2. However, it's worth noting that the production pro-
cess for MXenes often involves the use of corrosive hydro-
fluoric acid, which is environmentally unfriendly.

In 2023, Duan et al. (2023) investigated using  Ti3AlCN 
MAX as an environmentally friendly alternative to improve 
the hydrogen storage properties of  MgH2. Comparatively, 
 Ti3AlCN MAX showed more promise in enhancing  MgH2's 
hydrogen storage performance compared to many MXenes 
like  Ti3C2 and  V2C. The study revealed that  Ti3AlCN pri-
marily functions as an efficient catalyst for  MgH2, acting 
as an active center for nucleation and growth of  MgH2, as 
well as facilitating the recombination and dissociation of 
hydrogen molecules. These two parameters contribute to its 
superiority over MXenes in promoting hydrogen storage in 
 MgH2.

Additionally, metal–organic frameworks and their com-
posite materials have garnered considerable attention as 
potential candidates for hydrogen storage, as discussed ear-
lier. They enable hydrogen storage through a combination 
of physisorption and chemisorption mechanisms, exempli-
fied by hybrid materials like metal–organic frameworks 

This table presents a comprehensive overview of hydrogen storage capacities and properties of various types of activated carbon utilized for 
hydrogen storage, categorized by their precursors. The table includes information on activation time, temperature, pressure, hydrogen storage 
capacity (wt.%), specific surface area  (m2  g−1), micropore volume  (cm3  g−1), and pore size. Both natural and synthetic precursors are covered, 
ranging from chitosan and bamboo to poly (vinylidene chloride) and polyaniline. Notable findings include the diverse hydrogen storage capaci-
ties across different precursors, with values ranging from 6.77 wt.% for chitosan to 0.53 wt.% for litchi trunk-derived activated carbon. Addition-
ally, variations in specific surface area and pore size highlight the influence of precursor material on the properties of activated carbon

Table 2  (continued)

Classification 
of precursor

Precursor Activation 
time (h)

Temperature 
(K)

Pressure 
(MPa)

Hydrogen 
storage 
capacity 
(wt.%)

Specific 
surface area 
 (m2  g−1)

Micropore 
volume 
 (cm3  g−1)

Pore size 
of activated 
carbon 
(nm)

References

Synthetic Poly 
(vinylidene 
chloride)

12–24 20.4–303 0.1–20 6.5 1021–2760 0.46–2 0.53–2.54 Fomkin et al. 
(2021)

Polyaniline 12 77–100 6 5.5 2200 1 500 Kostoglou 
et al. 
(2022)

1,3 bis (cyno-
methyl imida-
zolium)

chloride

24 77 0.1 2.94 526–2386 0.26–1.16 0.5–0.7 Sethia and 
Sayari 
(2016)

Molybdenum 
carbide

18 77 6 2.63 1481 0.65 0.9 Gogotsi et al. 
(2009)

Waste tires 75 77 0.1 1.4 955.2 0.145 0.86 Rambau et al. 
(2018)
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(SNU-90) and Mg nanocrystals (Lim et al. 2012). Moreover, 
 MgH2@Ni–MOF nanocomposites, synthesized using sol-
vothermal methods and wet impregnation, exhibit efficient 
kinetic properties and low hydrogen absorption/desorption 
enthalpies (Ma et al. 2020). The outstanding performance 
of these materials results from the synergistic effects of 
nanoconfined Mg/MgH2 and in-situ catalysis from formed 
 Mg2Ni/Mg2NiH4. This is a novel approach where the scaf-
fold prevents Mg/MgH2 growth and also catalyzes hydrogen 
sorption of  MgH2/Mg.

Ma et al. (2021) developed CoS-NBs (NBs: nanoparti-
cles) as a scaffold for  MgH2, achieving a high load capacity 
of 42.5 wt.% and reduced hydriding/dehydriding enthalp-
ies Ren et al. (2022b) constructed a 1D N-doped hierarchi-
cally porous carbon nanofiber scaffold to facilitate the self-
assembly of  MgH2/Ni nanoparticles. Ren et al. (Ren et al. 
2022a) demonstrated the potential of 2D transition  TiO2 
nanosheets as frameworks for hosting  MgH2 nanoparticles, 
with significant contributions from the nanoconfinement 
effect and Mg–Ti materials. These promising materials hold 
great potential for stationary and on-board hydrogen storage 
applications.

High entropy alloys (HEAs), which include hydride-form-
ing elements, have recently emerged as promising candidates 
for hydrogen storage. High entropy alloys typically contain 
five or more main elements within a 5–35 atomic percent 
range. Minor elements, less than five atomic percent, can be 
added to enhance specific properties (Miracle and Senkov 
2017). Hydrogen storage high entropy alloys can be broadly 
classified into three types: BCC (body-centered cubic), light-
weight, and intermetallic high entropy alloy hydrides, with 
body-centered cubic high entropy alloys considered the 
most promising for hydrogen storage. Shahi et al. (2023) 
conducted a comprehensive analysis of published research 
results, revealing that body-centered cubic high entropy 
alloys exhibit superior hydrogen storage capacity com-
pared to traditional body-centered cubic alloys. However, 
there is a limited number of studies focusing on low-density 
hydrogen storage and high entropy alloys. Sahlberg et al. 
(2016) developed a TiVZrNbHf high-entropy alloy with a 
body-centered cubic structure composed of strong hydride-
forming elements with a significant variance in atomic radii 
(δ = 6.82%). This alloy demonstrated the ability to absorb 
2.7 wt.%  H2 at 573 K, achieving a H/M ratio of 2.5, which 
is significantly higher than typical hydrides. This enhanced 
hydrogen storage capacity is attributed to the alloy's con-
version from the body-centered cubic to the body-centered 
tetragonal (BCT) phase during hydrogenation, a behavior 
commonly observed in body-centered cubic alloys. This 
structural change potentially opens up new interstitial sites 
for hydrogen storage. In 2023, Serrano et al. (2023) devel-
oped a TiVNbCrMn high-entropy alloy system for hydrogen 
storage. They fabricated and tested three alloy compositions, 

 Ti35V35Nb20Cr5Mn5,  Ti27.5V27.5Nb20Cr12.5Mn12.5, and 
 Ti32V32Nb18Cr9Mn9; which displayed high hydrogen capaci-
ties of 2.47, 3.38, and 2.09 wt.% respectively. These alloys 
displayed distinct activation kinetics and incubation times. 
Two of the alloys underwent hydrogen absorption/desorp-
tion cycles and, despite a decrease in absorption kinetics, 
maintained promising results by preserving their maximum 
hydrogen storage capacity.

Thus, developing new materials for storing hydrogen is a 
rapidly evolving field with immense promise for the future 
of renewable energy. Scientists and engineers from across 
the globe are engaged in this endeavor, using their collec-
tive expertise to innovate and design the next generation of 
hydrogen storage materials. The following section discusses 
some of these materials.

Machine learning in hydrogen storage

With the rapid advancements in technology, artificial intel-
ligence (AI) is playing a pivotal role in revolutionizing the 
design and enhancing the efficiency of hydrogen storage 
models. Machine learning (ML), a subset of artificial intel-
ligence, has emerged as a transformative tool for many 
industries in recent years. Machine learning models, using 
data from experiments or simulations, can identify materi-
als with favorable properties, i.e., high hydrogen storage 
capacity and light weight with high strength. Machine 
learning's ability to learn from data and predict outcomes 
without explicit programming enhances process efficiency, 
reduces human error, and offers a closed-loop quality 
control system (Yuan et al. 2018; Osman et al. 2024a). 
Additionally, machine learning aids in understanding the 
relationships between material properties and hydrogen 
storage performance, guiding the design of improved and 
novel materials for storage. Despite challenges with data 
quality and availability (Osman et al. 2024b), machine 
learning's role in hydrogen storage exploration is antici-
pated to grow as the field matures.

Machine learning algorithms are mainly classified into 
three main categories, as presented in Fig. 6: (1) Supervised 
learning: This is the most common technique where the 
model is trained on a labeled dataset, meaning that the input 
data is paired with the correct output. Supervised learning 
primarily falls into two categories: regression and classifica-
tion. In the context of hydrogen storage, regression can be 
used to predict continuous outcomes, such as the amount 
of hydrogen a material can store based on its properties. 
This would entail modeling the relationship between factors 
like surface area, porosity, or temperature and the hydrogen 
storage capacity. On the other hand, classification could be 
employed to categorize materials as either suitable or unsuit-
able for hydrogen storage based on predefined criteria or 



 Environmental Chemistry Letters

thresholds. This might involve assigning labels to materials 
based on whether they meet the required storage standards 
or safety criteria. Common models include the decision tree 
model, K-Nearest neighbor (KNN), artificial neural net-
works (ANN), markov model (HMM), naive bayesian model 
(NBM), support vector machines (SVM), etc. (Lan et al. 
2020; Sunny et al. 2020; Qian et al. 2022). (2) Unlike super-
vised learning, unsupervised learning algorithms deal with 
unlabeled, open-domain data to train algorithms (Wang et al. 
2022; Taherkhani et al. 2022). Unsupervised learning aims 

to identify hidden patterns or intrinsic structures within the 
data with minimal human intervention. The most commonly 
utilized method in this category is data clustering, which 
can efficiently detect grouped patterns. Common methods in 
unsupervised learning include the K-means clustering algo-
rithm, density-based spatial clustering of applications with 
noise (DBSCAN), gaussian mixture models (GMM), hierar-
chical clustering, and others. The key advantage of unsuper-
vised learning is that it does not require labeled data, making 
it a versatile tool in diverse data environments. Despite the 

Fig. 6  Classification of machine learning algorithms according to 
their foundational operational principles. Each branch represents a 
distinct approach that shapes how models learn and generalize from 
data, contributing to the advancement of the field. Supervised learn-
ing forms the foundation of machine learning, where algorithms learn 
from labeled training data. By observing input–output pairs, such as 
in linear regression, decision trees, and neural networks, these algo-
rithms absorb patterns from known examples and generalize to make 
predictions for unseen data points. Unsupervised learning, on the 
other hand, operates without labeled data. Its objective is to uncover 
hidden structures within the data. Clustering algorithms, includ-
ing k-means and hierarchical clustering, group similar data points 

together. Reinforcement learning draws inspiration from behavioral 
psychology. Reinforcement learning agents learn through trial and 
error by interacting with an environment and receiving rewards or 
penalties. Algorithms like Q-learning and deep reinforcement learn-
ing have driven advancements in gaming, robotics, and finance. This 
taxonomy serves as a valuable compass, guiding researchers, practi-
tioners, and enthusiasts through the vast machine-learning universe. 
Each algorithmic path offers unique insights and applications, con-
tributing to the ever-evolving field of machine learning. It is impor-
tant to note that while the mentioned algorithms are representative 
examples, there exists a wide range of other algorithms in each cat-
egory that further enrich the machine-learning landscape
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differences in training datasets, the processes of testing and 
validation in unsupervised learning bear similarities to those 
in supervised machine learning. It is worth noting that both 
supervised and unsupervised learning leverage patterns from 
known data to make predictions or categorizations about 
new, unknown data. (3) Reinforcement learning (RL), which 
involves an agent that learns to make decisions by taking 
actions in an environment to maximize a reward signal. 
Reinforcement learning has effectively resolved complex 
optimization issues (François-Lavet et al. 2016; Dogu et al. 
2022; Dreher et al. 2022; Sahar et al. 2023), as evidenced by 
numerous studies. Leveraging reinforcement learning could 
streamline the efficiency, safety, and scalability of hydrogen 
storage solutions, making them more viable for a range of 
applications.

Each type of algorithm is used depending on the nature 
of the problem and the type of data available. For instance, 
supervised learning requires a large amount of labeled 
data, which can be challenging to obtain in many practical 
situations. Unsupervised learning, on the other hand, may 
not provide as accurate or direct predictions as supervised 
learning but can reveal useful insights from large volumes 
of unlabeled data.

In the context of using machine learning in hydrogen stor-
age, Ali et al. (2022) proposed a machine learning model 
to design a hydrogen storage system, focusing on hydrogen 
storage in dibenzyl-toluene using various artificial neural 
networks approaches. Three artificial neural network meth-
ods were compared for prediction accuracy: levenberg mar-
quardt (LM), scaled conjugate gradient (SCG), and bayesian 
regularization (BR). While levenberg marquardt showed an 
accuracy of 94.87%, both bayesian regularization and scaled 
conjugate gradient achieved an overall accuracy of 98.70%, 
demonstrating their superior performance in predicting 
hydrogen storage capacities. Similarly, Suwarno et al. (2022) 
utilized machine learning to analyze a database on Zr-Ti-
based  AB2 alloys for hydrogen storage, exploring the effect 
of different alloy elements on both the formation heat and 
storage capacity of hydrogen. They found that Ni was the 
most influential element in modifying the heat of formation 
for Zr-Ti-based  AB2 alloys but simultaneously decreased 
hydrogen absorption. Mn was found to have a substantial 
effect on hydrogen storage capacity. Their findings provide 
insight into alloy element selection in experimental designs. 
Furthermore, Lu et al. (2022b) utilized machine learning to 
investigate the structure–property relationship of the V-Ti-
Cr-Fe alloy. Their findings emphasized the significance of 
lattice constant, valency electron concentration, and Z/r3 in 
determining the hydrogen storage capacity of the alloy.

Machine learning has been employed in exploring non-
metallic materials in hydrogen storage studies. Ahmed 
et  al.(2019) employed machine learning algorithms to 
predict volumetric and gravimetric hydrogen capacities in 

metal–organic frameworks. The researchers performed a sys-
tematic assessment of real and hypothetical metal–organic 
frameworks by computationally screening around 500,000 
compounds. The most promising metal–organic frameworks 
were then experimentally tested. Three metal–organic frame-
works, namely SNU-70, UMCM-9, and PCN-610/NU-100, 
exhibited higher hydrogen capacities than the benchmark 
compound IRMOF-20. The study revealed a volumetric ceil-
ing at approximately 40 g  H2  L−1 and suggested surpassing 
this ceiling as a new capacity target for hydrogen adsorbents. 
Contrary to previous studies, the usable capacities in high-
performing materials were found to be negatively correlated 
with density and volumetric surface area, emphasizing the 
importance of increasing gravimetric surface area and poros-
ity. The use of machine learning techniques facilitated the 
identification of an optimal metal–organic framework for 
hydrogen storage. Furthermore, Ahmed and Siegel (2021) 
presented the development of machine-learning models to 
predict hydrogen uptake in a metal–organic framework. The 
machine learning models accurately predict hydrogen stor-
age capacities using minimal input data derived from the 
metal–organic framework structure. The study analyzed a 
diverse set of 918,734 metal–organic frameworks and iden-
tified 8282 metal–organic frameworks with the potential to 
exceed the capacities of current materials. These promis-
ing metal–organic frameworks have low densities (< 0.31 
g  cm−3), high surface areas (> 5,300  m2  g−1), void frac-
tions (> 0.90), and large pore volumes (> 3.3  cm3  g−1). The 
machine learning models emphasize the importance of pore 
volume and void fraction in predicting hydrogen uptake. The 
developed models are available on the web for rapid and 
accurate predictions of metal–organic frameworks' hydrogen 
capacities. The use of machine learning in this study dem-
onstrates its potential to accelerate the discovery of high-
capacity hydrogen adsorbents for efficient hydrogen storage 
systems.

Recently, Borja et al. (2024) explored the use of machine 
learning in predicting the hydrogen adsorption capabilities 
and moduli of metal–organic frameworks for hydrogen stor-
age. The study evaluates 13 machine learning models and 
compares their predictions with simulated and experimental 
results. The results demonstrate that 12 out of the 13 mod-
els achieved high prediction accuracy, with a coefficient of 
determination  (R2) greater than 0.95 for both gravimetric 
and volumetric hydrogen uptakes in metal–organic frame-
works. Additionally, the study introduces a 4-20-1 artificial 
neural network model that predicts the bulk, shear, and 
Young's moduli for metal–organic frameworks. The use of 
machine learning strategies allows for efficient screening and 
selection of metal–organic frameworks for hydrogen stor-
age, aiding in the development of cost-effective and time-
efficient storage methods. Shekhar and Chowdhury (2024a) 
employed a deep learning model, specifically a feedforward 
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neural network (FNN), and compared its performance with 
the extremely randomized tree (ERT) model. They utilized a 
dataset of 918,734 metal–organic frameworks and evaluated 
the hydrogen delivery capacity in terms of both gravimet-
ric and volumetric quantities. Through their analysis, the 
feedforward neural network model demonstrated superior 
performance in predicting gravimetric capacity, while the 
extremely randomized tree model excelled in volumetric 
capacity prediction. The authors also conducted GCMC 
simulations to validate their model. The study highlights the 
potential of machine learning as a valuable tool for acceler-
ating the discovery and prediction of optimal metal–organic 
frameworks for hydrogen storage applications.

To provide a more precise depiction of the geometry of 
metal–organic frameworks, employing feature-based rep-
resentations utilizing tools from topological data analy-
sis proves advantageous. These topological descriptors, 
superior to generic structural descriptors, offer a means to 
enhance the efficacy of machine learning methods with rela-
tive ease of implementation. In this context, a recently pub-
lished article conducted by Shekhar and Chowdhury (2024b) 
presented a study on using machine learning and topological 
data analysis to predict the hydrogen storage capacity of 
metal–organic frameworks. The authors developed a deep 
learning framework that incorporates topological features 
along with conventional structural features to improve the 
prediction accuracy. The study utilized the CoRE MOF-2019 
database of 4029 metal–organic frameworks and employed 
a temperature and pressure swing from 100 bar/77 K to 5 
bar/160 K for prediction. The results show that the proposed 
model outperforms the baseline and demonstrates signifi-
cant progress in predicting the hydrogen storage capacity 
of metal–organic frameworks. The topological features 
obtained through persistent homology analysis were found 
to capture additional information supplementary to the struc-
tural features. The incorporation of these topological fea-
tures enhanced the predictive power of the model.

Machine learning was also used to explore the ligand 
effects on hydrogen storage in metal–organic frameworks. 
In this regard, Giappa et al. (2021) investigated the use of a 
combination of multi-scale calculations and machine learn-
ing to investigate hydrogen storage in metal–organic frame-
works. The study focuses on the effect of ligand function-
alization on the hydrogen storage profile of metal–organic 
frameworks. Through accurate ab-initio calculations, the 
binding energy of hydrogen with various functionalized 
benzenes was determined, revealing significant enhance-
ments in interaction strength compared to benzene. The 
results indicate that functional groups, such as –OPO3H2 
and –OCONH2 increase the interaction strength by 15–25%, 
while –OSO3H shows the most promise with an enhance-
ment of up to 80%. GCMC calculations and machine 
learning analysis further support these findings. The study 

suggests that the functionalization strategy can be applied to 
enhance hydrogen storage performance in porous materials.

In the case of carbon materials as promising hydrogen 
storage materials, Maulana Kusdhany and Lyth (2021) 
developed machine learning models to forecast the excess 
adsorption at 77 K of porous carbon materials, relying on 
their texture and chemical characteristics. They identified 
pressure and BET (Brunauer–Emmett–Teller) surface area 
as the key factors for redundant hydrogen uptake and sur-
prisingly found a positive relationship between excessive 
absorption and oxygen content, increasing hydrogen absorp-
tion by approximately 0.6 wt.%. These findings provide a 
theoretical basis for designing carbon materials for storing 
hydrogen. Besides, Thanh et al. (2023) utilized a machine 
learning model that integrated with four nature-inspired 
approaches applied in the random forest (RF) model for pre-
dicting hydrogen storage in porous carbon-based adsorbents. 
Input variables include various adsorbents, activating agents, 
structural parameters, and operational conditions. The four 
applied algorithms include the particle swarm optimizer 
(PSO), dragonfly algorithm (DA), grey wolf optimization 
(GWO), and genetic algorithm (GA). The successful inte-
gration of four algorithms with random forest resulted in a 
superior capability for hydrogen storage prediction. Both 
particle swarm optimizer and grey wolf optimization within 
the random forest model presented equivalent results in the 
training and testing phases, demonstrating an  R2 of ~ 0.98 
and 0.91, respectively. In hydrogen prediction during the 
test phase, the genetic algorithm held a slightly superior 
lead with an  R2 of ~ 0.93. Concurrently, the random forest- 
dragonfly algorithm exhibited precision in prediction perfor-
mance with an  R2 of 0.98 and 0.90 in the training and test-
ing phases, respectively. Generally, their model showed high 
accuracy, and a sensitivity analysis revealed the importance 
of temperature, specific surface area, micropore volume, and 
total pore volume.

On the other hand, Rahimi et al. (2021) utilized three 
machine-learning models to predict hydrogen adsorption 
in activated carbons, leveraging structural characteristics 
like micropore surface area, the volume of pores, and pore 
size distribution. The models demonstrated high feasibility, 
with root mean square errors (RMSEs) ranging from 0.06 to 
0.19. The support vector machines model showed the high-
est accuracy in their study, and optimization of microstruc-
tural properties facilitated by a support vector machines-
based genetic algorithm resulted in a 2.5 wt.% increase in 
hydrogen uptake. The study emphasizes the significance of 
microstructural properties in bio-derived activated carbons 
for hydrogen storage and suggests that machine-learning 
techniques can aid in the fabrication of porous carbons for 
such applications. Davoodi et al. (2023) evaluated the per-
formance of four machine learning models in predicting 
hydrogen uptake by porous carbon media (PCM) based on 
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influential variables. The machine learning models tested 
were generalized-regression neural network (GRNN), 
least-squares-support-vector machine (LSSVM), adap-
tive-neuro-fuzzy-inference system (ANFIS), and extreme-
learning machine (ELM). The study utilized a database of 
2072 records with eleven independent variables and porous 
carbon media hydrogen uptake as the dependent variable. 
The LSSVM model demonstrated the best prediction perfor-
mance, achieving a root mean squared error of 0.2407 wt.%. 
Pressure was identified as the most influential independent 
variable. The results indicate that the developed LSSVM 
model is highly generalizable for predicting porous carbon 
media hydrogen uptake. Machine learning shows promise in 
improving the efficiency of hydrogen storage for fuel-cell-
powered transportation vehicles.

The advancement of clean energy solutions is depend-
ent on novel materials for hydrogen storage and conversion. 
Batalović et al. (2023) applied a machine learning model to 
identify promising Mg-containing materials for applications 
like near-ambient hydrogen storage and lithium conversion 
electrodes. After screening over 600 compounds, 32 inter-
metallics were found suitable for near-ambient hydrogen 
storage, with  MgBe13 showing high gravimetric hydrogen 
density. This analysis supports the strategic development 
of efficient hydrogen storage materials and conversion-type 
negative electrodes in Li-ion batteries. Recently, Dong et al. 
(2023) focused on the application of machine learning in 
the development of Mg alloys for hydrogen storage. The 
researchers constructed a database of Mg-based hydrogen 
storage materials and used supervised machine learning 
regression models to predict the maximum hydrogen stor-
age (Ab max) and maximum hydrogen release (De_max) of 
different Mg alloys.

The machine learning models achieved high prediction 
accuracy, with the gradient boosting regression (GBR) 
model for Ab_max and the multilayer perceptron (MLP) 
model for De_max attaining  R2 values of 0.947 and 0.922, 
respectively. The researchers employed the Shapley addi-
tive explanations (SHAP) algorithm to interpret the machine 
learning models and identify critical factors influencing 
the hydrogen storage property of Mg alloys. Based on the 
machine learning models, the study predicted the Ab_max 
and De_max values for various Mg-based binary and ternary 
alloys. Notably, the alloys 96Mg-4Sm and 95Mg-1Ni-4Sm 
exhibited higher Ab_max and De_max values of 6.31 wt.% 
and 5.69 wt.%, and 6.64 wt.% and 5.63 wt.%, respectively. 
These alloys met the requirement for high Ab_max/De_max 
at operating temperatures below 573 K. The use of machine 
learning in this study demonstrates its potential in acceler-
ating the discovery and design process of hydrogen storage 
materials, reducing research and development cycles, and 
minimizing computational and experimental costs.

Regarding hydrogen storage vessel design, machine learn-
ing is gaining prominence in optimizing geometry, materi-
als, and design parameters for increased hydrogen storage 
and reduced weight. Machine learning automates complex 
design tasks, accelerating the development of effective com-
posite storage solutions. For this purpose, machine learning 
models can be sourced from data from experiments and/
or simulations to identify high-performance materials for 
the vessels, i.e., high strength and low weight with high 
hydrogen storage capacity. A careful selection of training 
and testing datasets can ensure model accuracy. Optimiz-
ing composite pressure vessels requires an objective func-
tion reflecting material performance. While gradient-based 
methods are challenged by complex behaviors and can yield 
unreliable outcomes, metaheuristics like genetic algorithms 
and simulated annealing (SA) often provide more efficient 
optimization (Nachtane et al. 2023). Despite not always 
ensuring global optimization, they typically deliver better 
results with reduced computational effort.

For instance, Islam et al. (2018) provided a crack iden-
tification method for the pressure vessels, utilizing genetic 
algorithm-based feature selection paired with a deep neural 
network (GA + DNN) during acoustic emission examina-
tions, achieving a 94.67% classification accuracy. Kim et al. 
(2005a) employed a semi-geodesic path algorithm, progres-
sive failure analysis, and a modified genetic algorithm to 
optimize a Type 3 vessel against internal pressure, aiming to 
minimize weight without compromising structural integrity. 
This approach was further extended using a semi-geodesic 
path method, finite element analysis, and a genetic algorithm 
to achieve weight reduction (Kim et al. 2005b). Kaveh et al. 
(2021) utilized machine learning techniques, including ran-
dom forest and deep learning with artificial neural networks, 
to predict the ultimate buckling load of variable stiffness 
composite cylinders. Their study aimed to determine the 
relationship between fiber angles and the cylinders' buckling 
capacity under bending-induced loads, drawing from a data-
set of 11,000 cases with seven attributes (i.e., fiber angles) 
across 11 distinct aspect ratios (L/R). While various algo-
rithms were tested, the deep learning model outshone others 
like the random forest regressor, decision tree, and multiple 
linear regression instability, error minimization, and gener-
alization. In a similar vein, studies employed a multi-step 
design approach utilizing radial basis functions to enhance 
the buckling performance of laminated composite cylinders 
in various loading conditions, including simple (Rouhi et al. 
2014, 2017) and bi-directional bending moments (Rouhi 
et al. 2015), compressive axial force (Rouhi et al. 2016), 
and bending moment (Ghayoor et al. 2017). Rikards et al. 
(2004) developed a method to optimize the design of com-
posite stiffened shells, considering buckling constraints, 
using surrogate models based on test results and simulations, 
which proved accurate in predicting post-buckling behavior. 
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Luo et al. (2021) integrated the finite element method and 
artificial neural networks to forecast distortion behaviors in 
composites, yielding efficient results even for asymmetric 
laminates, albeit with unavoidable shape constraints and 
scale limitations.

In the realm of type IV composite vessels, understand-
ing the impact of various winding parameters on their 
ultimate strength holds immense industrial significance. 
However, the complexity of numerical models encompass-
ing material damage in these vessels poses a consider-
able challenge. The extensive finite element (FE) systems 
governing the behavior of thin composite layers create a 
gap between optimization solutions and computational 
feasibility. When integrating machine learning into com-
posite material response predictions, the models often 
necessitate simplification, typically focusing on simple 
geometries like cylinders or cubes, which fails to address 
the intricacies of geometrically complex structures, such 
as the dome region in hydrogen pressure vessels. Many 
researchers have faced challenges when aiming to enhance 
the performance of type IV vessels, particularly due to 
the significant computational resources required to con-
sider different winding parameters (Alcántar et al. 2017). 
The prevalent strategy to circumvent this issue has been 
to either focus solely on the cylindrical portion of the 
vessel or employ surrogate models to simplify the dome 
geometry. For instance, Leh et al. (2015) utilized a genetic 
algorithm approach to optimize the lay-up scheme for type 
IV hydrogen storage vessels. Their method approximated 
dome responses using a polynomial function and proved 
successful in deriving optimal winding parameters.

Similarly, Liu and Shi (2020) analytically identified 
optimal winding parameters, prioritizing the mechanical 
performance of the vessel's cylindrical section. Recently, 
Li et al. (2023a) introduced a novel framework integrating 
machine learning with finite element analysis for a 70 MPa 
type IV vessel, enabling the accurate prediction of mechani-
cal responses without simplifying the dome's geometrical 
intricacies and allowing for optimized winding parameters. 
Using high-fidelity finite element models and an integrated 
artificial neural network, the framework addressed material 
distribution challenges in vessel design. This approach dras-
tically reduced computational time while retaining accuracy, 
with a damage prediction error under 2%. Experimentally, 
this led to a significant increase in vessel burst pressure 
(from 145 to 157.74 MPa), validating the model's predic-
tions based on established failure criteria.

In conclusion, the integration of artificial intelligence, 
particularly machine learning, has ushered in a new era of 
innovation in hydrogen storage design. Machine learning 
models, leveraging data from experiments or simulations, 
offer a powerful means to identify materials with optimal 
properties for hydrogen storage, such as high capacity and 

strength-to-weight ratio. Supervised, unsupervised, and 
reinforcement learning algorithms provide versatile tools for 
predicting storage capacities, understanding material-prop-
erty relationships, and optimizing design parameters. Studies 
have demonstrated the efficacy of machine learning in vari-
ous aspects of hydrogen storage, including metal–organic 
frameworks, carbon materials, and Mg-based alloys. Fur-
thermore, machine learning facilitates the exploration of 
ligand effects, vessel design optimization, and prediction 
of mechanical responses in composite vessels. Despite 
challenges like data quality and computational complex-
ity, machine learning continues to evolve as a key enabler 
in accelerating the discovery and development of efficient 
hydrogen storage solutions, paving the way for cleaner 
energy technologies.

Challenges

Hydrogen storage remains a critical challenge for the adop-
tion of hydrogen as a sustainable energy carrier. The primary 
challenges in hydrogen storage include:

 1. Density: Hydrogen's low volumetric storage density 
poses a significant challenge for practical applications, 
necessitating large storage systems or high-pressure 
conditions to store significant amounts efficiently. To 
achieve optimal storage capacity at room temperature, 
the desired enthalpy change for an adsorbent material 
should be at least 15.1 kJ  mol−1. However, for most 
carbonaceous materials, this value is only around 6 kJ 
 mol−1. Consequently, they cannot effectively adsorb 
hydrogen until reaching a temperature of 115 K. To 
address this limitation; carbonaceous materials have 
been doped with transition metals to promote hydro-
gen spillover, thereby enhancing storage capacity. 
Unfortunately, the driving force for hydrogen spillo-
ver is often insufficient to break the bonds between 
the transition metal and hydrogen. As an alternative 
approach, modifications to the adsorbent's pore char-
acteristics have been made using physical and chemical 
activation methods. While these methods have led to 
improvements in storage capacity, they have not met 
the targets set by the Department of Energy (Meduri 
and Nandanavanam 2023).

 2. Storage safety: Hydrogen is flammable, and its storage 
under high pressure or at low temperatures poses risks, 
including leaks and explosions.

 3. Elevated sorption temperatures: Due to the high hydro-
genation and dehydrogenation enthalpies of magne-
sium, its sorption temperatures are high, typically 
ranging from 623 to 673 K, rendering it unsuitable 
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for room-temperature applications. To address this 
limitation, alloying magnesium with transition metal 
oxides can effectively reduce sorption temperatures. 
This alloying process aids in lowering the reaction 
enthalpies and facilitates the formation of stable com-
pounds. However, a major challenge lies in synthesiz-
ing magnesium-based alloys. In this regard, machine 
learning techniques can be employed to explore vari-
ous alloy combinations, offering a promising avenue 
for overcoming this obstacle.

 4. Temperature sensitivity: Many hydrogen storage sys-
tems either require very high temperatures to release 
the stored hydrogen or very low temperatures for effi-
cient storage. Storing significant amounts of hydro-
gen at room temperature is challenging due to its low 
adsorption heat on porous carbon. While more hydro-
gen can be stored at freezing temperatures, the process 
is energy-consuming, and hydrogen's extremely low 
boiling point complicates long-term storage.

 5. Economic viability: Many of the materials and tech-
nologies for hydrogen storage remain expensive, 
making it difficult to compete with traditional fossil 
fuels. The cost of hydrogen largely depends on stor-
age expenses, which include capital costs (62% of 
liquefaction costs), power consumption (30%), and 
operations and management (8%) (Broom et al. 2016). 
Currently, hydrogen liquefaction costs around $1.11 
per kilogram, but it aims to reduce to $0.53 under the 
United States hydrogen program (Niaz et al. 2015; 
Moradi and Groth 2019). Compressed gas vessels are 
pricier at higher pressures, e.g., $400 per kg at 140 
bars and $2100 per kg at 540 bars. Cylindrical steel 
tanks of 765 L at approximately 415 bars can cost 
around $13,000 (Broom et al. 2016). Compressing a 
kilogram of hydrogen costs roughly $650, compared 
to about $500 for compressed natural gas. Cryogenic 
storage vessels have varied capital costs, ranging from 
$20/kg to $4500/kg, depending on the storage capac-
ity (Broom et al. 2016). For short-term storage, com-
pressed hydrogen tanks are more affordable than liquid 
hydrogen tanks. However, liquid hydrogen might be 
more cost-effective for long-term storage.

 6. Material challenges: Some storage materials can 
degrade over time, especially if they undergo repeated 
hydrogen absorption and desorption cycles. For 
instance, in some carbon-based porous materials, the 
effectiveness of hydrogen storage is closely linked to 
pore dimensions and overall pore volume. As such, 
developing well-distributed and uniform porous struc-
tures is essential for optimizing hydrogen uptake in 
ambient conditions.

 7. Infrastructure: There is a lack of widespread infrastruc-
ture for refueling hydrogen, especially in comparison 
to gasoline or electric charging stations.

 8. Onboard vehicle storage: For vehicles, the storage sys-
tem must be compact, lightweight, and able to quickly 
release hydrogen to meet acceleration demands.

 9. Purity requirements: Fuel cells, a common use for 
stored hydrogen, often require very pure hydrogen. 
The presence of contaminants can degrade fuel cell 
performance and lifespan.

 10. Energy loss: Certain hydrogen storage methods, such 
as liquefaction, can consume a significant portion of 
the hydrogen's energy content.

Addressing these challenges requires a combination of 
materials science, engineering, and economic solutions to 
make hydrogen storage viable for widespread application.

Conclusion

In conclusion, this comprehensive review of hydrogen stor-
age technologies has highlighted major findings that pave 
the way for more efficient and sustainable energy system. 
The study revealed that solid-state porous materials, such as 
metal–organic frameworks (MOFs), covalent organic frame-
works (COFs), and porous carbon-based adsorbents, offer 
promising alternatives to current high-pressure compression 
techniques for on-board hydrogen storage. These materials 
exhibit high storage capacities, with metal–organic frame-
works reaching up to 10 wt.% and covalent organic frameworks 
achieving around 6 wt.%. Additionally, high-entropy alloys 
and advanced composites demonstrate improved stability and 
hydrogen uptake. One significant breakthrough identified in 
this review is the transformative power of machine learning 
techniques in predicting and designing efficient storage materi-
als. Machine learning has played a crucial role in overcoming 
data challenges and has facilitated the development of innova-
tive materials with enhanced storage performance. This inte-
gration of machine learning with hydrogen storage research 
opens up new possibilities for accelerated material discovery 
and optimization. The findings of this review emphasize the 
potential of innovative materials and techniques in overcoming 
the limitations of current hydrogen storage methods. By lever-
aging solid-state materials and machine learning, it becomes 
possible to achieve safer, more efficient, and economically 
viable hydrogen storage solutions. These advancements have 
far-reaching implications for the global transition towards 
a low-carbon future and the development of a reliable and 
accessible hydrogen supply chain. Overall, this review pro-
vides valuable insights into the development of efficient and 
sustainable hydrogen storage systems. The identified advance-
ments in sorbent materials, machine learning techniques, and 
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the understanding of storage efficiency contribute significantly 
to overcoming the technical challenges of hydrogen storage. 
By embracing these findings, we can accelerate the realization 
of a cleaner and more sustainable energy landscape, where 
hydrogen plays a vital role in mitigating climate change and 
ensuring a greener future for generations to come.
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