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Abstract

Nanomaterials have revolutionized the battery industry by enhancing energy storage capacities
and charging speeds, and their application in hydrogen (H,) storage likewise holds strong
potential, though with distinct challenges and mechanisms. H, is a crucial future zero-carbon
energy vector given its high gravimetric energy density, which far exceeds that of liquid
hydrocarbons. However, its low volumetric energy density in gaseous form currently requires
storage under high pressure or at low temperature. This review critically examines the current and
prospective landscapes of solid-state H, storage technologies, with a focus on pragmatic
integration of advanced materials such as metal-organic frameworks (MOFs), magnesium-based
hybrids, and novel sorbents into future energy networks. These materials, enhanced by
nanotechnology, could significantly improve the efficiency and capacity of H, storage systems by
optimizing H, adsorption at the nanoscale and improving the kinetics of H, uptake and release.
We discuss various H, storage mechanisms—physisorption, chemisorption, and the Kubas
interaction—analyzing their impact on the energy efficiency and scalability of storage solutions.
The review also addresses the potential of “smart MOFs”, single-atom catalyst-doped metal
hydrides, MXenes and entropy-driven alloys to enhance the performance and broaden the
application range of H, storage systems, stressing the need for innovative materials and system
integration to satisfy future energy demands. High-throughput screening, combined with machine
learning algorithms, is noted as a promising approach to identify patterns and predict the
behavior of novel materials under various conditions, significantly reducing the time and cost
associated with experimental trials. In closing, we discuss the increasing involvement of various
companies in solid-state H, storage, particularly in prototype vehicles, from a techno-economic
perspective. This forward-looking perspective underscores the necessity for ongoing material
innovation and system optimization to meet the stringent energy demands and ambitious
sustainability targets increasingly in demand.
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1. Introduction

The urgent global need to combat climate change has intensified the search for sustainable and
efficient energy solutions, positioning H, as a pivotal carbon-free energy carrier in future energy
systems.[1-3] As the lightest and most abundant element in the universe, H, offers a compelling
energy solution, characterized by its high energy per mass—approximately 33.33 kWh/kg,[4]
nearly three times higher than that of gasoline at about 12 kWh/kg,[5] and substantially higher
than that of standard lithium-ion batteries at around 0.25 kWh/kg. This significant energy
capacity positions H, not only as a versatile energy carrier but also as a crucial component for
achieving carbon neutrality across various energy-intensive sectors such as transportation,
industry, and electricity generation.[6] Moreover, H, storage solutions offer a strategic advantage
in energy systems by providing the flexibility to manage varying power demands independently
from the continuous energy flow that electrochemical devices typically require.[7] H,1is unique in
chemical energy storage modalities in that it can be cycled and used without significant
degradation and maintains its capacity over long periods of inactivity. Such durability is crucial
for applications such as grid-scale energy storage, or in cases where coupling to intermittent
renewable energy sources is desired. Moreover, the capacity of H, for scaling is significantly
superior to that of current battery technologies.[8] This difference illustrates the potential of H, to
store much larger quantities of energy in a similar or smaller volume, making it particularly
suited for large-scale storage needs.[9] Additionally, H, systems can possibly be designed to
handle high peak power outputs without the risk of degrading the system's overall energy storage
capacity. In contrast, lithium-ion batteries often face challenges with heat management and
longevity when subjected to high discharge rates.[10] Therefore, H, storage not only provides
high-capacity energy solutions but also offers system stability and durability benefits that are
unique and complement other forms of energy storage such as batteries or pumped hydroelectric
power. This combination of high energy density, scalability, and stability positions H, as a pivotal
technology in the transition to renewable energy systems.

According to analyses by the U.S. Department of Energy (DOE), in order to make cost of H,
storage cost-competitive (e.g. with batteries) for large-scale energy solutions, a proximate target
$/W cost is approximately $162/kWh for a 100 MW system.[11] Achieving this cost reduction
would significantly enhance the feasibility of H, as a key component of sustainable energy
infrastructure. In this scenario, H, could provide a more durable and robust solution for systems
requiring high power outputs intermittently, such as in backup power systems or renewable
energy buffering.

H, is a versatile energy vector that can serve various roles in a future energy landscape. For
example, H, could revolutionize energy systems by providing a viable alternative to fossil fuels in

2



hard-to-decarbonize industries such as steel manufacturing, heavy transportation, and chemical
production. Despite its potential, the deployment of H, technologies faces several challenges that
must be addressed to fully harness its capabilities. There are significant challenges in the efficient
production, transport, and storage of H,. Here we focus on the latter of these problems — storage.
The primary challenge is the low volumetric energy density of H, in its natural gaseous state,
about 3 kWh/m3, which necessitates storage under high pressure or liquefaction for practical uses.
For example, the U.S. DOE has set targets for fuel cell vehicles onboard H, storage, requiring an
initial system (including tank and materials) delivery capacity of 30 g/L (4.5 wt%) and an
ultimate target of 50 g/L (6.5 wt%).[12] Therefore, in automotive applications, H, is often
compressed to high pressures to enhance its volumetric energy density. At a pressure of 700 bar,
typical for H, fuel cell vehicles, the volumetric energy density of H, can reach about 39.4
kWh/m3, improving its suitability for storage and transport. Bulk storage is only commercial at
pressures closer to 170 bar. In high-pressure gas storage, the method relies on robust high-
pressure containers constructed from steel or advanced composite materials rather than requiring
specific materials.[13] This type of H, storage necessitates sturdy and heavy tanks that can safely
contain the gas at high pressures, significantly increasing the weight and cost of the storage
systems. Additionally, maintaining such high pressures requires energy-intensive compression
processes, which reduce overall energy efficiency and pose safety risks due to the volatile nature
of compressed H,.[14] Similarly, liquid H, storage employs specially engineered cryogenic
containers, typically made from stainless steel or other alloys known for their exceptional
performance at extremely low temperatures. This method faces significant challenges as well due
to the low boiling point of H, (-252.9°C), necessitating sophisticated and energy-intensive
cryogenic technology to maintain this temperature.[15] Furthermore, the insulation systems
needed to minimize heat transfer and prevent H, evaporation add complexity and cost to the
storage and transport infrastructure.[15] These challenges naturally lead to the exploration of
solid-state H, storage solutions, which aim to provide safer and more efficient means to store H,
without the need for high-pressure tanks or cryogenic temperatures.

Moreover, H, is increasingly recognized for its multifaceted role beyond transportation, especially
in grid-scale energy storage and as a buffer for intermittent renewable energy sources like wind
and solar. These renewable sources often produce energy that does not align with demand,
making H, essential for stabilizing the energy grid. It can store excess energy during peak
production and release it when demand exceeds the output from renewables. This capability not
only helps manage fluctuations in energy supply but also ensures a constant and reliable energy
flow for consumer and industrial needs.[16] Additionally, integrating H, into broader energy
systems aids the decarbonization of sectors beyond transportation, including industrial processes
and heavy machinery, which traditionally rely on fossil fuels. The versatility of H, thus extends
its utility across various applications, positioning it as a cornerstone in the transition towards a
more sustainable and resilient energy infrastructure. This expanding role highlights the critical



need to develop advanced H, storage technologies to fully harness its potential as a green energy
solution. A simple summary of advantages/limitations of traditional H, storage methods (e.g.,
high-pressure H, storage, liquid H, storage) and potential of solid-state H, storage technologies is
given in Table 1. Here, we focus exclusively on solid-state H, storage, so liquid carriers such as

ammonia, methanol, methylcyclohexane (MCH), and formate are not covered.

Table 1. Advantages/limitations of traditional H, storage methods (e.g., high-pressure H, storage,

liquid H, storage) and potential of solid-state H, storage technologies.

Feature High-Pressure H, Storage Liquid H, Storage Solid-State H, Storage
Safety Level High Medium High
(Requires containment at (Requires storage at - (Stored in chemical bonds,
about 350-700 bar) 253°C) reducing leakage risks)
Energy Density 5-10 ~10 5-18
MlJ/kg) (Depends on the material, e.g.,
MOFs, metal hydrides)
H, Release Rate Fast Fast Medium-Slow
Repeatability High High Medium-High
(>5000 cycles) (with evaporation losses) (Depends on the cycle stability of
the material, e.g., MgH, shows
good performance)
Cost Medium High High
(Requires high-pressure (Requires cryogenic (Initial R&D costs for new
tanks and compressors) cooling equipment) materials, but potentially lower
operational costs)

Solid-state H, energy storage, particularly using low-cost materials such as sorbents or metal
hydrides that consist of earth-abundant elements, presents a significant advancement over
traditional compressed H, gas storage methods. These alternatives offer superior volumetric
energy density and require lower operational pressures. This shift promises enhanced safety and
may lead to notable energy and cost efficiencies. Specifically, sorbent materials like zeolites and
activated carbons capitalize on their large surface areas to adsorb H, at relatively low pressures
and higher densities than compressed gas. For instance, advanced porous materials can adsorb H,
up to 5-10 wt% under moderate pressure (around 20-50 bar), which is substantially less than the
350-700 bar pressures used in compressed H, storage.[17] Metal hydrides, for example, allow H,
to be stored at densities comparable to liquid H, without the need for extreme pressures or low
temperatures. For instance, magnesium hydride (MgH,) offers a theoretical H, storage capacity of
about 7.6 wt% and can store 110 kg/m’.[18] This compares favorably to compressed H,, which at
700 bar achieves about 40 kg/m3. Moreover, metal hydrides can release H, at relatively moderate
temperatures (200-300°C), which may be efficiently achieved using waste heat from industrial
processes, further reducing operational costs.

The transition to advanced solid-state H, storage methods is crucial, as it aligns with global
sustainability goals by enabling more efficient storage and transport of H,. This enhances the
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broader adoption of H, as a key component of future clean energy systems. Importantly, these
technologies are not merely theoretical but are actively being explored and deployed at a national
scale. For instance, in 2023, Japan and South Korea committed to co-developing a H, and
ammonia supply chain aimed at decarbonizing their energy bases. This initiative, known as the
Hydrogen Ammonia Global Value Chain, marks a significant step toward sustainable energy
practices. Moreover, the Energy Earthshots Initiative, launched by the U.S. DOE, is a
comprehensive effort to drastically reduce the costs of clean energy technologies, making them
more accessible and scalable across various sectors. One of its first targets, the " Hydrogen Shot,"
aims to lower the cost of clean H, to $1/kg within a decade—a substantial decrease from the
current prices, which average around $5/kg for green H,. The initiative focuses on fostering
breakthroughs in H, production, storage, transport, and utilization technologies. By prioritizing
cost reductions through innovations and economies of scale, it seeks to make H, a competitive
option in the broader energy market.

With increasingly large-scale commitments to carbon-free H, energy, it is imperative to advance
R&D goals further, as traditional solutions to H, storage often fall short without significant
subsidies or carbon taxes.[19] In this context, nanomaterials offer a promising pathway to
enhance the efficiency and capacity of storage systems by increasing the available surface area for
H, adsorption. This enhancement is particularly crucial for metal hydrides or MOFs, where H, is
either absorbed within the material or adsorbed on its surface. Nanomaterials can be engineered
to optimize these interactions, potentially yielding more compact and efficient H, storage
solutions. Additionally, nanotechnology can enhance the kinetics of H, uptake and release,
accelerating the process to meet operational demands more effectively. The distinctive properties
of nanomaterials, such as their high surface-to-volume ratios and customizable surface
chemistries, make them exceptionally suited for improving these processes.

Over the past 5 to 10 years, material research often relied on freely allocated funding, lacking
clear direction and efficiency considerations. Now, by incorporating techno-economic analysis
(TEA) and model-driven material development processes, researchers can predict the
performance and cost-effectiveness of materials more scientifically, thus driving R&D efforts
more purposefully. Notably, comprehensive TEA remains a crucial tool for evaluating the
methods and practical feasibility of solid-state H, storage, ensuring that both scientific and
economic aspects are addressed to optimize the development process. One example of blending
pragmatism with discovery, have been the multi-disciplinary research efforts occurring within the
Hydrogen Materials Advanced Research Consortium (HyMARC). This is a DOE funded center
which has explicitly prioritized the use of TEA, data- and sample-sharing, and partnership with
private companies as part of a materials development and discovery effort. A key area of
HyMARC’s impact has been the development of advanced nanomaterials, including metal
hydrides, complex chemical hydrides, and novel sorbents, which have been fundamental in



addressing the volumetric and gravimetric efficiency, reversibility, and rates of H, adsorption and
desorption challenges associated with H, storage.

This work aims to provide a comprehensive overview of the current state of H, as an energy
carrier by interweaving threads of scientific innovation in nanomaterials and nanotechnologies
with emerging information about real-world market requirements. We seek to offer researchers
across the energy sector with a balanced and insightful perspective that combines elements of a
traditional review approach with unique insights from our own research. It will unfold in three
main sections: the first will discuss the fundamentals of solid-state H, storage in nanomaterials,
covering weak to strong bonding and the primary challenges faced. The second section will
meticulously analyze recent progress in nanotechnologies on a case-by-case basis, correlating the
breakthroughs with some of the technical challenges discussed earlier. The final section will
explore TEA with ongoing challenges and practical considerations, setting the stage for a
discussion that not only reflects the current landscape but also outlines a forward-looking
perspective on the pivotal role of nanomaterials and nanotechnologies in enabling H, as a
sustainable energy carrier for the future.

2. Fundamentals of Solid-State H, Storage

The primary mechanisms of H, adsorption—Physisorption, Chemisorption, and Kubas
Interaction—play distinct roles in H, storage technologies, offering varying bond strengths,
reversibility, and energy requirements. These mechanisms underpin materials-based H, storage
technologies, each with its intrinsic advantages and limitations, and each uniquely linked with the
practical constraints of engineering and the performance of associated balance of plant processes
such as refrigeration, compression, and heating. The enthalpy of adsorption (A H®) serves as a key
metric for characterizing H, storage materials, with an optimal range typically falling between 15
and 25 kJ mol™" H, to maximize the deliverable capacity of the sorbent at ambient temperature.
[20] Different mechanisms of H, adsorption correspond to distinct ranges of AH®, as depicted in
Figure 1, thereby introducing the initial set of pros and cons for each material class, which we
will elaborate below.
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Figure 1. Primary mechanisms of H, adsorption: Physisorption, Chemisorption, and Kubas interaction, and their
relationship with the enthalpy of adsorption (AH®).

Physisorption. Physisorption involves the physical adhesion of H, molecules to the surface of a
material through weak intermolecular forces, such as van der Waals interactions, which include
induced and instantaneous dipole-dipole attractions. Unlike chemisorption, physisorption does
not involve the formation or breaking of chemical bonds, resulting in fast adsorption/desorption
kinetics. However, the weak binding strengths associated with physisorption, exacerbated by the
nonpolar nature of H,, present inherent limitations to storage density. The low AH®, typically < 12
kJ mol™ H, as Figure 1 shows, characterizing physisorption diminishes further with increasing
surface coverage, necessitating low temperatures or high pressures to achieve practical storage
densities. Moreover, the strength of interactions varies heterogeneously across sorbent
architectures, with only a fraction of locations exhibiting affinity for H,. For instance, in MOFs,
which have been extensively studied for H, physisorption, regions proximal to metal centers
display notable H, attraction, while interactions rapidly diminish away from these sites.
Consequently, the amount of stored H, initially increases sharply with pressure but decelerates as
high-potential binding sites become saturated, compromising the usable capacity for each
adsorption/desorption cycle. Identifying or designing new physisorbents with improved usable
capacity typically involves several major strategies: (1) enhancing the chemistry of
undercoordinated open metal sites (UOMs) to increase their affinity to H,, (2) maximizing the
crystallographic density of UOMs, and (3) developing smart nanomaterials with properties in
response to specific environmental stimuli. These technical objectives have spurred the
development of a workflow comprising high-throughput computational screening of MOF
material space, target synthesis, and reliable adsorption experiments. In addition to conventional
MOFs, there have been advancements in the development of novel flexible MOFs to address the
issue of low usable capacity. Despite progress made, there are remaining challenges in both
computational and experimental approaches. We will discuss these aspects further in Section 3.

Chemisorption. Chemisorption involves the formation of chemical bonds between H, and the
absorbent material. Metal hydrides, borohydrides, amides, and their composites are significant
components of solid-state H, storage materials in the realm of chemisorption. We will not focus
on other terms such as "interstitial", where H, atoms occupy interstitial sites—spaces between
metal atoms—in the crystal lattice of certain metals, in our discussion. Despite the typically
strong chemical bonds formed between H, and metals in metal hydrides, AH® spans a wide range.
Figure 1 shows the AH° range for metal hydrides which we will focus on in this work.
Identifying a metal hydride that exhibits both a favorable AH® and high gravimetric/volumetric
H, storage capacity is desirable but challenging. In bulk form, most metal hydrides with high H,
storage capacity have AH® values outside of the optimal range, either too low (e.g., AlH3) or too
high (e.g., LiAlH,). Even if the capacity constraint is slightly eased, another significant hurdle
lies in the sluggish kinetics of the H, uptake and release processes, which necessitate energy-
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demanding high temperatures for practical operations. In this work, metal hydrides are further
categorized into two subclasses: complex metal hydrides and light metal hydrides. For example,
the formation of complex metal hydrides involves an extensive phase transformation where
metal atoms bond with H,, rearrange, and form a structure distinctly different from the original
metal crystals. This transformation is responsible for the sluggish kinetics observed, and a deep
atomistic understanding is significantly lacking. Additionally, many metals or alloys, such as Mg
and TiFe,[21] tend to form passivation layers of metal oxides, which can be amorphous and
exhibit heterogeneous compositions. These oxide layers often act as barriers, with the kinetics of
H,, dissociation and penetration through these layers being rate-determining before the H, reaches
the bulk metal regions for storage. In some cases, however, controlled formation of these oxides
can even facilitate surface H, association. Achieving a fundamental understanding of these
complex chemical processes is technically challenging but crucial for making significant
progress in chemisorption based H, storage technologies.

To enhance the performance of these materials, several major strategic approaches can be
particularly effective. First, doping with catalysts such as transition metals can significantly
enhance H, uptake and release kinetics by altering the electronic properties of the host material.
This facilitates faster, more efficient H, absorption and desorption at lower temperatures. Second,
reducing the material to nanoscale dimensions increases the surface area to volume ratio,
providing more active sites for H, interactions. This can speed up the kinetics and may also
improve the thermodynamics of the H, storage process, potentially lowering operational
temperatures and enhancing energy efficiency. Implementing these strategies can accelerate
advancements in chemisorption based H, storage, addressing key barriers to its widespread
application.

Kubas interaction. The Kubas interaction is a special form of adsorption mechanism. In Kubas
interaction, H, molecules are adsorbed through coordination with transition metal centers, but the
H-H bonds of the H, molecules are not broken. This type of adsorption primarily involves the
transfer of electron density from the o bond of the H, molecule to the empty d orbitals of the
metal (0-bonding), and the back-donation of electron density from the metal to the antibonding ¢
orbital of the H, (back-donation). This interaction extends and weakens the H-H bond without
completely breaking it. The advantage of Kubas interaction for H, adsorption is significant: it is
stronger than physisorption and has the potential to reach the optimal range of AH° without the
need to undergo complex phase transformations. In theory, this mechanism allows for the
reversible adsorption and release of H, under mild conditions without significant energy barriers,
which is highly beneficial for practical H, storage applications. It enables effective storage and
release of H, without requiring high temperatures or pressures. In practice, materials leveraging
Kubas interactions still need to meet H, capacity requirements. A material with an unstable or
low density of accessible Kubas sites would not be sufficient for real-world applications.
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Nonetheless, there have been reports of new materials, such as MOFs and MXenes, with
undercoordinated UOMs reactive enough to induce Kubas interactions with H, and exhibit
favorable AH°. While these early findings are exciting, further rigorous validation is necessary to
confirm their potential for practical H, storage applications.

3. Progress in Solid-State H, Storage

Recent advances in materials science have significantly influenced the development of novel
sorbents like MOFs and covalent-organic frameworks (COFs), metal hydrides, and complex
chemical hydrides, pivotal in enhancing H, storage technologies. These materials have led to
improvements in storage densities and kinetics, crucial for various small to medium sized (<100
tonnes of H, storage) practical applications ranging from mobile applications in fuel-cell-powered
vehicles to stationary storage for grid management. Such enhancements are directly linked to the
ability of these materials to utilize distinct H, adsorption mechanisms effectively.

Building on the understanding of different H, adsorption mechanisms and technical limitations
briefly outlined in the previous section, we will now delve into a detailed, case-by-case analysis
of the current progress in solid-state H, storage. We will explore how each primary mechanism—
Physisorption, Chemisorption, and Kubas interaction—contributes uniquely to advancements in
this field. By examining specific instances where these mechanisms have been effectively utilized,
we can gain insights into their practical applications and potential for future innovations in H,
storage technology in Section 4.

3.1 Physisorption

Physisorption has been the most extensively studied mechanism due to its operation at relatively
low temperatures and pressures compared to chemisorption and compressed gas methods. In
which, H, could be reversible storage and released by simply reducing the pressure or increasing
the temperature, a feature crucial for practical applications.[22, 23] The binding energy is a key
factor in distinguishing physical adsorption from chemisorption; in physisorption, each adsorbed
entity typically has a binding energy ranging from 0.1 to 0.4 eV [24], which is significantly lower
than the binding energy in chemisorption (>0.8 eV). Microporous materials with a high surface
area, such as carbonaceous materials (graphene[25-29], carbon nanotube[30-33], and
fullerenes[34]), MOFs[3, 35-39], COFs[40-43], zeolites[44, 45], and boron nitride (BN)[46-48]
could physically adsorb a substantial quantity of H,. Immaterial and Baker Hughes have made
significant strides in physisorption-based solid-state H,storage. Immaterial specializes in
advanced porous materials like MOFs and COFs, optimized for efficient H, adsorption. Baker
Hughes leverages their materials expertise to develop novel adsorbents tailored for high-pressure
H, storage. Both companies demonstrate the practicality of physisorption for high-density H,
storage, advancing its commercial potential in diverse industries.



Nevertheless, the major concerns in physisorption for solid-state H, storage primarily revolve
around several key issues. Firstly, the inherently low adsorption capacity of physisorption
methods, which are still far from meeting the densities required for commercial applications,
limits their efficacy in energy-intensive applications with volume or weight restrictions. Secondly,
thermal management challenges arise as H, adsorption and release are often accompanied by
significant heat effects, which can lead to inefficiencies due to the need to overcome the heat of
adsorption during H, release. Thirdly, the long-term stability and cycle life of materials
mentioned above are critical concerns, as these materials can degrade structurally during repeated
adsorption and release cycles, affecting performance and reliability. Moreover, the economic
viability and scalability of using nanomaterials for physisorption pose significant barriers due to
high projected production costs and technical challenges in scaling up manufacturing of target
forms such as pellets, disks, and sheets. To achieve high storage capacities, it may be necessary to
increase the surface area, improve the accessibility of pores, or introduce additional binding sites.
However, practical applications face challenges, primarily the need for densification without
compromising adsorptive performance besides the ones mentioned above. Given the extensive
discussions on physisorption already prevalent in the literature,[49] we will focus only on
highlighting a few recent breakthroughs.

One of the examples includes the use of densified HKUST-1 monoliths to achieve high
volumetric and gravimetric H, storage capacities.[50] In this study, Madden, Chapman, and
Fairen-Jimenez et al. present a novel approach by employing high-throughput screening to select
the optimized MOFs for H, storage, specifically HKUST-1 (Figure 2a). This process was crucial
in identifying an optimal structure that could be synthesized into densified monolithic forms
(monoMOFs) without losing adsorptive efficiency. The advanced synthesis technique developed
involves a sol-gel process, allowing the formation of ,,,,MOFs that significantly enhance the
practical application of H, storage. These ..,cMOFs were able to achieve H, storage capacities of
46 g L' at 50 bar and 77 K. Remarkably, these structures require much lower operating pressures
for H, release compared to traditional high-pressure gas storage methods, offering safer solutions
for H, storage in fuel cell applications. Another example is the development of air-stable MOFs
for H, storage at ambient conditions. For example, Islamoglu, Yildirim, and Farha et al. discuss
the development and analysis of an air-stable Cu(I)-based MOF, referred to as NU-2100,
synthesized using a de novo synthetic strategy.[51] This MOF shows high H, storage capacity
under ambient conditions, leveraging a novel Cu/Zn precursor strategy where Zn catalyzes the
formation of NU-2100 from an intermediate without becoming part of the final structure. The
synthesized NU-2100 demonstrated one of the highest initial isosteric heats of adsorption noted
among similar MOFs, with 32 kJ/mol (Figure 2b) and a good H, storage capability of 10.4 g/L
under practical conditions (233 K/100 bar to 296 K/5 bar). Here, NU-2100's air stability is
emphasized as a key attribute, contrasting with many Cu(I)-based MOFs that rapidly oxidize in
air. The results indicate potent potential for NU-2100 in practical applications due to its air
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stability and effective H, adsorption characteristics, setting a foundation for further development

of Cu(I)-MOFs for H, storage at ambient temperatures.
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Figure 2. Densified HKUST-1 monoliths (a) and air-stable Cu(I)-based MOF (b) for H, storage. (¢) Optimizing H,
storage in MOF-5 through engineering of crystal morphology and control of crystal size. Reproduced with
permission from ref. 50, 51, and 52 from the American Chemical Society, Copyright 2022, 2023, and 2021,

respectively.

The optimization of H, storage in MOFs can also be achieved by engineering crystal morphology

and controlling crystal size. For example, Suresh et al. specifically addresses the limitations of

MOFs in achieving theoretical volumetric storage densities due to poor powder packing, as

shown in Figure 2c¢.[52] By adjusting the engineering of crystal morphology and size,

particularly for MOF-5, the team was able to substantially enhance volumetric H, storage

performance. They demonstrated that both the crystal size and shape significantly influence the

packing efficiency, which in turn impacts the volumetric H, storage capacity. The study also

revealed that MOF packing efficiency is crucial for improving volumetric storage density in

practical systems.
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Figure 3. The use of Grand canonical Monte Carlo (GCMC) simulations to predict H2 adsorption isotherms to
screen MOF-based physisorbents.

Theoretical modeling also shows promise in screening MOF-based physisorbents and identifying
candidates that exhibit desired H, adsorption isotherms. Due to the nonpolar nature of H., not all
areas on MOFs attract H, equally; only certain locations, like metal centers, exhibit relatively
high AH°. Once these sites are occupied, H, fills the remaining free void space, often
necessitating significantly higher partial pressures. This heterogeneous gas-sorbent interaction
leads to non-monotonic adsorption behavior, typically requiring the use of Grand canonical
Monte Carlo (GCMC) simulations[53-55] to predict adsorption isotherms, as shown in Figure 3.

The accuracy of GCMC simulations heavily relies on the reliability of the force field describing
gas-sorbent and gas-gas interactions. However, accurately predicting the weak interactions among
H, and MOFs, especially with metal centers crucial for its differential enthalpy of adsorption at
zero coverage, poses a challenge. In this regard, Head-Gorden et al. extensively benchmarked
various density functionals for their performance in predicting H,-metal and H,-ligand
interactions in MOFs. Once an appropriate density functional is selected and verified by
experimental data on the differential enthalpy of adsorption obtained with microcalorimetry, it
becomes feasible to parameterize force fields with improved reliability.[56, 57] Alternatively,
training a machine-learning (ML) interatomic potential with density functional energetics is an
option,[58] although the same density functional may not be simultaneously accurate for
predicting both H,-MOF and H,- H, interactions. Furthermore, the transferability of ML
potentials for other MOFs will greatly depend on the transferability of the density functional
used. Having a force field or ML potential with balanced performance and uncertainty estimation
across different MOFs will allow rapid screening of MOFs with desired H, adsorption profiles in
the future.

While most porous materials primarily use physisorption for H, storage, a few undergo
chemisorption following chemical modifications or treatments. For instance, Long et al.
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discovered new chemisorption mechanisms at metal sites within porous frameworks, particularly
focusing on Cul-MFU-41[59]. Their findings revealed that the activation energy barrier for
forming a precursor intermediate is linked to a structural change in the primary coordination
sphere of Cu. This observation emphasizes the need for detailed studies to uncover such
metastable intermediates, which are often overlooked in adsorptive processes. Employing in situ
powder neutron diffraction experiments, the research provided crystallographic characterization
of this intermediate. Further confirmation came from temperature-programmed desorption and
DFT calculations. The change in the Cu* coordination environment, enhancing m-back bonding
with H,, suggests that chemisorption at these sites may not follow a direct pathway, highlighting
the importance of kinetic analysis in developing advanced adsorbents. This study lays the
groundwork for future research to identify similar intermediates in other chemisorption processes
within porous materials. Another study by Liu et al. explores the development of a defective Mg-
MOF-74 framework, termed de-MgMOF, for H, storage at above-ambient temperatures, using a
Pt catalyst to enhance its capabilities.[60] The de-MgMOF is created by mildly annealing Mg-
MOF-74, which introduces linker vacancies while preserving some crystal properties of the
original framework. This results in unsaturated MgOs sites near these vacancies, exhibiting strong
chemisorption interactions with H,. With the aid of a small amount of Pt catalyst, de-MgMOF
achieves a reversible H, storage capacity of 2.55 wt.% at 160°C and 81 bar pressure. The material
also demonstrates rapid H, uptake/release, excellent cycling stability, and remains stable in
natural storage conditions. This breakthrough also offers significant advancements in the practical
application of MOFs for H, storage at temperatures near or higher than ambient, and modest
pressures.

Nevertheless, despite their high surface areas, MOFs and other microporous structures typically
have low reaction enthalpies for H, adsorption, generally ranging from 2 to 10 kJ/mol. This low
binding energy is a significant limitation for room temperature applications because it means that
H, is only weakly bound and can be released too easily at higher temperatures or lower pressures.
To address this, chemical tuning of MOFs can be employed to enhance H, binding energetics. By
incorporating metal ions or functional groups that can interact more strongly with H,, the binding
energy can be increased. For instance, introducing cations like Na*, Li* into the structure of
MOFs has been shown to increase the H, adsorption enthalpy to about 15-20 kJ/mol, thus
enhancing the usable H, capacity at room temperature.

Distinctly different from MOFs, others novel materials like aluminum formate (ALF), composed
of Al ions and formate anions linked through ionic and covalent bonds, forms a stable network
that can also be used for efficient H, storage.[61] Its ReO;-type structure indicates that it has a
microporous structure, which enables it to physically adsorb H, within these pores. Evans,
Yildirim, and Brown et al. demonstrate that ALF exhibits excellent H, adsorption at non-
cryogenic temperatures (above 120 K) and moderate pressures (10 to 20 bar). Experimental
methods, including gas isotherms, in situ neutron powder diffraction, and density functional
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theory (DFT) calculations, reveal the effective H, adsorption of ALF across a wide temperature
range from 77 to 296 K. For instance, ALF shows an adsorption of approximately 11 g of H, per
kg of ALF at about 120 K and 25 bar. The low raw material costs and straightforward synthesis
make ALF an important emerging solution despite cooling requirements.

Building upon the application of nanotechnology to enhance physisorption techniques for solid-
state H, storage at around room temperature when moving forward, we believe several innovative
strategies will emerge that could not only augment current technologies but also pave the way for
new research and application areas. For example, the development of smart nanomaterials with
responsive properties could enable automatic regulation of H, adsorption and release under
specific environmental stimuli, such as changes in temperature, pressure, or chemical
surroundings. Recently, McGuirk et al. delves into enhancing H, storage using a multivariate
approach MOFs.[62] The study focuses on a modified framework, specifically a derivative of
CdIF-13, which is infused with a 2-methyl-5,6-difluorobenzimidazolate to adjust its adsorption
threshold pressures effectively. This modification has resulted in a flexible framework that can
switch from a nonporous to a porous structure upon reaching a certain pressure threshold,
facilitating a step-shaped adsorption-desorption profile. This feature significantly enhances the
usable H, capacity at comparatively mild pressure swings. The study also reports that this
modified framework exhibits a usable H, capacity above 1 mass %, which represents 85-92% of
its total capacity, at much lower pressures than typically required. The findings suggest that this
approach can substantially reduce the energetic costs associated with H, storage, making it a
promising technology for sustainable energy applications. Further development of flexible MOFs
would benefit from deeper understanding of the mechanisms associated with adsorption-induced
phase transformation, typically from closed to open states (as illustrated on the right of Figure 3).
However, accurately modeling the phase transformation and its dependence on the partial
pressure of the adsorbing gas species is not an easy task. Firstly, reliably probing the energy
landscape associated with phase transformation necessitates the random phase approximation
level of theory,[63, 64] which easily becomes computationally intractable for MOFs with
relatively large pore sizes. Secondly, determining the pressure threshold of phase transformation
requires explicit and dynamic modeling of condensed gas adsorption in MOFs[65] and
appropriate thermodynamic models[66] to track the free energy profiles at finite temperatures.
Despite progress made in these regards, an integrated fully first-principles approach that
predictively recovers the isotherm of H, in a model flexible MOF awaits demonstration which
necessitates collective effort from the community of computational MOF and adsorption. Such an
achievement would allow subsequent engineering and systems analysis to begin to innovate on
associated storage tank and thermal management designs.

Experimentalists could also consider developing thermosensitive MOFs that alter their pore
structures upon reaching specific temperature thresholds around room temperature, thereby
optimizing the dynamics of H, adsorption and release. Such materials could greatly enhance the
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overall efficiency and responsiveness of H, energy systems, providing rapid energy output during
peak demand times or emergencies for the end user. Interface engineering and heterostructure
design could further enhance material performance for H, storage. Moreover, creating synergies
between different nanomaterials, such as introducing transition metals like Mg, Ni, Ti, or Cu into
MOFs or incorporating carbon-based structures, can also lead to the development of novel
composites. These composites combine the strengths of each component, such as high surface
area and excellent chemical stability, can improve their H, adsorption thermodynamics.

Another challenge with MOFs is their poor heat transport properties. During the adsorption
process, heat is released, and the inability of MOFs to effectively dissipate this heat can lead to
localized heating. This heat accumulation can adversely affect the H, adsorption process, as
increased temperatures can reduce the amount of H, that can be physiosorbed. In large-scale
applications, this limitation can significantly impact efficiency, as managing heat becomes more
challenging with larger volumes of stored H,. Therefore, to mitigate these thermal management
issues, a design incorporating MOFs with conductive carbon-based composites, where MOFs
provide a high density of active sites and conductive carbon like graphene offers high
electrical/thermal conductivity and mechanical stability, could significantly increase H,
adsorption capacity while accelerating H, transfer rates, crucial for power systems. These
composites can enhance the overall heat dissipation of the system, thereby maintaining a more
uniform temperature profile and improving the efficiency of H, storage.

Additionally, research should also be integrated into the development of H, adsorbers by
considering their life cycle, from synthesis to usage to recycling. For example, developing
nanomaterials that can directly capture and store H,, or gas that can later be converted into H,
from industrial emissions, reduces environmental pollution and provides new pathways for the
recycling and reuse of H, energy.

3.2 Chemisorption

In the context of H, storage, chemisorption involves the chemical integration of H, molecules
onto a material surface, facilitating enhanced storage capacity compared to physisorption[67].
This mechanism widely exists in metal hydrides[68-75], intermetallic hydrides, liquid organic H,
carriers[76, 77], and certain porous MOFs as discussed above. Notably, chemisorption processes
usually require high activation energies for both adsorption and desorption due to strong
interactions like valence forces in chemical compounds. The chemical bonds formed during
chemisorption have substantial binding energies, sometimes exceeding 50 kJ/mol'®®!, necessitating
thermal or catalytic activation to overcome the dissociation energy barrier. In this discussion, we
focus on light metal hydrides and complex hydrides rather than simple metal and intermetallic
hydrides due to their superior H, storage capacities and more favorable thermodynamic
properties. Additionally, liquid organic H, carriers (LOHCs), which are typically non-metallic
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and often hydrocarbons, are not covered further here as they represent a distinct category separate
from the solid-state based storage solutions discussed.

The chemisorption process involves the integration of H, atoms into the crystal lattice of a metal
or alloy, leading to the formation of a new phase: a hydrogenated metal. The potential for high
storage density makes metal hydrides particularly attractive for applications such as H,-fueled
vehicles and fuel cells. However, challenges remain with the rates of H, absorption and
desorption, as well as the required operating conditions. Current research efforts aim to develop
materials that provide considerable H, storage capacity through chemisorption while also offering
favorable operational characteristics. Among which, strategies include developing nanostructured
materials to increase surface area and reduce diffusion pathways, enhancing the dynamics of H,
absorption and desorption, and designing novel materials with tailored chemistries [78].

3.2.1 Light Metal hydrides

Light metal hydrides, including MgH,, sodium hydrides (NaH), and lithium hydrides (LiH), are
recognized for their high H, storage capacity and functional properties such as heat resistance,
vibration absorption, recyclability, and reversibility ;4 79 0. Each type of hydride presents unique
properties and challenges. For instance, NaH can technically store a substantial amount of H, with
weight percentage of 4.2% [81] but has a high reaction enthalpy, requiring significant heat to
release stored H,, which may hinder its practicality in applications needing quick H, release. LiH,
offering an even higher H, content of 12.7%][82], faces similar thermal challenges and
additionally poses safety risks due to its violent reaction with water and air, necessitating
specialized handling and storage conditions. MgH, stands out due to its high energy density,
providing a substantial H, capacity of 7.6 wt% and benefiting from both the low cost[83] and
abundance of Mg [73]. Consequently, Mg-based hydrides have attracted considerable attention
for their favorable properties and cost-effectiveness[84-86]. However, they also encounter
challenges related to their thermodynamic and kinetic properties[72, 87], primarily due to the
strong bonding between Mg and H,, which requires high temperatures to decompose and results
in slow absorption/desorption kinetics. In this section, we will focus on the potential and
challenges of Mg-based hydrides.

Numerous research efforts have focused on improving the properties of Mg-based hydrides,
particularly aiming to lower the desorption temperature and accelerate the re/dehydrogenation
processes. These improvements can be achieved by modifying the hydride's microstructure with
destabilizing elements and employing suitable catalysts to enhance kinetics. Techniques such as
producing ultra-fine microstructures[85] and adding catalysts like transition metals[88], rare earth
metals[89], and transition metal oxides[90] have been explored. Particle size reduction to the
nanometer scale, significantly enhances the H, absorption/desorption properties of these alloys.
For example, high-energy ball milling can not only reduce grain size of Mg and introduces
numerous lattice defects but also allows for the synthesis of MgH, doped with catalytic
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additives[91]. The technique facilitates the creation of hydrides with desirable properties in a
single step, maintaining their gravimetric H, storage capacity.
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Figure 4. Mg in a gas-barrier polymer matrix. (a) Schematic of H, storage composite material: high-capacity Mg are
encapsulated by a selectively gas-permeable PMMA polymer. Reproduced with permission from ref. 94 from
Nature publishing group, Copyright 2011. (b), Synthetic approach to formation of Mg/PMMA nanocomposites.
Reprinted with permission from reference X. (c) H, absorption (200 °C, 30 bar H,) and desorption (300 °C, 0 bar
H,) of Mg—polymer nanocomposites containing 33.2, 49, 54.7, 58.2 and 65 wt% Mg, and Mg—polymer
nanocomposites composed of PMMA, PE, PS, and PLA. Reproduced with permission from ref. 99 from the Royal
Society of Chemistry, Copyright 2017.

Integrating nanomaterials into H, storage technologies also presents challenges. These include
ensuring stability over many cycles of H, absorption and desorption, preventing agglomeration of
nanoparticles, and scaling up the production of nanomaterials in a cost-effective manner. Over the
past decade, the Urban group reported many important innovations orbiting around the central
concept of using nano-sized Mg-based metal hydrides for H, storage[78, 92-98]. In 2011, we
introduced a novel air-stable Mg nanocomposite, which provides rapid and high capacity H,
storage without the need for heavy-metal catalysts[94]. Central to this technology are Mg
nanocrystals embedded in a gas and moisture barrier poly(methyl methacrylate) (PMMA) matrix
(Figure 4a-b). This matrix prevents oxidation while enabling efficient H, absorption and release.
This innovation immediately enabled the usage of nanomaterials for pragmatic applications and
let to collaborations with companies to further develop the technology. Importantly, the flexible
matrix also accommodates the ca. 33% lattice expansion upon sorption and release of hydrogen
in the process of forming the metal hydride MgH,. This preliminary breakthrough directly
synthesized nanocomposites at room temperature through a one-pot reduction reaction involving
an organometallic Mg** precursor in a PMMA environment. This method achieves H, storage
capacities of up to 6 wt% for Mg and 4 wt% for the composite, with absorption occurring in less
than 30 minutes at 200°C (Figure 4c¢).[99] Notably, the nanostructuring of Mg within the
composites ensures rapid storage kinetics without costly catalysts. This technique addresses a
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significant challenge in H, storage—balancing the need for strong H, absorption for stable storage
and weak absorption for easy release. Traditional metal hydrides, though effective at storing H,,
often require high release temperatures, which lead to low energy efficiency. In contrast, the
nanostructured Mg promotes enhanced kinetics by shortening diffusion paths for H, and reducing
the thickness of the hydride layer that forms during absorption.

We further explored how varying the metal-polymer interfaces within a Mg-polymer
nanocomposite affects the air stability of the composite and their H, absorption characteristics.
[93] Remarkably, it was found that decreasing the amount of polymer in the composite increases
both the air stability of Mg and the H, sorption capacity (~6.95 wt%). This improvement is
attributed to an increase in the tortuosity of gas molecule paths and enhanced interfacial
structure-templating regions that scale with the Mg content. These features effectively hinder
polymer chain motion and enhance the composite's functional properties. We also investigated
the H, storage capabilities of Mg-polymer nanocomposites utilizing various polymers, including
PMMA, polyethylene (PE), polystyrene (PS), and polylactic acid (PLA), as can be seen in Figure
4d. Among which, PMMA composites exhibited the highest H, storage efficiency, due to effective
gas barrier properties and optimal interfacial interactions with Mg nanocrystals. In contrast, PLA
composites underperformed because of irregular Mg crystal growth and slight oxidation issues,
attributed to the synthetic method which added the polymer late in the process. PE and PS
showed decent performance but did not match PMMA's effectiveness. This study highlights the
significant role of polymer selection in enhancing the functionality of Mg-based nanocomposites
for H, storage.

We further pushed this functional scaffolding concept to the ultimate limit by integrating Mg
particles on sheets of atomically thin reduced graphene oxide (rGO). This was inspired by
research in the membrane’s community showing excellent discrimination of rGO for H, vs. many
other gas pairs in separations applications. This concept offered several advantages over Mg-
polymer hybrid materials for H, storage. Firstly, atomically thin layers of rGO minimize inactive
mass while providing superior environmental protection by effectively blocking oxygen and
moisture. This enhances the stability and longevity of Mg for H, storage. Secondly, rGO provides
exceptional stability under environmental exposure, allowing Mg nanocrystals to retain their
zero-valent state and reactivity without significant degradation. In contrast, polymers may not
offer the same level of protection against oxidation or moisture, potentially leading to quicker
degradation and reduced efficacy of the storage material. Thirdly, unlike polymers, rGO not only
acts as a protective barrier but also catalytically enhances the kinetics of H, absorption and
desorption, critical for the practical application of H, storage materials as it allows for quicker
charging and discharging cycles. Additionally, the high Young’s modulus of rGO helps maintain
the structural integrity of the composite during the expansion and contraction cycles associated
with H, sorption and desorption, a feature polymer may lack, potentially leading to mechanical
fracture or deformation. While we have not yet quantified the thermal conductivity, simple
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materials considerations support the notion that rGO should have better thermal properties than
prior polymers used, another potential benefit in managing the heat of absorption/release inherent
to the use of metal hydrides.

In practice, the rGO/Mg nanocrystal multilaminates worked well as functional storage materials,
as seen in Figure 5 a-c.[100] This composite demonstrates a high H, storage capacity of 6.5 wt%
(this storage capacity includes the mass of the rGO, and is close to the theoretical maximum of
Mg itself) and excellent environmental stability, making it a promising candidate for solid-state
H, storage applications. This innovative use of rGO in the composite addresses major challenges
previously faced by metal hydrides, such as oxidative instability and poor kinetics. Wan et al.
further highlights the pivotal role of an atomically thin interfacial suboxide layer in enhancing the
H, storage performance of Mg nanoparticles encapsulated in rGO.[101] The research identifies
that an ultra-thin layer of MgO forms at the nanoparticle-rGO interface, which contrary to
conventional belief, does not hinder but facilitates H, storage (Figure 5d). This interfacial
suboxide layer is crucial because it enables H, molecules to dissociate similarly to how they
would on pristine Mg metal surfaces. The interaction between the rGO and Mg nanoparticles is
strengthened by this suboxide layer, enhancing the mechanical and chemical stability of the
composite, which is vital for operational longevity and efficiency. DFT calculations were used to
investigate this phenomenon, focusing on the H, adsorption and dissociation mechanisms on
these novel nanostructures. The results reveal that this suboxide layer allows H, dissociation with
an energy penalty comparable to that on a pristine Mg surface, proving that the initial
assumptions about the detrimental effects of MgO on H, storage were misplaced. This
breakthrough underscores a significant advancement in H, storage technology, showcasing that
the nanoengineering of interfacial layers within composites can drastically alter and improve
functional properties.
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Figure 5. (a) Ilustrations depicting the structure of rGO-Mg nanolaminates where rGO layers prevent O, and H20
from penetrating, while allowing the diffusion of H, (b) and (c) H, absorption/desorption characterization of rGO-Mg
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multilaminate. Reproduced with permission from ref. 100 from Nature publishing group, Copyright 2016. (d)
Mlustrations of homolytic dissociation of H, on honeycomb-type MgO covered Mg. Reproduced with permission
from ref. 101 from the American Chemical Society, Copyright 2017.

Furthermore, in the realm of H, storage, the selection and integration of metal dopants into Mg
nanocomposites also play a crucial role in enhancing their performance. Based on previous study
in the Urban group,[92] metal dopants such as Ni, Ti, and Co significantly influence the H,
storage properties by modifying the kinetics and thermodynamics of the Mg-based systems
(Figure 6a). Each metal offers distinct benefits and affects the storage capacity and release rates
differently, making their study essential for optimizing H, storage technologies (Figure 6b). For
example, we found out that Ti, when used as a dopant, primarily enhances the H, absorption rate,
in which, it acts as a catalyst that facilitates the rapid dissociation of H, molecules at the
material's surface, which accelerates the overall H, uptake. However, Ti does not significantly
improve the desorption kinetics, which is a critical factor for the practical use of H, as a fuel,
where both fast charging and discharging are required. Co, similar to Ti, improves the absorption
kinetics and has a strong catalytic effect that speeds up the initial H, uptake but, like Ti, does not
markedly enhance the H, release rates. This limitation restricts the overall effectiveness of Co-
doped composites in applications requiring quick cycling between H, storage and release.
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Figure 6. (a) Illustration describing Mg nanocrystals encapsulated by rGO layers with transition metal dopants
(transition metal doped rGO-Mg). (b) H, absorption behaviors of a series of 3D transition metal doped rGO-Mg
composites at 15 bar of H, and 200 °C in comparison with undoped rGO-Mg; red solid and dashed line represent the
absorption of the first and the second H, sorption cycles for Ni-doped rGO-Mg, respectively. (c) H, absorption at 15
bar of H, and b) desorption at 0 bar at different temperatures for Ni-doped Mg crystals embedded in rGO layers (Ni-
doped rGO-Mg); the capacity is based on the entire composite weight. (d) Thermodynamic parameters of rGO-Mg
and Ni-doped rGO-Mg composite. Reproduced with permission from ref. 92 from the Wiley, Copyright 2017.

In contrast, Ni-doped Mg-rGO composites stand out among dopants for their ability to
catalytically activate both the H, absorption and desorption processes, demonstrating remarkable
kinetic improvements. Specifically, the H, absorption capacity reached 6.5 wt% at 200°C, with
90% of this capacity achieved within just 2.5 minutes (Figure 6c¢). This is a significant
enhancement over typical performance metrics for solid-state H, storage materials under similar
conditions. The desorption process was equally efficient, with 90% of H, being released within
4.6 minutes at 300°C. This enhanced kinetic performance is due to the catalytic activity of Ni,
which effectively reduces the energy barriers associated with H, sorption. For Ni-doped Mg-rGO,
the activation energy for H, absorption is significantly lowered compared to other metal-doped
systems (Figure 6d), suggesting a more effective catalytic role of Ni in facilitating rapid H,
dynamics at the nanoscale. These kinetic enhancements are critical for practical H, storage
applications, providing faster charging and discharging cycles which are essential for operational
efficiency in real-world applications.
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Figure 7. (a) Synthetic approach to the formation of magnesium particles using different reducing agents based on
MgCl, precusors. (b) Preferentially oriented Mg with high index {Zi 16} planes and rGO hybrids for H, storage.

Reproduced with permission from ref. 78 from the American Chemical Society, Copyright 2022.

Previous investigations in the Urban group had also highlighted the impact of Mg crystal
orientation on H, storage performance, emphasizing how different exposed Mg facets influence
H, adsorption and desorption. For example, we synthesized Mg particles with specific crystal
facets, namely the close-packed {0001} and the high-index {2116} planes, on rGO.[78] This
differentiation in crystal facets had a significant effect on H, storage capabilities: Particles with a
preferentially exposed high index {2116} crystal surface exhibited a markedly increased H,
absorption capacity up to 6.2 wt% compared to systems with no preferential orientation, which
showed lower performance of 5.1 wt% within the first two hours (Figure 7a). We believe the {2
116} surface provided lower H, dissociation energy barriers and more stable H, atom retention
compared to the {0001} basal plane, contributing to enhanced H, sorption properties (Figure
7b). First-principles calculations supported the experimental findings, revealing that the {21 16}
surface had a much lower H, penetration energy barrier due to its reduced surface atom packing
density, significantly enhancing the hydrogenation kinetics. This study underscores the critical
role of Mg crystal orientation in optimizing H, storage performance, suggesting that controlled
manipulation of exposed crystal facets can also significantly enhance the efficiency of H, storage
materials.

Finally, beyond rGO, the strategic design of edge-functional groups in graphene derivatives can
also serve as a general approach for both encapsulating and catalyzing H, storage in simple metal
or complex metal nanocrystals. For example, our previous study confirmed the enhancement of
H, storage capabilities using edge-functionalized graphene nanoribbon (GNR)-encapsulated Mg
nanocrystals.[97] The study demonstrates that GNRs can be edge-functionalized with various
groups to tune the dehydrogenation kinetics effectively. By employing different edge-functional
groups on the GNRs, the study compares their effects on cycling performance. The kinetic
analysis, supported by first-principles calculations, suggests that these functional groups help
reduce kinetic barriers for H, reactions at the GNR-Mg interfaces by stabilizing surface defects,
thereby enhancing the H, storage capacity and stability of the material. One of the key findings is
that the GNR-Mg composite exhibited a higher H, storage capacity of 7.1 wt% based on the total
composite, superior to current alternatives, while also demonstrating enhanced long-term air
stability. We note that many H, storage articles unfortunately mislead by not including the mass
of the composite in the overall storage density figures reported; this makes apples-to-apples
comparisons very difficult in the literature.

In sum, light metal hydrides represent a cornerstone in the field of solid-state H, storage, offering
high H, densities. Over the past decade, the Urban group has made significant contributions to H,
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storage technology, especially in advancing chemisorption mechanisms. The team developed
nanosized Mg-based nanocomposite materials, initially focusing on encapsulating magnesium
nanocrystals within polymers like PMMA, creating air-stable composites. These composites
could achieve up to 6% H, storage capacity within 30 minutes at 200°C. Subsequently, the
polymers were replaced with rGO, and the resulting rGO/Mg nanolaminate composites
demonstrated a 6.5% H, storage capacity and excellent environmental stability. Furthermore, the
Urban group improved the H, adsorption and desorption kinetics of these storage materials by
doping them with metals such as Ni, which significantly enhanced the rate of H, uptake and
release, meeting the needs of practical applications. The group also explored crystal orientation
engineering, discovering that specific crystal face orientations, like the high index planes, could
significantly enhance H, adsorption capabilities. Additionally, using MgCl, as a source of
magnesium provided an effective way to reduce the costs associated with H, storage technology.
It is important to note that these advancements pertain solely to the material level and do not
account for the additional weight of the storage tanks. Nevertheless, we believe these studies
could push forward the performance of H, storage materials and laid a foundation for the
application of nanotechnology in the field of solid-state H, storage.

3.2.2 Complex metal hydrides

Light metal hydrides are typically characterized by their relatively straightforward hydride
formations and moderate H, storage capacities. In contrast, complex metal hydrides, involve more
complex structures and bonding, often resulting in higher H, capacities and different
thermodynamic and kinetic properties. This complexity can provide advantages in certain
applications, where specific release temperatures and absorption pressures are crucial. Normally,
these complex metal hydrides are composed of a metal cation, such as Li, Na, or Al, linked to
complex anionic hydrides like alanates [AIH,]", amides [NH,]", imides, and borohydrides [BH,]".
In these materials, H, atoms are often tetrahedrally coordinated around the metal center. The high
H, density of these hydrides makes them particularly appealing for applications that require
compact and efficient energy storage solutions. Among them, alanates and [BH,] are of specific
interest due to their lightweight properties and their capacity to host a significant number of H,
atoms per metal atom[102]. However, these compounds exhibit different chemical behaviors:
[AIH,],, noted for their high H, storage capacities, typically release H, in a two-step process
process[103], whereas [BH,], like LiBH, and NaBH,, are recognized for their stability,
decomposing only at higher temperature and showing limited reversibility under similar
conditions. Furthermore, complex Al-based hydrides such as NaAlH,, KAIH,, and Na;AlH¢ can
be decomposed at elevated temperatures and rehydrogenated under technologically relevant
conditions using catalysts. The practical application of these materials often faces challenges
related to the conditions required for H, release and absorption, including specific pressures and
temperatures, as well as the need for improved kinetic properties to facilitate rapid H, cycling.
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When designing complex metal hydrides for efficient H, storage, the first thing to consider is the
morphological context of these metal hydrides. Kang and Wood et al. explore the stability of
complex metal hydrides influenced by their morphology, using first-principles calculations to
understand the energetics of these materials during H, storage processes, as can be seen in Figure
8a-b.[104] They suggest that optimizing the morphology of metal hydrides could lead to better
control of H, storage properties, such as improving the reversibility of H, absorption and
desorption, thus enhancing the practical application of these materials in energy storage systems.
The team particularly focuses on how the morphological evolution from dispersed molecules,
through clustered molecular chains, to condensed-phase crystals affect the reaction pathways and
stability of complex metal hydrides. By examining a range of complex light metal hydrides
including sodium aluminum hydride (NaAlH,), lithium amide (LiNH,), and magnesium
borohydride (Mg(BH,),), among others, they found out that these hydrides exhibit various
morphological stages that significantly impact their (de)hydrogenation kinetics and reversibility.
Specifically, it was found that dispersed molecular forms can stabilize under certain conditions
that are unfavorable in more condensed phases. The study highlights discrepancies often
observed between experimental methods, which may miss non-crystalline intermediates, and
nuclear magnetic resonance, which can detect a wider range of molecular environments. This
detailed analysis provides insights into the energetics across different morphologies, showing that
the stability and formation energies of intermediates vary, influencing how these materials behave
in solid-state H, storage applications.
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Morphology-dependent metastability map for all tested H, containing compounds, plotted according to
thermodynamic driving forces for 3D-to-1D/2D and 1D/2D-to-0D interconversion. Reproduced with permission
from ref. 104 from the Wiley, Copyright 2019. (c¢) Schematic diagram of the fabrication process of
Li,Mg(NH),@rGO composite. (d) Reaction energies (AE) and free energy barriers (AF*) for the interfacial
dehydrogenation of 2LiH-Mg(NH,), cluster with and without carbon support. Color scheme for different elements:
black-C, orange-Mg, purple-Li, blue-N, pink-H. Color scheme for isosurfaces: yellow-charge accumulation, cyan-
charge depletion. Reproduced with permission from ref. 105 from the Wiley, Copyright 2023.

Experimentally, the Urban group has successfully achieved nanoconfinement of
Li,Mg(NH),@rGO within the composite through melt infiltration, which significantly improves
H, storage performance, as can be seen in Figure 8c.[105] This method not only facilitates
efficient contact but also prevents the aggregation of active materials during the cycling process,
thereby maintaining stability and enhancing performance through sustained close contact at the
nanoscale. Specifically, this study demonstrates that incorporating rGO not only mitigates particle
aggregation but also catalyzes H, bond cleavage at the Mg-amide/Li hydride interface, creating
local dehydrogenation hotspots that significantly enhance the kinetics of H, release compared to
bulk materials (Figure 8d). The composite displays a reversible H, storage capacity of 4.42 wt%,
with no degradation observed after multiple cycles, underscoring the effectiveness of the
nanostructured approach. Furthermore, the role of rGO is pivotal in this composite as it acts as a
protective barrier that preserves the structural integrity and functional properties of the material
under cycling conditions, illustrating its critical contribution to the improved performance of the
composite.

Moreover, Stavila and Allendorf et al. also highlight the innovative approach of stabilizing alane
(AlH;3) within covalent triazine frameworks (CTFs) to enhance reversible H, storage.[106] By
embedding alane into nanoporous bipyridine-functionalized CTFs, the study demonstrates that
H, can be desorbed from AlH; at significantly lower pressures and temperatures than previously
achievable with bulk materials. Specifically, AIH; within CTFs can release H, at temperatures
between 95°C and 154°C and reabsorb it under 700 bar of pressure, which is more than ten times
lower than the 7000 bar typically required for rehydrogenating bulk Al. The nanoconfinement
provided by the CTFs, with their structured and electron-donating sites, facilitates this process by
altering the electronic environment of the alane, effectively lowering the activation energy for H,
desorption and absorption. This approach also showcases a significant shift in handling the
thermodynamic and kinetic challenges of complex metal hydrides in H, storage, leveraging the
controlled environment of nanoconfinement to achieve improved performance metrics in H,
storage technology. The same group also investigated H, storage in ultrathin MgB, multilayers
produced through high-energy ball milling, emphasizing the significant role of nanoconfinement.
[107] By exfoliating MgB, into nanosheets with a thickness of approximately 3-4 nm, the
research showcases an enhanced hydrogenation capacity. Specifically, these multilayers achieve a
H, storage capacity of 5.1 wt% under conditions of 700 bar pressure and 330°C, which is notably
higher than the capacity observed in bulk MgB, under the same conditions (nearly 50 times
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greater). This improvement is attributed to the increased surface area and the creation of defective
sites that facilitate more effective H, uptake and release. Additionally, the study notes that these
nanosheets can be hydrogenated at significantly lower pressures and temperatures compared to
bulk MgB,, highlighting the advantages of nanostructuring in overcoming kinetic and
thermodynamic barriers in H, storage technologies.

So far, the deployment of metal hydrides (both light metal hydrides and complex metal hydrides)
in H, storage has reached a crucial juncture, hindered by traditional challenges such as kinetic
limitations, thermodynamic stability, and reversibility, and novel ones such as material
manufacturing at scale and heat management. To overcome these barriers and address both
inherent material limitations and system-level integration challenges, the future of metal hydrides
in H, storage is not limited to incremental improvements but requires a paradigm shift towards
innovative sustainable materials, advanced manufacturing processes, and system integration. On
one hand, future work could further explore the integration of single-atom catalysts to enhance
the slow hydrogen-desorption kinetics. For example, recently, Huang et al. investigated the use
of a single-atom Ni catalyst supported on TiO, to improve the H, storage capabilities of MgH,.
[108] The study demonstrates that a single-atom Ni-loaded TiO, can significantly enhancing
hydrogen storage performance by lowering the onset dehydrogenation temperature of MgH, to
200°C and facilitating rapid rates of H, release and absorption. The optimized catalyst, 15wt%-
Nip 34 @TiO,, achieved a H, release of 4.6 wt% within 5 minutes and an absorption of 6.53 wt%
within 10 seconds at 300°C. This catalyst maintains high catalytic activity and stability even
after 100 cycles of hydrogenation and dehydrogenation, with a capacity retention rate of 97.26%.
The exceptional performance is attributed to the efficient electron transfer enabled by the single-
atom Ni and the presence of oxygen vacancies and multivalent titanium ions in the TiO, support.
This breakthrough not only offers a practical H, storage solution but also extends the application
of single-atom catalysis in high-temperature solid-state reactions.

Additionally, as a new category, the integration of medium-entropy alloy (MEAs) or high-
entropy alloys (HEAs) in solid-state H, storage presents an innovative avenue for exploration.
These alloys, known for their exceptional mechanical properties and thermal stability, could
potentially revolutionize H, storage capacities and release kinetics due to their unique
compositional complexity. Recently, Balcerzak et al. explore the H, storage properties of a
ScYNdGd medium-entropy alloy, demonstrating a significant capacity of 2.5 H/M (M stands for
the metal atom), with hydrogenation performed under mild conditions at temperatures not
exceeding 300°C and pressures up to 35 bar.[109] The alloy uniquely maintains a single-phase
face-centered cubic structure throughout the hydrogenation process without any phase
transformation, which contributes to its robust stability and reusability across more than 100
cycles. The reversible H, adsorption and desorption are characterized by rapid kinetics, with an
absorption rate of 6.53 wt% within 10 seconds and a release of 4.6 wt% within 5 minutes at
300°C, evidencing efficient performance. The studies also provide insights into the H, desorption
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mechanism, where H, is released in two steps: initially from octahedral sites at lower
temperatures and subsequently from tetrahedral sites at higher temperatures. This research sets a
benchmark for future developments in H, storage technologies. Parallel theoretical modeling
efforts are also crucial for advancing the fundamental understanding of H, storage in MEAs and
HEAs. In these materials, atomic arrangements may be amorphous and, at most, exhibit only
short-range order, significantly influenced by temperature. Exploring this configurational space
computationally is a challenging task, with the insertion of H and its potential distribution at high
loading adding another layer of complexity. However, recent advancements in integrating ML
interatomic potentials and Monte Carlo simulations offer promising solutions to this
computational challenge.[110] Future developments in metal hydrides should exploit
computational materials science to predict and identify novel hydride compositions with
optimized properties for target operation cycles where release pressure may influence material
selection..

High-throughput screening, combined with ML algorithms, can identify patterns, and predict the
behavior of hydride materials under various conditions, significantly reducing the time and cost
associated with experimental trials. This approach could unveil new classes of lightweight
hydrides with tailored thermodynamics profiles and enhanced reversibility. Advancing beyond
conventional doping, molecular engineering can precisely control the microstructural features of
hydrides at the atomic level. This involves manipulating the electronic and crystallographic
structure to create specific sites for rapid H, uptake and release. Recently, Witman and Vitalie et
al., explore a novel approach in the discovery of HEAs for H, storage using ML models, as can
be seen in Figure 9 and Figure 10.[111] The research emphasizes the use of gradient boosting
tree (GBT) models to predict the stability and hydrogen storage capacity of various HEA
compositions rapidly. By leveraging ML, the team efficiently narrows down potential HEA
candidates from a large dataset, which are then experimentally synthesized and tested to validate
the predictions. Significant findings include the identification of new HEA hydrides that
demonstrate improved H, storage capabilities. For instance, they detailed the synthesis and
characterization of novel hydrides that show a 70x increase in equilibrium pressure and a 20 kJ/
mol decrease in desorption enthalpy relative to benchmark HEA hydride TiVZrNbHfH,. These
advancements highlight the potential of integrating ML models into the material discovery
process, offering a more streamlined and effective pathway to develop materials with tailored
properties for H, storage.[112-114] Nevertheless, it is also important to note a significant
challenging: while ML models can interpolate between pressure-composition-temperature (PCT)
curves to understand how a single metal hydride performs under different temperature and
pressure conditions, there may not be enough data available to effectively utilize ML for metal
hydride presently. In fact, we believe it may be more appropriate in the near-future to consider
implementing this ML approach for sorbents, as recent work with extensive sorbent databases is
emerging rapidly.[112-114]
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models trained on the original HydPARK (top) and HydPARK+ (bottom) data sets. Reproduced with permission
from ref. 111 from the American Chemical Society, Copyright 2021.
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enthalpy as a function of hydrogen loading (H/M ratio) for different HEA compositions in either the BCC or FCC
lattice. Reproduced with permission from ref. 111 from the American Chemical Society, Copyright 2021.

Finally, to transition metal hydrides from laboratory scales to industrial applications, novel
synthesis methods must be developed. For example, supercritical fluid deposition could emerge
as a key technology, offering several benefits for the deposition of hydride materials onto support
structures. This method significantly enhances their surface area and accessibility, and offers
advantages in terms of material quality, process control, environmental impact, and applicability
to advanced material systems. Additionally, several startups and companies are actively engaged
in advancing metal hydride technology. Examples include GKN Automotive and Anspanner,
showcasing the practical potential of metal hydrides in various applications. Various in situ
techniques, such as electron microscopy and synchrotron radiation, can also provide direct
insights into the behavior of metal hydrides under high pressure, offering valuable ideas for new

material development.

3.3 Kubas interaction
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Figure 11. (a) Schematic of the H, storage process in the narrow interlayer space of Ti,CT,. (b) Comparison of H,
isotherm curves of Ti,CT, with some representative room-temperature H, storage materials, namely, Kubas-type
materials and metal hydride. (c) H, absorption and desorption curves of Ti,CT in the initial several cycles. abs.,
absorption; Des., desorption. Inset: enlarged view of the desorption process. Reproduced with permission from ref.
115 from Nature publishing group, Copyright 2021.

The combination of the Kubas interaction with high surface area demonstrates significant
potential to occupy a strong position in solid-state hydrogen storage. Recently, Shui et al.
discussed the innovative application of a Kubas-type material, specifically the incompletely
etched multilayer Ti,CT,, which achieves a remarkable H, uptake of 10.5 wt% under a pressure
of 120 bar at room temperature (Figure 11a-b).[115] This material maintains its performance
across multiple cycles, with minimal change in structural composition (Figure 11c). This
consistency suggests that Ti,CT, could potentially meet the U.S. DOE targets for H, storage
systems. Unlike traditional metal hydrides, the H, adsorption-desorption mechanism in this
Kubas-type material exhibits a linear dependence on H, pressure, underscoring the necessity of
maintaining high H, pressure for effective storage. This characteristic marks a significant
departure from conventional H, storage methods that rely on strong chemical bonds or physical
adsorption. Regarding the cycle in terms of pressure, it is important to clarify that while high
pressure is necessary for effective Hyadsorption, it may not be required for desorption. The
desorption process may occur under lower pressure or even at ambient pressure, depending on the
specific characteristics of the material and the conditions of the desorption process. In details,
Ti,CT, is derived from the parent compound Ti,AIC through an incomplete hydrofluoric acid
etching process, resulting in a structure with a narrow interlayer distance favorable for H, storage.
A notable feature of Ti,CT, is its capacity to retain about 4 wt% H, even under ambient
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conditions (25°C and 1 bar air), and its ability to uptake over 8.8 wt% H,under 60 bar pressure at
room temperature, significantly surpassing previously reported materials under similar
conditions. The authors attribute the storage mechanism of Ti,CT; to a nanopump-effect-assisted
weak chemisorption within the sub-nanoscale interlayer space, facilitated by the presence of
fluorine groups and the specific narrow interlayer distance maintained by residual Al atoms. The
development of this Ti,CT, material for H, storage marks a significant step forward in realizing
the practical application of H, as an energy vector. While the initial findings are promising, there
are several perspectives to consider for advancing this technology towards commercialization and
widespread adoption.

For example, the ability of Kubas-based materials to store H, at near-ambient conditions with
minimal energy input aligns well with the goal of designing H, storage systems that are self-
sustaining and require little other energy input. For example, H, is only released from the storage
system and delivered to an end user when there are limited renewables to drive the electrolyzer
generating low-carbon hydrogen. Without a battery, it is unlikely renewable electricity would be
available to drive the release of H, from the storage system, and as such, any energy requirement
for discharging H, will need to be served by the grid, fossil, or the H, itself. However, a major
challenge lies in the limited number of materials that exhibit the Kubas interaction, typically
restricted to those containing specific transition metals. In fact, the unique combination of
accessible d-orbitals, variable oxidation states, and the ability to form stable complexes with H,
makes specific transition metals ideal for facilitating Kubas interactions. This specificity is why
the interaction is not commonly associated with other elements that lack these critical electronic
and structural characteristics, which narrows the scope of materials available for development and
poses a significant barrier to widespread application.

As a class of 2D materials with highly tunable surface functionalities, MXenes are characterized
by their enriched element choice, unique surface chemical properties, and high surface area,
making them ideal candidates for facilitating Kubas interactions as mentioned above. The surface
functionalization of MXenes can be further optimized to enhance interactions with H,, thereby
increasing H, storage capacity and reaction kinetics. Leveraging the ability of MXenes to store H,
through Kubas interactions at ambient conditions could lead to the development of energy
efficient H, storage solutions. Unfortunately, MXenes are prone to oxidation in the environment,
necessitating further modification to improve their stability and durability in practical
applications. Additionally, the technology for mass production of high-quality MXenes is still
immature, and production costs are relatively high. Moreover, due to the HF etching process used
in their production, there is variability in the stability of MXenes produced by different groups.
This inconsistency can lead to highly variable results in H, storage applications, even when the
same materials are used. Therefore, for large-scale H, storage applications, reducing the
production costs of MXenes with accurate control is a critical issue. We believe that in this field,
researchers need to first develop new technologies to precisely control the growth and
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functionalization of MXenes, which can improve the uniformity and controllability of active sites
on their surface, thereby enhancing their Kubas interaction capabilities with H,. Especially, it is
essential to ensure the reproducibility of MXenes; also, by combining cutting-edge surface and
interface engineering techniques, such as doping with external transition metals and introducing
non-metal elements, the electronic properties and surface activity of MXenes can be effectively
regulated, enhancing their H, storage performance and stability by even combining physisorption,
chemisorption and Kubas interaction. We also believe it is also crucial to effectively use
multiscale modeling and computer simulations to optimize the structure and functionalization
strategies of MXenes, predict and design more efficient Kubas-type H, storage materials. This
approach can predict material performance before experiments, guide experimental design, and
accelerate the development cycle of materials.

Meanwhile, the multi-component nature of HEAs results in complex lattice structures, which can
create various localized chemical environments and crystal defects, such as vacancies and
dislocations. These structural heterogeneities may provide diverse active sites, facilitating the
adsorption of H, molecules. We believe that in HEAs, the presence of various transition metals
can form a complex electronic environment. These environments can regulate the electron density
distribution on the alloy surface, thereby improving the interaction between H, molecules and
metals. This control of the electronic environment is essential for Kubas interactions, as it relies
on the metal centers' ability to supply and receive electrons. Moreover, the synergistic effect of
different elements in the alloy can enhance the binding energy with H,, thereby enhancing the
stability and reversibility of Kubas interactions. For example, an alloy comprising Fe, Ni, and Co
could provide a robust framework for o-bond formation because of their partially filled d-
electrons, while adding elements like Ru, Rh, and Pd can enhance the capacity for m-back
bonding due to its ability to provide d-electrons to the antibonding o* orbitals of H,, thereby
improving the overall H, storage capacity and reversibility of the system. By carefully selecting
and balancing these elements in a HEA system, researchers can tailor the electronic properties
and structural characteristics of the alloy to maximize its effectiveness in H, storage. Furthermore,
the high melting point and mechanical strength of HEAs ensure structural stability during H,
adsorption and desorption processes. This stability is necessary for efficient H, storage systems,
especially during repeated cycling. Therefore, we believe that HEAs, through their unique
microstructures, tunable electronic properties, and synergistic effects, can also provide a
diversified and optimized platform for enhancing and stabilizing Kubas interactions. Future
research can further explore the impact of different HEA combinations on Kubas interactions,
thereby achieving breakthroughs in the field of solid-state H, storage.

4. Market Potential and Commercialization Pathway

While nanomaterials have the potential to play a significant role in H, storage, just as they have in
batteries, achieving this requires overcoming specific technical hurdles. Currently, solid-state H,
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storage is experiencing increasing engagement from various companies and research institutions,
but such storage systems must demonstrate safety, land-, energy- and material-efficiency, limited
loss of H, product, and functional coupling with H, supply and H, end use. These advancements
are critical for widespread adoption, particularly in small to medium size applications of H,. As
bulk storage (100s to 1000s of tonnes) of H, is necessary for industry and large-scale renewable
generation storage, we do not see these applications as near term for solid-state storage. The sheer
magnitude of solid storage material, and the inherent safety and maintenance issues related to
managing thousands of storage tanks and associated piping and balance of plant is likely to be
impractical. Other storage solutions like underground storage in salt caverns, or potential liquid
organic hydrogen carriers may perform more practically in such large applications. [116] We note
that while the focus of this section is on technical and economic performance, there is a glaring
research gap associated with the carbon intensity of storage systems, and with the sustainability
of material manufacturing and material end of life.

Nanomaterials-based H, storage systems have been successfully demonstrated in the laboratories
and on prototype vehicles.[117] Notably, Bevan et al. demonstrated a 4 kg H, storage capability
using TiMn,-based metal hydride in a canal boat, achieving a desorption flow rate and
temperature suitable for operating a 1 kW proton exchange membrane fuel cell in a water-based
environment.[118] In the realm of energy storage and power-to-power energy applications,
H2GO Power offers a long-duration H, storage module, enabling efficient H, delivery for high-
power applications. GKN Hydrogen employs metal hydride for H, storage in various applications
including backup systems, microgrids, and seasonal storage. Their product lineup—HY2MINI,
HY2MEDI, and HY2MEGA—demonstrates scalability from small to large storage needs. These
examples highlight the growing application of solid-state H, storage technologies across a range
of energy sectors.

Numerous theoretical and experimental studies have emerged to not only characterize but set
targets for the material properties and general trends in how materials should behave for solid-
state H, storage.[3, 12, 55, 119] TEA for solid-state H, storage is crucial for evaluating both the
technical performance and economic viability of these systems. By assessing factors such as
system energy efficiency, system costs including levelized cost of storage (LCOS) ($/kWh), and
levelized cost of energy (LCOE),[120] and life-cycle impacts related to material manufacturing
and energy provision, researchers can identify the most promising materials that balance
performance with cost-effectiveness. This analysis is vital for assessing the competitiveness of
solid-state H, storage against other methods like compressed gas and liquid H,, as well as
incumbent and emerging energy storage technologies such as batteries.[121] However, translating
these insights into material-level information that can help scientists guide future research and
development is a challenge, as TEA models often miss the granularity and modeling
sophistication to capture the impact of material tuning beyond high-level energy balance,
volumetric (kWh/L) and gravimetric density (kWh/kg) effects.
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As such, TEA have emerged that are experiment informed and employ a variety of analytical
methods to represent and guide reactor design, kinetics, thermal management and process
intensification. Key factors to consider even before a process model is constructed in software
such as ASPENPIus or mathematically include system definition[122]: clarifying whether the H,
storage is intended for transportation or stationary energy storage, geographic location, year of
deployment, the deployment scale of such systems to inform material manufacturing scales, the
overall operation cycle per year and per system lifetime, what the final product is and at what rate
and quality (e.g. electricity, H,, byproducts). If a model material and model storage system is not
available to represent the reaction performance and kinetics, the TEA must start with a thorough
materials analysis to identify representative materials with adequate characterization data to
simplify the generalization of the model to other materials in the same class. Thankfully such
models have now emerged for a wide range of sorbent materials and now metal hydrides, some of
which are discussed in the following sections.

To effectively model cost and energy flows for different H, storage materials, robust and accurate
experimental data are essential.[122] At a minimum, a material characterization dataset should
include: (1) Information to approximate uptake at specific conditions relevant to practical storage.
For hydrides this will include H, pressure-composition-temperature (PCT) curves, crucial for
understanding H, capacity under various conditions including the temperature and pressure at
which H, is released. For sorbents this will include isotherms. (2) Heat enthalpy of charging and
discharging, which indicates the energy requirements during H, uptake and release, and
sensitivities of the material to exceeding certain temperatures, potentially necessitating costlier
thermal management. (3) Thermal properties such as thermal conductivity, heat capacity and
composition including doping and filler components for pellet which affects tank material
selection, design, and specifying the corresponding equipment such as heat exchangers,
refrigeration units, compressors, and heaters. (4) Measurements or approximations of physical
properties including skeletal density, porosity, and packing efficiency. (5) Kinetics of
hydrogenation and dehydrogenation which are linked to the application system definition and will
have major implications for the capacity sizing of the balance of plant (MW size of refrigeration
for example) and thus capital costs. (6) Material cyclability, durability and feasible depth of
discharge impacting overall storage capacity, first fill material requirement, and replacement. (7)
Material sensitivity to impurities and material cost. Additionally, operating conditions, including
the necessary temperature and pressure conditions for efficient H, charging and discharging, must
be identified, and care should be taken when considering projections of H, uptake and kinetics at
conditions outside of published experimental measurements. Other key factors that greatly affect
overall costs such as safety regulations and labor must be approximated from expert input and
chemical engineering rules of thumb.

4.1 TEA for transportation applications
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Transportation applications on road, rail, air, and sea impose stringent requirements on system
weight, space, and dynamic operations.[123] The U.S. DOE has set the 2025 technical targets for
onboard H, storage for light-duty vehicles (LDVs), aiming for a gravimetric energy density 1.8
kWh/kg and volumetric energy density 1.3 kWh/L by 2025.[124] To facilitate the development
of solid-state material hydrogen storage systems, tools such as the “Design tool” and “Tankinator
models” have been developed.[125, 126] These tools allow users to estimate the H, storage tank
size and energy density based on the input material properties for H, fuel cell LDVs.[125, 126]. A
comprehensive analysis of sorbents for use in automotive hydrogen storage systems has been
conducted.[123] The findings indicate that to meet performance benchmarks -5.5 wt%
gravimetric capacity, 44 g/L. volumetric capacity, 55% well-to-tank efficiency, 95% usable H2
and a refueling rate of 1.5 kg/min — the following minimum physical and thermodynamics
requirements must be met: The promising sorbent should achieve an excess hydrogen capacity of
120 g/kg at a temperature of 150 K or above and a pressure of 100 bar. Additionally, it should
exhibit a differential enthalpy of adsorption of 5 kJ/mol and a thermal conductivity of 1 W/m/K
when combined with up to 20 wt% expanded natural graphite. The bulk density of the mixture
should be compacted to 420 kg/m’. TEA for bulk H, transportation suggests that the levelized
cost of long-distance transmission using MOF-based truck fleets ranges from $7.3 to $29 per kg
of H,, which is more expensive than the $1.8/kg for 350 bar compressed gas.[127] One of the
major challenges identified in this application for sorbents is the necessary precooling of both the
H, coming hot off the electrolyzer, and the onboard tanks themselves.

Metal hydrides offer good volumetric energy density but fall short in gravimetric energy density
due to the mass of heavy metals and the complexity of thermal management systems, making
their usage in passenger vehicles impractical.[128] Although most complex metal hydrides meet
the energy density requirement, their slow kinetics and high operating temperatures make them
unsuitable for passenger cars or truck fleets which require fast fills.[129] A cost analysis of the
NaAlH, storage system for onboard applications shows that to store 5.6 kg of H,, the system
attains a gravimetric energy density of 0.0122 kg/kg and a volumetric energy density of 0.0115
kg/L, both metrics significantly short of the targets set by DOE.[130] In addition, the estimated
cost of that system is $42.9 per kWh, substantially exceeding the DOE's 2025 target of $9 per
kWh. This high cost is primarily attributed to the expenses associated with the dual tanks and
related components. The cost of the metal hydride for Mg(NH,),-LiH storing 4 kg of H, is
estimated to be between $28,000 and $35,000. Factoring in higher initial costs, for production of
1,000 units, the cost of the tank could be reduced to approximately $8,075 to $10,100.[131] For
rail applications, high-capacity hydrides such as TiFeH, are heavy, causing gross weight to
exceed the maximum allowable on U.S. track. Consequently, the most attractive hydrides are
those with the highest gravimetric capacities: MgH, and lithium-magnesium amide.[132]
However, these materials face challenges due to their high operating temperatures and slow
kinetics.[133] For aerospace applications, sodium borohydride has been explored for unmanned
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aerial vehicles (UAVs).[134] When integrated with a PEM fuel cell, this system can deliver a 900
Wh of energy from 1 liter of chemical solution. However, managing the temperature within the
hydride system presents significant challenges. Further research should focus on enhancing the
reactivity and thermal management to enhance the overall system’s performance and reliability.
The additional weight of the metal hydrides materials suits submarines, which require extra
weight to balance the buoyancy. German and Italian Navy already employ metal hydride based
submarines (Class U212A and 214).[135] Another study shows that 120 g/dm? for the volumetric
capacity and 150 charge and discharge cycles can be achieved for hydrides in submarine
applications.[136] TEA analysis for refueling a small H,-powered vessel indicates that the simpler
refueling needs of metal hydride-based onboard tanks result in a significant cost reduction of the
H, handling equipment, with investment costs of metal hydride-based storage ranging from 3400
to 7300 EUR/kg H,, competitive with compressed gas H, storage.[137] Among the MH storage
systems examined, the current materials and refueling concepts are not suitable for road and
commercial aviation applications due to their high weight and slow refueling rates.[134, 138]
While weight is less critical for ship applications, future R&D efforts should focus on enhancing
the charging and discharging rates of MHs and optimizing thermal management, or find methods
for charging solid-state storage tanks prior to loading onto transportation vessels

4.2 TEA for stationary energy storage applications

Solid-state H, storage can also be applied in stationary power applications. Due to the seasonality
of renewable energy sources like wind and solar power, seasonal and long-duration energy
storage is an attractive solution, where renewable energy is converted to H, for storage and then
back to electricity using fuel cells. Unlike vehicular applications, where space and mass are
limited and where gravimetric and volumetric energy densities are critical factors, stationary
long-duration H, storage applications are evaluated based on reliability, H, purity, charge
temperature and pressure, charge and discharge rates, scalability, and cost.[129] For example, the
Breunig group provides an in-depth analysis of MOFs for H, storage, specifically targeting their
application in bulk transportation[127] and in stationary back-up power systems, as summarized
in Figure 12,[122] , in which they find that when the MOFs are packed loosely (under bed and
pellet porosities of 0.6), all of the modelled MOFs are more economical than liquid H, storage
and have the potential of being economically comparable with compressed gas storage. The work
also emphasizes the role of H, as an efficient and sustainable energy storage solution, particularly
beneficial for maintaining uninterrupted power supply in energy-intensive infrastructures such as
data centers and hospitals. The study underscores the environmental and operational drawbacks
of traditional fossil-fuel generators and positions H,, in combination with MOFs, as a viable
alternative that could potentially exceed the performance and economic viability of current
systems, especially for power support durations beyond 10 hours. It also identifies key
performance benchmarks that MOFs need to achieve to be economically competitive, including a
H, adsorption capacity of at least 15 g/kg and a production cost reduction to below $10/kg. These
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targets highlight the necessary advancements in material science required to make MOFs a
practical option for back-up power applications. Furthermore, the study discusses the unique
properties of MOFs, such as high surface areas and the capability of undergoing a phase change
upon H, loading, which could enhance the storage capacity and prevent H, loss during low-
pressure cycles. However, it points out challenges such as poor heat transport within MOFs,
which could impact the efficiency of the system at scale.

It has been suggested that emerging MOFs using abundant metals like Ni or Zn could achieve a
material cost of $10/kg of MOF.[139] In which, production costs for four MOFs have been
reported, with baseline costs ranging from $35/kg to $71/kg. With manufacturing optimizations
and reductions in the costs of linkers and metal precursors, these expenses could potentially be
reduced to below $10/kg. Using an aqueous solution-based method, the production cost of UiO-
66-NH, was estimated at $15.8/kg.[140] Reducing the manufacturing cost of ALF to
approximately $2/kg is achievable, given that it utilizes widely available commodity chemicals
aluminum hydroxide and formic acid and avoids the use of comparatively complex organic
reagents.[61] Lowering the manufacturing price of these materials could significantly reduce the
capital cost of storage materials, thereby making them competitive with other system components
such as refrigeration units and compressors. Given these results, commercializing MOF seems
feasible; however, the scalability of production costs remains a crucial factor, especially for
stationary energy storage applications that may require large quantities of material to store
substantial amounts of H,. Additionally, the operating cost for energy usage during the charging
and discharging process is also a critical consideration. MOF systems can achieve higher H,
uptake at high pressure and low temperature, but it is crucial to determine whether the benefits of
higher uptake outweigh the energy costs of operating under these conditions. Depending on the
material properties and specific applications, the optimal operating conditions may vary.

Compared to traditional physical based methods, metal hydrides can also store appreciable
amounts of H, at moderate to low pressures, suitable for stationary H, storage.[141] Low-pressure
operation is compelling, as a storage pressure between 10 and 30 bar is sufficient to meet the
pressure requirements of stationary fuel cells operating at 2 to 5 bar,[142] and without the need
for compressor, as the typical pressure of H, gas from electrolyzer is 30 bar.[143] Beyond
economic considerations, operating storage systems at low pressures greatly reduces the safety
concerns and system complexity.[144] Since no H, s lost during storage, metal hydrides are ideal
for mid-to-long term H, storage for applications such as backup power, seasonal storage, and off-
grid system. Recent progress in their development for serving stationary long duration energy
storage applications has been benchmarked against system-level performance targets ranging
from cost to land footprint within HyMARC, with modeling tools to be released soon. The main
capital cost for metal hydrides based stationary H, storage is attributed to the price of metal
hydrides. Hence, materials like Ti, Zr or Mg, which are relatively low-priced, are preferred. Mg,
in particular, has been commercialized in powder and pellets at prices ranging from $2.30 to
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$823/kg, depending on the required particle size. Operating costs include heating and cooling
during the dehydriding and hydrating process, respectively. The amount of heat required depend
on the heat enthalpy of materials and specific applications. For example, if metal hydride system
is integrated with fuel cells or an industry power plant, the heating demand might be met by the
waste heat from the cooling load of these applications. Low-temperature metal hydrides would

integrate well with proton exchange membrane fuel cells operating at 353 K, thereby reducing
operation costs.

——» Material streams "~ ___ System boundary
E— Energy streams Sn :; Flexible sources/applications P
a Rt = g b
i ? .
! | Back-up
Process H D_[Eﬂ* : — power
Ho | B el sl e
> J L]
l]]:l]]]D;__ ” MOF storage system A
T , Fuel
Electrolyser i ' cell
stacks el G LS LR L ! stacks
A ]
N 03, th 0, from other source
storage/oinar (for example, ambient) T
uses
c Fixed T, varying P d Fixed T, varying P
loose packing (¢ = 0.6), US$25 kg™' MOF dense packing (¢ = 0.2), US$25 kg™' MOF
g 2 Most ideal MOF-H, storage = = Most ideal MOF-H,storage
§ 120 170 bar '-g 120 | ]Zgﬁar
= 130 bar = ) a:
% 5 Lig-H, (1 bar, 19 K) 90 bar % . Lig-H, (1 bar, 19 K) 90 bar
g 50 bar - g o
= x x B 10 bar s + x x e
2]
3 = 2 . 203K 7 = -
8 8 o . 8 i 8 s Lia-H
T 30-¢ o 2 Lig-H, T 30 ** = = ig-H,
N $ = @ (LCOs) 8 o = osnu70 B Nig(m- (LCOS)
] ®, Ni,(m-dobdc) 3 ke i
® " et i PR Comp-H, 3 + Tere o f ) Comp-H,
- ; ' ‘ (energy density) = : '=V-btdd (energy density)
0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1
System-level energy density (kWh [} System-level energy density (kWh (5]

Figure 12. Process flow and system performance utilizing MOF for hydrogen storage in the back-up power system.
(a) System boundary and main unit equipment for hydrogen storage using MOF. (b) Overview of the temperature and
pressure conditions across different operational stages. (c)-(d) Performance of promising MOF under loose packing
conditions and dense packing conditions against traditional physical hydrogen storage methods respectively.
Reproduced with permission from ref. 122 from Nature publishing group, Copyright 2022.

4.3 Current challenges and future directions in TEA for solid-state material H, storage

While solid-state H, storage offers promising tunability and opens a broad spectrum for material
discovery, we are currently still at the development stage of requiring costly laboratory tests and
computational simulations to improve measurement of H, capacity and assess material physical
and thermal properties. From here, we must rapidly move into demonstrations and pilots that can
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validate performance and provide unique insights into thermal management and system operation
that analytical methods can only approximate. ML emerges as a promising solution to address
these computationally complex challenges, but there must be suitable data to train on. It has been
effectively used to predict H, uptake and thermal properties in MOFs and metal hydrides, thereby
guiding new material design and development.[111, 145-151] However, most current ML
predictions for H, uptake in MOFs are limited to 77K, and there is a lack of data on accurately
predicting metal hydrides PCT curves. The ability to predict H, capacity across various pressures
and temperatures is highly desirable as it facilitates screening of candidate materials for critical
applications where we know much about real-world operating conditions.

Accurate measurements of H, uptake in solid-state materials and the determination of PCT
curves are important for assessing H, capacity and heat of enthalpy. The primary measurement
techniques currently employed include volumetric measurements, gravimetric measurements, and
temperature-programmed desorption (TPD), each with its inherent limitations.[152] For instance,
volumetric measurements can suffer from errors dur to poorly calibrated internal volumes and
inaccurate pressure measurements. Leaks and poor temperature control can largely affect the
accuracy of measurements. In gravimetric measurements, errors may originate from instability of
the microbalance and from the sorption of impurities that will result in a larger weight signal per
mole than H, itself. For the TPD method is susceptible to errors from by inaccurate calibration. In
addition, a fundamental concern is the consistency between lab-scale material production and
measurement versus industrial-scale processes. It has been observed that the TiFe,ssMny s alloy
has different microstructure, phase abundance and surfaces properties when prepared at industrial
level by induction melting, compared to the same composition prepared at laboratory scale.[153]
These variations, induced by differences in the synthesis process, significantly impact the
activation process, absorption capacities and reaction kinetics.

Moreover, advancements in materials and manufacturing processes are significant drivers for cost
reduction and market growth. To date, however, the majority of research efforts on material-based
H, storage have focused on developing new materials with improved H, uptakes, with limited data
available on solid-state material costs.[61, 139] Manufacturing analyses can predict likely
processes at certain manufacturing scales based on industrial analogues, consultations with
specialized manufacturers, and lab-scale synthesis techniques. Although over 14,000 different
MOFs have been documented with their material-based properties in the CORE database—a
number that continues to grow—data on their production costs and environmental impact at scale
are very limited.[154] While an increase in H, uptake performance and durability is important
and can reduce the material quantity required within the system, if this increase comes at the cost
of very expensive raw materials or complex manufacturing processes, it will not outcompete
compressed gas storage. Additionally, as material costs are significant cost contributors, we
believe that developing the recycling of solid-state materials should be a focus for future research.
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Additionally, the kinetic performance for metal hydrides based H, storage is critical, particularly
for transportation applications. H, absorption in metal hydrides involves a multi-phase reaction,
with different energy barriers at each stage that must be considered. Strategies to improve kinetics
include but are not limited to nano-crystallization and the addition of catalysis.[155] It is
important to incorporate detailed kinetics data for various metal hydrides into future TEA to
better understand the feasibility and applicability of their applications.

Finally, in addition to material uptake and cost, the cyclability and degradation of materials such
as MOFs and metal hydrides are crucial for their competitiveness in H, storage applications. For
stationary energy storage, only 8-30 cycles per year may be required, but applications like peak
shaving and vehicle operations might need daily or weekly cycles. For instance, the U.S. DOE has
established technical targets for onboard H, storage in LDVs, requiring a lifecycle of 1500
operational cycles. Materials that demonstrate long cycle stability will not only reduce the costs
of raw materials but also minimize associated replacement expenses. However, the existing
literature on the cyclability of metal hydrides is limited. Developing standardized testing
protocols to evaluate cyclability under realistic operational conditions will facilitate effective
benchmarking of different solid-state materials and technologies.

5. Conclusion

In summary, we believe that solid-state H, storage based on nano-sized materials offers an
innovative approach to overcoming the challenges associated with traditional high-pressure and
cryogenic storage methods utilized in H, technologies. By integrating advanced materials such as
MOFs, Mg-based hybrids, and novel sorbents, this field has seen significant advancements. This
work encapsulates the current state of technology and sets forth a vision for future developments,
emphasizing the necessity for continued innovation in material science to achieve higher storage
capacities and cost-effectiveness. Future research directions may include exploring HEAs and
further developing MXenes to enhance the performance and application range of hydrogen
storage systems. System-level integration, alongside the development of computational modeling
and high-throughput screening, is crucial for better identifying the materials or material
properties that best match target end uses to help focus research and industry investment. These
advancements could help transition H, storage from a research concept to a practical component
of global energy systems, playing a critical role in the transition towards renewable energy
systems by enabling a more reliable and flexible energy infrastructure. System-level insights
guide the development and implementation of solid-state H, storage technologies, only when the
approaches used have the sophistication to simulate the effects of material-level innovations on
overall performance. From there, engineering design and analysis can inform whether the pursuit
of ambient condition operation or other such challenging experimental targets, are actually
necessary for outcompeting conventional storage. Breakthroughs are necessary, and preliminary
TEA suggests solid-state storage has only just begun to break even with 350 bar compressed gas
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storage systems. With advancements in material synthesis, characterization, and coupling with
computational approaches, even greater progress can be made in the coming decade. Ongoing
challenges such as the identification of cost-reducing and energy saving operation conditions
specific to end uses and materials, the scalability of production methods, and the enhancement of
storage capacities and kinetics through advanced material engineering remain critical hurdles.
Addressing these challenges through innovative manufacturing processes like supercritical fluid
deposition, is essential for advancing the practical application of H, storage technologies and
fully realizing the potential of H, as a cornerstone of sustainable energy systems.
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