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Hydrogen energy, with environment amicable, renewable, efficiency, and cost-effective advantages, is the future mainstream
substitution of fossil-based fuel. However, the extremely low volumetric density gives rise to the main challenge in hydrogen
storage, and therefore, exploring effective storage techniques is key hurdles that need to be crossed to accomplish the sustainable
hydrogen economy. Hydrogen physically or chemically stored into nanomaterials in the solid-state is a desirable prospect for
effective large-scale hydrogen storage, which has exhibited great potentials for applications in both reversible onboard storage
and regenerable off-board storage applications. Its attractive points include safe, compact, light, reversibility, and efficiently
produce sufficient pure hydrogen fuel under the mild condition. This review comprehensively gathers the state-of-art solid-state
hydrogen storage technologies using nanostructured materials, involving nanoporous carbon materials, metal-organic
frameworks, covalent organic frameworks, porous aromatic frameworks, nanoporous organic polymers, and nanoscale hydrides.
It describes significant advances achieved so far, and main barriers need to be surmounted to approach practical applications, as
well as offers a perspective for sustainable energy research.

1. Introduction

Energy serves as the only universal impetus that drives virtu-
ally all social and individual activities, such as transportation,
residential electricity generation, and commercial applica-
tions [1-6]. Because of the rapid growth of the global popu-
lation (expected to reach 9.7 billion by 2050) and human
consumption, the energy demand is going to be continually
increasing. Currently, traditional nonrenewable fossil-based
fuels—petroleum, coal, and natural gas—afford more than
80% of the global energy. Hence, an energy crisis is inevitable
if we continue to consume fossil fuels unscrupulously. As a
preliminary speculated, fossil fuels reserve will out of stock
shortly, petroleum (40 years), natural gas (60 years), and coal
(156 years), for example [6]. Moreover, the greenhouse gases
and other pollutants released by the consumption of fossil-
based fuel cause serious havoc to the plant, environment,
and climate [7-9]. The period of the explosion demand for

clean, sustainable, and renewable energies is already come
and will continue to last in the next several decades.
Hydrogen is regarded as a nonpolluting, abundant, effi-
cient, and low-cost energy vector for a variety of applications,
including stationary power supply, distribution, and diverse
mobile hydrogen-fueled platforms. Because of the highest
gravimetric energy density (120 MJ/kg), zero emissions of
greenhouse gases, and water as the only exhaust product at
conversion to energy, hydrogen serves as an ideal long-term
solution to energy-related environmental problems [10-17].
Molecular hydrogen (H,) can be directly produced from
both renewable and nonrenewable sources and has been
widely studied in different articles [18-26]. Currently, a vari-
ety of nonrenewable sources, such as natural gas, naphtha,
heavy oil, and coal, have been used to generate H,. The most
widely used technique to produce hydrogen in the industry is
the steam reforming using fossil fuels [18, 19]. It is a com-
mercially mature technology that can be performed with high
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efficiency at a low cost. For instance, the hydrogen generation
using steam methane reforming can get high efficiency in
the range of 65 % to 75 % [20]. However, the steam
reforming process is complex and along with the emission
of greenhouse gasses such as carbon monoxide and carbon
dioxide. Other hydrogen production technologies through
reactions with hydrocarbon compounds are including cata-
Iytic partial oxidation, autothermal reforming, gasification
of coal, and methane decomposition and aromatization.
With the development of hydrogen technology, the renew-
able energy-based processes of hydrogen production, such
as solar photochemical and photobiological water decompo-
sition, water electrolysis, and biomass-conversion, have been
developed [21-25]. These methods are eco-friendly and high
efficiency; however, due to the high cost, they are unable to
be the technology of choice for the massive production of H,
so far.

As a substitution of fossil fuel, hydrogen energy can
bring enormous benefits. However, vital technological and
economic challenges need to be surmounted to achieve a
sustainable hydrogen economy development. Foremost,
among these obstacles is the lack of suitable hydrogen
storage approaches. Despite the largest gravimetric energy
density, hydrogen has a poor volumetric energy density
(0.01 MJ/L for hydrogen vs. 32M]J/L for gasoline at 0°C
and 1atm), hampering it in large-scale storing at mild con-
dition [15]. The U.S. Department of Energy (DOE) sets the
hydrogen capacity targets for onboard storage identifies the
significance of both gravimetric and volumetric capacity,
where the gravimetric and volumetric capacity means the
quantity of hydrogen gas contained in a given weight and
volume of the storage system, respectively (Table 1) [14].
The ultimate onboard hydrogen storage goal is 0.065kg
H,/kg system and 0.050 kg/L for gravimetric and volumetric,
respectively. Typically, a hydrogen storage system contains
not only reactant materials but also tanks, compressors,
valves, piping, insulation, and other hardware, which com-
prise a significant proportion of the overall cost. Compare
with the pure material storage capacity, the system storage
capacity drops significantly as a need to account for all
associated components mentioned above. Accordingly,
the hydrogen storage material with a high capacity
(>10wt% hydrogen) and good reversibility (>1500 cycles)
is intensively desired. Additional requirements for an ideal
hydrogen storage medium include fast hydrogen uptake/r-
elease rate, mild operation, and delivery condition, as well
as low cost.

Though H, exhibits various advantages over other energy
fuels, it is considered a dangerous fuel mainly because it is a
highly combustible gas with a flammability range from 4%
to 75% vol in the air and may cause an explosion in the pres-
ence of spark, heat, or even sunlight. H, is colorless and odor-
less, and therefore, confronting to discover in case of
leakages. Moreover, own to the density as low as 0.0899 g/L
at standard temperature and pressure (STP, 0°C and 1 atm),
the storage of hydrogen with conventional approaches, such
as compression and liquefaction, need high pressure, and/or
very low temperature, resulting in increased leaking risks,
and even an explosive if the leakage occurs in a confined sur-
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rounding. Hence, safety aspects should be accurately evalu-
ated and taken into account during the hydrogen storage,
transportation, and utilization, to avoid hydrogen-related
accidents (such as the Hindenburg fire in 1937 and the
hydrogen explosion in Fukushima nuclear plant in 2011)
happen again.

Throughout the past two decades, a great fundamental
advancement in the hydrogen technique has been witnessed,
particularly in the hydrogen storage [10-17]. The traditional
hydrogen storage approach is characterized by physically
increase hydrogen gas density using high pressure or
extremely low temperature, resulting in the cost and security
concerns. Additionally, converting hydrogen into liquid
hydrogen-rich molecules, such as formic acid, methanol,
ammonia, and liquid organic hydrogen carriers, is also
widely explored for hydrogen storage. However, these liquid
molecules suffer from relatively low hydrogen capacity, intri-
cate hydrogenation and dehydrogenation reactions, and
complicated purification processes. In contrast, physical or
chemical storing hydrogen into nanomaterials in the solid-
state is a competent and practical alternative (Figure 1)
[10-13]. The solid-state hydrogen storage exhibits high
hydrogen content, safe, easy for handling, transportation,
and tradable.

In this review, we aim to comprehensive summarize the
up-to-date solid-state hydrogen storage systems and reveal
the related universal rules for hydrogen energy in practical
applications. In Section 2, different storage nanomaterials
are collated systematically, including nanoporous carbon
materials, metal-organic frameworks (MOFs), covalent
organic frameworks (COFs), porous aromatic frameworks
(PAFs), nanoporous organic polymers, and nanoscale
hydrides. Special attention is given to the important roles of
nanoscale hydrides for their conspicuous improvement in
the hydrogen storage performance. In solid hydrogen storage
systems, hydrogen release is triggered by the catalytic dehy-
drogenation or thermal stimulation of the carriers. In the
third part, we discuss the applications of hydrogen fuel in
both stationary and mobile platforms. This review concludes
by offering developing strategies for endeavouring to
improve hydrogen storage performance toward sustainable
and economical applications.

2. Hydrogen Storage Approaches

Hydrogen gas is the lightest gas (density = 0.0899 g/L at STP)
in nature. It contains excellent gravimetric energy storage
density (120 M]J/kg) and extremely low volumetric energy
density (0.01 MJ/L). Therefore, how to efficiently store this
unusual energy carrier is the persistent agonizing thing to
wholly develop hydrogen technology. It is believed that the
settlement of this problem could lead to significant prog-
ress in hydrogen technology. Besides, in a practical appli-
cation, the hydrogen storage system needs to account for
the operation, storage, and transportation efficiency, secu-
rity, and cost issues. In this section, different hydrogen
storage systems with benefits and drawbacks are compre-
hensively summarized.
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TaBLE 1: Summary of the DOE goals for hydrogen storage in onboard vehicular applications [14].

Storage parameter Unit 2025 Ultimate
Storage capacities

Gravimetric capacity

Material-based gravimetric capacity kWh/kg 1.8 2.5
System-based gravimetric capacity kg H,/kg system 0.055 0.065
Volumetric capacity

Material-based volumetric capacity kWh/L 1.3 1.7
System-based volumetric capacity kg H,/L 0.04 0.05
Storage system cost $/kWh net ($/kg H,) 9 (300) 8 (266)
Durability/operability

Operating ambient temperature °C -40/60 (sun) -40/60 (sun)
Min/max delivery temperature °C -40/85 -40/85
Min/max delivery pressure bar 5/12 5/12
Cycle life (uptake/release cycles) cycles 1500 1500
System fill time (for 4-10kg) min 3-5 3-5
Fuel purity (H, from storage) %H, 99.97% 99.97%

Hydrogen storage
in nanomaterials

Al

Distributed
power generation

welirs

Transportation

House/building

\ High capacity

V Security

\ Improved thermodynamics
and kinetics

F1GURE 1: Schematic illustration showing the hydrogen storage in nanomaterials and its sustainable applications. Reproducing from ref

([12, 13, 27-29], and [30]) with permission.

2.1. Conventional Hydrogen Storage Systems

2.1.1. Compressed Gas. Hydrogen gas pressurized into a con-
tainer offers the initial option for hydrogen storage. To
accomplish the high-pressure storage (350 bar to 700 bar), a
special tank material is required, which must be lightweight,
adequate strength, good thermal conductivity, and economi-
cal. Take advantage of the relatively low price and high ther-
mic conductivity, some steel- and aluminum-type materials
are utilized in the construction of storage tanks [31, 32]. Nev-
ertheless, these metal materials are nondurable, heavy-
weight, and increase safety concerns. In contrast to the metal
material, carbon fiber reinforced plastic (CFRP) [32-34],
with lightweight, sufficient strength, and durable properties,
serves as a more promising material for the pressurized gas
vessel. While the relatively low thermal conductivity and
high-price issues need to be solved before the CFRP exten-

sively be used. Underground salt caverns can perform high-
pressure gas storage and are applied to stationary store
pressured hydrogen gas [35-38]. It is a feasible option for
compressed hydrogen gas storage, with adjustable storage
capacity, high-pressure storage ability, adaptable operating
pressure, and minimized hydrogen leakage. Nevertheless,
the salt cavern needs solution mining water and brine dis-
posal, near the location of hydrogen production or con-
sumption, and suitable geology, which are significant
challenges for its development.

The hydrogen density of the compressed hydrogen gas
is 24g/L at 350bar and 40g/L at 700bar (300K)
(Table 2). Because of the increased density, higher hydrogen
storage capacity can be achieved (i.e., 0.052 kg H,/kg system
and 0.0277 kg/L at 700 bar, Table 2). However, they still far
short of the ultimate DOE capacity goals for onboard stor-
age for hydrogen-powered vehicles (0.065kg H,/kg system
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TaBLE 2: Estimated performance for conventional hydrogen storage approaches.

H, Storage system H, density (g/L)

Gravimetric (kg H,/ kg system) Volumetric (kg H,/L)

Compressed gas (350 bar, 300 K) 24
Compressed gas (700 bar, 300 K) 40
Cryogenic storage (1 bar, 20 K) 70
Cryocompressed (276 bar, 20 K) 87

0.055 0.0185
0.052 0.0277
~0.05

0.058 0.043

and 0.050 kg/L, Table 1). Moreover, the high cost and safety
concerns caused by the high-pressure operation are obsta-
cles to the full development of the compressed gas storage
system.

2.1.2. Cryogenic Storage. Another way to increase the volu-
metric density of hydrogen is liquefaction. The density of
the liquid hydrogen is 70 g/L at 1 bar and 20 K. Even though
higher hydrogen storage capacity can be obtained theoreti-
cally, the practice efficiency of the liquid hydrogen tank
restricts its applications. Due to the low boiling point of the
liquid hydrogen (20K), a special designed metallic double-
walled container with the excellent insulation system is nec-
essary to maintain the cryogenic temperature.

The most important concern for cryogenic storage is
the hydrogen boil-off. To date, even the best-insulated
container may occur hydrogen evaporation, container
pressure increase, and result in energy efficiency problems
as well as security problems. Also, the high energy require-
ments (30 to 33% of the total energy) for hydrogen lique-
fying and cost consideration are hindrances of its further
development [33, 39].

2.1.3. Cryocompressed Storage. Considering the advantage
and disadvantage of the compressed gas and cryogenic stor-
age, an alternative hydrogen storage approach, cryocom-
pressed storage, has been developed. The relatively low
pressure of this storage method reduces the demand for the
expensive CFRP tank. Additionally, it can minimize hydro-
gen boil-oft and improve energy efficiency.

In the cryopressurizing storage approach, the density of
hydrogen increases to around 87 g/L at 276 bar at 20K. The
hydrogen storage capacity in the cryopressurized container
increases to 0.058kg H,/kg system and 0.043 kg/L, which
meets the goal of DOE 2025 onboard storage values.
Although the relatively higher storage capacity has been
achieved, more vital improvements, including milder the
storage, distribution, and operation condition, improve the
hydrogen capacity, reduce the overall cost, and need to be
made to realize the sustainable hydrogen economy develop-
ment [40, 41].

2.2. Solid Hydrogen Storage Systems. In contrast to conven-
tional storage approaches, material-based methods rely on
physisorption and/or chemisorption to immobilize and store
hydrogen in solid-state. Material-based hydrogen storage is
generally considered a safer and practical alternative to con-
ventional liquid or gaseous storage due to the stable energy
states of the hydrogen composites, low operational hin-
drance, and release-on-demand nature [42-45]. In the solid

hydrogen storage system, the interaction between the
hydrogen and nanomaterials seriously affects the material
hydrogen storage performance. Typical three absorption
processes are summarized (Table 3) [46]. The first type is
molecular hydrogen weakly bonded or trapped on the surface
of nanoporous materials (adsorbents) via van der Waals
interactions. However, due to the weak interaction energy
(generally less than 10Kk]J mol™") between the matrix and the
nonpolar hydrogen molecules, the immobilized hydrogen
could be spontaneously released from the matrix at high tem-
perature. Therefore, cryogenic temperature, e.g., 77K (-
196°C), is commonly applied for the storage capability evalu-
ation. On the other hand, hydrogen storage and applications
at room temperature are practically desired but required
great efforts to achieve [47, 48]. Porous nanostructured mate-
rials with high surface area are advantageous to increase the
hydrogen storage density due to their low density and high
porosity [44, 49, 50]. Nanoporous carbon materials (Section
2.2.1), metal-organic frameworks (MOFs, Section 2.2.2),
covalent organic frameworks (COFs, Section 2.2.3), porous
aromatic frameworks (PAFs, Section 2.2.4), and nanoporous
organic polymers (Section 2.2.5) are widely investigated
examples for hydrogen storage and will be introduced below
(Figure 2). The second type of interaction between the hydro-
gen and nanomaterials is atomic hydrogen form chemical
bond that strongly binds with material (the interaction
energy is arranged from 100 to 200kJmol™"). In chemical
storage approaches, hydrogen is stored in a solid materials
by chemical bonding and released through chemical reac-
tions under specific conditions. In this review, nanoscale
hydrides will be discussed separately in the following subsec-
tion. The last hydrogen/materials interaction type is quasi-
molecular interaction or termed Kubas interaction. It is
energetically between physisorption and chemisorption, with
an enthalpy of -20 to -70kJ/mol H, and a binding energy
between 0.1 and 0.8eV. In this case, the covalent bond
between the hydrogen molecules is weakened by the charge
transfer or the polarization induced by the metal in the nano-
materials, leading to a shorter distance between the molecu-
lar hydrogen and material (~0.254nm for the Kubas
interaction vs. more than 0.3nm for the physisorption).
Accordingly, based on such designing principles, an ideal
hydrogen storage material with high storage capacity and
outstanding ab(de)sorption properties at mild condition is
promising to be achieved shortly.

2.2.1. Nanoporous Carbon Materials. Due to the high
porosity, low density, and cost efficiency, nanoporous car-
bon materials have been considered to be promising car-
riers for hydrogen storage [58, 59]. Nanoporous carbon
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TasLE 3: Different hydrogen absorption ways [46].

Physisorption Chemisorption Kubas interaction
Binding enthalpy (kJ/mol) -4--10 -100--200 -20--70
Binding energy (eV) 0.04-0.1 2-4 0.1-0.8

PAF-1

(d)

Nano-NaAlH,@MOF-74

Composite

®

FIGURE 2: Overview and examples of the solid hydrogen storage systems. (a) Nanoporous carbon materials (carbon nanotube (CNT), (b)
MOF, (c) COF, (d) PAFs, (e) the structure of a nanoporous organic polymer (PIM-1) and the composite with a nanoporous filler, and (f)
nanohydrides (sodium alanate (NaAlH,)) confined in the nanopores of a MOF (MOF-74) [27, 51-56]. Reproduced with permission [56].
Copyright 2019, American Chemical Society. Reproduced with permission [57]. Copyright 2018, Wiley-VCH. Reproduced with
permission [52]. Copyright 2015, American Chemical Society. Reproduced with permission [53]. Copyright 2009, Wiley-VCH.
Reproduced with permission [53]. Copyright 2009, Wiley-VCH. Reproduced with permission [55]. Copyright 2013, Materials Research

Society and Cambridge University Press.

materials and their precursors are abundant in nature with
a variety of forms, eg, activated carbon (AC), carbon
nanotubes (CNTs), and carbon nanofibers (CNFs). These
nanoporous carbon materials show a broad diversity in
their material structures and synthetic approaches, offering
varied compositions, pore sizes, surface areas, and function-
alities for hydrogen storage. Table 4 summarized the
selected nanoporous carbon materials and their hydrogen
storage properties.

AC has been regarded as a potential candidate for gas
storage purposes due to its extremely low cost, commercial
availability, and availability on chemical modification [60,
61]. AC generally displays a high degree of porosity, indicat-
ing a surface in exceed 3000 m*g™'. Generally, the physical
adsorption of hydrogen in carbon materials follows the Lang-

muir isotherm model, indicating a monolayer adsorption on
the surface [62, 63]. The high surface area of AC enhances the
physical adsorption capacity, particularly at cryogenic tem-
perature and high pressure. However, due to the thermal
instability of the absorption interaction (van der Waals
force), modification of AC to increase the heat of adsorption
between AC and hydrogen molecules is vital for the improve-
ment of gas intake capability. Theoretically, the hydrogen
uptake of AC could achieve 4.0wt% at 77K but less than
1.0wt% at room temperature and 100 bar, leading to poor
commercial practicality [64, 65]. Chemical modifications,
such as potassium hydroxide (KOH) treatment and metal
doping, are applied to improve the hydrogen storage per-
formance of AC [66-68]. Sevilla, Mokaya, and Fuertes
reported an AC material preparing from a polypyrrole
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TaBLE 4: Experimentally measured hydrogen storage properties of selected nanoporous carbon materials.

Storage conditions

Carbon material Temp. (K)/Press. (bar) BET surface area (m” g") Hydrogen capability (wt%) Ref
AC (Maxsorb) 77130 3306 5.70 [64]
AC (Maxsorb) 303/100 3306 0.67 [64]
AC (AX-21) 77160 2745 10.80 [65]
AC (KOH-treated) 298/100 2800 0.85 [66]
AC (KOH-treated) 77120 3190 7.08 (67]
AC (KOH-treated) 77120 2770 6.20 (68]
AC (KOH-treated) 77120 3000-3500 7.03 [69]
AC (KOH-treated) 77119 687 2.14 [77]
AC (Pt-doped) 298/100 2033-3798 1.10 [73]
AC (Pd-doped) 298/80 2547 5.50 [74]
AC ((Ni-B)-doped) 77/1.0 976 1.80 (75]
SWCNT 133/0.4 - 5-10 (80]
CNT 273-295/1.0 290-800 <1.0 [81, 82]
CNT (film) 298/10 - 8.0 (83]
MWCNT 298/148 - 6.3 (84]
CNT (Li-doped) 653/1.0 130 (specific) 20 [85]
CNT (K-doped) 343/1.0 130 (specific) 14 [85]
MWCNT (Ca-doped) — (electrochemical) - 0.3 [86]
MWCNT (Co-doped) - (electrochemical) - 1.05 [86]
MWCNT (Fe-doped) - (electrochemical) - 1.5 [86]
MWCNT (Ni-doped) - (electrochemical) - 0.75 [86]
MWCNT (Pd-doped) — (electrochemical) - 0.4 [86]
CNF 298/120 51 6.54 [90]
CNF (KOH-treated) 77140 1500-1700 3.45 [92]
CNF (N-doped) 298/100 870 (specific) 2.0 [96]
CNF (Ni-doped) 298/100 1310 22 [97]

precursor and KOH treatment exhibited a high surface area
as 3000-3500 m*> g~' and hydrogen storage capacity of up to
7.03wt% at 77K and 20bar [69].

The hydrogen spillover technique has been reported as an
effective approach to enhance the binding energy between
hydrogen molecules and carbon material surfaces at room
temperature [70-72]. Hydrogen spillover is a multiple-step
process, including dissociation of hydrogen from the metal
surface, hydrogen diffusion to the support surface, and com-
bination/desorption cycles of the mobile hydrogen species on
the support surface, although investigation is still processing
to discover the underlying mechanism of spillover effect
(Figure 3). Doping with transitional metals, such as platinum
(Pt), palladium (Pd), and nickel (Ni), on hydrogen storage
materials was found to increase the hydrogen storage capa-
bility and stability due to spillover phenomenon. ACs with
Pt and Pd doping demonstrated 1.10wt% and 5.50 wt%
hydrogen intake capabilities at 298 K with 100bar and
80 bar, respectively [73-75]. Several green processes have also
been applied to produce AC by using plant fibers, coconut
shell, or oilseeds as the raw materials [76]. Ngadi and the
coworkers reported the use of fruit bunch to produce AC
for hydrogen storage, showing a maximal 2.14 wt% H, intake
at 77K and 19bar [77].

Hydrogen storage in carbon nanotubes (CNTs) has also
been intensively investigated. CNTs are with diameters in
the range of a nanometer and refer to single-wall carbon
nanotubes (SWCNTs) and multiwall carbon nanotubes
(MWCNTs) consisting of nested single-wall carbon nano-
tubes [78, 79]. Such nanostructure allows CNTs to store
hydrogen in their microscopic pores or within the tube struc-
tures, possessing an estimated capacity of 5 to 10 wt% based
on the early work of Dillon and the coworkers in 1997 [80].
Experimental results showed that the hydrogen storage
capacity of SWCNTs and MWCNTs reached 4.5-8 wt% at
77 K and a moderate capacity of approximate 1 wt% at ambi-
ent temperature and pressure [81-83]. The hydrogen storage
capacity of MWCNT's could be significantly improved under
high-pressure environments, e.g., 2.0 wt% at 40 bar, 4.0 wt%
at 100bar, and 6.3wt% at 148bar, at room temperature
[84]. Similar with AC, mental-doping is also effective to
enhance the storage capability of CNTs. It was reported that
the Li-doped MWCNTs offered a hydrogen uptake up to
20 wt% at room temperature and 1 bar [85]. The other potas-
sium- (K-) doped MWCNTs could also achieve up to 14 wt%
hydrogen uptakes under ambient conditions [85]. Moshfegh
et al. expended the scope of doping elements to calcium (Ca),
cobalt (Co), iron (Fe), Ni, and Pd on MWCNTs and
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FiGure 3: Hydrogen spillover mechanism in a supported catalyst system: (a) adsorption of hydrogen on a supported metal particle; (b) the
low-capacity receptor; (c) primary spillover of atomic hydrogen to the support; (d) secondary spillover to the receptor enhanced by a
physical bridge; (e) primary and secondary spillover enhancement by improved contacts and bridges. Reproduced with permission [71].

Copyright 2005, American Chemical Society.

investigated their hydrogen storage capabilities, showing
0.3 wt%, 1.05wt%, 1.5wt%, 0.75wt%, 0.4 wt%, and 7.0 wt%
hydrogen intakes under ambient conditions, respectively
[86]. This result indicated Pd would be the most promising
doping element. It is noted that the defects, such as
pentagon-heptagon pair, the substitution of heteroatoms (B,
N, or P), and topological distortion, could improve the
hydrogen adsorption binding energies and storage capability
of SWCNTs [51, 87].

Another nanoporous carbon material for hydrogen stor-
age application is carbon nanofibers (CNFs). CNFs exhibit a
high surface area and excellent mechanical properties. Syn-
thesis methods of CNFs include chemical vapor deposition,
electrospinning technique, and templating methods [88].

These methods are simple and suitable for mass production,
which make CNFs as a potential candidate due to the low
cost and commercial availability. Early researches indicated
that the hydrogen storage capability of CNFs ranged from
0.7 wt% to 6.54 wt% at room temperature and approximately
100bar [89-91]. The deviation was attributed to the
manufacturing methods of CNFs. In this decade, CNFs
obtained by chemical activation treatment are of great inter-
est due to their increased surface area and controllable pore
sizes [92-96]. As the other carbon materials, chemical treat-
ment by using hydroxide salts, carbonate salts, zinc chloride,
and phosphoric acid was reported. Ni-doped GNFs obtained
by metal doping showed an enhanced hydrogen uptake as
2.2wt% at 298K and 100bar [97]. It is noted that the
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FIGURE 4: (a) Schematic illustration of the mechanism and formation of metal-organic frameworks (MOFs) [102]. (b) Chemical structure of
BDC and MOF-5 and (c) BDC and MOEF-177. The structures of MOFs are reproduced with permission [109]. Reproduced with permission
[102]. Copyright 2019, Multidisciplinary Digital Publishing Institute. Reproduced with permission [109]. Copyright 2012, American

Chemical Society.

hydrogen storage capability of nanoporous carbon materials
is highly dependent on their fabrication methods, shapes,
impurity contents, oxygen-containing functionalities, and
adsorbed (doping) species. The mass production of nanopor-
ous carbon materials with stable qualities and cost efficiency
is highly important for commercial applications. Finally,
except AC, CNTs, and CNFs, other nanoporous carbon
materials, e.g., zeolite, graphene, graphite oxide, and fuller-
ene, are also studied and used for hydrogen storage materials
[58, 59, 98, 99]. The diversified structures and naturally
abundance of these carbon materials are highly beneficial
for material design and production to match the requirement
of hydrogen storage purpose.

2.2.2. Metal-Organic Framework. Metal-organic frameworks
(MOFs) are crystalline porous materials consisting of metal
ion clusters and organic ligands (Figure 4(a)) [57, 100-107].
MOFs are highly porous with micropores (<2nm) and a
continuous skeleton. Several synthetic methods have been
developed to produce two-dimensional (2D) and three-
dimensional (3D) MOFs through coupling metal-containing
clusters with multidentate organic ligands, e.g., sulfonates,
carboxylates, imidazolates, and tetrazolates [108, 109].
Thus, the selection of metal ions and organic building
blocks allows the control of framework topology, pore size,
and surface area. Due to the defined structures with high

porosity and surface area, MOFs have been attracting exten-
sive interest as a powerful candidate in the field of gas storage
in the past two decades. Several comprehensive reviews have
shown the design, synthesis, and applications of MOFs for
hydrogen storage [57, 109-111]. The examples of MOFs and
their hydrogen storage properties are summarized in Table 5.

The first example of using MOFs for hydrogen storage
applications was reported by Yaghi’s group in 2003 [112].
MOF-5 was synthesized from zinc salt and 1,4-benzenedicar-
boxylic acid (BDC) to give Zn,O(BDC); and exhibited a
hydrogen intake of 4.5 wt% at 78 K and 1.0 wt% at room tem-
perature and 20bar, opening a new avenue for hydrogen
storage materials (Figure 4(b)). However, MOF-5 exhibited
poor moisture-stability, leading to limited applicable envi-
ronments and unstable performance. The change in structure
topology and chemical linkage resulted in enhanced mois-
ture, thermal, mechanical, and acid/base stabilities as well
as porosity. For example, the BDC linker in MOF-5 was
replaced with other rigid and bulky moieties, e.g., 1,3,5-
benzenetribenzoate (BTB), to increase the porosity and
hydrogen storage capacities (Figure 4(c)) [113, 114]. The
obtained MOF-177 carried a BET surface area of
4600m>g" and a hydrogen intake of 7.5wt% at 77K
and 70bar. The substitution of linkers, metal ions, and
functional groups was applied to synthesize a series of isore-
ticular MOFs for improved stability and capability [100]. For
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TaBLE 5: Experimentally measured hydrogen storage properties of selected MOFs, COFs, and PAFs.

Storage conditions

2 -1 .. o

Framework Temp, (K)/Press. (bar) BET surface area (m” g ™) Hydrogen capability (wt%) Ref
(a) 78/20 j (a) 4.5

MOE-5 (b) 298/20 2500-3000 (b) 10 [112]

IRMOF-8 298/10 1801 2.0 [112]
(a) 78/70 (a) 7.5

MOF-177 (b) 2987100 4600 (b) 062 [113, 114]

NU-100 77156 6143 10.0 [52]

NU-109 77145 7010 8.30 [115,116]
(a) 77/45 (a) 8.82

NU-110 (b) 298/180 7140 (b) 0.57 [115, 116]
(a) 77156 (a) 9.02

MOF-399 (b) 298/140 7157 (b) 0.46 [116]

Cr-MIL-53 77116 1020 3.1 [117]

Al-MIL-53 77116 1026 3.8 [117]
(a) 77165 (a) 3.6

Cu-MOF-5 (b) 298/65 1154 (b) 0.35 [118]
(a) 77/80 (a) 17.6

MOF-210 (b) 298/80 6240 b) 27 [118]
(a) 77/ 1.0 (a) 1.6

Be-MOF (b) 298/95 4030 b) 23 [122]
(a) 77/1.0 (a) 1.7

COE-L (b) 77/70 71 (b) 3.8 [135]
(a) 77/1.0 (a) 0.1

COF-5 (b) 77/50 1590 (b) 3.4 [135]
(a) 7711.0 (a) 0.5

COEF-102 (b) 77/100 3620 (b) 10.0 [135, 136]
(a) 77/100 (a) 6.5

COF-102-3 (b) 300/100 B (b) 26.7 [139]
() 77/1.0 (@) 0.6

COF-105 (b) 77/50 3472 (b) 100 [134, 135]
(a) 77/1.0 (a) 0.9

COF-108 (b) 77/100 4210 (6)10.0 [131-133]

CTC-COF 77/1.1 1710 1.12 [140]

COF-105 (Li-doped) 298/100 - 6.84 (145]

COF-108 (Li-doped) 298/100 - 6.73 [145]

COF-340-CoCl, 298/250 7400 7.00 [146]

PAF-1 77148 5600 7.0 [27]

PAF-3 77160 2932 5.5 [149, 150]

PAF-4 77160 2246 4.2 [149, 150]

PAF-1 (KOH-treated) 77/1.0 1320 3.06 [151]

PAF-1 (Li-doped) 77/1.2 - 10 [153]

PAF-4 (Li-doped) 77/100 5525 20.7 [152]

PAF-4 (Li-doped) 233/100 5525 4.9 [152]

PAF-Mg 233/100 4479 (Langmuir) 6.8 [154]

PAF-Ca 233/100 4479 (Langmuir) 6.4 [154]

PAF-324 298/100 5372 (specific) 6.32 [155]

PAF-334 298/100 - 16.03 [155]

example, the introduce ethynylene units into the p-phenylene ~ 6143m’g ' and a hydrogen uptake capacity of 10.0wt% at
and the carboxylic groups in MOF-5 give novel COFs with 77K and 56 bar. The other NU-110 has a BET surface area
similar skeletons but with superior properties [52, 115,  of 7140m”g" with a hydrogen capacity of 8.82 wt% at 77 K
116]. The obtained NU-100 has a BET surface area of  and 45bar. Another MOF-399 with a high surface area of

G202 ‘12 Yore Al uo Bio'sousios’ [ds//:sdny wiod) pspeojumod



10

7157 m*/g also shown a high hydrogen uptake capability of
9.02wt% at 77 K and 45 bar [116]. Several metal ions could
be applied to build MOFs. Férey and coworkers reported
chromium- and aluminum-based MOFs, i.e., Cr-MIL-53
and AI-MIL-53, showing hydrogen uptakes of 3.1 wt% and
3.8wt% at 77 K and 16 bar, respectively [117]. Panella et al.
used copper(II) ions and benzene-1,3,5-tricarboxylate
(BTC) to prepare a MOF (Cu-MOF-5), Cu,(BTC),, exhibit-
ing BET surface area of 1154 m®g ' and a maximum hydro-
gen uptake of 3.6wt% at 77K and 0.35wt% at room
temperature and 65bar [118]. These results indicated the
properties, and pore sizes of MOFs could be tuned by select-
ing the building blocks and linkers.

However, one of the major limitations of MOF is the
weak van der Waals interaction between hydrogen atoms
and MOFs. The isosteric heat for hydrogen adsorption of
MOFs is generally less than 10 k] mol™" [109, 119]. This weak
interaction energy is strong enough for applying MOFs for
hydrogen storage under cryogenic conditions. However, the
storage capability of MOFs sharply deteriorates when operat-
ing at room temperature. It is noted that the isosteric heat
should be increase to 15-20 k] mol " to stabilize the hydrogen
atoms on MOF surfaces at room temperature [120]. One of
the highest capacities of hydrogen storage in MOFs was
achieved by using MOF-210 as 17.6 wt% at 77 K and 80 bar;
however, the uptake decreased to 2.7wt% at 298K and
80bar [28]. The introduction of active metal sites and the
control of pore size and functionalization in MOFs are two
well-developed strategies to improve the isosteric heat. A
number of metals, e.g., lithium (Li), sodium (Na), K, Magne-
sium (Mg), Ca, beryllium (Be), titanium (T1), Pt, Pd, copper
(Cu), Fe, Co, Ni, and zinc (Zn), in element or ion forms have
been applied as clusters or on MOF decoration [121]. Long
and coworkers reported the use of Be,,(OH),,(BTB), MOF
(Be-MOF) could absorb hydrogen with 2.3wt% at 298 K
and 95bar, which is a sharp contrast as topically similar
MOEF-177 with a 0.62wt% hydrogen uptake at 298 K and
100 bar [122]. Detailed discussions on MOF modification
and doping for gas storage applications could be found in
other reviews [57, 109-111, 123]. The varied design and syn-
thesis from extended organic building blocks to functional
MOFs are still a popular and impactful research topic.

In addition to experimental investigations, some theoret-
ical studies of molecular simulations have also been per-
formed for clarifying the mechanism and screening high
hydrogen capture materials. Space and the coworkers used
Monte Carlo simulation to model hydrogen sorption in
MOFs [104]. It demonstrated that the MOFs should have
relatively small pores and interconnected pores with high
surface area to create strong MOF-H, interactions. Addition-
ally, polarization interactions also played a critical role for
hydrogen stabilization in MOFs. Froudakis and coworkers
applied ab initio calculations to confirm that the interaction
energies between the hydrogen molecules and the Li-
modified MOFs are significantly enhanced, which can be
contributed to the high degree of polarization of hydrogen
molecules [105]. Therefore, MOFs with a charged or doped
framework with narrow pores and exceptional internal
surface area for enhancing their van der Waals interaction

Research

and polarization interaction (Kubas-type interaction) are
excellent hydrogen storage candidates. The theoretical
investigation of hydrogen storage in MOFs and COFs is sum-
marized in the other review [106]. Recent advances in high-
performance computers allow first-principles molecular
dynamics to simulate the various diffusion processes of
hydrogen molecules inside MOF structures, providing a clear
picture of the diffusion mechanism of hydrogen molecules in
nanoporous materials [107].

2.2.3. Covalent Organic Framework. Nanoporous organic
polymers consisting of organic skeletons with lightweight
elements, such as C, H, N, O, and B, exhibited low density,
low cost, high stability, and structure versatility [124-127].
Like MOFs, these nanoporous organic polymers have
attracted great interest for hydrogen storage owing to their
high surface areas. Moreover, nanoporous organic polymers
present advantages over MOFs and carbon materials on their
tunable structures and postsynthetic functionalization
through sophisticated synthetic and polymerization tech-
niques [128, 129].

COFs are carbon-based crystalline nanoporous organic
polymers and constructed with strong covalent linkages,
e.g., B-O, C-O, B-C, C-C, and C-N, to give 2D and 3D struc-
tures. Figure 5 shows examples of chemical reactions for syn-
thesizing COFs. COFs are with high porosity, well-order
pores, and superior chemical and thermal stability [53,
130]. Due to the above advantages, COFs as one of the pow-
erful candidates for hydrogen storage have been researched
theoretically and experimentally in the past 15 years [131,
132]. The examples of COFs and their applications on hydro-
gen storage are shown in Table 5. The design, synthesis, and
applications beyond hydrogen storage of COFs have been
summarized in other reviews [124-127].

In 2005, Yaghi’s group pioneered the research on COFs
and reported a series of porous COFs [133]. For instance,
COF-1 was synthesized by using a self-condensation reaction
of 1,4-benzenediboronic acid, and COF-5 was prepared from
1,4-benzenediboronic acid and 2,3,6,7,10,11-hexahydroxytri-
phenylene. COF-5 exhibited a high BET surface area as
1590m>g" and a 3.5wt% hydrogen intake at 77K and
80bar. Another 3D-COFs family, including COF-102,
COF-105, and COF-108, were also synthesized, showing a
larger surface area than 2D COF-5 [134]. Among these
COFs, COF-102 has a BET surface area of 3620m”g ", and
its hydrogen uptake capacities are 7.2wt% at 77K and
35bar and 10.0wt% at 77K and 100bar (Figure 6) [135-
138]. It is also noted that the hydrogen volumetric uptake
of COF-102 achieved 40.4gL"", which is the best perfor-
mance of these 3D-COFs. The phenylene groups in the
COF-102 backbone could be substituted by diphenyl, triphe-
nyl, and naphthalene pyrene groups, giving COF-102-2,
COF-102-3, COF-102-4, and COF-102-5, respectively
[139]. The modulation of the backbone and pore size could
further control the hydrogen uptake capacity of COFs.
COF-102-3 demonstrated 26.7wt% and 6.5 wt% hydrogen
uptakes at 77 and 300K under 100bar, respectively. The
hydrogen uptakes of COF-105 and COF-108 at 77K are
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10.0 wt% at 80 bar for COF-105, and 10.0 wt% at 100 bar for
COF-108. Zheng and coworkers reported a bowl-shaped
COF from cyclotricatechylene (CTC) and 1,4-benzenedi-
boronic acid [140]. The CTC-COF has a BET surface area
of 1710m>g™" and a hydrogen uptake of 1.12wt% at 77 K
and 1.1bar. The superior hydrogen uptake capacity of
CTC-COF could be attributed to the additional adsorption
in the bowl-shaped CTC cavity.

COFs present excellent hydrogen storage capacity under
high pressure. However, as MOFs, the capacity deteriorates
sharply when operating at an increased temperature. To
overcome this problem, metal-doping has been applied to
COFs to improve the hydrogen storage capacity [129, 132].
Several computational and experimental studies have been
reported to use metal ions or elements, such as Li, Mg, Ti,
and Pd, for COF doping and the improvement of hydrogen
uptake capabilities under practical conditions [141-144].
The metal decoration on COF skeletons enhances the inter-
actions between the COF skeleton and hydrogen atoms. It
was reported that the lithium doped COF-105 and COF-
108 exhibited an improved hydrogen storage capacity of
6.84wt% and 6.73wt% at 298K and 100bar [145]. Such
enhancement of hydrogen uptakes is because of the genera-
tion of the dative bonds between positively charged lithium
ions and hydrogen molecules. Pramudya and Mendoza-
Cortes systematically studied the effect of doping elements
on several COFs with imine and hydrazide linkage [146].
Such linkers in the COFs could chelate with Co(II), Cu(II),
Fe(II), Mn(II), and Ni(II) anions. It was determined that
Co-, Ni-, and Fe-doping effective enhanced the hydrogen
uptake capabilities of COFs at 298 K. The synthesized COF-
340 with Co(II)-doping exhibited the highest hydrogen
uptake of 7.00 wt% at 298 K and 250 bar.

2.2.4. Porous Aromatic Framework. Porous aromatic frame-
works (PAFs) are one of the porous organic materials with
a tetrahedrally diamond-like structure [147, 148]. PAFs
exhibit similar properties to those of COFs, such as high
porosity, large surface area, low mass densities, and high
thermal and mechanical stability. Additionally, the organic
frameworks facilitate the postsynthetic functionalization
and pore size modulation, further improving the capabilities.
PAFs contain multiple phenyl rings and are generally synthe-
sized via irreversible cross-coupling reactions, which is differ-
ent from the preparation of COFs by using reversible
condensation reactions. Due to unique structure and proper-
ties, PAFs have found several applications in hydrogen stor-
age, molecular separation, catalysis, and molecule sensing.
In 2009, Zhu and the coworkers reported the first synthe-
sis of PAFs [27]. The PAF was termed PAF-1 and exhibits a
BET surface area of 5600m”*g™". Such a high surface of
PAF-1 allows high uptakes of hydrogen (7.0wt% at 77K
and 48 bar). However, PAF-1 shows relatively low heat of
adsorption as 4.6kJmol ™', suggesting a weak interaction
between hydrogen molecules and the surface of PAF-1. This
result suggests the hydrogen intake capacity of PAF-1
becomes poor at increased temperature or under an ambient
pressure. Therefore, a series of PAFs with a replaced quadri-
valent atom (silicon (Si) or germanium (Ge)) in lieu of the
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carbon center were synthesized [149, 150]. PAF-3 with Si
centers exhibits BET surface area of 2932 m> g'l, 6.6k mol™!
heat of adsorption, and a hydrogen uptake of 5.5wt% at
77 K and 60 bar. PAF-4 with Ge centers exhibits BET surface
area of 2246m>g ™", 6.3kJmol™" heat of adsorption, and a
hydrogen uptake of 4.2wt% at 77K and 60bar. To further
improve the performance, postsynthetic modification and
doping were applied to PAFs. PAF-1 could be activated by
potassium hydroxide followed by a carbonized process to
increase its hydrogen gravimetric capacity to 3.06 wt% at
ambient pressure and 77K [151]. Moreover, it was also
reported that PAF-4 carrying lithium tetrazolide doping
enhanced their hydrogen storage capacities to 20.7 wt% (at
77 K and 100 bar) and 4.9 wt% (at 233 K and 100 bar), respec-
tively [152]. The increment of capacity could be attributed to
the elevation of hydrogen binding energy in PAFs on the Li-
doping sites (Figure 7) [153]. Apart from lithium, Mg- and
Ca-doping were also successfully applied to increase the
hydrogen binding strength of PAF, giving hydrogen storage
capacities as 6.8 wt% for PAF-Mg and 6.4 wt% for PAF-Ca
at 233K and 100 bar [154]. The other series of PAFs were
constructed by diphenylacetylene derivatives as the linkers.
The synthesized PAF-324 and PAF-334 were reported to
have significantly high hydrogen uptakes of 6.32wt% and
16.03wt% at 298K and 100bar, respectively [155]. These
hydrogen storage properties of PAFs are summarized in
Table 5.

In comparison with MOFs and COFs, only limited PAFs
have been developed and the hydrogen storage capacity still
needs further improvement to match practical demands.
Through the use of suitable building units and doping mate-
rials, it is possible to increase the volumetric capacities and
heat of adsorption. A detailed review of the synthesis and
applications of PAFs can be found elsewhere [147].

2.2.5. Nanoporous Organic Polymers. Although COFs and
PAFs provide promising properties on the surface area and
capability, COFs and PAFs are generally not cost-effective
and offer powder-type polymers with relatively poor process-
ability and mechanical properties, limiting their practicality.
Other nanoporous organic polymers, such as hypercros-
slinked polymers (HCPs), conjugated microporous polymers
(CMPs), and polymers of intrinsic microporosity (PIMs),
have also been widely used as adsorbents, separation mate-
rials, catalyst carriers, and gas storage materials [156-158].
HCPs, CMPs, and PIMs possess several advantages and
unique properties for hydrogen storage applications, includ-
ing (1) variable polymer backbones and facile functionaliza-
tion, (2) tunable pose size and crosslinking density, (3)
light-weight and high surface area, (4) high processability
for bulk, coating, and composite materials, and (5) low-cost
and accessibility for mass-production. Figure 8 demonstrates
structural examples of HCPs, CMPs, and PIMs. However, in
comparison with COFs and PAFs, these nanoporous organic
polymers exhibit relatively low surface area (<2000 m*g™"),
which limits the hydrogen uptakes [159, 160]. The hydrogen
storage properties of selected HCPs, CMPs, and PIMs are
summarized in Table 6.
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HCPs are amorphous polymers was the first synthesis in
the 1940s and found broad applications for column chroma-
tography applications in the 1970s [161]. A variety of organic
synthesis techniques were applied to give HCPs, allowing
HCPs with controllable pore sizes and surface areas [162,
163]. The surface area of HCP could theoretically achieve
more than 2000m’g™". The early studies of HCPs for
hydrogen storage are reported in 2006. Svec et al. synthe-
sized polystyrene-type HCPs with BET surface areas of
1930m>g ' and high uptakes of hydrogen as 1.5wt% at
77 K and 1.2 bar [29]. Cooper and the coworkers also utilized
the other polystyrene-type HCPs with BET surface areas of
2090 m*g ™" for hydrogen storage, showing hydrogen uptakes
of 3.04wt% at 77K and 15bar [164]. The other research
reported by Cooper’s group was a polyphenylene-type HCP
synthesized from para-dichloroxylene and 4,4'-bis(chloro-
methyl)-1,1'-biphenyl. This HCP exhibited the surface area
of 1904m>g™" and a hydrogen uptake of 3.68 wt% at 77 K
and 15 bar [165]. Germain, Svec, and Fréchet further synthe-
sized polyaminobenzene HCP with aromatic ring backbones
via Buchwald coupling of p-diaminobenzene and tribromo-
benzene [166]. The HCP showed an extremely high isosteric
heat as 18 k] mol™" of hydrogen adsorption due to its small
pores (<0.7nm) although a low experimental hydrogen

intake of 0.22 wt% at 273 K and 9 MPa was obtained. Liang,
Tan, and coworkers reported a polyphenylene-type HCP
and Pt nanoparticle composite [167]. The spillover effect of
Pt nanoparticle improved the hydrogen capability, showing
a 0.21 wt% hydrogen intake at 273 K and 9 MPa.

CMPs are another type of nanoporous organic polymers
carrying multiple carbon-carbon triple bonds and/or aro-
matic rings to form 7-conjugated skeletons [168, 169]. The
first hydrogen storage application of CMP, i.e., a poly(aryle-
neethynylene) network, was developed by Cooper group in
2007 [170]. The poly(aryleneethynylene) CMPs obtained by
Sonogashira coupling reaction exhibited a large BET surface
area of 1018 m*g™" and a hydrogen uptake of 1.4wt% at
77 K and 1.0 bar. After that, various CMPs with diverse struc-
tures and porosity were developed. Specific surface areas as
high as 1200m?®g ™" have been achieved by using sterically
demanding linkers with a trigonal or tetragonal geometry
[171, 172]. Alkyne linkers could be polymerized by using
Yamamoto reaction or Ni-catalyzed Ullmann coupling reac-
tion gave CMPs with specific surface areas up to 842m°g"'
and a hydrogen intake of 131cm’g ™' at 77K and 1.13 bar
[173]. Similar network topologies with comparable pore
properties and specific surface areas of up to 1380m’>g"
were synthesized by using Pd-catalyzed Suzuki-Miyaura
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FiGure 8: Synthetic routes of (a) hypercrosslinked polymers (HCPs), (b) conjugated microporous polymers (CMPs), and (c) polymers of

intrinsic microporosity (PIMs).

TaBLE 6: Experimentally measured hydrogen storage properties of selected HCPs, CMPs, and PIMs.

Storage conditions

. 2 1 o 9

Polymer material Temp. (K)/Press. (bar) BET surface area (m” g ') Hydrogen capability (wt%) Ref

HCP (polystyrene) 7711.2 1930 1.5 [29]

HCP (polystyrene) 77115 2920 3.04 [164]

HCP (polyphenylene) 77115 1904 3.68 [165]

. (a) 77/1.2 0.97

HCP (polyaminobenzene) (b) 273/90 384 022 [166]

HCP (polyphenylene-Pt) 298/19 1399 0.21 [167]

CMP (poly(arylene-ethynylene)) 7711.0 1018 14 [168]
(a) 77/1.13 (a) 1.5

CMP (NCMP-0) (b) 77/1.13 1108 (b) 2.0 [171]
(a) 77/1.13 (a) 1.33

CMP (E1) (b) 7778 1213 (b) 2.66 [172]

CMP (EOF-6) 7711.0 1380 1.29 [174]

CMP (PCZN-8) 77/1.0 1126 1.35 [175]

CMP (Li-Doped) 77/1.0 834 6.1 [177]

. (a) 77/1.0 (a) 7.3

CMP (PTAT, Li-Doped) (b) 273/1.0 304 (b) 0.32 [178]
(a) 77/1.0 (a) 1.04

PIM-1 (b) 77/10 760 (b) 1.44 [181]

PIM (STP-II) 77/1.0 1990 1.9 [184]

HATN-PIM 771120 772 3.86 [185]

PIM (PAF mixture) 771100 1197 4.1 [186]

PIM (AC (20 wt%) mixture) 77/100 1130 37 (54]
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coupling of aromatic halides with boronic acids. The CMP,
EOF-6, exhibited a hydrogen storage capability of 1.29 wt%
at 77K and 1bar [174]. Several examples of nitrogen-rich
CMPs were also synthesized for hydrogen storage applica-
tions [175, 176]. A CMP, PCZN-8, with a 20 mol% pyridine
moiety in the backbone exhibited a BET surface area of
1126 m*g™" and 1.35wt% hydrogen storage capability at
77K and 1bar. As nanoporous carbon materials and COFs,
metal doping is an effective approach to improve the hydro-
gen storage of CMPs. It has been reported that CMPs with Li
doping could improve the hydrogen uptake capability. Deng
et al. demonstrated that the Li-doped CMP synthesized by
homocoupling of 1,3,5-triethynylbenzene could enhance its
hydrogen uptake value from 1.6wt% for the nondoped
CMP to 6.1wt% at 77K and 1bar [177]. Recently, Chang
et al. reported a novel cation-7 induced Li-doped poly(tria-
zatruxene) (PTAT) CMP for gas storage applications.

It was found that the CMP showed a hydrogen uptake capa-
bility of 7.3 wt% at 77K and 1 bar in comparison with that of
undoped CMP with 1.9wt% under the same conditions
[178].

PIMs are amorphous organic microporous materials with
intrinsic micropores due to the connection of a bulky and
planar backbone with rigid and fused ring spacers (such as
a spiro-center) [179, 180]. The skeleton distortion possesses
high internal molecular free volume and intrinsic micropo-
rosity. PIMs are featured with microporous materials with
interconnected pores less than 2nm diameter. Various
monomers with different functional groups and torsional
strain have been used to produce PIMs with desired proper-
ties such as pore size, capacity, and solubility. Early
researches of using PIMs for hydrogen storage were reported
by McKeown, Budd, and the coworkers, showing a cyclotri-
catechylene- (CTC-) based PIM-1 with a BET surface area
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F1GURE 10: (a) Synthesis of triptycene-based porous polymers. (b) Gravimetric hydrogen adsorption and desorption profile isotherms up to
1.13 bar at 77.3 K. Reproduced with permission [184]. Copyright 2012, American Chemical Society.

of 760 m*g™" and a hydrogen uptake as 1.44 wt% at 77 K and
10 bar ((Figure 9) [181]. Thermal treatment (annealing) was
also successfully applied to increase the hydrogen capability
of PIM-1 to nearly double [182]. A further development of
triptycene-based PIMs demonstrated an improved BET sur-
face area up to 1990m”*g™' and a hydrogen uptake as
1.9wt% at 77K and 1.0 bar (Figure 10) [183, 184]. Recently,
Webb et al. synthesized a novel hexaazatrinaphthylene-
(HATN-) based PIMs. The HATN-PIM exhibited a surface
area at 772m?*/g and a hydrogen intake of 3.86 wt% at 77 K
and nearly120 bar [185]. The composites of PIMs with other
porous polymers, such as PAFs and polyaniline, were also
prepared for hydrogen storage [186, 187]. PIMs are with high
processability, whereas PAFs are with high surface but with
poor processability. The mixture of PIMs and PAFs provided
good processability for film casting and an improved hydro-
gen intake capability from 2.6wt% (pure PIM film) to
41wt% (PIM/PAF (=77.5/22.5 (wt%/wt%)) film) [186].
Mays et al. also reported the used PIM/AC and PIM/MOF
composites to prepare porous polymer-based composite
membranes for mobile hydrogen storage applications [54].
The results showed that the PIM with 60wt% AC or
40 wt% MOF could be used for film casting processes and
the obtained films exhibited 1.6-2.5 times larger hydrogen
intake capabilities. Such polymer/polymer and polymer/i-
norganic material composites offer advantages over powders
in terms of safety, handling, and practical manufacturing for
high-pressure hydrogen storage materials.

2.2.6. Nanoscale Hydrides. In contrast to physical storage
described above, metal and chemical hydrides are the other
materials for hydrogen storage via chemical (ionic or cova-
lent) bonding [188-191]. These hydrides generally consist
of a metal cation and an anion with hydrogen. Hydrides are
promising materials for storage applications due to the high
hydrogen densities and relatively high safety (low reactivity).

The use of light metals, e.g., lithium, magnesium, and alumi-
num, to form hydrides offers higher gravimetric and volu-
metric hydrogen densities in comparison with hydrogen gas
or liquid hydrogen, attracting promising applications [46].
Three types of hydrides are mainly studied for hydrogen stor-
age [192]. The first type is metal hydrides MH, (M is the
main group or transition metal, such as Li, Na, Mg, Ca, and
Ti, and X is the number of hydrogen atom). Hydrogen reacts
with a metal or a metal alloy (M) and transfers to negatively
charged hydride ions (H™) to generate a metal hydride, as
shown in equation (1).

M+ @)Hz MH, (1)

The second type is intermetallic hydrides, AB,H,, where
A is typically the hydriding metal and B is the nonhydriding
metal. The other type is termed complex hydrides, also
known as chemical hydrides (MEH,). A chemical hydride
contains a metal cation (M) and a hydrogen-containing poly-
atomic anion (EH,). Examples of EH, are alanates (AIH,"),
borohydrides (BH, ), and amides (NH,").

Many metals could incorporate with hydrogen atoms
to form metal hydrides. The researches of metal hydrides
for hydrogen storage have been extensively studied since
the 1960s [193]. Nevertheless, the main challenges using
metal hydrides are still on the selection and design of
metals to meet the thermodynamic and kinetic require-
ments of practical cyclic hydrogen insertion/removal pro-
cesses. For example, aluminum hydride (AlH;) has the
high gravimetric (10wt% H,) and volumetric (148 kg H, m ™)
densities. However, the weak bonding energy of AlH,
(dissociation energy = —11.4 + 0.8 k] mol™) leads to the ther-
modynamic instability and lack of practicality to transform
Al metal to AIH, under moderate conditions [194]. The
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drawback restricts the direct use of AIH; as a hydrogen stor-
age material. The studies on alanates and nanoscaled AlH,
are major alternatives of aluminum hydride. On the other
hand, lithium hydride (LiH) also has a high content of hydro-
gen as 12.7 wt%. However, due to its highly ionic and strong
bonding between Li and H, LiH generally requires a high
temperature (nearly 900°C) and 1bar for dehydrogenation,
which limited further practical applications [195].

Among the light-metal hydrides, magnesium hydride
(MgH,) has been considered as the most promising metal
hydride material for hydrogen storage [196, 197]. The advan-
tages of MgH, include its high gravimetric (7.6 wt% H,) and
volumetric (110kgH, m™) densities, natural abundance, low
cost, lightweight, and chemical stability. Different from AIH,,
the main hindrance on the practicality of MgH, is its high ther-
modynamic stability of Mg-H bonding (AH = 75 k] mol ' H,),
resulting in the difficulty on hydrogen releasing. A temperature
above 573 K (300°C) is essential for MgH,, application to accel-
erate hydrogen sorption/desorption under normal pressure
[198]. To overcome the limitation on operating temperature,
many researches have focused on the use of other metals of
metal oxides as catalysts to improve sorption kinetics of Mg
and reduce the activation energies of hydrogenation/dehydro-
genation processes [198]. A variety of elements, e.g., vanadium
(V), Ti, Ni, niobium (Nb), chromium (Cr), and Fe, have been
applied to prepare doped Mg through ball milling, melting,
casting, and chemical processes to enhance the hydrogen stora-
ge/releasing performance [189, 192].

Chemical hydrides have attracted great interest due to
their low molar mass and high gravimetric hydrogen capac-
ity. For example, the hydrogen content of ammonia borane
(NH,BH,, AB), LiBH,, and NaBH, are 19.6 wt%, 18.6 wt%,
and 10.6 wt%, respectively. Among these, AB is the most
widely studied chemical hydride, with high hydrogen capac-
ity and moderate desorption temperature, which exhibits
great potential for onboard storage [26, 199-202]. It bears
protic (N-H) and hydridic (B-H) hydrogens. Those two
hydrogen types show an opposite polarity, which can be sim-
ply regarded as dihydrogen bonding (DHB): N-H®*..H®"-B,
facilitating hydrogen release under relatively mild tempera-
ture (~120°C) with ultrahigh purity. The parent compound
AB was first reported in 1955. AB has been received increas-
ing efforts to investigate its thermolytic and hydrolytic dehy-
drogenations, due to its exceptional properties for chemical
hydrogen storage (nonflammable and stable under standard
conditions). AB can be synthesized through a reaction
between NH, and BH;, in which two main pathways with
derived and/or modified procedures were generated. The first
main pathway is a metathesis reaction in the suspension of an
ammonium salt [NH4+]X[XX'] and an alkaline borohydride
(LiBH, or NaBH,) in the organic solvent at 25-45°C. The
resulted H;NBHj is not stable at ambient condition because
of its instantaneous dehydrogenation. The second main
pathway is an Sy2 reaction, in which the strong base NH,
replaces the weak ligand L of L-BH; in the organic solvent
at low temperature (e.g, 0°C). The reaction temperature
would be raised to a higher temperature though replacement
ligand L (e.g., (CH;),0 or (CH,),O) in precursors L-BH,
with new ligand L' (e.g., C;H.N(C,H.,), or C,H,N(C,H,0)).
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However, the exothermicity of thermolytic and hydrolytic
dehydrogenations for H;NBH, required a chemical recycling
of the related by-products. Thus, alternative pathways were
developed to regenerate H;NBH, with the by-products. The
by-products of hydrolytic dehydrogenation are boric acid
B(OH)j, tetrahydroxyborate anion B(OH),, and ammonium
NH,". Currently, most of regeneration focused on the forma-
tion of sodium borohydride or direct formation of H;NBH,.
For the thermolytic dehydrogenation, the by-product is a
mixture of polymeric residues from H,;NBH,, including
trans-cisoid polyaminoborane, polyiminoborane, o-polybor-
azylene, and a graphitic cross-linked polymer [203]. A lot
of efforts have been made to rehydrogenate the polymer res-
idues through the stepwise process or the one pot-process.

Despite the attractive advantages of hydrides as the
hydrogen storage media, the chemical binding in the hydride
is so strong that results in sluggish kinetics and unacceptable
hydrogen desorption temperature, reduce their efficiency and
suitability in mobile applications. The dehydrogenation of
metal hydrides, such as magnesium and magnesium-based
alloys hydrides, ranges from 300 to 400°C, for example. The
hydrogen release temperature for chemical hydrides is rela-
tively low but still away from the practical applications’
requirement. For instance, the hydrogen desorption temper-
ature of pure AB is around 120°C, higher than the fuel cell
operation temperature (about 85°C).

To further improve the hydrogen storage performance,
nanotechnology is applied to combine with hydrides to
either modify the catalysts or prepare nanoscale hydrides
(Figure 11). A series of nonprecious C;N, species were post-
modified by thermal modification method, which were then
employed to fabricate Co/C;N, nanocomposites (NPs) with
different microstructures (Figure 12) [204]. Co/C;N, NPs
were investigated in the catalytically photochemical dehydro-
genation of AB at room temperature. The systematic study
indicated that Co/C;N, NPs display different catalytic activ-
ities under light irradiation. The maximum catalytic effi-
ciency was achieved with TOF of 93.8 min™" at 25°C, which
is the best TOF value achieved by noble metal-free catalysts
among all the reported studies. In compared with pristine
C;N,, the thermally modified C;N, species with porous
structure exhibited different band structures, photolumines-
cence lifetime, and photocurrent density under visible light
irradiation, resulting the different separation efficiency of
photoinduced charge carriers. Its enlarged surface areas pro-
moted the light absorption and separation efficiency of elec-
trons/holes, which enhanced the efficiency of electron
transfer under visible light irradiation to increase the electron
density of Co NPs, leading improved photocatalytic H, gen-
eration activity of that Co/C;N, NPs. Bimetallic nonnoble
CoNi NPs were successfully supported on MWNTSs [205].
The ultrafine CoNi NPs with particle size of 2nm could be
monodispersed on surface of MWNTs. The synergistic effect
between Co and Ni acted an important role in improvement
for AB hydrolysis. The support effect could also efficiently
improve the catalytic performance. Compared to the other
support materials, Co, ,Ni, ;/MWNTs showed excellent cat-
alytic performance with TOF of 128 moly, mol_,,”' min~"'
and E, as 52.1kJemol" at 45°C. Co,,Ni,,/MWNTs also
exhibited high durability in AB hydrolysis.

G202 ‘12 Yore Al uo Bio'sousios’ [ds//:sdny wiod) pspeojumod



18

Nanomaterial

Research

Q0
Q0
Hydrides

Hydride/nanomaterial composite

FIGURE 11: The preparation of catalyst/nanomaterial composite and hydride/nanomaterial composite.

Other lightweight inorganic hydrides, such as ammonia
(NH,), hydrazine (NH,NH,), hydrazine borane (H,BNH,
NH,), hydrazine bis(borane) (H,BNH,NH,BH,), borohy-
drides (BH,), borohydride ammoniates (M(BH,),-(NH;), ),
and alanates (AlH,), have displayed potential values for
chemical hydrogen storage as well [206]. In order to improve
the reaction rate and H, yield in the thermal decomposition/-
hydrolysis of lightweight inorganic hydrides, a series of het-
erogeneous catalysts and approaches have been developed
in the past few decades. Normally, heterogeneous catalysts
are composited by supported monometallic, multimetallic
or core-shell M(0) nanoparticles (NPs), in which NPs are
deposited on the support materials, such as metal oxides,
MOFs, graphene, and CNTs [207].

Cu@CoNi/graphene composites with different composi-
tions were fabricated from trimetallic core-shell Cu@CoNi
NPs and graphene in a one-step in situ reduction by using
methylamine borane (CH,H,NBH;, MeAB, 18.0wt% H,),
AB or NaBH,, respectively. The prepared Cu-core/CoNi-
shell NPs could be well dispersed on the surface of graphene
[208]. Among those composites, Cu,,@Co, ,sNi ,s/gra-
phene reduced by MeAB exhibited higher catalytic activity
for MeAB dehydrogenation than that reduced by AB or
NaBH,, which displayed the best catalytic performance in
the hydrolysis of MeAB with TOF of 9.4 mol,e(moly,)
'emin™" at 25°C (E, = 50.7 kJemol ™). This catalyst displayed
higher catalytic activity than those of most reported noble-
free-metal-based NPs, and also good durability and magnetic
recyclability for the MeAB dehydrogenation. A series of M(0)
NPs supported on silica, such as Fe/SiO,, Ru/SiO,, Co/SiO,,
Rh/Si0,, Ir/Si0,, Ni/SiO,, Pd/SiO,, and Pt/SiO,, have been
prepared for catalytic decomposition of hydrazine (NH,NH,,

12.6wt% H,) to produce H, [209]. All the catalysts could
catalyze the selective decomposition of NH,NH, to form
H, and N, at temperatures higher than 300°C. Ni/SiO,,
Pd/SiO,, and Pt/SiO, catalysts could produce H, with high
selectivity under mild conditions. Among those catalysts,
Ni/SiO, showed the highest catalytic activity with TOF
of 24moly,s(moly,) 'emin" and excellent H, selectivity
(>90%) in the NH,NH, decomposition at 30°C. In addition,
the selectivity of catalyst was temperature sensitive; the lower
temperature (30-60°C) promoted the reaction to produce H,
over NH,. The poly(N-vinyl-2-pyrrolidone)- (PVP-) stabi-
lized nickel(0) nanoparticles with an average particle size
of 3.0+0.7nm could be fabricated in situ by reduction
of nickel(II) 2-ethylhexanoate with hydrazine borane
(H;BNH,NH,, HB, hydrogen capacity = 15.4 wt%) in the
presence of PVP at room temperature, which were studied
for catalytic methanolysis of HB [210]. Ni/PVP NPs dis-
played highly active and long lived in the methanolysis
of HB at ambient temperature. The kinetic study revealed
that Ni/PVP NPs catalyzed methanolysis is first order with
regarding to catalyst concentration and zero order to sub-
strate concentration. Ni/PVP NPs provided an initial TOF
of 35.6min~" with E, as 63kJemol™ in hydrogen genera-
tion from the methanolysis of HB. PVP-stabilized
cobalt(0) nanoclusters were prepared from the reduction
of cobalt(Il) chloride in the presence of PVP stabilizer in
methanol [211]. Co/PVP NPs were stable in solution and
could be separated as solid materials for characterization
and application. Co/PVP NPs were employed in catalytic
hydrolysis of NaBH, (10.7wt% H,) at room temperature
for the portable fuel cell applications. Kinetic studies indi-
cated that the catalytic hydrolyses of NaBH, is first order
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FiGUre 12: (a) The scheme diagram of the visible-light-driven
catalystic procedure over based on the C,N, with different
microstructures. TEM images and the SAED patterns (insets) of
(b) Co/C;N,-580 and (c) Ni/C,;N,-580 and the elemental maps of
Co/C;N,-580 for (d) Co, (e) C, and (f) N and Ni/C,N,-580 for (g)
Ni, (h) C, and (i) N. Reproduced with permission [204].
Copyright 2017, American Chemical Society.

regarding both of Co/PVP NPs and NaBH, concentration
in an aqueous medium. The Co/PVP NPs provided a
lower E, for the hydrolysis of NaBH, both in aqueous
medium (63 kJemol™) and in basic solution (2wt% NaOH,
37kJemol ™), when compared to the reported value for bulk
cobalt (75 kJemol ™).

Nanoscale hydrides can be prepared in two ways. One
way is to direct synthesize nanostructured hydrides through
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physical or chemical method. The other one is via confine-
ment of hydrides into a supporting nanomaterial. The
nanostructuring hydride exhibits novel nanoarchitecture to
positively change its hydrogen ab(de)sorption properties.
Nanostructured magnesium hydrides with varied sizes and
morphologies were extensively studied as a promising solu-
tion for hydride material practicality [192, 212-214].
Selected nanoscale metal hydrides and their properties are
summarized in Table 7. Theoretically, nanostructuring
metal hydrides exhibit a high active interface area and rela-
tive short hydrogen diffusion distance, which can effectively
increase the storing high hydrogen content with fast kinet-
ics. Moreover, the exposure of atoms on the nanomaterial
hydride surface would weaken the Mg-H bonding due to
the higher surface energy, which facilitates the hydrogen
releasing. Several approaches have been applied to synthe-
size nanostructured magnesium hydrides, such as mechani-
cal milling, chemical reduction, vapor deposition, and
hydrogenation method. The hydrides were formed as parti-
cles (sphere, cube, rod, octahedron, etc.), hollow particles,
thin films, and porous matrixes. de Jong et al. systematically
studied the surface-induced destabilization effect of MgH,
grains using density-functional theory (DFT) calculations
[215]. The results indicated the hydrogen desorption energy
decreases significantly when the MgH, crystal grain size is
smaller than 1.3 nm. The decomposition temperature of an
MgH, crystallite with 0.9nm size became 200°C. The
surface-induced destabilization effect of MgH, grains was
further experimentally studied and supported by a report
from Buckley’s group (Figure 13) [216]. It was found that
the MgH, crystallite with 7 nm size exhibits decrease decom-
position reaction enthalpy (nearly 4%) and reaction entropy
(nearly 3%), although the decrement was not as high as
the estimated simulation values. Fichtner and coworkers
reported that the decrement of MgH, crystallite size to
3nm could offer lower decomposition reaction enthalpy
(nearly 14%) and reaction entropy (nearly 12%) in compari-
son with those of bulk MgH,, [217]. Aguey-Zinsou and Ares-
Fernandez used tetrabutylammonium bromide as the surfac-
tant to synthesize the surfactant-stabilized Mg nanoparticles
with a diameter of 5 nm. The nanoparticle achieved hydrogen
absorption and dehydrogenation at near room temperature
(60°C and 85°C, respectively), which was significantly lower
than those of bulk MgH, (nearly 300°C) [218]. Urban and
coworkers reported a moisture- and oxygen-stable crystalline
Mg nanocrystals (about 4 nm)-poly(methyl methacrylate)
composites. The composite demonstrated rapid hydroge-
nation at 200°C and 35bar and achieved saturated concen-
tration at 30 min of 6.0wt% (in Mg, and 4.0% overall) in
the absence of heavy-metal catalysts [219]. Prieto et al.
also reported the decrement of activation energies of
hydrogen absorption (115-122Kk]J mol™") and desorption
(126-160k] mol™") for MgH, nanoparticles (25-38 nm
diameter), as shown in Figure 14 [220]. Chen et al
employed DFT calculation to support the decrement of
desorption enthalpies from 75kJmol™" H, for bulk MgH,
to 34.54 and 61.86kJmol™" H, for the nanowires MgH,
(diameters = 0.85and 1.24 nm, respectively) [221]. These
studies indicated the size reduction to nanoscale could
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TaBLE 7: Hydrogenation/dehydrogenation conditions, activation energy (Ea), and hydrogen capability of hydrides.

Storage conditions

Hydrogen Dehydrogenation conditions

Storage media Temp. (K)/Press. (bar) E, (J/mol) capability (wt%) Temp. (K)/Press. (bar) Ref
LiH 1183/1.0 181.2 12.7 . [195]
MgH, 557/1.0 174 [236,237] 7.6 553/0.9 [196, 197]
MgH, (5wt% V-doped) 473/10 119 [236,237] 5.8 573/0.15 [189]
MgH, (5 wt% Ni-doped) 473/10 75 [236,237] 5.0 573 /0.15 [189]
N ar @ @om
MgH, (TiH,-doped) 573/20 16.4 46 573/0.01 [239]
MgH, (Cr,0,-doped) 573/1-2 86 [236,237] 64 573/1-2 [189]
MgH, (Nb,O,-doped) 573/8.4 95 7.0 573/vacuum [240]
MgFeH, 623/2.72 166 5.0 623/0.001 [241]
MgH, (5nm) 333/20 - 1.34 358/0.003 [218]
MgH, (5nm) 473/35 2505/ 79 desy  6-0 473/vacuum [219]
MgH, (2.8 nm) 355/33 - 2.8 352/- [242]
Ic\gfizo ift'g)nm’ graphene 473/30 23(109)/65esy  5+4 473/0.01 [243]
MgH, (5.5 nm, deposit on AC)  453/10 31/ 43e) 663 453/0.01 (222]
MgH, (3 nm, graphene composite) 523/20 118.9 5.6 598/vacuum [223]
MgH, (Carbon composite) 387/20 6.0 773/vacuum [244]
Zéfggé 1(527 nm, deposit on carbon )¢ 3.1 628/vacuum [245]
MgH, (30-50 nm, nanowire) 573/4-20 33.5(21)/38-8(4es) 7-6 573/0.2-6 [224]
PdH, 298/0.02 71 0.56 - [246]
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FiGurek 13: (a) TEM image of lattice fringing in MgH,-D occurring from the MgH,hkl = 020 plane. (b) Kinetic hydrogen desorption data for
MgH,-D illustrating that equilibrium was reached at different temperatures. Reproduced with permission [216]. Copyright 2010, American

Chemical Society.

decrease reaction entropy as well as the dehydration tem-
perature or pressure.

Nanoscale hydrides prepared by direct physically or
chemically synthesis suffer from the hydrogen capacity loss
during the recycling of hydrides. This is because of the parti-
cle movement and agglomeration, and finally, nanoarchitec-
ture collapse. As an effective solution to this problem,

nanoconfinement hydrides expose cyclic sustainability to
the hydrogen storage performance, along with conspicuous
improvement of the kinetics and thermodynamics of hydro-
genation/dehydrogenation properties. With the support of
stable and rigid structural nanomaterials, the obtained nano-
confinement hydrides with enhanced mechanical stability to
maintain the well-defined porous nanostructures.
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FIGURE 14: (a) TEM images of Mg nanocrystals (scale bar = 100 nm). Hydrogen (b) absorption and (c) desorption of the Mg nanocrystals at
different temperatures. Reproduced with permission [220]. Copyright 2011, American Chemical Society.

Lee et al. synthesized a series of air-stable MgH, nano-
particles embedded in 3D AC with periodic synchronization
of transition metals (Figure 15) [222]. The high surface area,
homogeneous distribution, and nanostructure (5.5 nm diam-
eter) enable a high hydrogen storage density of 6.63 wt% and
superior hydrogenation/dehydrogenation thermodynamics
and kinetics. The MgH, nanoparticles exhibited rapid hydro-
genation kinetics at 180°C and 10bar within 5min and a
dehydrogenation condition at 180°C and 10bar for over
100 cycles, emphasizing their cycling stability and practical-
ity. Recently, a novel and facile solid-state method was
used to prepare MgH, nanoparticle-graphene nanosheet
composites for hydrogen storage [223]. The MgH, com-
posites exhibited improved hydrogen storage properties
with hydrogenation temperature and pressure at 250°C and
20 bar. Under 325°C and vacuum conditions, the MgH, com-
posite could rapidly release 5.1 wt% hydrogen in 20 min. In
addition to nanoparticles, Chen and coworkers fabricated
MgH, nanowires with diameters of 30-170nm through
chemical vapor deposition (CVD) [224]. The results indi-
cated the nanowires with small diameters of 30-50 nm carry-
ing superior hydrogen absorption/desorption kinetics and
capability. Such nanowires exhibited a hydrogen intake
capability of 7.6 wt% at 200°C and 4-20bar, and the dehy-

drogenation was carried out at 200°C and 0.2-6bar. The
nanostructured MgH, demonstrates significant advantages
for hydrogen storage applications. Nevertheless, MgH, nano-
particles are generally oxygen- and moisture-sensitive and
with poor mechanical properties. The research on providing
stable MgH, materials with rapid hydrogen releasing and
strong mechanical properties is of interest nowadays.
Aguey-Zinsou et al. used CNTs as a template for the for-
mation of nanoscale hydrides (i.e., NaAlH,, LiAlH,, and
LiBH, nanoparticles) [225]. The resulting confinements
present a profound impact on the hydrides desorption prop-
erties. The activation energy of the H, release from these
hydrides was significantly diminished: approximately
45kJ/mol and ~88k]J/mol for NaAlH,-CNT and LiBH,-
CNT, respectively, which much lower than that for their bulk
counterparts (i.e., bulk NaAIH, (120 k]/mol) and bulk LiBH,
(146 kJ/mol)). Besides, the reaction pathway of the dehydro-
genation process was changed. For the bulk LiAlH,, two
dehydrogenation steps with the activation energy at 82
—115k]J/mol and 86—90k]J/mol, respectively. While only one
single step with activation energy at around 64kJ/mol was
observed for LiAlH,-CNT. LiBH, modified by SBA-15
(mesoporous silica) to produce LiBH,/SBA-15 nanocompos-
ites underwent rapid hydrogen release at about 100°C, which
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FIGURE 15: (a) Preparation of the self-assembled MgH, on three-dimensional (3D) metal interacted carbon. (b) SEM images of metal
interacted carbon. (c¢) SEM and (d) TEM images of the MgH, embedded hollow 3D architecture of carbon (MHCH). The inset (d) shows
the histogram distribution of MHCH size distributions. (e) Hydrogen absorption (at 10 bar) and (f) desorption (at 0.01 bar) of the MHCH
at different temperatures. The inset (e) shows the hydrogen absorption of the MHCH at 25°C for 250 h. Reproduced with permission

[222]. Copyright 2017, Royal Society of Chemistry.

significantly lowered than bulk LiBH, (above 300°C). The
onset dehydrogenation temperature of the confined LiBH,
decreased to 45°C. Furthermore, the LiBH,/SBA-15 nano-
composite can release around 8.5wt% hydrogen within
10min at 105°C [226]. The study of the NaZn(BH,);/SBA-
15 demonstrated that the dehydrogenation rate of the
space-confined NaZn(BH,), is significantly improved
(5.7wt% hydrogen released in 90 min) and a low hydrogen
release temperatures ranging from 50 to 150°C [227].
NaAlH, confined within MOF-74(Mg) ensure reversible
and low-temperature hydrogen storage [228]. The nano-
NaAlH,@MOF-74(Mg) composite displays the first H,
desorption temperature around 50°C much lower than that
of bulk sodium alanate (150°C). Plus, the activation energy
for H, release decreases from 79.5k]J/mol for bulk Ti-doped
NaAlH, to 57.4kJ/mol for nanoconfined NaAlH,.

Through intelligent confining AB into nanomaterials,
its overall hydrogen storage properties are significantly
improved, facilitate its application in energy distribution
and mobile platforms [30, 229-235]. A nanocomposite

(AB/SBA-15) prepared by coating AB within a mesoporus
silica SBA-15 exhibited the reduced onset temperature for
H, release and an improved dehydrogenation rate (half-life
for hydrogen release is 85min at 50°C) [229]. The barrier
for H, release from the AB/SBA-15 nanocomposite signifi-
cantly decreased (Ea ~67kJ/mol) than pure AB (Ea
~200k]J/mol). Furthermore, the dehydrogenation of AB in
the scaffold releases considerably less heat (enthalpy
~-1kJ/mol) than that in the pure AB (enthalpy ~-21kJ/mol).
It means that the reverse hydrogenation reaction to store H,
into AB/SBA-15 would much easier than neat AB and
enhance the (de)hydrogenation reaction reversibility. Mono-
disperse MnO, hollow spheres (MHS) act as scaffold to mix
with AB yielded MHS/AB composite with enhanced thermal
dehydrogenation properties (the first dehydrogenation tem-
perature is around 60°C) [230]. Besides, the generation of
the volatile by-products was completely inhibited as well.
Encapsulation of AB into Pd/natural halloysite nanotubes
(HNTs) was prepared by Zhang et al. (Figure 16) [231]. The
initiation temperature of H, evolution for the obtained
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AB@Pd/HNTs is 60°C, low Ea 46 kJ/mol, and the generation
of volatile by-products (e.g., ammonia, diborane, and bora-
zine) was depressed significantly.

Due to the ordered crystalline lattice structure and a high
degree of synthetic flexibility to specially tailor the nano-
structure, MOFs represent powerful scaffolds to support
hydrides for hydrogen storage (Figure 17) [30, 232]. AB
nanoconfinement in MOF-5 (AB@MOF-5) was found to
dramatically diminish its hydrogen desorption temperature
to 55°C and decrease its hydrogen desorption activation
energy to 64.3kJ/mol (Figure 17(a)) [232]. During the pyrol-
ysis of AB@MOF-5, the by-product (ammonia) is produced
together with H,. To eliminate the ammonia generation, a
MOF-confined AB system (AB@JUC-32-Y) is developed
[30]. AB@JUC-32-Y significantly reduced the onset H,
release temperature to 50°C. And the H, release rate of AB
inside the scaffold improved to completely release (~13 wt%
hydrogen) at 95°C within 3h. Besides, the MOF-confined
AB system effetely avoided the formation of ammonia to pre-
vent the catalyst poison of PEMFC. Organic polymers are
another alluring scaffold materials for chemical hydrides
[233-235]. Poly(methyl acrylate)-confined AB (PMA-AB)
was obtained by the solution-blending method. Due to the
carbonyl group in the polymer, the material exhibited low

dehydrogenation temperature (begin from 70°C) developed
(Figure 17(c)) [233]. Also, AB molecules confined in hyper-
crosslinked porous poly(styrene-co-divinylbenzene) resin
(AB-PSDB) to achieve remarkably improved kinetic and
thermodynamic properties (about 8.5 wt% hydrogen desorp-
tion within 2h at 80°C, released ~8 wt% H, in 20 min and
11 wt% within 2h at 100°C) developed (Figure 17(d)) [234].
The first decomposition temperature is reduced to about
50°C. A low-density and highly porous aromatic framework
(PAF-1) is also utilized to support AB to obtain AB@PAF-1
composite developed (Figure 17(b)) [235]. The first decom-
position temperature of AB in the PAF-1 is around 50°C in
the absence of any volatile by-products. Thus, the brilliant
integration of nanotechnology and hydrides exhibits excel-
lent hydrogen ad(de)sorption properties, which is the ongo-
ing and future research direction.

Nanomaterial-based hydrogen storage technologies have
aroused increasing attention in hydrogen sustainable devel-
opment. Exploiting the ultrafine nanostructures, nanomater-
ials offer new insights and opportunities for hydrogen
storage. As the molecular hydrogen storage via physisorption
using nanomaterial adsorbents is a surface phenomenon, the
hydrogen storage capacity is in line with the increase of the
material surface area. Therefore, those porous nanomaterial
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adsorbents, involving nanoporpus carbon materials, MOFs,
COFs, PAFs, and nanoporous organic polymers, with a high
surface area exhibit excellent storage ability. Of these, MOFs
with high crystallinity, large surface area, and stability are a
class of outstanding adsorbents, displaying great potential
in hydrogen storage. For example, the hydrogen storage
capacity of MOMSs-399 with a particularly high BET area
7157 m?/g reaches hydrogen uptake capacity 9.02wt%
(45bar, 77K) [116], NU-100 has a BET area 6143 m2/g and
a hydrogen uptake capacity 10.0wt% (56bar, 77K) [52],
and MOF-210 gives the highest capacities of hydrogen

storage in MOFs which researches as high as 17.6 wt%
(80bar, 77K) [28].

However, due to the weak attraction force, the stored H,
via pure physisorption is able to release from nanoadsorbents
triggered by thermal. Because of the low H, physical sorption
enthalpy, cryogenic temperatures (around -196°C) and/or
high pressures are required for the adsorption. Therefore,
to maintain such a low temperature, the thermal insulation
equipment is necessary, which resulting in energy-consum-
ing, overall-cost-raising, and limitations for transportation
and onboard storage. Moreover, hydrogen adsorption is an
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exothermic process, which brings additional technical prob-
lems. Consequently, future research direction for hydrogen
physical adsorption should focus on the development of
hydrogen reversible storage at room temperature to satisfy
the practical interest. Strategies, such as increasing the sur-
face area, enhancing the binding force by employing metals
or other functional groups, and combining with other storage
approaches (i.e., encapsulation of hydrogen-rich molecules
into nanomaterials), are worth trying. Also, seeking new
structures with higher superficial areas and free volume
and/or optimizing the nanostructure, composition, and
preparation methods to tune the porous nanostructures to
alter the hydrogen storage properties are promising.

Another highly promising hydrogen storage approach
based on nanomaterials is chemisorption, in which, the
atomic hydrogen chemically bonded with the metal or other
element. The strong chemical bond in hydrides results in
sluggish kinetics and unacceptable hydrogen desorption tem-
perature, reduce their efficiency and suitability in mobile
applications. Applying nanotechnology in the fabrication of
catalysts and/or hydrides emerges as a rational strategy to
significantly improve the hydrogen ab(de)sorption proper-
ties. The catalyst/nanomaterial nanocomposites display a
compelling increase of the interaction surface area between
the catalysts and hydrides and provide tremendous opportu-
nities for the modulation of their electronic structures, lead-
ing to the improvement of the catalytic activity and
efficiency as well as recyclability. Through the permutation
and combination of suitable catalysts and nanomaterials, a
desirable hydrogen storage medium with outstanding storage
performance can be attained. In contrast to pure hydrides,
nanoscale hydrides process a new nanoarchitecture with a
higher surface area, additional hydrogen reaction sites, and
shorter diffusion distances to conspicuous enhance the kinet-
ics and thermodynamics of hydrogen ab(de)sorption proper-
ties [30, 228, 231, 247]. For instance, the hydrogen
ab(de)sorption process can be conducted at near room tem-
perature (below 85°C) with a rapid reaction rate using nano-
scale hydrides to meet the practical interests. Moreover,
exploiting nanoscaffold to support the hydrides can achieve
good reversibility with minimal capacity loss during the
ab(de)sorption cycling of hydrides, although this will reduce
the hydrogen capacity (as the overall material weight
increased). A feasible solution is the adoption of nanomater-
ials featuring ultrahigh surface area to increase the hydride
loading content to finally improve the hydrogen content.
Besides, the incorporation of lightweight elements (such as
Li, Be, and Mg) into the material is another opportunity.
Accordingly, the nanoscale hydrides present a considerable
promising strategy for hydrogen storage toward actual inter-
ests and could be used firstly in practical applications.

3. Applications of Hydrogen Storage Systems
and Future Perspectives

The adoption of hydrogen as an alternative fuel can be
envisaged in the fields of stationary energy storage, hydrogen
logistics, and onboard hydrogen generation within mobile
applications. Conventionally, hydrogen physically stores as
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compressed gas or cryogenic liquid. They are the initial com-
mercialized storage approach in both stationary and mobile
applications, but low hydrogen capacity, high cost, and
safety issues hamper their future long-term development.
Applying nanomaterials in solid hydrogen storage, involving
molecular hydrogen physical adsorption, atomic hydrogen
chemical adsorption, and as functional supporting materials
for hydrides, provides pronounced benefits. They are safe,
high hydrogen content, and more importantly, the storage
performance can be synthetically tailored, are future
research directions for hydrogen-powered light duty vehicu-
lar applications.

3.1. Hydrogen Fuel Cells. Owing to the low efficiency, the
direct consumption of hydrogen in internal combustion
engines becomes less popular. Instead, the employment of
hydrogen energy in fuel cells has brought widespread aware-
ness (Table 8) [248-250]. Fuel cells are electricity-generating
devices, in which the chemical energy of hydrogen directly
and efficiently convert into electrical energy with water as
the only reaction product and zero greenhouse gas emission
(Figure 18(a)) [251, 252]. In a typical hydrogen fuel cell,
hydrogen and oxygen continuously flow to the anode and
cathode, respectively, giving the electrochemical reactions
to produce an electric current [248].

Based on the electrolyte used, fuel cells can be classified
into six species [253], which are polymer electrolyte mem-
brane fuel cell (PEMFC) (Figure 18(a)) [253-257], direct
methanol fuel cell (DMFC) [258-260], alkaline fuel cell
(AFC) [261-263], phosphoric acid methanol fuel cell (PAFC)
[236, 237], molten carbonate fuel cell (MCFC) [264-266],
and solid oxide fuel cell (SOFC) [267, 268]. Additionally,
the reversible fuel cell (RFC) [269-271] attracts great atten-
tion, taking advantage of its ability to produce electricity as
well as store excess energy in the form of hydrogen.

PEMEC, or also term proton exchange membrane fuel
cell, is the desirable prospect for hydrogen-powered cars,
portable or micropower systems, and transportation to
power stations for further applications [248, 249, 253-257].
It uses a proton exchange membrane as an electrolyte and
porous carbon electrodes catalyzing by a platinum or plati-
num alloy. PEMFC contains high power density, relatively
low operation temperature (around 85°C), good durability,
rapid change in power on demand, promising power-to-
weight ratio, and fast start-up and shutdown. However, the
PEMEC catalysts are sensitive to some volatile gases (e.g., car-
bon monoxide and ammonia) and easy to get poison to cause
performance degradation. The DMFC is similar to the
PEMEC, which uses a polymer membrane as an electrolyte.
But DMFC is powered by pure methanol instead of hydrogen
and can realize relatively large-scale fuel storage as the higher
energy density of methanol than hydrogen. DMFCs are fre-
quently employed to produce electricity for portable power
applications such as cell phones or laptop computers [258-
260]. AFC utilizes an aqueous solution of potassium as the
electrolyte and is the most initial fuel cell widely adopted in
the submarines and space crafts. Due to the rapid rate of
the electrochemical reactions, AFC demonstrates efficiencies
above 60% in space employment. Whereas, AFC is sensitive
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TaBLE 8: Different fuel cells [249].
PEMEC DMEC AFC PAFC MCEC SOFC

Electrolyte Proton exchange Polvmer membrane Potassium Liquid Liquid molten Ceramic

membrane ym hydroxide phosphoric acid carbonate
Operation 85 60-130 60-90 200 650 800-1000
temperature (°C)
Efficiency (%) 40-60 40 45-60 35-40 45-60 50-65
ggf\,l::l electrical <250 kW <10kW <20kW >50 KW >1 MW >200 kW
Possible applications Vehlcl'es, small Portab.I N Rower Submarines, space Power stations Power stations Power

stationary application crafts stations
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FIGURE 18: (a) General schematic of a polymer electrolyte membrane fuel cell. (b) Thermal integration between the hydrogen storage system

and the fuel cell.

to CO,, even a small amount of CO, in the air can destroy its
operation and endurance as the formation of carbonate
[261-263]. Liquid phosphoric acid is used as an electrolyte
in PAFC, which is the most mature cell type. Due to the large
electrical power production ability (>50kW), PAFC is typi-

cally used for stationary power generation for commercial
premises, and power engendering for large-sized transporta-
tion media (i.e., buses and locomotives) as well. But, PAFCs
are large, heavy-weight, and expensive [236, 237]. The MCFC
uses a molten carbonate salt as the electrolyte. It has the
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potential to be fueled with coal-derived fuel gases, methane,
or natural gas for electrical generation in manufacturing
and martial applications. MCFCs operate at high tempera-
ture (650°C); the fuel is converted to hydrogen within the fuel
cell itself by the internal reforming process. By coupling with
a turbine, the efficiency of MCFC can reach approximately
65%, and overall fuel use efficiency could top 85% when the
waste heat is captured and employed. While the high-
temperature operation of MCFC significantly diminishes its
durability [264-266]. Compared to MCFCs, SOFCs run at
an even higher temperature (800-1000°C) and utilize a hard,
nonporous ceramic as the electrolyte. Similar to MCFCs,
SOFCs can be fed with natural gas, biogas, and coal-based
gases as well. The efficiency of SOFCs is about 60%, and over-
all fuel efficiency could approach 85 %. In addition, SOFC is
the most sulfur-insensitive cell and also can resist the impact
of carbon monoxide. However, slow start-up and nondur-
ability caused by the high-temperature operation of SOFCs
restrict their application in transportation [267, 268].

The heat required for H, release from storage systems can
be provided via three ways: (1) using electrical heating by
sharing the electricity generated by fuel cells, (2) applying a

hydrogen burner to supply heat, and (3) heat combining
between the endothermic H, release process and waste heat
generated by the operation of fuel cells. Compared to the first
two methods, the third option is more applicable for real
application to reach the most energy-eflicient at an acceptable
cost. Figure 18(b) demonstrates a schematic design on the heat
combination between the fuel cell and hydrogen storage sys-
tems. The hydrogen storage system affords fuel for the fuel
cell to directly generate electricity, while the yielded waste
heat can, in turn, drive H, release. Accordingly, integrating
of suitable species of fuel cells and hydrogen storage systems,
highly hydrogen energy efficiency is achievable [272].

3.2. Stationary and Mobile Applications. Hydrogen energy is
extensively employed in stationary applications, involving
large hydrogen power stations, hydrogen refilling stations,
and industrial utilizations. In a stationary application, the rel-
atively harsh hydrogen storage condition is comparatively
bearable. For example, the massive storage systems, relatively
high hydrogen release temperature and pressure, and
sluggish hydrogen uptake/release rate are acceptable in a
hydrogen power station. As aforementioned, compressed
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hydrogen gas can be stored in different containers. Among
these, the salt caverns are capable to store large-scale com-
pressed gas for seasons for further applications, such as in
the chemical industry and salt industry. The salt domes pres-
ent an alluring opportunity for compressed hydrogen gas
storage with designable hydrogen injection/withdrawal pres-
sure, adaptable cavern volume and depth, safety, and long-
term reactivity. It is estimated that Europe with an overall
technical salt domes hydrogen storage capacity around
84.8 PWh,,, in which, Germany with 9.4 PWh,, represents
the highest national hydrogen storage potential [33, 34]. In
Romanis, a project named HyUnder is also aimed at storing
a large amount of H, underground in salt caverns [14, 15].
Other nations, such as the USA, the UK, and China are also
implemented salt caverns for hydrogen storage [33, 34].
However, regional limitations are too strong for the salt cav-
ern to become global availability.

The concentrating solar thermal power (CSP) contains a
thermal energy storage (TES) system that can be used to pro-
duce electrical energy using sunlight radiation (Figure 19)
[46, 273-277]. The CSP technology is low cost and eco-
friendly and can generate energy for self-supply. In a typical
run, the CSP plant provides power for electricity generators
and the TES system at sunlight rich time and requires the
TES to produce electrical energy during the night or cloud
cover times. Currently, molten nitrate salts are widely used

as TES media to gather solar energy. Although they are eco-
nomical-attractive, a huge amount of molten nitrate salts is
needed to generate enough energy on demand since their
low energy density. Taking advantage of the high energy den-
sity of high-temperature metal hydrides (MH_T}y,), they
have been promoted as new TES media to replace molten
nitrate salts recently. In this TES system [46], under the sun-
light, MH_T\;;, (such as MgH,, Mg,NiH,, and LiH) with
large ab(de)sorption enthalpy is first heated by solar energy
to store thermal energy and release H, which stored into
the low-temperature metal hydride (MH_T,,,, such as
LaNi;Hg, FeTiH,, and TiV,H,) with relatively low ab(de)-
sorption enthalpy. The reversed reaction (H, released from
MH_T,,,, into MH_T};,,) is used to generate energy during
the night. The reformation of high-temperature metal
hydride releases exhaust heat for electricity production in
the steam turbo generator. The use of MH_T,_, can provide
H, to MH_T,;,, to generate heat, while it requires heat man-
agement and increases the overall cost. To overcome these
problems, Sheppard et al. used the compressor hydrogen
gas (in the underground salt domes or lines rock caverns)
to supplant MH_T,,, to supply H, to MH_T\; 5, [277]. The
overall installed cost of the combination of MH_T;, and
compressed H, system is around US13.7 to US26.7/kWh,
which is cheaper than the molten nitrate salt system. Further-
more, optimizing the reaction condition of MH_T);, is an
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effective way to increase the work efficiency and reduce the
cost. The CSP technology is extensively used for stationary
electricity generating; however, the large space plant and slow
kinetics restrict its mobile applications.

Hydrogen energy in mobile applications plays a key role
in the thriving of a hydrogen economy. It involves hydrogen
logistics and hydrogen-powered mobile platforms (such
as automobiles, ships, locomotives, and portable power
devices). The hydrogen distributed worldwide on demand
is important as the hydrogen energy-rich region is different
from those with the high demand. In contrast to the station-
ary power supplication, hydrogen fuel applied in mobile plat-
forms has more critical requirements, concerning weight,
volume, cycling life, and kinetics and thermodynamics prop-
erties of hydrogen uptake and release. Among all the hydro-
gen generation mobile platforms, hydrogen fuel cell vehicles
(HFCVs) are the most widely studied. The widespread of
HFCVs may significantly contribute to the air quality, envi-
ronment, and climate. As discussed earlier, PEMFC is the
most fitting candidate that meets the requirements of
hydrogen-fueled cars. The structure of a fuel cell automobile
with hydrogen onboard storage is illustrated in Figure 20(a)
[278, 279]. Hydrogen can be stored in different formations
in a fuel tank and released in a controlled manner. The liber-
ated H, serves as the fuel to PEMFC, in which H, directly
converts to electricity for car operation. On the other hand,
the thermal caused by the operation of PEMFC (around
85°C) can be appropriated for the endothermal H, release.

Some car manufactures including Toyota, Honda, Mer-
cedes-Benz, and Hyundai have launched fuel cell vehicles
equipped with the compressed H, fuel tank [280-283]. The
pressured gas storage system is able to contribute 5.2 and
5.5wt% H, at 700 and 350 bar, respectively. Assuming 50%
PEMEFC efficiency, 5.6 kg of useable H, is required for around
300-mile driving distance [15]. Hence, the compressed gas
storage system could approach the near-term driving range
target. However, this storage method is unable to reach the
ultimate DOE requirement (6.5 wt%), and the high cost of
the CFRP tank and safety issues is practical obstacles to ham-
per its extensive application. Consequently, developing new
efficient, high energy density, economically acceptable, and
safe storage systems is essential for the hydrogen economy.

An ideal onboard hydrogen storage system in the fuel cell
vehicles needs the following: (1) a medium with light-weight,
compact, and high hydrogen capacity (material capacity
>10wt% or system capacity >6.5wt%), (2) liberation the
hydrogen at a temperature approaching the PEMFC opera-
tion temperature (~85°C) to achieve efficient heat coupling,
(3) increase the H, release kinetics to sustainable supply
hydrogen on demand (up to 2gH,s ") and fast the refueled
rate (~15gH,s ') to satisfy the requirement for the normal
execution, (4) improve the reversibility of (de)hydrogenation
reaction for easily handling and economically visualization,
and (5) eliminate the production of volatile by-products
(such as CO, and ammonia) to avoid the poison of PEMFC
catalysts to increase sustainability and duality. Besides, the
overall cost, convenience, and security issues should meet
the actual interest. It is impartial to say that none of the
known hydrogen storage systems discussed in the review
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can fulfill all of these desirable properties to the full extent.
A temporary feasible option for HFCVs is the irreversible
off-board regeneration strategy. It can alleviate obstacles
associated with the current reversible onboard storage
approaches and can be applied for the portable power plat-
forms (such as batteries, sensors, and switchable devices).
However, the off-board regeneration method needed to
replace the entire empty fuel tank with a fresh one, which is
inconvenience, cost-unattractive, and energy-consuming.
Thus, for vehicular applications, the reversible onboard
hydrogen storage system with an excellent storage perfor-
mance is desired for long-term development.

In a typical HFCV, the electrical energy generated from
hydrogen energy is mainly for transport, whereas, most vehi-
cles are parked for around 95% of their lifetime. The new
concept is to offer vehicle-to-grid (V2G) [284-287] services
to attain the integration of mobility and energy generation
system (Figure 20(b)). During the power outage period of
the house, the HFCV generates electricity to support the res-
idential operation. It is estimated that using a power output
socket, the HFCV could deliver up to 10kW direct current
to the alternating current grid by a grid-tie inverter. Renew-
able sources, such as solar and wind, are well established
but suffer from intermittent nature, while hydrogen is inex-
haustible but still under development. Via the intelligent
combination of renewable technologies with different fea-
tures, the prevailing associated problems (such as energy
efficiency and environment issues) can be mitigated and
a net-zero-energy residential environment can be achieved
(Figure 20(b)).

4. Conclusions and Future Perspectives

The widespread of hydrogen fuel has a profound effect for the
expected transition from a fossil fuel-based system to a clean
energy system. This dramatically reduces the emission of
greenhouse gases to improve the environment and climate
alternation, as well as relieves the energy crisis caused by
the fossil fuel depletion using an inexhaustible fuel source
to meet the energy demand. Hydrogen fed into fuel cells to
be directly converted to electricity for stationary, transporta-
tion, and onboard mobile applications. Furthermore, the
thermal integration between the fuel cell heat-generating
and hydrogen release heat-consuming processes is an effec-
tive way to further improve energy efficiency. One of the
key disadvantages of hydrogen energy comes from its low
density, which results in the hassle for its energetically effi-
cient storage. Hydrogen energy could represent the dominat-
ing future energy carrier if the bottleneck is overcome.

The conventional hydrogen storage system features phys-
ically increase hydrogen gas density by pressure or cryogen-
ics, suffers from low hydrogen capacity, high cost, and
safety issues. Hydrogen storage systems based on nanomater-
ials are highly attractive alternatives. The hydrogen storage
based on solid media with high energy density, safe, and
some metal hydrides with good reversibility demonstrates
great potential for automobile applications. Currently, most
solid hydrogen storage systems are completed by the physi-
sorption of molecular hydrogen via nanoporous materials.
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These nanomaterial absorbents display the high hydrogen
content absorption and the easy-handling desorption.
Whereas, the low temperatures storage condition needed to
be improved to facilitate its mobile applications. Solutions
such as an increase in the surface area of nanomaterials and
introduce functional sites to improve the storage condition
are ongoing efforts. Hydrogen chemically bounded into
hydrides with high hydrogen content presents another inter-
esting solid hydrogen storage method. However, the unfavor-
able kinetics and thermodynamics properties severely
decrease their potential in onboard hydrogen storage. A dili-
gent strategy is to complement advantages of nanotechnol-
ogy and hydrides to prepare nanoscale hydrides, which
demonstrate the significantly different nanostructures to pos-
itively alter the hydrogen ab(de)sorption properties.

Moreover, advances in the skeleton design and synthetic
methods offer precise and effective routes to develop func-
tional nanoporous materials. The control of crystal growth,
morphology, defect sites, and the stacking layers are impor-
tant for the crystalline materials, i.e., MOFs, COFs, PAFs,
and hydrides, with high hydrogen storage capabilities. One
of the application limitations of the crystalline materials is
their poor processability. The development of composites
and membranes hybridizing MOFs or COFs with soft mate-
rials such as polymers is beneficial for practical use [44, 288].
Recently, 2D MOF, COF, and hydride nanosheets are attract-
ing increasing attention [289, 290]. 2D nanosheets is advan-
tageous on their lightweight, high specific surface and
flexibility, they could be expected to be desirable nanomater-
ials for hydrogen storage. Machine learning has recently been
applied to accelerate the design and synthesis of porous mate-
rials such as MOFs and COFs [291, 292]. Machine learning
can not only use to understand the relationship between their
structure and performance but also can simulate and optimize
the synthetic feasibility, long-term stability, and hydrogen
absorption/desorption mechanism. Machine learning would
become a powerful tool to further enhance design and devel-
opment of new hydrogen storage nanomaterials.

Despite the great fundamental improvement that has
been achieved, future efforts are still necessitated to opti-
mizing the existing technique and/or explore new medium
with excellent hydrogen storage performance to achieve
high energy efficiency and economically viable. This article
systematically collated the state-of-art solid-state hydrogen
storage systems; each system has its advantages and disad-
vantages. In terms of their characteristics and sustainable
development demand, complementary advantages of dif-
ferent strategies may be the future research direction. For
example, functionalizing nanomaterial with hydrogen-rich
moieties to increase the hydrogen storage performance
and adaptability for transportable purposes. Given the tre-
mendous candidates and complexity associated with the
hydrogen storage system, it is challenging to unveil the reac-
tion rules and find out all the potential storage medium by
relying solely on experimental methods. Theoretical simula-
tions have become a powerful tool to support the mechanism
study and investigate the new hydrogen storage system.
Combination of hydrogen energy with current technique
mature renewable energy (such as solar and wind) is arguably
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the best short term approach. In that case, electricity is effi-
ciently generated without giving rise to any burden on the
environment, sufficient energy can be afforded in correspond
with society’s demand, and the intermittent nature of solar
and wind can be overcome.

In summary, significant key advancements have been
achieved to date in hydrogen storage, offering tremendous
opportunities for hydrogen-based fuel as the substitution of
fossil-based fuels and will continue to contribute to sustain-
able development.
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