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ABSTRACT

Effective hydrogen storage solutions have been pursued for decades, and materials-based
hydrogen storage is a research frontier of much current interest. Yet, no researched ma-
terials to date have come close to the DOE 2020 targets for hydrogen storage at ambient
conditions, although some good results have been reported at cryogenic temperature. This
paper critically reviews the current research trends and perspectives on materials-based
hydrogen storage including both materials-based physical storage and materials-based
chemical storage. In the case of physical storage, the efforts on exploring new porous
materials with extra larger surface/pore volume, inducing hydrogen spillover effect, and
tailoring reaction enthalpies are discussed. Meanwhile, for chemical storage, approaches to
improve the kinetics and/or thermodynamics such as the development of composite hy-
dride systems, nanoconfinement of hydride materials as well as the usage of ionic liquids
as hydrogen storage materials or useful additives are discussed. Furthermore, the applied
techniques on solid-state materials towards system integration such as shaping and
electrospinning processes are introduced. Finally, the concept of storing hydrogen in para
form for long-term hydrogen storage is discussed, and a converter packed with catalysts to
process the normal hydrogen to para-hydrogen is highlighted.

© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
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Hydrogen as a fuel for the future

Today's world and particularly developing countries, rely
heavily on fossil fuels. Most of the time, the fossil fuels are
consumed for heat and electricity. The growing world popu-
lation and increasing standard of life-style have led to a
rapidly increasing demand of energy since 1950 and are pro-
jected to peak in 2035 (Fig. 1) [1]. Moreover, the non-renewable
nature of fossil fuels such as coal, oil and natural gas at the
humankind timescale has prompted governments in many

World Primary Energy Consumption
(Million Metric Tons of Oil Equivalent, 1950-2050)

16000
14000 /
12000 Other
m Solar
10000 Wind
W Hydro
00 mNuclear
4606 = Coal
= Natural Gas
4000 Biofuels
= Oil
2000
0

1950 1960 1970 1980 1990 2000 2010 2020 2030 2040 2050

Fig. 1 — World primary energy consumption. Re-produced
from Ref. [1] with permission.

countries to think about energy security. Fossil fuels will one
day be inevitably used up, although this may not occur in the
next two generations due to the relatively large reserves of
natural gas and coal still available. However, with the current
consumption rate the proven reserves of natural gas and coal
should last for approximately 70 and 200 years, respectively,
and oil is expected to deplete even earlier [2]. By that time, an
alternative fuel is needed for the future energy demand when
those fossil fuels become unavailable, more importantly for
the transport sector, which is consuming almost 60% of the
world energy [3]. Among potential candidates such as solar,
wind, nuclear, tidal, hydro, biofuels and geothermal energy,
hydrogen appears to be the best choice due to the highest
energy density per unit mass (120 MJ/kg), no environmental
implications and its abundance in the universe [4—6].

The proposed ‘Hydrogen Economy’ is driven by electricity,
and hydrogen presents a means to store electricity via
chemical bonds of hydrogen. Typically, 6 kg of hydrogen is
able to allow a light-duty vehicle to run for 500 km [7]. Ideally,
the amount of hydrogen should be carried as a small volume
and light weight. For practicality, the 2020 targets set by the US
DOE are: gravimetric capacity of 5.5 wt.% and volumetric ca-
pacity of 40 g-L ! at an operating temperature of —40 to 60 °C
under a maximum delivery pressure of 12 bar [8]. These values
were described for a complete system including tank, mate-
rials, valves, regulators, piping, mounting brackets, insu-
lation, added cooling capacity and other balance-of-plant
components [8]. To date, the extensive utilization of hydrogen
as a fuel is being hindered by lack of effective hydrogen stor-
age solutions. At standard temperature and pressure with a
low density of 0.089 gL, 6 kg of hydrogen gas will occupy a
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spherical volume of 5 m in diameter. Based on the PVT-char-
acteristic, the common practice is to pressurize hydrogen gas
into a steel cylinder. So far, high-pressure tanks have been
rated to a maximum of 700 bar.

Despite such high pressures, as shown in Fig. 2 [9], at
700 bar, 6 kg of hydrogen still requires a storage tank with a
volume of about 150 L. As another option, liquid hydrogen
systems offer a higher density of 71 g-L™! H, at —253 °C. But
the heat input from the surroundings into the tank leads to
the evaporation of the hydrogen, the so called boil-off phe-
nomenon [10]. The currently available engineering technolo-
gies have not yet been able to prevent the heat input from the
environment and suppress those losses [11]. These losses
involve the conversion of para-hydrogen to ortho-hydrogen,
which will be introduced in a later section. Therefore, purely
pressurized and liquid H, are not considered as economically
viable options for hydrogen storage.

Materials-based hydrogen storage systems

Recently, materials-based hydrogen storage has been
considered as a long-term solution [12]. Considering both PVT-
filling and adsorption effect, improved volumetric hydrogen
storage capacities in materials-packed gas cylinders
compared to cylinders without any materials can be expected.
Depending on the type of materials, the storage system is
based on either physical sorption (physisorption) as in the
case of porous materials or chemical sorption (chemisorption)
as in the case of metal/chemical hydrides. Physisorption in-
volves weaker binding energy of 4—10 kJ-mol~* and weak van
der Waals forces, while chemisorption involves stronger
binding energy of 50—100 kJ-mol ' in complex hydrides and
metal hydrides, where the hydrogen molecule is first

dissociated on the surface, followed by diffusion of the
hydrogen atoms into the metal host lattice [13]. In comparison
to chemisorption, physisorption processes are easy to handle,
are reversible due to the low interaction energy, and possess
fast adsorption—desorption kinetics [14]. In porous materials
such as zeolites, porous carbon structures, and metal—organic
frameworks (MOFs), hydrogen is physisorbed on the surface of
the pores, and the capacity is mainly dependent on the sur-
face area, pore volume, working pressure and working tem-
perature. Typically, many of the physisorption based
materials have acceptable hydrogen storage capacities at
cryogenic temperatures (77 K) and high pressures, but their
capacities drop to below 1 wt.% at ambient temperature and
pressure in the range 50—100 bar [15]. Then the economic
feasibility of storing hydrogen based on physisorption at
cryogenic temperature becomes an issue that should also be
addressed. Given the binding energy of hydrogen on the sur-
face of a certain material is 10 kJ-mol™* H,, 6 kg H, will
generate 30 MJ heat. If the 77 K temperature is maintained by
liquid nitrogen with heat of vaporization of 5.6 kJ-mol~?, then
5400 mol N, (150 kg) liquid nitrogen should be circulated
around cylinder. Such large amount of liquid nitrogen for
cooling purposes would lead to difficulties for the engineering
work at a later stage. Usually for chemisorption with stronger
binding energy, formation of hydrogen compounds occurs
under elevated hydrogen pressure generating heat as a result
of the exothermic reaction. In order to release the hydrogen,
the pressure is reduced and heat is applied to the material.
Although some metal hydrides can operate reversibly near
ambient temperature, their gravimetric hydrogen storage ca-
pacities are lower than 3 wt.% [16]. Some light metal hydrides
and complex hydrides possess high gravimetric storage ca-
pacities (e.g. 7.6 wt.% for MgH, and 18 wt.% for LiBH,). How-
ever, releasing of hydrogen from these hydrides requires high

. Q &
Physical | ©
Storage %o
)
O
(0)

1 bar 150 bar 350 bar 700 bar liquid H,
normal lab cylinders Gen 1 vehicles Gen 2 vehicles 71 g H,/L
0.3g/L 10 g/L 28 g/L 40g/L @20K
Reference

Materials QREEED AReAr S ]

-based e etuiole aAE T gj

Storage  ERSL |

QRS0
ot
Mg ve s R4

interstial hydrides
~100-150 g H,/L

complex hydrides
~70-150 g Hy/L

®

==
chemical storage sorbents water
~70-150 g Hy/L <T70gH,L M gH,/L

Fig. 2 — Compressed hydrogen vs. materials-based hydrogen storage [9]. Re-produced from Ref. [9] with permission.

Copyright 2012.
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temperatures. For instance, MgH, requires a temperature of
about 573 K. Furthermore, the complex hydrides release
hydrogen via multi-step reactions with different tempera-
tures [17—20], which further complicates the heat manage-
ment of the storage system. To enable hydrogen to be stored
in a solid-state materials-based system at ambient tempera-
ture with acceptable storage density, different strategies have
been investigated and evaluated. For porous materials-based
physisorption systems, research is focused on improving
hydrogen storage capacities at ambient temperature. For
metal/chemical hydrides-based chemisorption systems,
research is focused on improving kinetics and thermody-
namics of the investigated materials as well as developing
new materials and catalysts that will enable the achievement
of high storage capacities at significantly lower temperatures.

Ionic liquids have been known since 1913, and their his-
torical introduction together with recent progress has been
reviewed by Wilkes [21] and Hajipour et al. [22], respectively.
The established definition of ionic liquids is; salts in a liquid
state with a melting point below 100 °C. The low melting
points of ionic liquids result from the reduced lattice energy
arising from the large ion-pairs and low symmetry of the
cations [23,24]. Typically, they are composed of cations and
anions which possess negligible vapour pressures, high den-
sities, high thermal stabilities and are non-flammable [25].
Initially, ionic liquids were considered as green solvents for
chemical synthesis, and their other properties have only
emerged in the recent two decades [26]. Considering the
widely accepted fact that liquid fuel system would offer more
convenience to practical applications, ionic fluids have
attracted interest as promoting agents for dehydrogenation
and in some instances, for use in solubilisation of hydrogen
carrier materials [27,28]. Stracke et al. [29] reported the po-
tential of imidazolium ionic liquids for hydrogen storage, with
a volumetric hydrogen capacity of up to 30 g-L™! at atmo-
spheric pressure, equivalent to twice that of compressed
hydrogen gas at 350 bar. Nevertheless, the Pd/C-catalysed
dehydrogenation temperature was in the range of
503-573 K, and a long hydrogenation time of 100 h was
required in order to add more hydrogen atoms into the ionic
liquid. Even though this performance did not specifically lead
to a breakthrough, it is worth pursuing the research topic
further in order to draw a meaningful conclusion on the
appropriateness of this exciting class of materials for
hydrogen storage applications [30]. The research trends on
ionic liquids will be discussed in Section Research trends on
ionic liquids for hydrogen storage applications.

Research trends on porous materials-based
physical sorption

There is increasing potential to achieve reliable hydrogen
storage capacities in porous materials-based systems
[11—-14,17,31]. Of the existing porous materials, metal-organic
frameworks (MOFs) and porous carbonaceous materials have
been identified to be attractive for hydrogen storage
[11,14,31-33]. Some studies [34,35] have also highlighted the
enhancement of hydrogen storage capacities, thermo-
stability and hydro-stability that can be achieved on porous

hybrid composites of MOFs and carbon materials. Up to date,
most research strategies are being focused on ways of
achieving better performance of porous materials-based
physical sorption at ambient temperature, and several
comprehensive reviews have covered some of these studies in
detail [36—41].

Exploration of new materials with higher
Brunauer—Emmett—Teller (BET) surface areas and larger
pore volumes

It is generally believed that higher BET surface areas and
larger pore volumes will enhance hydrogen storage capacities
[31,32]. Carbon aerogel [42] and MOF-210 [43] materials have
BET surface areas of 3200 and 6240 m?-g~?, respectively. Nu-
109 and NU-100 materials [44] exhibit the highest experi-
mental BET surface areas of any porous materials
(~7000 m?-g~%) reported to date. However, Suh et al. [45]
indicated that the H, uptake capacities at 77 K and 1 bar
only correlate with the BET surface areas below 2000 m?-g %,
and are no longer applicable when the BET surface area ex-
ceeds 2000 m?-g~* (Fig. 3). The argument was that, at 77 K and
1 bar of H, pressure, H, molecules cannot completely cover
the surface area larger than 2000 m?-g~' because at low
pressure, H, prefers to bind on the sites with large affinity for
H,. This conclusion was supported by the Grand Canonical
Monte Carlo (GCMC) simulations [45], and the results showed
the occurrence of three adsorption regimes as follows: in the
low pressure region, H, uptake relates to the heat of H,
adsorption, while at intermediate pressure (up to 30 bar) it
correlates with the surface area, and at high pressures
(120 bar) with the free volume (Fig. 4).

Given the fact that at ambient temperature the surface
coverage of a material by H, molecules is much lower than
that at 77 K, for a material with a BET surface area larger than
2000 m?-g~?, the enhancement of hydrogen storage capacities
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Fig. 3 — A plot showing the relationship between H, uptake
capacities at 77 K and BET surface areas of various MOFs.
Low pressure is 1 bar and high pressures are in the range
of 10—90 bar. Re-produced from Ref. [45] with permission.
Copyright 2012 the American Chemical Society.
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due to further increase in BET surface area above 2000 m?-g~*
will be significantly limited. It is therefore not advisable to put
too much effort in pursuit of new materials with extra large
surface areas only since H, adsorption may be influenced by a
range of other factors. For example, in the case of MOFs, H,
adsorption is also influenced by pore size, open metal sites,
ligand functionalization, and catenation [47,48].

Tailoring reaction enthalpies

Out of the ongoing development of new materials and con-
cepts [49-53], enthalpy of adsorption has drawn extensive
attention from the hydrogen storage research community. For
a developed material for hydrogen storage purpose, if this
value is too high as in the case of chemisorption materials,
large amounts of heat will be released during the charging
process, and extra energy will be needed to enable the release
of hydrogen for applications. In contrast, for physisorption
materials, the enthalpy of adsorption is too low and thus, low
hydrogen storage capacities can be expected at ambient
temperature and pressure. To achieve high storage capacities,
cryogenic temperature is required to maintain high density of
hydrogen molecules on the material. Porous materials like
MOFs and carbons usually exhibit very large surface areas and
high hydrogen storage capacities at cryogenic temperature.
However, at ambient temperature the storage capacities of
these materials are low because the adsorption enthalpy is
low implying the materials cannot effectively bind hydrogen
on the surface under this at such temperatures. For instance,
over 60 carbon materials were studied under ambient condi-
tions, and the reversible storage capacities ranged between
0.04 and 0.46 wt.% [54,55]. To date, none of the developed MOF
materials meets the US DOE 2020 hydrogen storage capacity
target of 5.5 wt.% at the system-level at moderate temperature
and pressure. The key setback is the weak van der Waals
forces between H, molecules and the pore surface of MOFs.
Similarly to carbon materials, although some MOFs with large
surface area and pore volume can reach values not far from
the target at cryogenic temperatures, those values fall to
below one-tenth of the cryogenic values at moderate tem-
perature. As discussed in Section 3.1, the H, storage capacities
of MOF materials at 77 K and high pressure can be associated

with the free volume. Since the common practice is to store
hydrogen in a steel bottle at a pressure of about 150 bar at
298 K, understanding the relationship between the heat of H,
adsorption and hydrogen storage capacities under such con-
dition is important. The reported data from literature were
collected and plotted into Fig. 5 by Suh et al. [45].

As seen in Fig. 5, the H, heat of adsorption values for most
of the MOFs are in the range of 4—12 kJ-mol~*. As the value
increases from 4 to 12 kJ-mol~?, the high pressure H, storage
capacities at 77 K were not improved to a large extent (Fig. 5a).
Nevertheless, at 298 K and 10—90 bar, the H, storage capacities
generally seemed to increase with increased heat of adsorp-
tion (Fig. 5b). Given a H, adsorption enthalpy of 6 kJ-mol™?, as
calculated by Bhatia et al. [56], the optimal operating tem-
perature is 131 K between 1.5 and 100 bar. It is thus necessary
to increase the binding ability of H, to MOF materials in order
to avoid the use of costly and cumbersome cooling system. In
this regard, several strategies have been explored, for
instance, Kubas binding, ionization, polarization and irradia-
tion of the host materials.

Usage of Kubas binding

As discussed in the previous section, the low heats of
adsorption in the range of 4-10 kJ-mol~* based on H, phys-
isorption are too weak to hold hydrogen molecules on to the
surface of the material, leading to low hydrogen storage ca-
pacities. On the other hand, binding enthalpies of
40—100 kJ-mol~" based on H, chemisorption are too strong to
allow hydrogen to be released easily, resulting in poor
reversibility and slow kinetics. As such the energy storage
capacity of the developed system in reality reduces consid-
erably with the complicated heat management. Some reports
have indicated that a binding enthalpy of 20—30 kJ-mol~? is
ideally required to operate a hydrogen storage system at room
temperature [57—59]. Such binding enthalpy values allow for a
sufficiently strong interaction between hydrogen and the
material as well as provide less problematic heat manage-
ment [60]. In order to achieve the desired binding enthalpy
exploration of Kubas interaction has been suggested [61—64].
Kubas interaction involves ¢ donation from the filled o-
bonding orbital of H, molecule to an unfilled d orbital of a
transition metal, and at the same time = back-donation from a
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filled d orbital of a transition metal to the empty ¢* anti-
bonding orbital of the H, molecule. In terms of binding
strength (see Fig. 6), Kubas interaction is at the mid-point of
physisorption and chemisorption, thus this concept can be
potentially employed in hydrogen storage systems designed
to operate at room temperature [65]. Several studies [66—70]
have demonstrated that Kubas interaction can be exploited
in designing novel hydrogen storage materials that eliminate
the limitations arising from physisorption and chemisorption
mechanisms.

Ionization of the host materials

Another alternative strategy for designing materials with
improved performance of H, storage follows on from the
concept of Kubas interaction discussed above. Based on
Kubas interaction, many transition metal complexes have
been studied as potential hydrogen storage materials
[52,71-79]. A new approach emerging from this concept has
been proposed by several research groups. Stefanakos et al.
[80] believed that ionization of the host materials and
hydrogen molecules could lead to enhancement of hydrogen
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further improvement of hydrogen storage in MOFs. Using
density functional theory, Yoon et al. [85] conducted a
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systematic study on how charging of carbon fullerenes can
affect their ability to bind hydrogen molecules. It was reported
that the binding strength of molecular hydrogen on either
positively or negatively charged fullerenes can be remarkably
improved to the desirable range for possible application at
room or near ambient temperature. The enhanced binding is
associated with the polarization of the hydrogen molecules by
the high electric field that is created near the surface of the
charged fullerene, and is delocalized, surrounding the entire
surface of a charged fullerene. Zhou et al. [86] directly applied
an external electric field to hydrogen storage nanomaterials.
Using density functional theory, they demonstrated that in an
applied electric field polarization of the electrons of the
hydrogen molecules occurs, and the electrostatic interactions
between the hydrogen molecules and the substrates enhance
the storage performance considerably. Even more significant is
the fact that upon removal of the applied electric field, the
system returns to its original state and hydrogen molecules
simply desorb, resulting in good reversibility and fast kinetics.
The study suggested that this approach of directly applying an
external electric field would lead to a simpler synthesis of ma-
terials while enhancing the thermodynamics and reversibility
of hydrogen storage. It was also noted that the storage of
hydrogen in quasi-molecular form by exposed metal cations
occurred via a polarization mechanism where the H, molecule
is polarised by the electric field associated with point ions
[86,87].

Irradiation of the host materials

The concept of irradiation was proposed by Muga et al. [88] to
alter the reaction behaviour of host storage materials with
hydrogen thereby improving their hydrogen storage capacity.
Such alteration involves adjustment of the electronic config-
uration of the storage material. According to their report,
penetrating radiation can excite and activate the electronic
environment at surface as well as interior sites, making the
sites ready for bonding with hydrogen in a quasi-manner. This
mechanism is supported by other researchers [89]. Obolensky
et al. [90] reported increased (~15%) hydrogen sorption/
desorption capability for carbon nanotubes following irradia-
tion by y-rays. Novakovi¢ et al. [91] examined the effects of
well-defined structural changes introduced within a thin
surface layer of MgH, as a result of irradiation with Xe ions,
and found that it is possible to control the thermodynamic
parameters by controlled ion bombardment.

Inducing the H, spillover effect

For practical purposes, porous materials are expected to
adsorb/release H, efficiently near room temperature. A
concept of storing hydrogen in porous materials based on the
‘spillover’ mechanism has been proposed and evaluated.
Generally, it involves loading of a metal catalyst such as Pd, Pt,
Ni on the porous materials as hydrogen dissociation catalyst
to create atomic hydrogen (Fig. 7) [92]. The dissociated H
atoms migrate from metal particles to the support material
with a lower activation energy (<10 kJ-mol~?), and the adsor-
bed hydrogen migration can occur reversibly from the support
surface back to metal particle surface for desorption [93]. One
of the most appealing features of such concept is the

possibility to operate the hydrogen storage system at room
temperature rather than cryogenic temperature (77 K) [93].

In order to make the system suitable for room temperature
operation, many post-synthetic strategies for porous mate-
rials to induce hydrogen ‘spillover’ have been evaluated. So
far, this technique has been experimentally demonstrated by
over 600 publications from more than 70 research groups
globally, as reviewed by several groups [93—97]. Some studies
have reported enhancement of hydrogen storage capacity in
MOFs by using metals (such as Pt, Pd, Ru and Ni) together with
a support composed of high surface area material (such as
activated carbon) to promote the hydrogen ‘spillover’ effect
[98—107]. In addition, some theoretical studies have been
conducted to explain hydrogen spillover in MOF materials
[34,108—116]. However, despite these positive reports, there
are some experimental studies that have discredited
hydrogen storage by spillover effect, and reported the attained
spillover enhancement factors to be smaller than 8, if not
below the detection limit [117—120]. To date, the under-
standing of spillover for hydrogen storage is limited. As
highlighted by Prins [86], spillover does not occur in all cir-
cumstances, and caution must be exercised before attributing
a scientific occurrence to spillover. It is generally believed that
the mechanism involved in carbon hydrogenation i.e. when
hydrogen atoms are chemisorbed, is the transition from sp? to
sp> hybridization [121]. Also during our review of the litera-
ture, we noticed that in most of the cases, spillover was re-
ported to occur in the presence of carbon materials. In other
words, carbon materials and H atoms are able to bind
exothermally, but in the case of MOFs, it is unclear how the
binding between H atoms and for example, organic units in
the MOFs, would take place. For instance, the spillover on MIL-
101 was not evidenced even by careful and complex experi-
ments [122]. The research regarding ‘spillover’ effect is still
ongoing [123-128], although inaccurate measurements have
created confusion in the research community, and no inde-
pendent groups have succeeded in reproducing the enhanced
storage. Tsao group [129] claimed that oxygen content and
functional groups on the surface of support accounted for the
room temperature enhanced hydrogen storage capacities.
Razzhivina et al. [130] recently observed hydrogen spillover
through a gas phase in a 5% Pd/C catalyst-sodium 4-
phenylbenzoate system employing tritium as a tracer. From
our view to date, plenty of time and funds were invested from
research groups by trying to replicate results.

Research trends on metal/chemical hydrides-
based chemical sorption

The term ‘metal hydride’ referred here encompasses con-
ventional hydrides such as Mg,NiH, and LaNisHg, and com-
plex hydrides such as borohydrides, alanates and amides.
Among the metal hydrides, light-weight hydrides such as
MgH, and LiBH, have received immense interest because of
their high hydrogen storage densities, both gravimetrically
and volumetrically. As known, in general, shortcomings of
metal/chemical hydrides for hydrogen storage practices are
sluggish kinetics of hydrogen desorption/absorption,
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enhanced by a physical bridge; (e) primary and secondary spillover enhancement by improved contacts and bridges. Re-
produced from Ref. [93] with permission. Copyright 2005 the American Chemical Society.

relatively high thermal stability, irreversible hydrogen storage
and unwanted side gases. In the following subsections, we
highlight several strategies towards enhancing the hydrogen
storage characteristics of metal hydrides. Particular attention
is given to those strategies geared towards lowering the
operating temperature, enhancing the uptake/release kinetics
and suppressing the formation of unwanted gases during
desorption. These and several other approaches have also
been reviewed elsewhere [11,49,50,131—134].

Development of reactive hydride composites

Two or more reactive hydrides can be mixed together to form
a reactive hydride composite. In such systems, the overall
reaction enthalpy is lowered as a result of the formation of a
new product through an exothermic reaction while releasing
hydrogen through an endothermic reaction of the constituent
hydrides. Consider the composite system composed of LiBH,
and MgH,, the theoretical hydrogen storage capacities of the
individual hydrides are 18.5 and 7.6 wt.%, respectively and

their enthalpies are —70 and —75 kJ-mol~* H,, respectively.
This implies the constituent hydrides must be heated to high
temperatures to release hydrogen. MgH, alone needs to be
heated to 300 °C for desorption of hydrogen at 1 bar, while
temperatures in excess of 400 °C are necessary for complete
release of hydrogen from LiBH4, and even more extreme
conditions are required for its rehydrogenation. On the other
hand, the composite system can release 11.4 wt.% H, in a
single step with a much lower reaction enthalpy of
—45 kJ-mol™! H,, forming MgB,, and as such ensuring the
thermodynamic feasibility of the reversible hydrogen uptake
[135]. Recently, He et al. [136] synthesized borohydride
hydrazinates (e.g. LiBH4NH,NH, and LiBH,-2NH,NH,) by
coordinating NH,NH, with LiBH,; as new hydrogen storage
materials. They found 13 wt.% H, can be released from
LiBH,4-NH,NH, at 140 °C in the presence of Fe-B catalysts. Luo
et al. [137] synthesized a new complex of LiBH,-NH3BH; by
mechanically milling NH;BH; and LiBH, in equivalent molar
ratio. The resulting mixture released 15.7 wt.% hydrogen upon
heating to 450 °C. Shin et al. [138] demonstrated the
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incorporation of hydrolysable BH; into the clathrate hydrate
to form a hybrid hydrogen storage material tetra-n-
butylammonium borohydride [(n-C4Hg)sNBHy]. Other new
perspectives of complex hydrides for hydrogen storage were
reviewed by Ley et al. [139] about nanoporous hydride, anion
substitution, and multi-functional metal borohydrides. In
summary, reactive metal hydride composites could pave the
way for new developments in the metal/chemical hydride
research space, but it must be realised that although some of
these materials are conceptually fascinating their applica-
bility in real hydrogen storage systems are yet to be realised.

Nanoconfinement of hydride materials

Although some hydride materials (such as LiBH, and MgH,)
have high theoretical energy densities, their thermodynamics
and kinetics are unfavourable for hydrogen storage practices
under moderate pressure and temperature conditions.
Finding a way to improve these properties is essential.
Nanoconfinement is one of the important material processing
techniques to enhance the thermodynamics and kinetics of
those hydrides in hydrogen charging/discharging cycles. The
strategy here is to achieve much higher reaction surfaces in a
manner of decreasing the sizes of the hydride particles. Given
a reaction of metal M with hydrogen to form a binary hydride
MH, in Eqg. (1), the molar free energy involved in the process
can be obtained from Eq. (2) [140,141].

M + H, »MH, (1)

3VMEM-mH, (v,) @)
r

AG(r) = AGo(r) + RT 1n< Hty ) +

ayPy,
where V), is the molar volume, r is the particle radius, « is the
chemical activity, and v is the surface free energy or surface
tension. Ey—wmm,(yr is the surface energy, as expressed in Egqs
(3). The factors involved are the surface free energies, particle
radius, molar volumes and the adsorption energies of both the
metal and the resultant metal hydride.

Vi \ 22
Ev-muy(rn = | Yun, (1’)( VM2> —u(7)| + Eaas (3)

As shown in Fig. 8, the primary process of nanoconfine-
ment involves finding a nanoporous material with preferably
uniform pore sizes, which can be used as a scaffold, and then
confining the hydride materials into those pores [142]. In such
a way, the particle growth and agglomeration of the hydrides
would be limited to the pore sizes of the scaffold, resulting in
‘confined’ particle sizes. Compared to other techniques such
as high-energy ball milling, this is a more direct preparation of
hybrid composites with the loading of small-sized hydride
particles. Nanoconfinement of various hydrides (such as
ammonia borane and dimethylamine borane) in a carbon or
MOF material has been investigated both theoretically and
experimentally, and the modelling predictions were in
agreement with the experimental results. Importantly, the
theoretical calculations also indicated that effects of particle
sizes on the thermodynamic properties can only be envisaged
when particle sizes are smaller than 2—3 nm [143—146]. In
recent years, the technique of nanoconfinement has been
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Fig. 8 — Tailoring the enthalpies of both H, physisorption
on porous scaffolds and hydrogen desorption from metal
hydride by using a metal@scaffold hybrid. Re-produced

from Ref. [142] with permission. Copyright 2005 Elsevier.

employed on hydrides to modify their thermodynamics,
aiming for the reversible hydrogen storage in practice (Table 1)
[147—176]. Melt infiltration, as one of the routes to nano-
confinement, introduces nanoparticles of hydrides into a
nanoporous scaffold material. This presents several benefits
in terms of material's properties including enhanced surface
area, more grain boundaries and diffusion distances in the
nanoscale, which lead to improved hydrogen desorption/ab-
sorption kinetics.

This concept to nanoconfine chemical reactions has been
well elaborated in several review papers [177—180]. As a new
piece of nanoconfined chemistry, it has been recognized as an
important technique in the field of nanotechnology to
improve or modify the profiles of chemical reactions. For
hydrogen storage purpose, more implementation of this
technique is expected in the near future.

Synthesis of new generation light-weight composite
structures

Another thought is that the employment of light-weight
hybrid hydrides has the potential to achieve better perfor-
mance for hydrogen storage. To synthesize the light-weight
compounds, the choice of elements should come from the
elements with atomic number below 20. As known, the ma-
jority of compounds from this category are intrinsically very
air/moisture sensitive, and as a result the induced degrada-
tion is a critical issue that needs to be addressed.

Recently, a breakthrough research gave new expectations
to overcome this problem [181]. The authors embedded the air
sensitive magnesium hydride in a gas selective polymer ma-
trix called polymethyl acrylate (PMMA). The pictorial repre-
sentation is shown in Fig. 9. Since the embedded hydride was
prepared in the order of quantum dots, the reactive and fast
reaction kinetics was claimed on the resulting composite.
Such thinking could be applied to other high capacity hydride
materials with thermo-dynamical shortcomings.
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Table 1 — Nanoconfinement of hydride materials in different scaffolds[147—-176].

Hydride Scaffolds Reference Hydride Scaffolds Reference
AB’ JucC-32-Y [147] LiBH4/LiAlH, Nanoporous graphite [162]
AB’ Mg-MOEF-74 [148] LiBH,-MgH,-NaAlH, Nanoporous carbon [163]
AB Zn-MOF-74 [149] Ti(BHy)s MOF [164]
AB MIL-101, Ni@MIL-101 [150] LiBH4-Ca(BH4), Carbon aerogel [165]
AB’ MIL-101, Pt@MIL-101 [151] LiBH4-Mg,NiH, mesoporous carbons [166]
AB’ ZIF-8 [152] LiBH, Densified zeolite-templated carbon [167]
DMAB' ZIF-8 [153] LiBH, Activated carbon [168]
NaAlH, Ti@Mg-MOF-74 [154] NaBH,4 graphene [169]
NaAlH, HKUST-1 [155] Li,Mg(NH), Thin-film hollow carbon spheres [170]
NaAlH, MIL-125(Ti) [156] AB’ Ui0-66 [171]
LiBH, HKUST-1 [157] Mg(BHy,),-6NH3 Activated carbon [172]
LiBH, MC-NbFs [158] AB Polypyrrole nanotubes [173]
LiBH, Activated carbon [159] Mg(BH,), Carbon nanotubes [174]
LiBH, Ni@C [153] MgH, nanoparticles Microporous carbon [175]
2LiBH4-MgH, ZrCl,@Carbon aerogel [160] LiBH, Modified carbon nanotubes [176]
LiBH4 Activated carbon nanofiber [161]

* AB: ammonia borane (NHs;BHs); DMAB: dimethylamine borane (HsB-NMe,H).

Research trends on ionic liquids for hydrogen
storage applications

Ionic liquids as hydrogen storage materials

The unique physico-chemical properties of ionic liquids
make them attractive for hydrogen storage applications. The
simplest idea is to find a low molecular weight but hydrogen
rich ionic liquid that can serve as a hydrogen storage mate-
rial. Furthermore, the H, release rate, operating temperature

a

(¢

Mg2*

{

Lithium
naphthalide

Bis(cyclopentadienyl)-
magnesium

and H, purity are other key criteria that have stimulated
intense research efforts towards development of new ionic
liquid compounds with improved hydrogen storage perfor-
mance [29,182]. For instance, an ionic liquid of methyl-
guanidinium borohydride [Ns;HgC|C*BH, was reported by
Doroodian et al. [183] to release 9.0 wt.% H, under both
thermal and catalytic conditions. The combination of guani-
dinium cation and the octahydrotriborate anion was reported
to yield guanidinium octahydrotriborate with a H, storage
capacity of 13.8 wt.% [184]. An N-substituted amine-borane
ionic liquid was also synthesized in good yield using silyl

°\Organic polymer with
selective gas permeability

Mg/PMMA
nanocomposites

Fig. 9 — Pictorial representation of hydrogen permeation through MgH, nanoparticles buried inside PMMA gas selective
polymer. Re-produced from Ref. [181] with permission. Copyright 2011 nature publishing group.
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protecting groups and was found to generate a highly pure
(1% impurity) H, gas [185].

Ionic liquids as catalytic or supporting solvents

Since the catalytic effects of ionic liquids were observed and
discussed [186,187], the enhancement of hydrogen release and
suppression of induction time on hydride-based H, storage
system can be expected when ionic liquids are added [188]. It
is also generally accepted that a mixture of selected chemical
hydrides and ionic liquids would achieve synergistic effects
[189—191]. While ionic liquids (as green solvents) afford an
inert reaction medium which stabilizes polar transition states
and substantially fastens the decomposition of chemical hy-
drides, the catalytic effects from the used ionic liquids also
favour the H, release rate. In the decomposition of formic acid,
studies were conducted by employing amine-functionalized
imidazolium-ionic liquid [192—194], and it was found that it
enabled better control of the equilibrium of formic acid with
H,/CO, [195]. Some other studies have also proved that ionic
liquids can act as supporting solvents which enable improved
performance, such as when heteronuclear Au—Pd nano-
particles are immobilized in the functionalized ionic liquid
[Co,OHmMIim]|[NTf,] [196].

Owing to the unique solubilization properties together
with supporting effects in dehydrogenation reactions, ionic
liquids have been ear-marked as promising contenders for
hydrogen storage and also as valuable additives to hydrogen
storage systems. Compared to the currently available com-
pressed or cryogenic hydrogen storage options, the advantage
of storing hydrogen in ionic liquids or their integrated systems
is that the system does not require compression or cryogenic
temperatures. However, for ionic liquid to be practically
applicable issues related to their high cost of decomposition
reaction and the compromised gravimetric capacity by the
weight addition of ionic liquids to the H, storage system would
need to be addressed. From the review of Prechtl et al. [197],
the latter drawback has been claimed to be fully compensable
in some cases since the ionic liquids-based systems gave
much higher hydrogen yields in shorter reaction times than
the dehydrogenation of neat hydrogen-rich materials.

Processing of solid-state materials towards
system integration

No matter what mechanism the selected material works on, if
the material is in the form of loose powder, it is necessary to
process such powder material before the system integration
for hydrogen storage applications. Given a material-based
hydrogen storage unit, both exothermic and endothermic re-
actions are involved during a charging/discharging cycle. To
allow a hydrogen storage unit based on solid-state materials
quickly reach the desired equilibrium within maximum
hydrogen input and shorter refuelling time, the heat gener-
ated during adsorption from the material bed should be
dissipated effectively to avoid a temperature rise in the ma-
terial bed [198,199]. The powder morphologies are usually not
favourable for efficient thermal transport, which poses an
issue on the system design [200,201]. In a charging process, the

heat of hydrogen adsorption on material beds, compression
work and thermal mass from the inlet hydrogen gas are the
main sources of heat generation. In the case of metal hydride
beds, a noticeable temperature rise/drop can be expected in
the charging/discharging cycle. The common solution is to
integrate a heat-exchanger, which undoubtedly will compro-
mise the performance from a system-level [202]. Two types of
techniques that have been employed in the processing/
shaping of solid-state materials towards improving thermal
conductivity and system integration for hydrogen storage are
discussed below.

Powder shaping techniques

In order to improve thermal conductivity, powder materials
are shaped into application-oriented structures such as beads,
pellets or monoliths, and that enables the materials to pack
uniformly. Shaping helps to maximize the bulk density,
reduce wasted space in the storage container and resist
attrition [203]. For practicality, expanded natural graphite
(ENG) with high stability and thermal conductivity has been
proved to be effective as a heat transfer matrix [204]. For
example, addition of 10 wt% ENG and densification to 0.5 g/
cm?®led to the enhancement of thermal conductivity from 0.10
to 0.56 W/mK for MOF-5/ENG composite at room temperature
[205,206]. Various processing routes for porous materials, as
listed in Table 2 including foaming, coating, templating, slip
casting, granulation, tape casting, extrusion, pulsed current
processing, mechanical/hydraulic pressing, and testing tech-
niques for shaped structures have been reviewed by several
groups [207—-209].

In order to choose a shaping technique, the preparation
method and textural properties as well as other properties of
the chosen powder material such as moisture sensitive,
thermal stability and chemical stability should be taken into
account. Also, for general applications, an appropriate me-
chanical strength is necessary to ensure low abrasion in
packed beds. In addition, a low flow resistance is expected to
guarantee a low-pressure drop. Finally, it is essential that the
shaping process is cost effective and not complex as well.

Electrospinning technique

Recently, electrospinning technique towards industrial ap-
plications has drawn special research interests. It is a method
of spinning polymer fibres making them into nanosized fibres
with potentially excessive length [210], controllable porosity
[211], 3D topography [212] and functional characteristics [213].
Several comprehensive reviews are available to understand
more about electrospinning and their potential applications in
the field of biomedicine, filtration and sorption processes
[214—217]. Fig. 10 shows the schematic diagram of a typical
electrospinning apparatus [218]. In a strong electric field, the
very thin charged jets of spinning polymer solution are
formed from the needle and collected by the anode surface.
This technique permits the continuous production of single or
multi-filament materials, and the electrospun products
display different textural properties depending on the evap-
oration rate and miscibility of solvent, polymer, and other
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parameters employed. By adjusting these parameters, a
porous or core—shell morphology can be fabricated [219].

For the processing of powder materials, electrospinning
technique can be used to incorporate the fine particles into
carbon nanofibers. Generally, the stabilization and carbon-
ization processes follow the electrospinning step to stabilize
the polymer and generate more porous structure. As shown in
Fig. 11, the pathways between the metal catalyst and the pore
structures can provide access for hydrogen molecules to
penetrate deep into the fibres reaching the metal catalyst [220].

The studied composite materials so far for hydrogen stor-
age are carbon nanofibers [221], metal/metal oxides carbon
fibres [222], metal-carbon-fluorine system [223], carbon-
coated LisN nanofibers [224], Co-electrospun Pd-coated
porous carbon nanofibers [225], and LaNis nanofibers [226].
Thanks to these earlier contributions, the electrospinning
technique opens up a prospective route to process powder
hydrogen storage materials. For instance, nanofiberous com-
posites with 3D porosity can be generated by encapsulation of
MOF crystals [227]. Therefore, electrospinning presents a
promising option for the system integration of powder ma-
terials into hydrogen storage units.

Concept of storing hydrogen in para form

Hydrogen storage for practical applications has been investi-
gated for several decades. However, an effective materials-
based solution is yet to come close to the market. To date,
the common practice stays as storing pressurized hydrogen in
high-pressure rated cylinders. The concept therefore needs to
be changed around to work out in this regard.

Ortho-hydrogen and para-hydrogen

The existence of two forms of molecular hydrogen i.e. ortho-
hydrogen and para-hydrogen, has been known to physicists
and chemists for almost 90 years [228]. As shown in Fig. 12
[229], ortho-hydrogen is in a higher energy state than para-
hydrogen. At first scientists were just inquisitive about the
nature of the ortho- and para-hydrogen. Thanks to the rapid
development in cryogenic hydrogen technology which gave
more relevance to the difference between the two forms
[230—234]. The equilibrium mass fractions of ortho-para
hydrogen are temperature dependent as described by Eq. (4)
[235]:

862
GT

X 1+4+5-e
Xp:?"-

3. 2% 1 7.0 12

(4)

where e is the equilibrium concentrations; X, is the mass
fraction of para-hydrogen and X, is the mass fraction of ortho-
hydrogen.

As listed in Table 3, hydrogen at room temperature (300 K)
is a mixture of 75% ortho-hydrogen and 25% para-hydrogen,
and below room temperature the composition of ortho-para
fraction varies. When temperature decreases to 20 K (liquid
hydrogen), 100% para-hydrogen can be achieved [236,237].
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Interests to hydrogen storage practices to store hydrogen in the para form. The equilibrium fraction of

para-hydrogen is known to evolve to 100% as the temperature
The interest in the concept of storing hydrogen in para form reaches 20 K. In an isolated state however, the conversion
stems from the fact that para-hydrogen has a lower energy from ortho- to para-hydrogen follows slow kinetics and takes
state than ortho-hydrogen. It is therefore theoretically easier several days to complete, and thus the development of an
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Fig. 12 — Ortho-hydrogen and para-hydrogen. Ortho-hydrogen is in the higher energy state then para-hydrogen. Re-

produced from Ref. [228] with permission.

effective way to convert hydrogen from ortho form to para
form becomes critical. Two primary approaches were pro-
vided to induce the ortho-para hydrogen transition [234]. In
the first approach, hydrogen molecules are dissociated into
atoms, which are then allowed to recombine. In the dissoci-
ated state, the two atomic nuclei are no more oriented with
regards to nuclear spins. As the hydrogen atoms recombine,
the generation of molecules depends on the equilibrium en-
ergy distribution dictated by the temperature. In the second
approach, there is an influence of an inhomogeneous mag-
netic field on the nuclear magnetic field of the hydrogen
molecule. The applied external field would trigger a spin
reversal corresponding to an ortho-para transition. It is a ne-
cessity for the hydrogen molecule to be sufficiently close to
the magnetic specie for the field to have an influence on the
hydrogen molecule.

In practice, the transition mechanism is catalysed by any
technique which is capable of producing hydrogen atoms or at
least destroying the molecular bond between the two nuclei.
Fukutani et al. [229a] reviewed the ortho-para conversion of
molecular hydrogen on solid surfaces, and concluded that the
conversion can be promoted in a physisorption state through
interaction with surfaces of magnetic as well as diamagnetic

Table 3 — Temperature-dependant equilibrium of ortho-

para hydrogen [236].

Temperature Equilibrium Heat of conversion

(K) fraction of from normal to
para hydrogen para (kJ/kg)

(%)

20 99.821 527.138

30 97.012 527.138

40 88.727 527.117

50 77.054 526.845

60 65.569 525.531

70 55.991 521.770

78 50.028 515.500

80 48.537 513.932

90 42.882 500.757

100 38.620 481.671

120 32.959 427.248

150 28.603 322.495

200 25.974 163.774

250 25.264 70.524

300 25.072 27.562

materials such as Cu, Ag, graphite, Si, ice and MOFs. Kosone
et al. [238] reported that ortho-para transition can occur on
non-magnetic solids and applying an electric field can induce
the catalytic hydrogen ortho-para conversion. Some early
work and calculations [86,239—242] also demonstrated that an
applied field can considerably ease the binding of hydrogen
molecules on specific hydrogen storage materials via disso-
ciative adsorption and diffusion on the surface. In the pres-
ence of an electric field, the binding energy per hydrogen
molecule would increase to promote sorption, and removal of
the applied field leads to the absorbed hydrogen atoms being
released efficiently. Therefore, the applied electric field can
operate as a switch for hydrogen uptake/release processes
Other studies [243—245] investigated the conversion of ortho-
para hydrogen on several catalysts such as Cr,03, Fe-modified
zeolite and LaFeO3/Al,05 at 77 K. The results revealed that the
spin conversion process was strongly dependent on a number
of factors including BET surface area, morphology, calcination
temperature and magnetic properties of the catalysts used.
Another solution [246] was put forward involving the intro-
duction of a dielectric coating onto porous activated carbon, in
order to attain higher hydrogen storage capacity. Enhanced
hydrogen storage was observed, which was attributed to the
stronger interaction between charged carbon surface and
polarized hydrogen molecules resulting from field induced
polarization of TiO, coating. Considering the para-ortho con-
version, a 2D axisymmetric geometric hydrogen storage
model was developed for predicting the combined heat and
mass transfer of the storage system [247]. It was reported that
the conversion enables the filling of more hydrogen in the
storage tank. Some measurement on a cryogenic adsorption
hydrogen storage system indicated that the temperature-
dependent conversion of ortho-para hydrogen was
enhanced by the catalytic activity of the adsorption materials
in the tank such as iron-benzene-1,3,5-tricarboxylate xerogel
(Fe-BTC), and the energy balance must be taken into consid-
eration in thermal analyses [248].

To enable long-term hydrogen storage, the transition from
para-hydrogen to ortho-hydrogen must be prevented in the
system. The interaction of para-hydrogen with a para-
magnetic catalyst was reported to induce the conversion to
ortho-hydrogen [249]. Oxygen contamination would also
trigger the conversion of para-hydrogen to ortho-hydrogen
[250]. Therefore, the minimization of oxygen contamination
is required for a long-term storage of hydrogen. An
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Fig. 13 — Photographs of a two-stage cryocooler with open
catalyst chamber, filled with (rods of) activated charcoal,
which was later replaced by iron(IIll) oxide (hydrate) of
smaller mesh size (300—500 mm), which enabled higher
production rates. Re-produced from Ref. [253] with
permission. Copyright 2012 John Wiley & Sons, Ltd.

experimental study [251] revealed that para-ortho hydrogen
conversion became active after 10—15 days of dormancy when
hydrogen temperature reached 70—80 K. This conversion
moved towards equilibrium in 25—30 days when the vessel's
temperature reached 100—120 K at ~50 g-L~* density. A dy-
namic model was developed to characterize dormancy and
loss of hydrogen from an insulated cryogenic pressure vessel
[252]. Under the conditions employed in the study, endo-
thermic heat absorption was shown to extend the loss-free
dormancy period by 85% if the tank was initially 75% full.
However, if the tank was initially 100% full, the effect was not
significant since the tank reached the maximum allowable

pressure prior to the conversion of a significant fraction of
para-hydrogen to ortho-hydrogen.

Para-hydrogen converter

The production and storage of hydrogen in para form is crucial
for long-term hydrogen storage solutions. Para-hydrogen can
be produced through thermal equilibrium transitions, and
near a temperature of 20 K the para-hydrogen fraction is
nearly 100%. However, in the absence of catalysts, the rate of
such inter-conversion is extremely slow. Enrichment of para-
hydrogen can be performed by passing extra-pure hydrogen
gas though a catalyst bed at low temperature. To prevent the
re-establishment of the room temperature thermal equilib-
rium, it is better to store the enriched para-hydrogen in a
cylinder with aluminium liner, since steel cylinders have
paramagnetic properties that would catalyse the conversion
rate of para-hydrogen to ortho-hydrogen. The ortho-para
conversion is most efficient if done at the temperature of
liquid nitrogen (77 K) in the presence of a catalyst.

Hovener et al. [253] developed a continuous-flow, high-
throughput and high-pressure para-hydrogen converter, as
shown in Fig. 13. It was a two-stage, closed-cycle helium cryo-
cooler with open catalyst chamber, and the use of iron (III)
oxide hydrate with a particle size of 300—500 pum was reported to
be efficient [254]. Fig. 14 shows the schematic view of the para-
hydrogen production unit. In order to adhere to safety re-
quirements, the unit was divided into two parts. One part con-
sisting of the electronic devices was kept inside a maintenance
buildingin the attic of the institute. The other part consisting of
all Hy-containing parts including the cold head and bulk H,
bottles, were mounted on the outside, and the connections were
done through a wall of about 30 cm, and sealed [253].

The unit generates a continuous flow of 4 L-min~* of 98%
enriched para-hydrogen at a maximum pressure of 50 bar. The
time required for the complete production cycle, including
cleaning and cooling to 25 K, is less than 5 h, and the actual
conversion to para-hydrogen takes only 45 min of this time.
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Fig. 14 — Photographs and schematic view of the para-hydrogen production unit: (A) helium compressor, vacuum pump,
temperature and pressure control; (B, C) schematic representation; (D) H,, N, supply bottles, cold head; (E) external housing.
To comply with safety, the electronics (A, B) and H,-containing parts (C—E) were separately installed on the inside and
outside of a maintenance building on the roof of the institute, respectively. FM, flowmeter; (N) V, (needle) valve; PG, pressure
gauge; R, pressure regulator. Re-produced from Ref. [253] with permission. Copyright 2012 John Wiley & Sons, Ltd.
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Conclusions

In the last decade, significant progress has been made in the
search for suitable materials and concepts for hydrogen
storage, yet no hydrogen storage systems have been devel-
oped that satisfy all the 2020 DOE targets. It is therefore
essential to develop durable low-cost hydrogen storage sys-
tems with high usable storage capacity and suitable kinetic
and thermodynamic characteristics.

Four key conclusions can be drawn from this critical review
on the state-of-the-art in materials-based hydrogen storage
solutions. Firstly, for porous materials, many efforts have
been devoted towards the development of new materials with
higher surface area and larger free volume. As reviewed from
the literature, only less than 1 wt.% hydrogen adsorption ca-
pacities for porous materials were experimentally reported at
ambient conditions, even for materials selected with higher
BET surface areas. Furthermore, at 77 K and ambient pressure,
the enhancement of hydrogen storage capacities caused by
increased surface area larger than 2000 m?-g ' is quite
limited. Therefore, attention should be focused on increasing
reaction enthalpies up to ~20 kJ-mol~?, and it can theoretically
be accomplished by introduction of Kubas binding, ionization,
polarization and irradiation of the host materials as well as
inducing H, spillover effect. However, there is no substantial
progress on Kubas binding and H, spillover effect for H,
storage applications in the last 10 years.

Secondly, for metal/chemical hydrides, the key aspect is to
enhance the thermodynamics and kinetics of hydrogen release
and uptake. In terms of kinetics, nanoconfinement of the hydride
materials can be an effective way to reduce their particle sizes
and tailor the kinetics of hydrogen charge and discharge. With
regards to thermodynamics, selection of less stable hydrides is a
meaningful direction. Another promising approach is to develop
more advanced ionic liquids as liquid hydrogen storage mate-
rials, or use ionic liquids as catalytic/supporting solvents to
achieve synergistic effect in the chemical hydrides systems.

Thirdly, the processing techniques of solid-state materials
towards system integration such as shaping and electro-
spinning processes will be necessary to facilitate the transi-
tion of developed materials from lab to applications. We are
mindful that other techniques may crop up with applicability
in the processing of solid-state hydrogen storage materials
towards system integration.

Fourthly, the concept of storing hydrogen in the para form
was putforward due to the lower energy state of para-hydrogen.
To enable long-term hydrogen storage at ambient condition, a
converter of ortho-to-para hydrogen was demonstrated for the
proof-of-concept. Thanks to these earlier contributions, sig-
nificant advances in hydrogen storage continue to be made; we
are still keen to see new concepts or developments emerging
with regards to hydrogen storage solutions.
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