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Abstract

One of the limitations to the widespread use of hydrogen as an energy carrier is its storage in
a safe and compact form. Herein, recent developments in effective high capacity hydrogen
storage materials is reviewed, with a special emphasis on light compounds including those
based on organic porous structures, boron, nitrogen and aluminium. These elements and their
related compounds hold the promise of high, reversible and practical hydrogen storage
capacity for mobile applications including vehicles and portable power equipment, but also
for the large scale and distributed storage of energy for stationary applications. Current
understanding of the fundamental principles governing the interaction of hydrogen with these
light compounds is summarised as well as basic strategies to meet practical targets of
hydrogen uptake and release. The limitation of these strategies and current understanding is

also discussed and new directions proposed.
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1. Introduction

Hydrogen is the ultimate fuel leading to clean energy systems if produced from
renewable sources. The attraction for hydrogen as a universal energy vector is the flexibility
associated with its production and use. Although the idea of running energy systems on
hydrogen appeared in 1874 in the Mysterious Island by Jules Verne, the concept of the
“hydrogen economy” was introduced in 1923 (Figure 1). However after almost a century, the
barriers to such a vision have been the fierce competition of fossil fuel based technologies
and the lack of methods to effectively store hydrogen in a compact, safe and cost effective
manner to allow sufficient driving range — It should be noted that pure battery based
electrified vehicles face a similar issue.l!l Since early work in the 1920°s on hydrogen
combustion engines by Erren,[? the technology has been significantly advanced,® while the
cost per kW of fuel cells has drastically decreased from $275/kW in 2002 to $49/kW in
2011.1 With the discovery of LaNis®™ and FeTis® in the 1970’s significant efforts have been
made to develop alloys with a higher hydrogen capacity.”) However, these materials never
reached the gravimetric capacity required for powering a vehicle for 400 km on a metal
hydride alone. It is unlikely that hydrogen is still mainly associated with vehicle applications,
because over the past decades research efforts have unveiled a range of new technologies
including nickel metal hydride batteries,®! sensors,®® processing methods for bulk materials
amorphization,*? switchable mirrorsi**! and more recently new ionic conductors for
batteries.*?l The “Holy-grail” remains the discovery of advanced materials for mobile
applications and this possibly lies within a combination of light elements known as complex
hydrides (Figure 2a). To be competitive, hydrogen-powered vehicles should meet
performance and cost levels of vehicles currently powered by gasoline. Hence, depending on
the type of combustion, i.e. via a fuel cell or direct, 5 to 13 kg respectively of hydrogen has to

be stored on board a vehicle to allow a driving range of 480 km without refuelling.



Furthermore, the hydrogen storage material needs to release and absorb hydrogen under mild
conditions of pressures <100 bar and temperatures <100 °C and this with high cycling life.
Another option for powering hydrogen vehicles is off-board regeneration. In this case, the
hydrogen storage tank is treated like a cartridge, which is exchanged with a fresh tank when
nearly empty. Off-board regeneration alleviates the problems associated with the reversibility
of high capacity hydride materials since the “active” hydride can be regenerated via
alternative means than its direct reaction with hydrogen and several chemical routes have
been developed to this aim.*3] However, off-board regeneration is often considered as a “no-
go”*4 approach for vehicles since the recovery of the hydride often involves energy intensive
processes. However, this off-board approach may be suitable for portable power equipment.
At current state, only a few metal hydrides of relativity low capacity can deliver hydrogen at
room temperature in a reversible fashion (Figure 1a). The hydrolysis™! or low temperature
thermolysis of hydrides!*®! and regeneration off board could thus be a reasonable alternative.
Among the known metal hydrides, only the hydride of magnesium (MgH>),
aluminium (AlH3) or lithium (LiH) would meet the energy density requirements for vehicle
applications (Figure 2a). However, all these light metal hydrides reversible store hydrogen
under impractical conditions for vehicles. The pressure to release hydrogen from LiH is too
low (< 1 bar at RT),["! conversely AlHs requires very high pressures for reversibility (> 7
kbar),[*8] and ways to effectively enable the reversible storage of hydrogen in magnesium
near ambient temperatures still remain to be found.['¥! Since the 1970’s, complex hydrides
have been envisaged for hydrogen storage purposes but hydrolysis has for a long time
remained the main route to extract hydrogen from these compounds at room temperature.
Usually, complex hydrides release hydrogen at high temperatures and in an irreversible
fashion involving multiple reaction steps often thought too difficult to control. However in

1995, the discovery of hydrogen reversibility in sodium aluminium hydride (NaAlH4) under



mild conditions of temperatures and pressures,?°! opened an entirely new era in the search for
the “holy grail ” material (Figure 1).

Twenty years after this initial finding, this review focuses on the progress made to
effectively tailor the properties of high hydrogen capacity materials and potential early
market penetrations are discussed. These high capacity materials include metal organic
frameworks (MOFs), alanates and alanes, but also a range of “new’” compounds including
amides and borohydrides (Figure 1 and 2). In particular, special emphasis is given to the
strategies developed in an attempt to positively modify the properties of these hydrides
toward application targets. Additional details on physical properties of complex hydrides
such as their crystalline structure have been summarized elsewhere as well as in excellent
previous reviews. 6% 21l
2. General principles underlying the hydrogen storage properties of high capacity

materials

2.1  Hydrogen interactions with materials

The hydrogen storage ability of materials is strongly related with the way hydrogen
can be absorbed/desorbed in a material. The interaction of molecular hydrogen or its
absorption in materials can be categorized into three processes (Figure 3); (a) physisorption,
(b) chemisorption and (c) quasi-molecular interaction, i.e. Kubas interaction. In
physisorption, hydrogen does not dissociate but binds to the surface of the material through
van der Waals interactions (Figure 3a). This interaction is very weak with an adsorption

enthalpy (4Hg) of 4 - 10 kd.mol™ Hz and a binding energy in the range of 0.04 to 0.1eV. But

in chemisorption, the hydrogen molecule first dissociates into individual atoms. The later
migrate into the material and then chemically bind with the material (Figure 3b). This hydride

bonding is quite strong, having an enthalpy of formation (4Hs) of 100 - 200 kJ.mol* H; and a



binding energy in the range of 2 - 4 eV. In addition to thermodynamic considerations, the
hydrogen ab(de)sorption process has to go through a range of activation barriers (Figure 3d).
Molecular dissociation will only occur when the energy supplied (depending on temperature
and pressure in the system) is higher than the activation energy barrier (EchemH), Figure 3d) of
the system. Then bonding takes place by electron sharing in between dissociated hydrogen
atoms and metal atoms on the host surface. At the same time hydrogen atoms start to
penetrate to the sub-surface of the host material (Epent), Figure 3d). These atoms can
populate the interstitial sites of the host material through surface diffusion (EaifiH), Figure
3d). As a consequence, a stable metallic hydride phase is formed if the hydrogen
concentration is very high. However, when considering complex hydrides, the hydrogen
(ab)desorption process will also depend upon ionic diffusion, and the subsequent growth of
the hydride phase through the reaction of various ionic species with hydrogen and thus
additional activation barriers have to be considered (Eaiffion), Enuc and Egrowth, Figure 3d).
Desorption of hydrogen mainly occurs though the reverse process by breaking the hydrogen
bonds, either weak van der Waals or strong chemical bonds.

A third type of possible hydrogen interaction is energetically in between
physisorption and chemisorption, where the H-bond in the hydrogen molecule is weakened
but not dissociated (Figure 3c). The binding energy of this quasi-molecular interaction is in
the range of 0.1 - 0.8 eV with enthalpies in the range of 20 - 70 kJ.mol? Ha. Such types of
interactions can be observed in two cases: i) a charge transfer between the bonding orbital of

H, molecules and the unfilled d-orbitals of transition-metal atoms and back-transfer from the
transition-metal atom to the antibonding orbital of the H, molecule, and ii) the polarization of
H, molecules by the electric field produced by a positively charged metal ion. The charge

transfer and polarization can occur between one metal atom and several hydrogen molecules

and can thus be used to enhance the hydrogen storage capacity.[??l Therefore if materials



could be designed on such principles, high storage capacity at ambient pressure and

temperature should be feasible.

2.2 Thermodynamics and kinetics scenario

Gravimetric storage density and volumetric storage density are the two primary
parameters that will determine the potential of materials for suitable hydrogen storage. These
parameters are directly or indirectly correlated to the physical properties of materials
including surface area, pore structure and volume, particle size, atomic structure and
chemical factors such as the affinity for hydrogen, surface reactivity and bond strength. All
can alter the thermodynamics and kinetics of ab(de)sorption.

Surface area, pore structure and volume can influence the physisorption mechanism,
which is a surface phenomenon. Since chemisorption is followed by physisorption, having
high surface areas is thus a prerequisite for fast hydrogen sorption. Increasing surface area
means reducing particle size and/or increasing the porosity so a higher number of sites for H»
interaction with the material are available. Porous hydrogen storage materials with high
surface area include porous carbon,?®! carbon nanotubes (CNT),?* zeolites,>>! metal organic
frameworks (MOFs),[?81 and polymers with intrinsic microporosity (P1Ms).[?71 Ziittel et al.
reported a correlation between storage and surface area of ~1.5 wt % H» uptake for every
1000 m?.g* at 1 bar H. pressure.[?81 However, higher hydrogen uptakes were observed with
some porous carbons?®! and MOFs,[?®! for example. Therefore, surface alone does not
predicate the storage capacity. According to Nijkamp et al.?®! and Lin et al.?l the pore
geometry and volume also affects the storage. Accordingly, the hydrogen storage capacities
of MOFs can be tuned by adjusting the framework component,° and some MOFs including
MOF-177 have achieved surface areas of more than 5000 m?.g™* and a storage capacity of 7.5

wt %.BY It is noteworthy, that this type of porous material does not normally undergo



structural changes during (ab)desorption cycles and has good cyclability. But since
physisorption is an exothermic process and bonding is very weak, low temperatures —
normally at boiling point of liquid nitrogen (-196 °C) — are necessary to effectively physisorb
hydrogen. This poses additional technical challenges given the large heat of adsorption (~ 12-
30 MJ) that will evolve from 6 kg of hydrogen stored, for example.? The maximum surface
area reported for carbon is 3150 m?.g™* with a porosity of 1.95 cm®.g™ and a storage capacity
of 6.7 wt % at -196 °C and 20 bar pressure.?® Accordingly, current carbon materials cannot
fulfil the technical requirements for hydrogen storage on-board vehicles. However, MOFs
may meet these requirements if high capacity storage closer to room temperature can be
achieved.®!

In chemisorption, strong chemical bonds are involved and therefore, high
temperatures are required to break these bonds and release hydrogen. The regeneration of
“chemisorbent” materials can be understood using the Pressure Composition Isotherm (PCI)
of hydride materials. The ideal PCI plot in Figure 4 shows that hydrogen uptake increases
with increasing pressure forming a solid solution of hydrogen in the metal (a-phase), but at
the equilibrium plateau pressure (Peq) denoted as point “A” the metal starts to “lock”
hydrogen within its structure and form a hydride (B-phase). If the applied pressure is below
the plateau, then the stored hydrogen is released, given this is Kinetically favourable.
Therefore to decompose a hydride which is stable under a certain temperature and pressure,
the temperature has to be increased to a level where Peq is more than the system pressure.

Furthermore, the plateau pressure is related to the changes in enthalpy (4H) and entropy (AS)

according to the Van’t Hoff equation (Figure 4b). Accordingly, T,

g3

AH
= would correspond

to the decomposition of the hydride at atmospheric pressure. This dehydrogenation
temperature can be as high as 280°C in the case of MgH..[*"]

Since, the entropy corresponding to the transition of hydrogen gas molecules to



chemisorbed hydrogen in the metal is very similar for most metal-hydrogen systems (i.e. 130
JKLmol! Hy), the thermodynamic properties of metal-hydrogen systems are usually
characterised by the strength of the metal-hydrogen bond and thus by the enthalpy of the
(de)hydriding reaction. Complex hydrides follow the same principles despites the complexity
of the hydrogen desorption (absorption) process as compared to metal hydrides with AH as
the main indicator of their hydrogen storage properties, i.e. assuming that surface
reconstruction and entropy changes in the lattice are negligible. Thermodynamically, the
hydrogenation reaction will occur for both metal hydrides and complex hydrides if the Gibbs
free energy (AG, J) is negative. This quantity is related to the enthalpy of formation (AH, J),
temperature (T, K) and entropy of formation (AS, J.K™) by the following equation:
AG = AH—TAS (1)
The enthalpy of formation (or heat of reaction) for the hydrogenation reaction usually has a
negative value since heat is released at constant pressure. The entropy, or disorder, of the
system is reduced during the hydrogenation reaction since hydrogen is changing from the gas
phase to its chemisorbed form. Hence as the temperature decreases, the hydrogenation
reaction becomes thermodynamically favoured. As the temperature increases, the Gibbs free
energy has a positive value so the reverse reaction, the dehydrogenation, is favourable.
On the other hand, the Kinetics of the hydrogenation/dehydrogenation reactions

depend on the activation energy barrier (E,, J) and the reaction rate (X,., which is a function

of temperature) correlated by the Arrhenius relationship, as follows: B34

—E4,
k(1) oc el V) 2
where kg is the Boltzmann constant (1.381x10% J.K?)

Hence, if E; is high and/or the temperature is low, the reaction will proceed much more

slowly. Given the requirement for the hydrogenation and dehydrogenation reactions to occur



at relatively low temperatures, it is thus important to minimise the activation energy for both
the dehydrogenation (ES=%) and hydrogenation (E29) reactions (Figure 5 b). These can be

reduced by catalysis and/or destabilisation (Figure 5). The challenge is how to destabilise the
hydride to promote the dehydrogenation reaction at low temperatures and reduce the
activation energy barrier for the hydrogenation reaction simultaneously.

Thermodynamic improvements have been achieved by destabilising complex hydrides
(e.9. H¥/H® coupling®®! or partial cation substitution*¢® 36) or by stabilising the
decomposition products.*6-3"1 For example, the addition of MgH> to LiBH4 has been found to
stabilise the dehydrogenation products of LiBHa, leading to an overall reduction of enthalpy
of 25 kJ.mol* H..%8 It is noteworthy that these methods improve the thermodynamics by
lowering the overall reaction enthalpy and increasing the disorder of the system, but do not
have a deliberate effect on the kinetics of the reaction.*° Often additional catalysts are
required to improve kinetics by lowering the activation energy barriers.

As shown Figure 3, finding a suitable catalyst requires identifying the critical limiting
steps and energy barriers. In the case of metal hydrides this may be simplified to finding an
appropriate catalyst for hydrogen splitting at the surface of the host material, e.g. at
magnesium surfaces.™® However, in the case of complex hydrides this may be more
challenging. In addition to the simplified energy barriers described in Figure 3, complex
hydrides often undergo multi-step reaction paths involving polymorphic transformations,
melting, mass diffusion and disproportionation upon hydrogen release.?** 401 An effective
way to determine reaction paths is sometimes through the use of isotopic exchange.*!]

When considering catalysis at the surface of hydrogen storage materials, it has been
suggested that hydrogen spillover can also enhance the hydrogen uptake/release. This
phenomenon, commonly observed in heterogeneous catalysis, is associated with the

dissociation of H> molecules on catalytically active sites and subsequent migration to the
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surface of the support that would not otherwise adsorb atomic hydrogen.*?l Different
methods for enhancing hydrogen capacity through spillover have been reviewed by Wang
and Yang.[*¥ In particular, using this effect a 0.8 wt % increase in storage capacity has been

reported for MOF-177 at 100 bar. !

2.3. Theoretical modelling for hydrogen storage materials

Given the complexity involved in the (de)hydrogenation of complex hydrides, Density
Functional Theory (DFT)“4 has become one of the prominent tools for searching efficient
hydrogen storage materials and detailed reviews have been published.! The profound
understanding of the properties for such materials is always intuitive while detailed
knowledge of the electronic structure, hydrogen bonding nature, formation enthalpy, elastic
constants and vibrational energies is often required. These can be determined from DFT
based electronic structure calculations quite elegantly. The formalism is mainly based on
finding the efficient solution of the Kohn-Sham equations, which not only consider the
electronic attributions, but also the vibrational and elastic properties.

The in-silico technique of DFT also has a number of issues regarding its correlation
with experiments. For example, the exchange correlation functionall®® that has been
employed in most of the DFT methodology can be a sensitive factor as far as the formation
enthalpy is concerned for the hydrides and the alkaline earth metals. This difference can be
more prominent in the case of multicomponent materials. Another bottleneck of DFT
methodology is the accuracy of the predicted crystal structures corresponding to the
electronic energy values. For example, in the case of lithium imide (Li2NH), different
hypothetical crystal structures lead to a similar electronic energy.*"! Since DFT calculations
are mostly performed at 0 K, additional Molecular Dynamics[“®! calculations are often

required to get a more accurate understanding of materials behaviour under experimental
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conditions. However, the desorbing temperature can be predicted as an extension of the DFT
calculations.*! Similarly, the Gibbs free energy can be determined from the adsorption
energy extracted from DFT, corrected by the change of Zero Point Energy (AZPE) and
entropic contribution (7AS). Additional determination of the binding energy will also predict
the type of adsorption phenomena, whether physisorption or chemisorption. The stability of
the material can then be determined by the phonon dispersion relation derived from DFT
methodology.®™ Hence, it is often possible to provide through theoretical modelling an
overall picture of hydrogen storage materials, although the computational time required for

this may be a common limitation.

3. High capacity physisorption materials

As previously discussed, one of the primary application for hydrogen storage research is
energy storage in vehicles. The US Department of Energy has assessed physisorbents and
found that of the 16 key performance indicators, physisorbents inherently meet 13 of them,
and are hence extremely attractive for further investigation (Figure 6). The main challenges
remaining are to increase the volumetric and gravimetric capacities, and lower the relative
loss of useable hydrogen, i.e. in the cryo-refrigeration system. The hydrogen storage
properties of selected MOFs are summarized in Table 1.

Gravimetric storage performances are particularly close to the required performances,
but many of these have been achieved at the expense of volumetric performance by
employing lightweight constituents to deliver lower density adsorbents.’* Volumetric
capacities remain more challenging. Many reported values are calculated from ideal crystal

structures, and in reality a tank will not be packed as efficiently as a single crystal.[®? What
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follows is a summary of achievements with metal organic frameworks. Synthetic aspects and

characterization methods have been reviewed by Suh et al.[5%!

3.1  Enhancing the gravimetric performance of metal organic frameworks

The various strategies employed for maximizing the gravimetric uptake of hydrogen
are summarized in Figure 7. One strategy for further increasing gravimetric capacity is to
replace heavy atoms with lighter atoms within the structure. Sumida et al.*! replaced the
Zn?* jons within the MOF-177 framework with lighter Be?* ions. The resulting topology was
unexpectedly different to the MOF-177, however the gravimetric uptake at room temperature
and 100 bar was higher than any other material at the time. Modelling work later revealed
that the beryllium-based rings [Bei2(OH)12]*?* have an optimal shape and size (~6 A) for
room temperature storage.®™ A comparison of experimental gravimetric data at room
temperature with structural features revealed a strong dependence on surface area for MOFs
with open metal sites and pore volume for MOFs without open metal sites.>5! Similar
correlations have been found as a function of pressure for gravimetric data at cryogenic
temperatures where heat of adsorption is important at low pressures (~0.1 bar), surface area is
important at medium pressures (~30 bar) and pore volume is important at high pressures
(~100 bar).581 Alternatively the same structure can be maintained with metal atoms being
replaced post-synthetically. For example, Lau et al. showed that Ti*" ions could substitute
into the Zr-based UiO-66 framework, leading to significantly increased gravimetric hydrogen
storage capacity.®’]

At low pressures, the heat of adsorption is greater in small pores where there is an
overlap of potential energy fields, particularly for spherically shaped pores.® This effect was
investigated by Kowalczyk et al.®® using simulation techniques for nanotubes with a range

of tube diameters, where an optimal diameter of 6.8 A was found for hydrogen capture.
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Chapman et al.[%% synthesized a family of Prussian Blue analogues [M'"3[Co"'(CN)s]> (M" =
Mn, Fe, Co, Ni, Cu, Zn, Cd) comprising of small pores (~5 - 10 A) resulting in isosteric heats
of adsorption ~40 % higher than commercially available MOF-5. In addition to small pores,
the pore walls are lined with bare metal sites exposed for hydrogen adsorption. There is a
direct correlation between the hydrogen uptake at 1 bar and the hydrogen-metal interaction
potential using the Universal Force Field (UFF).[Y At higher pressures, metal mass and pore
volume are expected to be the dominant factors for enhanced gravimetric uptake. Jia et al.
showed that small pores can be arrived at through interpenetration within the framework.[6?l
This delivered improved gravimetric capacity at low pressures due to their being more sites
for adsorption.

Another strategy for enhancing gravimetric uptake involves the doping of light
organic frameworks such as Porous Aromatic Frameworks (PAFs).[®3l PAFs are inherently
lighter than metal-organic frameworks due to their purely organic composition. Organic
components unfortunately do not interact strongly with hydrogen. Doping has proven
effective, as demonstrated by Konstas et al.[®®*l where PAF-1 was doped with lithium ions. In
this case, the doping causes a reduction in the framework creating local charges as well as a
contraction of pore sizes. The key to success is to increase hydrogen-framework interactions
without adding too much weight to the system. Lithium along with other light ions are
amongst the most promising for maximizing the doping effect.[4

Overall, the hydrogen gravimetric uptake target for vehicular transport is readily
achieved at cryogenic temperatures while volumetric targets are yet to be met. Interestingly,
Goldsmith et al.[®®! discovered an upperbound limit in volumetric uptakes (at about 60 g Ha.L"
1) calculated from the crystal structures available from Cambridge Structural Database and a
fundamental model incorporating surface area and pore volume. Hence at current state, MOFs

may be better suited to applications requiring no restriction on system volume.
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3.2 Enhancing the volumetric performance of metal organic frameworks

MOFs have the ability to achieve high volumetric uptake because of their enormous
pore volumes, volumetric surface area and metal sites for strongly attracting hydrogen. !
Every atom that is added to a framework takes up space and therefore it must attract enough
hydrogen to achieve a net benefit in volumetric uptake — volume of hydrogen divided by
volume of total system. One potential strategy is thus the impregnation of MOFs with guest
particles to create additional surface area for adsorption as well as increasing the heat of
adsorption due to pore wall-particle potential energy overlaps.®”l Impregnation enhances
volumetric uptake at all pressures until the pores are completely filled with the guest
particles. This approach has also proved an effective strategy for enhancing volumetric
uptake at room temperature.[®*1 However, gravimetric uptake only benefits from
impregnation at low pressures.

Functionalisation can also be used to enhance volumetric capacity, as demonstrated
by Colon et al. using magnesium alkoxide groups within MOFs and PAFs.[®8 The functional
groups are either grafted off the ligands post-synthesis or formed with the ligand before self-
assembly. Usually, the structures with the highest void fraction benefit the most from
functionalization. Ryan et al. explored the effect of catenation and found that catenation
decreases gravimetric uptake at high pressures.®®l Volumetric uptake on the other hand is
enhanced but only for structures containing significantly large void fractions, for example
IRMOF-1 (0.77 void fraction) lost volumetric capacity while IRMOF-16 (0.93 void fraction)
gained volumetric capacity. Meng et al. predicted that a combination of catenation and
doping could enhance volumetric uptake but at a loss of gravimetric uptake.’™ The approach
has been successfully implemented and indeed doping was shown to enhance volumetric

uptake. [63 6401
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Volumetric uptake will always be maximized at lower temperatures because of the
greater hydrogen density. Hydrogen density can be correlated with pore volume where
smaller pores offer an overlap of strong adsorption energies but this is usually associated with
a loss in total uptake because of the overall low available pore space;l*! and one strategy is to
use a di-tagged MOF post-synthetically as shown by Tshering et al.l’? Ideally, a material
with many small pores would be optimal to maximize the hydrogen density as well as
increase the number of available pockets.”®! This strategy has been implemented by
Richardson et al. for example, through the synthesis of a large range of MOFs with functional
groups, open-metal sites and interpenetrated networks.[? For example, they successfully
created triply interpenetrated APP* and Ga®** based MOFs creating a stable hydrogen-bonded
material that is likely to achieve high hydrogen uptakes.[®

Another promising strategy for enhancing volumetric uptake is the self-assembly of
cubic cages capable of encapsulating large amounts of gas at high densities, demonstrated by
Clegg et al.["®! An advantage of this approach is the tunability of cage sizes with the choice of
alkyl chains of varying lengths. Furthermore, discrete metallo-supramolecular materials such
as nanoballs have arisen as promising candidates for hydrogen storage because of their
spherical cavity shapes and open metal sites. Batten and his group have explored metal
variation (Cu, Zn, Mn, Cd and Fe) and stacking architectures with a range of nanoballs.!”]

These various strategies are summarized in Figure 8.

3.3 Operating conditions that minimize loss of hydrogen

Aside from volumetric performance, the operating temperature is the key remaining
challenge precluding optimized application of physisorbents. Physisorbents have their highest
sorption capacity at cryogenic temperatures. Maintenance of these temperatures within a

storage system can drastically reduce the storage efficiency, as adiabatic expansion of the
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stored hydrogen must be used to maintain the requisite low temperatures.[’® The optimum
temperature for adsorption is related to the enthalpy of adsorption. Room temperature
operation can be optimized when the enthalpy for adsorption is in the range of 15-25 kJ.mol™
H..[®1 However, in physisorbents, the highest enthalpies for adsorption are in the range of 13
kJ.mol™* H, % and drop away significantly as the loading of hydrogen increases.

Szilagyi et al.[®!] predicted that room temperature storage capacity can be increased by
ensuring a good contact of Pd nanoparticles within MOFs to deliver a chemisorptive type
behavior. Majumder et al.’®?l reported a series of isoreticular MOFs consisting of Mg, Fe, Ni
and Co with the perylene tetracarboxylate ligand. The design of frameworks heavily loaded
with exposed metal centres, which are useful for inducing enhanced physisorptive behavior
through the inducement of dipoles in adsorbed H; molecules, results in stronger bond
formation. Sun et al. showed that the optimization of adsorption enthalpy could be addressed
from the other direction, seeking to lower the dissociation enthalpy of chemical hydrides by
nano-confinement within MOFs.[®! They found that the interaction of NaBH4 with the Cu?*
ions within HKUST-1 lowered the dehydrogenation temperature by more than 100 °C. Peng
et al. further extended this concept to the more stable porous aromatic frameworks (PAFs). 84
Similarly, Kolmann et al. found theoretically that Li-doped frameworks delivered charged
locations for enhanced hydrogen physisorption to occur, increasing the enthalpy for
adsorption.[®! Whilst many of these structures are difficult to achieve in particularly metal-
carboxylate MOFs, due to a lack of chemical stability, recently, Konstas et al. found that
reductive lithiation was indeed possible in the carbonaceous analogue PAF-1.1¢31  This
diamondoid ultraporous framework, originally reported by Ben et al.!® shows huge surface
areas (2932 m2.g?), albeit with low adsorption enthalpies. This delivered increases in

hydrogen enthalpy from 5 to over 9 kJ.mol? H,.[3! Abid et al.®"l reported the preparation of
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the well-known Zr-based MOF, Ui0O-66, in nanoparticulate form. They found comparatively
high enthalpies of adsorption, with as much as 12 kJ.mol™ H; reported.

Many MOFs also exhibit negative thermal expansion, which may affect the nature of
the adsorption interaction with hydrogen as a function of temperature.® More advanced
strategies may also rely on the use of redox active centres®! or localised magnetst®! to
induce charged locations and in turn enhance polarisation of adsorbed gases and create
stronger binding enthalpies.

In summary, there are three key strategies for increasing the enthalpy of hydrogen
adsorption within MOFs: developing confined pores, including exposed metal sites, or
making composites with hydrogen chemisorbents to modulate their behaviour (Figure 7 and
8). The most attractive is the use of exposed metal sites, as maximizing adsorption enthalpy
with this technigue does not diminish other performance parameters as markedly. However,
it appears that this method will not lead to hydrogen storage materials that can operate at
room temperature. Nevertheless, any departure from a requirement for operation at -196 °C

leads to improvements in system efficiency.

4. High capacity boron containing compounds

Boron is one of the lightest elements readily forming hydrides and thus boron
hydrides are highly interesting for hydrogen storage purposes. The existence of boron
hydrides has been known for a long time but most boranes are unstable, volatile and/or toxic
(Table 2). The first boron hydride correctly identified was tetraborane (BsHio) in 1912.1°1
The simplest monomer BHs is a strong Lewis acid that achieves electronic saturation by

dimerization into diborane (B2Hs) with a hydrogen content of 21.7 wt %. However, B2Hs is a
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volatile, toxic and explosive gas. Accordingly, the direct use of boron hydrides for hydrogen
storage purposes is not practical.

One of the significant reactions of diborane is its interaction with highly active metals
including alkali (e.g. Li, Na, and K) and alkaline earth metals (e.g. Be, Mg and Ca) leading to
many non-volatile complex hydrides more suitable for hydrogen storage purposes. Some
conventional synthesis routes of selected metal borohydrides of potential interest for
hydrogen storage and their hydrogen properties are summarized in Table 3. The first
synthesis of pure alkali borohydride was done by Schlesinger and Brown who reported in
1940 the synthesis of LiBH4 from ethyllithium and diborane.®?l However, high purity LiBH4
can also be obtained by the direct reaction of LiH with diborane (Table 3). NaBH4 can be
prepared by a similarly approach; however, the first convenient method involved the reaction
of sodium hydride with sodium trimethoxyhydroborate (Table 3). [*3 The direct reaction of
hydrogen with sodium using a boron halide as a source of boron has also been reported to
lead to NaBH,4 but with low purity (< 75 %).°4 Similarly, the formation of LiBH4 from LiH
and boron is possible to some extent at temperatures above 600 °C and with hydrogen
pressure in excess of 350 bar.[%]

Starting from NaBH4 or LiBHs, a relatively simple route to synthesize other metal
borohydrides is through a metathesis approach involving the corresponding metal chloride
according to reaction (3):

MCI + LiBHs — MBH4 + LiCl 3)
This synthesis can be carried out in a solvent or under dry conditions by mechanical milling
(Table 3).°8 The later has been widely employed to prepare mixed borohydrides through
partial cation substitution (Table 4).°71 Although the method is very attractive due to its
convenience, it has several drawbacks including the difficulty to control the milling process

and thus associated side reactions, and the problem of purification of the final borohydride
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compound. Hence, upon the metathesis reaction (3) the removal of the chloride by-product
which usually constitutes a “dead mass” of 40-60 wt % for hydrogen storage purposes is
often difficult. Furthermore, the heat involved in the milling process can sometimes induce a
partial halide substitution in the borohydride synthesized and several competing reaction
paths. For example, ball-milling ZnCl, and KBH, leads to the formation of KZn(BH4)Cl,!
whereas small variations of ZnCl,:NaBH4 ratio may lead to various mix borohydrides
including NaZn(BH4)s and NazZnz(BH4)s.*! Several borohydrides including magnesium, 100
sodium®¥ and calcium %2 have also been found to undergo partial halide substitution upon
thermal decomposition and hydrogen release or phase transition.[*°2 However, halide-
substituted borohydrides are often more stable than their pristine counter-parts and thus
higher temperatures are required for hydrogen desorption.!*%?1 Solvent purification is possible
but it often leads to ether-solvated products difficult to purify without a partial or complete
thermal decomposition of the borohydride. Recent synthesis approaches using
dimethylsulfide (DMS) have proven more promising in producing pure borohydrides.[*% The
direct synthesis of mixed borohydrides from individual borohydrides although severely
limited by the thermodynamic of the reaction may also be an alternative in particular cases.
Hence, a few mixed borohydrides such as NaK(BHa)2,%4 K[AI(BH4)4],%! LiK(BH4), 0]
have been directly synthesized from their corresponding borohydrides but with a limited
purity. Recently, Jarén et al. proposed an alternative route based on a modified metathesis
route.[207]

Among the various known borohydrides, LiBH4, Mg(BH.). and Ca(BH.). have been
the focus of many efforts due to their high hydrogen capacity and proven partial
reversibility.['% Efforts with NaBHs have often focused on hydrogen extraction through

hydrolysis most likely for historical reasons, with the demonstration of NaBH. stability in
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alkaline media and controlled hydrogen generation with appropriate catalysts as early as

1953.[109]

4.1 Hydrogen release from borohydrides and reversibility

The overall dehydrogenation of alkali metal borohydrides such as LiBH4 and NaBHa

is often simplified as:[*3
M(BH4) — MH + B+ 3/2H; (4)
For alkaline earth borohydrides the dehydrogenation route may follow the reactions paths
(5a), e.g. for Mg(BHa)2 [% or (5b), e.g. for Ca(BH4),: [
M(BH4)2 — MH; + 2B + 3H> (5a)
M(BHa)2 — 2/3MH; + 1/3MBs + 10/3H; (5b)
Some borohydrides may also decompose by liberating a significant amount of diborane such
as Zn(BHa). following reaction (6).1
Zn(BHa)2 — Zn + ByHe + Hy (6)

This range of possible decomposition paths reflects the difficulty in tailoring the hydrogen
storage properties of borohydrides for hydrogen storage application since the improvements
achieved with one material may not be applicable to other borohydrides. Furthermore, these
simplified dehydrogenation steps often hide multistep decomposition paths, various
polymorphs, e.g. o, P and y-Ca(BH4)2,1**? and side reactions. One of the most studied
borohydrides, i.e. LiBH4, exhibits four endothermic peaks during decomposition (Figure 9a).
LiBH4 undergoes a first phase transformation, from orthorhombic to hexagonal at around 120
°C. This is them followed by the melting at around 290 °C and decomposition into B and LiH
at around 500 °C. At higher temperatures more hydrogen can be extracted from the
decomposition of LiH leading to a theoretical release of 18.4 wt % of hydrogen. This

decomposition may also include additional intermediate products and in particular various
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Li2B12H12 phases depending upon the conditions of reaction including the hydrogen back-
pressure. Previous investigations proposed the formation of crystalline Li-BioHi» (Pa-3
structure type) upon LiBH4 melting and further reaction with B2Hs (Figure 9b). However, in a
recent investigation a new y-Li:Bi2Hi12 polymorph and associated H-poor Li2Bi2Hi2x
intermediates were observed instead.[**3] This would suggest a more complex decomposition
mechanism for LiBH4 than previously described (Figure 9b) as suggested by Pitt et al.
(reactions 7a-c). [**31 In this proposed reaction path the formation of amorphous a-Bi«Lix has
also been assumed.

12LiBH4 — y-Li12Bi2H12 + 10LiH + 13H, (7a)

y-Li12B12H12 + 10LiH — Li1oBiaH12x + 10LiH + x/2H; (7b)

Li12B12H12x +10LiH — (12)a-BLiy+2)12 + (10-y)LiH + (12-x+y)/2H> (7c)

In addition to the exact reaction mechanisms, the thermodynamic properties of
borohydrides are to a large extent unknown. Experientially, thermodynamic values are
determined by PCI which implies the sole release of hydrogen and relativity fast kinetics so
that equilibrium can be reached. However, borohydrides often involve a partial evaporation
of elements, e.g. in the form of BoHe and even metal evaporation, e.g. Na during NaBH4
decomposition,*'4! and very slow kinetics. Hence, reported values of enthalpy and entropy of
the decomposition reaction of borohydrides may be subject to discussion, while PCI
absorption measurements are often out of reach due to the irreversibility of borohydrides.
This is reflected by the discrepancies of the thermodynamic values reported (Table 3). Hence
thermodynamic values varying from 56 to 75 k.mol* Hz have been reported for LiBHa. An
additional difficulty with borohydrides is the need to control both enthalpic and entropic
evolutions, because it is unlikely that entropic evolutions along the various hydrogen release

paths will be related to the standard entropy of hydrogen only, i.e. 130 J.K.mol* Hy,
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The complexity of the decomposition mechanism of LiBH4 described above is also
valid for other borohydrides. For example, eight distinct steps have been observed for the
decomposition of Mg(BHa)2 by in-situ diffraction including two polymorphic transitions
before melting.[*'® Mg(B3Hs). has also been proposed as an intermediate during the thermal
decomposition of Mg(BH.) at 200 °C in vacuum. 116l

As summarized in Table 3, all borohydrides of high hydrogen storage capacity often
involve high temperatures for hydrogen desorption and “irreversibility” most likely due to the
extensive elemental disproportionation during hydrogen release and the high energy required
for elemental recombination. Starting from LiH and B, LiBH4 can be regenerated to some
extent under 350 bar hydrogen pressure at 500 °C, [ or at a lower hydrogen pressure of 150
bar at 727 °C.[°%"1 Using binary compounds such as LiBx to facilitate the recombination of Li
and B has been shown to improve the rehydrogenation kinetics.[**"] For NaBHy4, reversibility
can also be achieved to some extent by applying 173 bar hydrogen pressure at 400 °C to a
stoichiometric mixture of NaH and B for 24 h (Figure 10). Direct rehydrogenation of
Mg(BHa4), from Mg and B however leads to the formation of MgBi2Hi2 and this can be
understood by the difficulty of breaking the B-B bonds in the icosahedral cluster of B to from
(BH.).18 However, starting from MgB2, Mg(BH.). can be obtained after a few days under a
hydrogen pressure of 900 bar at 400 °C.1*°1 |t is noteworthy, that such re(de)hydrogenation
conditions are not ideal. In addition to the high temperatures and pressures, the material will
undergo morphological evolutions through repeated melting/re-solidification detrimental to

the hydrogen properties.[*1%l

4.2 Improving the properties of borohydrides: Thermodynamics and kinetics
Improving the thermodynamics of borohydrides has mainly focused on a stabilization

or destabilization approach (Figure 5a). The strategy is similar to that applied to metal
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hydrides and an archetypical example is the alloying of MgH., a stable hydride, with Ni,
forming non stable hydride, to lead to a 17 % decrease in the enthalpy of the
magnesium/hydrogen reaction through the formation of Mg.NiH4+.*®! Examples of such a
concept applied to borohydrides are summarized in Table 5. One of the early examples of the
potential of the approach was through the combination of LiBHs4 and MgH2, where
magnesium was used to stabilize the dehydrogenated state of the borohydride following (8).
2LiBH4 + MgH2 — 2LiH + MgB> + 4H; (8)
In this case, due to the formation of MgB,, the enthalpy of reaction was reduced to 45.8
kJ.mol* H. with a potential desorption temperature of 225 °C at a hydrogen equilibrium
pressure of 1 bar.[*8 However, the control of such a reaction remains complicated because its
path depends upon the experimental conditions. Hence, under dynamic vacuum the following
path has been observed (9a and b):*2%
0.3LiBH4 + MgH2 — 0.3LiBH4 + Mg +H> (9a)
0.3LiBH4 + Mg +Hz — 0.78Mgos16Lio1ss + 0.52Mgo70Lio30 +0.3 B + 1.60 Ha  (9b)
While under a hydrogen back-pressure MgB: is formed following the two steps reaction
mechanism (10a and b)[t?!]
2LiBH4 + MgH2 — 2LiBH4 + Mg +Ha (10a)
2LiBH4 + Mg +Hy— 2LiH + MgB; + 4H> (10b)
Furthermore, the hydrogen Kkinetics remain relatively slow even at 400 °C with full
desorption taking up to 24 h under hydrogen back-pressure.[*2?]

Due to the observation of such stabilisation effects, other combinations have been
investigated through the mixing of LiBHs with other metal hydrides,*%] LiNH,[?4! or a
combination of MgH. and LiAIH4,?] for example. However, to date these mixtures of
hydrides still require high temperatures to enable reversibility (Table 5). A similar concept

has also been applied to other borohydrides (Table 5). In particular, coupling NaBH4 and
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MgH: led to the formation of MgB2, which helped stabilised the dehydrogenated product.
However, the de(re)hydrogenation paths were found to be highly dependent upon the
experimental conditions and in particular the applied pressure. During desorption, the
decomposition would follow the path (11a-c);[*?®! however, if the release of hydrogen is

carried out under vacuum the end product may include Na, B and Mg.[?]

2NaBHs4 + MgH2 — Mg + Hz + 2NaBH4 (11a)
Mg + Hz + 2NaBH4— 1/6Na2B12H12 + 5/3NaH + Mg + 19/6H> (11b)
1/6NazB12H12 + 5/3NaH + Mg + 19/6H, — 2NaH + MgB: + 4H> (11c)

Rehydrogenation of a 2NaH/MgB. mixture will also lead to a partially rehydrogenated
material depending on the applied pressure. Hence, at 25 bar a mixture of MgB,, Mg in a
NaH-NaBH4 molten phase was obtained, whereas at a higher pressure of 50 bar the NaBH4
phase was formed in a more significant amount.[*28

Destabilization is the other approach widely investigated, since a correlation was

found between the enthalpy change of desorption (4Hges) of M(BH.) and the Pauli

electronegativity y, of borohydride cations.[*?®! This was confirmed through experimental
determination of the decomposition temperature (Tq) of various borohydrides since a good
correlation was also found between Tq and y, (Figure 11).13% Based on this, several mixed
borohydrides have been synthesized with the hope that combining cations of “distant”
electronegativity would lead to multi cation borohydrides with an intermediate
thermodynamic stability. However, for most of these new compounds the complexity
inherent to the decomposition mechanism of borohydrides often limits possible improvement
in dehydrogenation and reversibility. For example, bimetallic borohydrides of group 1/Sc still
lose boron in the form of BzHs during hydrogen release which obviously impedes
reversibility.'*] Some of these mixed borohydrides are summarized in Table 4. It is

noteworthy, that the correlation of Tq as function of the electronegativity yp is only an
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indicative trend and some cations, e.g. transition metals, may significantly deviate from that
trend (Figure 11). Furthermore, such a correlation assumes that entropic evolutions only
correspond to that of the hydrogen absorption/desorption process although borohydrides
undergo significant disproportionation during hydrogen release. Vibrational entropies of solid
phases can significantly evolve upon structural and compositional modifications,™*? resulting
in up to 30 % change in 4S.1% While a theoretical model would be extremely valuable to
design borohydride based materials, the current lack of broad fundamental understanding
remains a significant limitation.

The well-known destabilisation approach through the combination of H*" and H?
used to tailor the properties of metal amidest?'¥ is another path that has been explored. Since
borohydrides readily from compounds with ammonia,®* the combination of H> (from BHa)
and H®" (from NHs) should lead to higher storage capacity and lower temperatures for
hydrogen release (Table 6). Example of such compounds are Zn(BHa)2-2NH3,**41 and
Al(BH4)3-6NH3.1131 Zn(BH4)2-2NH3 can be simply synthesized by ball-milling a mixture of
ZnCl>-:2NHs and 2LiBH4. This compound has a monoclinic unit cell in which Zn atoms
coordinate with two BH4 and two NHz groups leading to a shorter Zn-H bond, a increase in
the ionic character of H and thus enhanced dehydrogenation behaviours. Indeed, 8.9 wt %
hydrogen is released from Zn(BH4)2:2NHs below 115 °C within 10 min. Furthermore,
through the combination of such ammine borohydride compounds with other metal hydrides,
significant amounts of hydrogen can be extracted with high purity and at low temperatures.
For example, the combination of 0.5Mg(BHa)2 with Li2Al(BH4)s-6NH3 released more than 10
wt % high purity H2 (> 99.9 %) within 30 min and below 120 °C.[}%1 The release of
hydrogen is not reversible. Nonetheless, this demonstrates the potential of combining various

hydrides.
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Improving the hydrogen kinetics of borohydrides is another issue and to date no
catalyst is known. Often various additives, such as halides and oxides have been wrongly
termed catalysts because of some improvement of kinetics (Table 5). As an example, the
kinetics of NaBH4 were significantly enhanced with TiFs doping as compared to Ti or TiH:
additives (Figure 12).1**1 However, all these additives readily react with borohydrides
through the well-known metathesis route (reaction 3) and thus the effect observed are most
likely due to an enhanced decomposition triggered by the exothermic reaction (3) and/or an
effective dispersion of the borohydride phase leading to small particles easier to
(de)rehydrogenate due to shorter diffusion paths. This misconception may come from the
previous achievements with Ti-doped NaAlHs and the remarkable reversibility achieved
under mild conditions for this system.[?®l However in Ti-doped NaAlHs,**1 (and more
generally transition metal doped NaAIH.)[%! the catalytically active species is not consumed
during the hydrogenation and dehydrogenation steps,*3®1 meaning that long-term hydrogen
cycling can be performed under modest conditions. [24

The mechanism for hydrogen diffusion in borohydrides is believed to occur through a
direct exchange between BHs units at a relatively slow rate and then transport through the
ionic crystal by intact BH4 units,!**! and such a diffusion would be facilitated more readily in
the molten state. The self-diffusion constant of deuterium in LiBH4 is estimated to be around
7. 10 m?.st at 200 °C.[*Y Furthermore, the fast diffusion of lithium observed in the high
temperature phase of LiBHa, i.e. P63mc,**?1 has led to the application of LiBH4 as an
electrolyte for Li-ion batteries.[*?l Considering the few routes known so far for the direct
rehydrogenation (Figure 9), i.e. the LiH with B2He reaction and the LiH with B reaction
promoted by metal boron compounds such as LiBy,[*!"! and the significant disproportionation

involved in the decomposition of borohydrides, effective catalysts are required not only to
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promote ionic transport at low temperatures but also the effective dissociation of hydrogen in

an adequate form, i.e. H", H* or H, for absorption and recombination for desorption.

4.3 Nanoconfined borohydrides

As discussed above, hydrogen uptake and release from borohydrides is severely
limited by the need for high temperatures to enable ionic diffusion, recombination of stable
dehydrogenation products and the multistep decomposition paths often segregating elements
essential for full reversibility. A potential approach to overcome both Kkinetic and
thermodynamic issues is through the reduction of particle size to the nanometer range and
confinement of such nanoparticles within a closed shell to allow the sole escape of hydrogen.
At the nanoscale many materials are known to undergo significant alternation of properties.
An archetypical example is gold, which changes from an inert material into a red colored
highly catalytic active material once reduced below 20 nm.[143l

Early investigations into nanoscale hydrides where triggered around 2005 by a range
of indicators proving the potential of the approach (Figure 1). These include theoretical
calculations mainly focused on MgH- and predicting a decrease in enthalpy for particle sizes
below 2-5 nm.[**1 Experimental characterization of Pd-H also revealed significant
thermodynamic shifts, i.e. a decrease of both enthalpy and entropy, upon particle size
reduction.[***! NH3BHs confined within the porosity of SBA-15 also showed high purity
hydrogen desorption at lower temperatures.[**6! The approach would thus have the potential
not only to improve hydrogen kinetics but also lead to easier thermodynamic paths.® 1471
Examples of possible improvements through the approach are summarized in Table 7.

To date, most nanoconfinement of complex hydrides has been done through the use of
porous inorganic hosts and in particular porous carbons.[**l The porous support can be

loaded through melt infiltration or solution impregnation whereby a saturated solution of
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borohydride is evaporated within the porosity of the carbon. Most investigations have
focused on the main high capacity borohydrides including LiBH4 and its combination with
MgH.. As first reported by Gross et al.,[%*1 the temperature for hydrogen release from LiBHa
is largely decreased upon nanoconfinement and this improvement may be related to the
increased ionic mobility at the nanoscale.*>® Upon nanoconfinement, no B;Hs is released
from LiBH4 and this may be due to a modification of the decomposition path or a faster
reaction within the tight porosity of BoHs with LiBH4 forcing the decomposition mechanism
through the Li2B12H12 route. Indeed, the significant amounts of Li>Bi2H1> observed within
confined LiBH4 would support such a mechanism.™5% Similarly nanoconfinement of LiBH +
MgH: led to lower desorption temperatures but with decreasing hydrogen cycling
capacities.[5"!

Often a reaction between the confined borohydride and the host material can be
expected. This is not only true for ordered mesoporous materials such as SBA-15 silicas
which carry a significant amount of oxygen surface groups easily reactive toward strong
reducing agents such as borohydrides but also for porous carbons.*>2! Interaction of
borohydrides with host carbons can lead to the intercalation of borohydride cations, e.g. Li
and Na, with beneficial®®® or detrimental effects upon extensive Li intercalation, for
example.[*>1 Furthermore, the many oxygen groups at the surface of carbons can lead to a
significant degradation of confined borohydrides and consecutive capacity lost and leaching
of borohydrides outside the porosity.[*> This is readily apparent with LiBH4 confined within
carbon nanotubes showing a decrease in cyclability as the borohydride is leaching-out of the
carbon nanotubes (Figure 13a, b, and c).[** House et al. indeed confirmed that LiBH4
incorporated in nanoporous carbon was ejected as LiH during hydrogen release at 200 °C, i.e.
after melting, %! and a similar phenomenon is observed in nanoconfined NaAlHa, with the

extraction of ALI® Obviously this is a severe limitation, although the approach is a very
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effective way to determine the properties of borohydrides at the nanoscale. Another issue is
the low storage capacity of these confined hydride materials (often < 15 % of the theoretical
capacity) due to the inherent difficulty of filling the porosity. To overcome these limitations a
core-shell approach has recently been introduced.[** 1 As borohydrides undergo melting
and partial elemental evaporation during hydrogen release, nanosized particles of
borohydrides should be fully confined individually within a shell only permeable to
hydrogen. The method allowed for the first time stable high reversible capacity with
nanosized NaBH4 (Figure 13d and e).[14 1571

Other hosts such as MOFs would also be an interesting alternative assuming that the
reactivity of the ligands holding the MOF structure can be tailored to resist the strong
reducing ability of borohydrides. Hybrid MOF/borohydride systems could then provide the
ability to store hydrogen in a physisorbed and chemisorbed manner. Early progress in that

direction have been made with the report of LiBH4 nanoconfined within Cu-MOFs. !

4.4  Amine borane derivatives and hydrolysis

As previously discussed, another strategy to extract hydrogen from borohydrides is
through the direct combination of BHs with ammonia leading to amino borane compounds
containing hydrogen in hydridic (H%) and protonic (H*") form such as NH3BH3.[**81 Hydrogen
can then be generated by a) the hydrolysis of amine borane with protonic hydrogen (H®")
from H2O, or b) a thermolysis route leading to the intermolecular or intramolecular
recombination of H> and H® within amine borane. Early investigations on borohydride
hydrolysis focused on NaBH4 because as compared to other borohydrides such as LiBH4 or
KBHys it is stable under alkaline conditions and its hydrogen evolution (reaction 12) can be
controlled with appropriate catalysts showing decreasing effectiveness in the following order

Ru> Rh> Pt> Co> Ni> Os> Ir> Fe>>Pd.[159]
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NaBH4 + 4H,0 — NaB02.2H,0 + 4H; (12)

However, the use of NaBH4 as a hydrogen store though hydrolysis faces several issues
related to the low net storage capacity, catalyst durability and/or poisoning, and effective
routes for regeneration.[**> 151 For hydrolysis, the solute and the hydrolytic products should
ideally have high solubility in water, and form no hydrates, e.g. NaBO,.2H,O in reaction 12,
so the water can be fully reacted for hydrogen release. Accordingly, compounds such as
NH3BHz with a high hydrogen storage capacity of 19.6 wt % have emerged as potential
alternative to NaBH.. Like NaBH4, NH3BH3 can be hydrolysed with suitable catalysts as
further detailed in recent reviews.!*3> 160 However, the absolute recoverable capacity is lower
than the theoretical 19.6 wt % because the protonic part of the compound cannot be extracted
with water; nonetheless slightly higher amounts of hydrogen have been recovered with
NH3BHz than NaBHs (Table 8). The main problem with NH3BHs3 is that it liberates some
ammonia during hydrolysis and this is a significant issue for application especially when
considering fuel cell poisoning.

One condensation up from BHz and BHs are B2He and B2H7 , but the former is a
dangerously volatile gas and the latter is unstable at room temperature. Another condensation
up is BsH7 and octahydrotriborate (BsHs ). Hydride extraction from BsHs yields BsHy,
which normally exists as a (solvent)BsH; adduct.[*®* The potentially high hydrogen content
of compounds based on BsH7 and BsHg has thus generated significant research into their
synthesis and hydrogen storage properties. This includes compounds such as NHsBsHy,
NaB3Hs, 1% NH4B3sHs, %31 (NH3),BH2BsHs % and (NH2)4sCBsHs.*' Hence, ammonia
triborane (NH3sB3H-), a compound known since 19591251 was recently synthesised through a
convenient and safe route involving the iodine oxidation of BusN*BsHs following reaction
(13):[167]

BusN*BsHg + 1/21; + glyme — (glyme)BsH7 + BusNI + 1/2H; (13)
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According to Yoon et al., NH3BsH7 is more stable in aqueous solution than NH3BH3 and
NaBH; (Table 8) and should afford better hydrogen release performances. 6% 1671

A new route has been developed for the synthesis of NH4BzHs. Ammonium
octahydrotriborate (NH4BsHs) was synthesized 40 years ago through the reaction between
pentaborane and liquid ammonia.l*%%1 Beyond this synthesis, little information is available in
terms of structure and properties. This is likely because pentaborane is dangerous and toxic,
and not commercially available. Huang et al. recently developed a new route to high purity
NHBsHs by reacting NaBsHgs with NH4Cl in liquid ammonia.[®®! This metathesis affords a
mixture of NaCl and NH4BsHs. After removing the ammonia, dry THF is used to dissolve
and isolate the NH4BsHs.

Some key advantages of these new compounds, e.g. NaBsHsg, is the high solubility of
the hydrolytic products compared with those of NaBH4 (Table 8). It has been reported that
the metal to boron ratio greatly determines the solubility of borates in aqueous solution, with
the 1:3 ratio of Na to B contributing to the formation of highly soluble borates. Recent studies
have shown that after adding extra water to maintain a single liquid phase, the NaBsHs
system can provide 6.5 wt % Hy, while NaBH, can afford only 4.6 wt % H,.[168]

During thermolysis all these compounds give off H. at low temperatures, i.e. ~100 °C,
and volatiles including NHs, BoHe.[*®® 16°1 The amount and type of volatiles obviously vary
among the different compounds, depending upon the H’*:H% ratio. In NH3BHs, where the
ratio of two types of H is 1:1, thermal decomposition alone yields high purity H, with traces
of NHs, BzHs, and BsN3Hs.3"*® However in [(NHs)2BH2]BsHs (H’*:H> ratio of 3:5) or
NH4BsHs (H’*:H> of 3:6 ratio) higher amounts of undesirable boron hydrides, especially
B2Hs and BsHg are obtained.['®%1 Other compounds based on bigger polynuclear borane
anions including closo-BioH10%, nido-B11Hu4", and closo-B12H1,> have also been reported.[7%

However, such compounds may no present significant benefit over lighter boranes.
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To improve the thermolysis properties of NH3BHzs and possibly enable reversibility, the
substitution of one of the hydrogen atoms by an alkali or alkaline earth element has also been
investigated. The first synthesis of an amidoborane, i.e. NaNH2BHz3, was reported in 1938 by
Schlesinger and Braun.[*”Y Lithium amidoborane was synthesised more recently by Myers et
al by reacting n-butyllithium and NH3BHz*"2 However, its use was limited to that of a
reducing reagent. The first report in 2008 of the synthesis of lithium and sodium amidoborane
by mechanical milling and potential for low hydrogen desorption temperatures without
unwanted by-products triggered extensive investigations on these compounds.t”®l As a
general synthetic path, the direct reaction of a metal hydride of strong lewis basicity with
NH3BH; leads to the corresponding metal amidoborane.'™¥ As summarised in Table 9,
several amidoboranes have been synthetised to date and some release significant amounts of
hydrogen below 100 °C. However, hydrogen release from these compounds is still

irreversible.

5. High capacity amine based compounds

Amide compounds have been known for a long time. The early syntheses, i.e. NaNH>
and KNH2, were made by Lussac and Thernard in 1809.117 The first synthesis of LiNH, was
reported in 1894 by Titherley,[*"8! and the synthesis and hydrogen interaction of a range of
amides were systematically summarized by Berstrom and Fernelius.['”"l Hydrogen uptake by
LisN was first observed in 1910 by Dafert et al.,[!’® and since the rediscovery of this
possibility in 2002 by Chen et al.,[*” the combined LiNH,-LiH has largely evolved toward
the more practical KH doped-Mg(NH:).-LiH system that is reversible below 150 °C with
relatively fast kinetics.[*®] However, this is at the expense of storage capacity, since the later
dropped to ~3 wt % Ho instead of the 10.5 wt % H> of LiNH»-LiH.

The LiNH2-LiH system stores hydrogen following two main reaction paths (14a and b):
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LiNH2 + LiH < LizNH + Ha 55wt% H, (14a)
Liz2NH + LiH < LisN + 2H; 52wt % H, (14b)

However, the system exhibits an equilibrium plateau pressure of ~0.01 bar at 255 °C for
reaction (14a) and ~1 bar at 280 °C for the second reaction, which is too high for mobile
applications. Furthermore, the system suffers from sluggish kinetics (several hours at 250
°C)*8l and this was attributed to energy barriers associated with mass transport and ionic
diffusion.’?!4 Since, amides mainly decompose by releasing NHs, another issue is the partial
release of NH3 at the ppm level. Appropriate mixing may minimize NHs release, 2 however
irreversible loss of ammonia will undoubtedly compromise reversibility and also practical
application due to potential fuel cell poisoning.™&l

The exact decomposition mechanism of LiNH.-LiH is still uncertain. As part of the
early hypotheses was a NHz mediated process whereby NH3 liberated from LiNH2 would
lead to hydrogen release once reacted with LiH.[** 181 The combination of H®* (from NHs)
and H? (from LiNH) leading to hydrogen and involving significant mass transport is another
possibility.[*851 However, it is possible that both mechanisms coexist depending upon the state
of the material.[*®®! The formation of non-stoichiometric intermediate species in the form of
Lii-«NH2« has also been observed,*®”) and the propagation of Frenkel disorder on the Li
sublattice leading to migration of both Li* and H* proposed as the main mechanism. [18
Efforts to improve Li* conductivity by introducing Ti additives,[® or BNE% have led to
some kinetic improvements. The addition of Si has also been proposed to improve H*
diffusion.[*®@ Furthermore, through partial substitution of H2 by 20 mol % N a significant
enhancement of the cycling capacity has been observed. %

Considering the ammonia mediated process, the substitution of Mg(NH2).
decomposing at a lower temperature than LiNH2 has been quickly identified as an alternative

for decreasing the dehydrogenation temperature.['*? Indeed, the Mg(NH2)2/LiH system
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exhibits a lower enthalpy (38.9 kJ.mol™ H,) and entropy (112 J.K™*.mol?* H.) corresponding
to an equilibrium pressure of 1 bar at 90 °C.1*%%1 However, full hydrogen release can only be
achieved at temperatures above 180 °C owing to Kinetics limitations.[**31 Mg(NH)2-2LiH has
a storage capacity of 5.6 wt % following reactions (15a and b)

2Mg(NH2)2 + 4LiH < LizMg2(NH)3 + LiNHz + LiH + 3H; (15a)

Liz2Mg2(NH)3 + LiINH2 + LiH < 2LizMg(NH)2 + Hz (15b)
Mg(NH3)2 is not commercially available and was first synthesized by the reaction of MgsN>
or Mg with ammonia but alternative approaches using ball-milling have been since
developed.[*92& 19281 Different molar ratios of the Mg(NH2).-LiH mix have also been
investigated, %> 1941 pyt it appears that the 1:2 ratio leads to the highest possible capacity at
the lowest operating temperature. As summarized Table 10, various additives have been
tested to improve the hydrogen properties of amide systems. For the Mg(NH2).-LiH system a
notable improvement was achieved by the introduction of 3 mol % of KH.['% 1951 Sych
improvement has been explained by the formation of the KoMg(NH2)4 intermediate, with
weaker N-H bonds than in Mg(NH2).[1%

Additional strategies to improve the hydrogen properties of amide systems could be
through nanosizing/nanoconfinement approaches. As previously discussed, at small particle
sizes Kinetic limitations due to ionic transport and thermodynamics could be enhanced. The
difficulty of synthesizing nanosized amides has limited investigations along this path,
although a few nano-objects, including hollow Li;NH,*land LizN nanofibers,[**”) have been

synthesized with sometimes some improvement in cycling stability and kinetics.

6. High capacity aluminium containing compounds
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The first synthesis of aluminium hydride (AlHs) was reported in 1947 by Finholt et
al.,['%l and in 1955 a non-solvated form by Chizinsky.'*®! Because AlH3 is unstable the
reaction is carried out in donating solvents, e.g. ethers, amines or THF, the solvent is then
removed by heating under vacuum. AlHs is a covalently bonded binary hydride with different
polymorphic structures (a, o’,p and y) all strongly dependent upon variations of the common
synthetic process!*®! and all thermodynamically unstable at room temperature but kinetically
metastable.[*%3 Furthermore, o’, B and y all transform into o-AlH; at temperatures > 100 °C
and a-AlHs decomposes via a one-step reaction mechanism (16):

a-AlHz — Al +3/2H; (16)

This reaction is kinetically limited and thus can be controlled via a reduction of particle size
or with appropriate additives.l*s® 2% The reverse reaction is possible but with hydrogen
pressures > 7 kbar, and hydrogen absorption is not possible in Al nanoparticles, even up to 2
kbar.[2°1 Accordingly, the common synthetic route remains the metathesis reaction involving
LiAIH4 and AICI; although alternative electrochemistry,2°! organic adducts,?%! and solvent
free methods!?® have been developed. In the current state, AlHs may be suitable for
hydrogen generation at low temperatures, although its cost effective regeneration could be
problematic. The properties of AlH3z are summarized in Table 11.

Since aluminium hydride can also form anions, i.e. [AlH4]" and [AlHg]®, stabilized by
alkali (e.g. Li, Na) alkaline earth (e.g. Mg and Ca) or transition metal (e.g. Zn) cations the
alternative is to store hydrogen with complexes of aluminium hydride. Bogdanovi¢ and
Schwickardi trigged efforts in this area with the discovery of reversibility in Ti-doped
NaAlH; under mild conditions of temperatures and pressures.?®) NaAlH; decomposes
following the reactions:

3NaAlHs — NazAlHs + 2Al + 3H: (3.75 wt % H> at 170-230 °C) (17a)

NasAlHs — 3NaH + Al + 3/2H; (1.85 wt % H; at 230-260 °C) (17b)
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3NaH — 3Na + 3/2H, (1.8 wt % H, > 400 °C) (17¢)
Hydrogen release from uncatalysed NaAlHs in reaction (17a and b) takes more than 50 h at
temperatures below the melting point of NaAlH4, i.e. 183 °C and only these two reactions are
practical.?%1 The first direct hydrogenation was reported by Dymova et al at 270 °C and 175

bar hydrogen pressure.”** However, Ti-doped NaAIH, was found to release hydrogen before

melting at 150 °C and full rehydrogenation was achieved in 5 h at 170 °C and 152 bar of
hydrogen.[?®! Since then, several strategies have been developed to optimise this system
including improved synthesis methods (e.g. ball-milling),?°”! cycling stability (up to 4 wt
%),12%! and more effective catalysts.?)l The mode of action of the catalyst is however still
debated. Assuming TiClz as the source of catalyst doping, metallic titanium will end up
highly dispersed during ball milling via the following metathesis reaction (18):121
3NaAlHq + TiCls — Ti + 3Al + 3NaCl + 6H; (18)
which may lead to the formation of TiAl alloys such as TiAl3[?%! However, theoretical
calculations predicted additional charge states for Ti with an energetically favoured
substitution of Al sites by Ti leading to Ti with an overall charge state of -1 compensated by a
positively charged AlH4.12*Y The later would facilitate the mass transport form the segregated
phases, i.e. NaH and Al. Recent NMR investigations?*?l and inelastic neutron scatteringf?'®l
have shown the presence of mobile AlxHy species. The role of Ti in helping the dissociation
of molecular hydrogen has also been suggested,?**l however this may not correspond to the
main rate limiting step during rehydrogenation.?*>! Experimental data also indicate that Al-Ti
nanoparticles on the surface of NaAIH4 play a bifunctional role in both dissociating H. and
facilitating low temperature Al-H bond breaking.*%!
Although achieving reversibility with Ti-doped NaAlHs has been a major
breakthrough, a number of issues including kinetics and associated heat management,

capacity and safety (e.g. high reactivity with water) have clouded the practical application of
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such a material. Prototype hydrogen storage tank based on Ti-doped NaAlHs have
demonstrated an overall storage capacity of 2 wt % along with rapid hydrogen evolution
(0.02 g Ha.s%).[216]

The success achieved with NaAlHs has unfortunately been difficult to translate to
other complex aluminium hydrides (Table 11) and in particular LiAIH4 with the highest
theoretical capacity among alanates.[®* 21"l As summarized in Table 11, the addition of Ti
based catalysts to other alanates mainly lead to a reduction of dehydrogenation temperature
and no reversibility. Unlike sodium and potassium, the enthalpy of hydrogenation of LizAlHs
to LiAIH4 is endothermic and thus not favourable given that the associated entropy must be
negative. However, based on the early work of Ashby et al.?!81 — proving the direct synthesis
from LiH and Al in an ether solvent at 350 bar and 120 °C feasible — more favourable
thermodynamic paths have been developed to generate solvated LiAlH4 by using organic
adducts. 9 Lui et al. further improved the process by using dimethyl ether, a solvent
volatile at room temperature eliminating the need of further purification steps.?2°! According
to recent high pressure NMR investigations the direct synthesis of LiAIH4+.4THF does not
proceed through the LisAlHs route.?2!1 Hence, finding a way to bypass this route should lead
to reversibility from the elements only.

As for borohydrides, a direct correlation exists between the cation electronegativity
and the bond strength (Figure 11).138 Therefore, it should be possible to tune the
thermodynamics of alanates by partial substitution of the cation. Various mixed cations
aluminium hydrides have been synthesised and indeed a shift in the equilibrium plateau
pressure has been observed for some, e.g. for Na;LiAlHs and KoNaAlHe 2?2 but at the
expense of the gravimetric capacity.

Additional strategies are through a destabilisation approach via the reaction with other

hydrides or via the control of particle size by nanoconfinement (Table 5, 9 and 12). Hence the
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ternary LiAlHs-MgH2-LiBHs led to some reversibility but at 400 °C.}?51 Upon
nanoconfinement, NaAIH4?%%! and LiAIH4??4! showed low hydrogen desorption temperatures
and in porous carbon, reversibility for NaAlH4 was achieved under much milder conditions,
i.e. 24 bar hydrogen pressure at 150 °C, 12?1 instead of the 60 bar required for bulk NaAlH, at
the same temperature. Fichtner et al. also found a single equilibrium plateau pressure for
nanoconfined NaAlH4 indicating a single step reaction and/or loss of long range order that

could explain the milder conditions required for reversibility.[228]

7. Emerging applications

The complexity of the (de)hydrogenation reaction of complex hydrides and the lack of
reversibility currently hinders applications although several prototype tanks have been built
and tested mainly with NaAIH4 and Mg(NH2)2-LiH.[?% 2271 Nonetheless, in recent years the
rapid deployment of renewables has emerged as a potential niche market particularly for
hydrogen as an energy vector. An example is the development of container scale systems by
McPhy Energy, based on magnesium hydride for providing long term energy storage
solutions. The containment tank developed for this application has been reviewed
elsewhere.[??8] Another emerging application is the use of metal hydrides for energy storage
media for concentrating solar thermal power (CSP) stations.!??°l Energy storage is critical for
CSP applications to allow 24/7 power generation, enabling base-load power supply. The
current state-of-the-art energy storage technology utilises the specific heat of molten nitrate
salts, storing energy by allowing the salt to heat up to 565 °C and cool. Heat energy is stored
in the salt during the day when excess solar energy is harvested. At night, heat energy is
extracted from the salt and used to power a steam turbine generating electricity. Nitrate salts

are relatively cheap (~ $0.75 per kg). However, enormous quantities of salt are required to
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store sufficient quantities of energy for large scale CSP plants. For example, 10 h of heat
storage at the Crescent Dunes plant built by Solar Reserve in Navada, US requires about
32,000 metric tons of molten salts.[??®! The large quantity of salt contributes a significant
cost to the solar thermal plant.

The enthalpy of hydrogen absorption and desorption in a metal hydride is typically
much higher than the specific heat available from molten nitrate salts.’?2% This means that an
energy storage system utilising metal hydrides could require a much lower quantity of energy
storage material, hence reducing the cost of the energy storage system. In this system, solar
energy is used to release hydrogen gas from a “high temperature” metal hydride (MH_Thign).
The hydrogen released in then stored in a “low temperature hydride” (M’H_Tiow). When
energy is needed, the reaction is reversed, i.e. hydrogen is allowed to be released from
MH_Tiow into MH_Thigh resulting in an exothermic reaction, generating heat, which can then

be used to generate electricity (Figure 14).

7.1  Metal hydride operating parameters for application in concentrating solar
thermal power

The cost of a metal hydride thermal energy store should be cheaper than existing
nitrate salt storage, where a cost of $10 — 20 per MJ of thermal energy exists depending on
the CSP design parameters.!% In addition to cost, several parameters have to be considered
when selecting metal hydrides for CSP. These include: thermodynamics, kinetics, thermal
conductivity and cycling stability.

The operating temperature of both MH_Thigh and M’H_Tiow are important factors in
defining the efficiency of a metal hydride based CSP system, and temperatures around 400
°C have been suggested in the past as optimal operating conditions.!?3!1 Ideally, candidates for

MH_Thigh should have a large AH in order to maximize the amount of heat generated per
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amount of metal hydride. Vice versa to maximise the overall efficiency of the system,
candidates for M’H_Tow should involve small values of AH in order to minimise the amount
of heat that needs to be dissipated during the absorption process (day cycle) or supplied
during the night cycle. The operating temperature will also govern to some extent the kinetics
of both hydrides, since fast kinetics are often achieved at higher temperatures. ldeally, the
hydrogen kinetics of MH_Thigh should be fast enough to ensure a rapid desorption upon solar
irradiation but also a constant supply of heat during the night cycle. This involves faster
kinetics for M"H_Tiow as compared to M’H_Thigh, but these kinetic requirements are much
less demanding than for automotive applications, where hydrogen release and uptake need to
be completed over a ~8 h time scale. Furthermore, these kinetics should be stable over
multiple cycles to ensure at least 10,000 cycles occur over an expected 30 year lifecycle.
Materials such as CaNis have fast kinetics but present significant storage capacity loss upon
hydrogen cycling due to the formation of “stable” hydrides.[?*?]

The thermal conductivity of the metal hydride bed is another important parameter to
ease the management of the ex(end)othermic reaction during hydrogen ab(des)sorption and
prevent a “self-heating” or “self-cooling” of the hydride bed. Localised temperature
variations will alter the hydrogen equilibrium pressure over the bed, causing some regions of
the metal/hydride to absorb whilst others desorb. However, various strategies including
thermal ballast!?®®] have been used to overcome such an issue. The thermal conductivities of
low-temperature metal hydrides are generally ~1 — 2 W.m™.K,[2341 and this value can vary
depending on the state/compaction of the metal/hydride powder and the additives used. For
example, upon addition of powders/foams/meshes of Al, Cu, Ni and stainless steel the
thermal conductivity of LaNis has been increased to 32.5 W.m*.K™2.1234 Similarly thermal

conductivities of 7 — 9 W.m.K have been reported for TiFe with 10 wt % AL However,
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both the addition of heat conducting elements or of a heat storage material within the hydride

bed adds additional cost to the tank system whilst reducing the storage capacity.

7.2 Potential metal hydrides for application in concentrating solar thermal power
Table 13 summarises potential MH_Thigh whilst typical MH_Tiow materials have
recently been reported elsewhere.[?381 It is important to note that the thermal energy content
(kd.kg™?) and hydrogen capacity (wt %) of a MH_Thigh will determine how much of the
MH_Thign is required, while the enthalpy of hydrogen absorption/desorption determines how
much hydrogen is required to generate a specific amount of thermal energy. As a result, it
also determines how much MH_Tow is required to store this hydrogen and thus has a direct
impact on the cost of the system. Primarily, the high operating temperature limits the choice
of MH_Thigh. However, there are literally thousands of metals and alloys that can be used to
store hydrogen at low temperature.[?®”l However, these hydrides have relatively low capacity
“heavy” hydrides that store hydrogen interstitially.[2% Interstitial hydrides exhibit fast
kinetics and low hydrogen equilibrium pressures, due to their low heat of reaction. These
intermetallic compounds are usually categorised into a number of classes based on the
stoichiometries of AB, ABs, AB> and A2B. Element A is usually a rare-earth or alkaline earth
metal (e.g. Ca, Ti, Y, Zr, Hf, La, Ce etc) that, by itself, forms a stable hydride while element
B is usually a transition metal that forms only unstable hydrides (e.g. Cr, Mn, Fe, Co, Ni).
However, taking into account a range of practical criteria such as capacity > 1 wt % Ho, Peq~
0.1 - 40 bar at 25 °C, and the exclusion of expensive rare metals, limits the possibilities to a
few hydrides including those from the AB: class alloys such as those based on Ti and Zr and
commercially available. However, one significant problem associated with the use of a low-
temperature metal hydride is the requirement for additional heat management. For example,

Groll et al. 2% showed that MgH: at 400 °C generates pressures high enough for the low-
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temperature hydride to absorb at ~30 °C. During hydrogen absorption however, the low-
temperature hydride self-heats to ~80 °C which in turn requires the MgHz to rise to 480 °C
for the reaction to continue. Conversely, during hydrogen desorption from the low-
temperature hydride, its temperature decreases to -10 °C, which requires the MgH> to drop to
320°C for the reaction to continue. If the heat developed by the low-temperature hydride
during absorption is not stored and re-used to help release the hydrogen later, it represents a
significant energy loss in the system (up to 50 %). An alternative option is thus to store
hydrogen as a compressed gas and this may present cost benefits for MH_Thigh Operating

below 400 °C. [239]

8. Conclusions and outlook

The present review provides an overview of the progress of high capacity materials
storing hydrogen via physisorption or chemisorption. In the last 20 years and since the
discovery of potential reversibility with complex hydrides, tremendous advancements have
been made in developing a better understanding of the fundamental properties of complex
hydrides, and designing new hydrogen storage materials. For example, NaAlH4 has been
brought to the threshold of commercialisation with several prototype tanks proving the
potential of complex hydrides. Similarly, the hydrogen storage properties of the newly
discovery amide systems have been brought close to practical viability. Many borohydrides
have now been designed to reversibly store hydrogen to some extent and their combination
with ammonia has provided new compounds for low temperatures hydrogen production.
However, these “improved” complex hydrides still suffer from many limitations such as low
reversible hydrogen capacity and slow kinetics and as summarized Figure 2b none meet the
requirements for vehicles application. The tremendous achievements with NaAlH4 have not

been transferred to LiAIH4 of much higher storage capacity. Borohydrides still suffer from
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very slow Kkinetics but most remarkably high temperatures for hydrogen cycling.
Furthermore, amides are limited by low storage capacity and mass transport. New strategies
such as H¥/H?¥ interaction and destabilisation through mixed complex hydrides have also
been developed to overcome these limitations, but these approaches start to show their
limitations.

Many of the current barriers exist due to a lack of fundamental understanding and
effective approaches to modify the properties of well-known high capacity hydrides. To a
large extent little is known about the basic physical and chemical properties of complex
hydrides in particular under reactive conditions, despites their early synthesis a century ago.
This will require advanced in-situ characterisation tools coupled with modelling to draw
accurate reaction mechanisms of complex (de)hydrogenation reactions. In particular, current
knowledge needs to be extensively extended outside the conventional understanding of metal
hydrides. The interaction of metal hydrides with hydrogen involves a single step reaction
thoroughly investigated throughout the 20™ century. Although some of this knowledge is
transferable to complex hydrides, the inherent complexity of their decomposition
mechanisms challenges current understanding. For example, little is known about kinetic
barriers for the formation or dissociation of AlH4™ or BHs and even hydrogen activation at
complex hydrides’ interfaces. Similarly, the nucleation and growth of specific
(de)hydrogenation phases and associated reaction morphologies are poorly understood as
well as the thermodynamics of disordered hydrides. Entropic evolutions and potential effects
on the overall hydrogen properties of complex hydrides need to be more accurately
determined, so it can effectively be used to adjust the thermodynamics of complex hydrides.
This has currently been limited by the lack of experimental methods to effectively determine
the entropy of complex dehydrogenation processes. Accordingly, new tools need to be

developed. Another area critically missing basic understating is related to the interaction of
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hydrogen with nanosized hydrides. Nanosizing has been shown across many examples as a
potential approach to positively enhance the properties of hydrides. However, this will
require an accurate control over atomic assemblies and a broader multidisciplinary approach
than currently existing.

Porous organic frameworks have also shown great promise through constant
development of new strategies to meet both gravimetric and volumetric requirements for
vehicle applications. The remaining challenge is to develop materials that can meet high
capacity storage under much milder temperatures. In this regards, theoretical modelling is
essential in the prediction of promising strategies and materials design.

It is noteworthy that the challenge set by government agencies and industry for
hydrogen powered vehicles is more than demanding. Meeting the most stringent requirements
ever forced upon a technology, i.e. cost and high-end technical solutions for immediate large-
scale deployment at once within such a short time frame, is unprecedented. However, with
global priorities rapidly shifting from solely vehicle-based usage, the materials developed
since the 1970’s may find early market adoption in a demand for clean and dense energy
systems. In particular, applications where hydrogen can be generated in a distributed fashion
should be investigated for further use of the significant breakthroughs that have been made
with storage materials. A local production/distribution of hydrogen — which has been a key
limiting step in the automotive industry — may be the path to less stringent targets for an early

adoption of hydrogen powered vehicles and also portable power equipment.
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Notations

Peq = Equilibrium pressure (bar)

T = Temperature

P = Pressure

R = Universal gas constant (8.3144 J.mol-1.K-1)
AHags = Enthalpy of adsorption

AH¢ = Enthalpy of formation

AHges = Enthalpy of hydrogen desorption

Exp = Experimentally measured

Rehydro = Rehydrogenation

Des. Rate = Hydrogen desorption rate

decomp = decomposition

All hydrogen capacities reported correspond to that of the materials and not systems, i.e.

tanks, otherwise specified.
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Tables

Table 1. Hydrogen storage properties of selected MOFs.
Hydrogen density
Discovery Conditions for Hz storage AHads (kJ.mol1Hy)
wt % Kg.m-3
Compressed 25 °C and 1000 bar 49.44
N dpro o - 25°C and 600 bar - 35.23 -
yarog 25°C and100 bar 7.67
Liquid hydrogen - -196 °C and 100 bar - 31.30 -
Liguid hydrogen - -252.8°C and 1 bar - 70.85 -
at boiling point
MOF -210 H. Furukawa [240] -196 °C and 100 bar 19 47.6 -
MOF -200 H. Furukawa [240] -196 °C and 100 bar 18 40 -
-196 °C and 100 bar 13 50 6.09
_ [241]
PCN-68 D. Yuan -25 °C and 100 bar 2.8 10.6
-196 °C and 100 bar 11 50 6.22
_ [241]
PCN-66 D. Yuan 25 °C and 100 bar 23 105 -
SNU-21S T. K. Kim [242] -196 °C and 100 bar 10.6 61.6 6.65
SNU-15’ Y. E. Cheon [243] -196 °C and 1 bar 0.74 - 15.1
JuC-62 M. Xue [244] -196 °C and 100 bar 7.3 60 -
ZIF-8 K. S. Park [245] -196 °C and 100 bar 5 59 4.5
Be-BTB K. Sumida 54 25 °C and 100 bar 2.6 10.9 55
MOF-74(Mg) K. Sumida [246] -196 °C and 1 bar 2.2 - 10.3
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Table 2. Physical constants of boranes.*"

Molecular formula H: density (wt %)  Melting point (°C) Boling point (°C)
Diborane B2Hs 21.7 -165.5 -92.5
Tetraborane BsH10 18.7 -120 18
Stable pentaborane BsHo 14.28 -46.6 48
Unstable pentaborane BsH11 16.9 -123 63
Hexaborane BsH10 13.36 -65 -
Decaborane BioH14 11.47 99.7 213
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Table 3. Hydrogen storage properties of borohydrides and selected synthetic routes.

Hydrogen capacity

. ’ o Reversibility AH¢ -AHges AS
Discovery Synthetic routes — " - T decomp.(°C) (T and P) (k3.mol Hy) (kd.mol Hy) (3.KLmol - Hy)
wt % g.m-
-146 [129]
[254] 251,
2LiH + BzHe — 2LiBH4 (ethereal solvents)i248] 600 °C -177 1251 6%69 (256] 175’093% [[255]]
LiBH4 H. I. Schlesingerl248] NaBHa + LiCl—LiBH4 + NaCl (ether or isopropyl 18.5 112.1 380 [2501 350 bar -184.7 2521 74 (256] 115 s8]
amine)[249 & -190.46 12531 [249] [251]
-194.44 213,251, 254] 75 238
. ' 600 °C -182~-188 1129
H. I. Schlesinger 2NaH + Bz2Hs — 2NaBH. (diglyme)[257] 101.3
NaBH X i [258] - .3 [260] [249]
4 et.ali257] 4NaH + B(OCH3)3—>NaBH, + 3NaOCHj (250-280°C)[249) 10.7 114.5 400 (pai%;ﬂzsg] _118313[21a] %0 12620601
: -2290214]
KBHa H-1. Stc"l'[zesi']”ge' ANaBHs + KOH — KBHa + 3 NaOH (agueous solution) 75 87.8 500258 ; ~2280129) ; e
et.al 242 302601 162
A.B. Burg and H 2Be(CHs)2 + B2Hs — 2Be(BHa4)2 261]
Be(BHa)2 Schl ing ¢ 261] BeCl, + 2NaBH4 — Be(BHa)2 + 2NaCl (vacuum distillation 20.8 146.0 1230261) - -108 27 [249) -
chiesinge at 140 °C)2s7)
MgH2 + B2Hs — Mg(BHa)2 [263] 39 [266]
Wiberg, E. and MgCl2 + 2NaBHz — Mg(BHa)2 +2NaCl [264] 400 °C 91 [266]
Mg(BH . . -9QI129] [249]
9(BHa): Bauer, R. Z.1262] 3Mg(BHa)2 + 8BS(CHs)2 —> 3Mg(BH4)22S(CHa)2 + 14.9 1474 323 950 bar 2591 99 ‘5“7) 1267] 128 [267]
2B(C4Hs)sS(CHs)z 12651
) CaH2 +BzHs — Ca(BHa)2 12681 ° 249
Ca(BHa)2 B WibergandR. 5\ a1 +CaX, - Ca(BHa)2 + 2NaX (THF) 269 116 124.1 360 440°C -151070 75.5 24c] 158 2711
Hartwimmer(268] 2601214 700 barft10l 8 1271]
CaBs(s) + 2CaHz(s) + 10H2(g) — 3Ca(BHa)2(s) 11101
LiBH4 + MNnCl; — 0.5Mn(BHa)2 + 0.5Li2MnCls
Mn(BH - " ) N . . — [273] - - . [274] - -
(BHa): nLiBH4 + MNnCl2 — Mn(BHa)2 + LiCl + (n-2)LiBH, 272 935 1178 125175 58.89
H. I. Schlesinger et.al  Al3(CHs)e + 4 B2Hs — 2B(CHs)s + 2Al(BH4)s 2751
Al(BH . . [275] - _ .81260] [249] [260]
(BHa)s 27s) 3NaBHa + AICI — Al(BHa)s + 3NaCIZ76] 169 133.5 150 3018 6 289
2NaBH4 + ZnCl2 — Zn(BHa)2 + 2NaCl (diethyl ether)*277]
Zn(BHa)s - 2NaBH4 + ZnClz — Zn(BHa)2 + 2NaCl (ball milled)*111 8.5 - 85 - -180291 - -
*no direct evidence of pure compound
) H. Hoekstra and J. 8LiBH4 + 2TiCla — 4Ti(BH4)3 + 8LiCl+B2He+H2 2781 }
Ti(BHA): Katz7s] 3LiBHs + TiCk - Ti(BHa)s + 3LICIZTS) 13.1 % ] ) ) )
NaZrFs + 2Al(BH4)s — Zr(BHas)s + 2AIF2(BH,) + NaF [27¢]
Zr(BHa4)s " Hoﬁgfgzavs? ndJ. ZrCls + 2AI(BH4)3 — Zr(BHa)s + 2AICI>(BHa) 12801 10.7 126.2 250 - -871129) - -
ZrCls + 4NaBH4 — Zr(BHa)4 + 4NaCl, (ball milled) 284
YCl; + 3LiBH4 —Y(BHa)s + 3LiCl 1282 300 °C
+ [283]
Y(BHa)3 - YHs + 3/2 BoHo Y (BHa)s 9.1 - 187 [283] 350 bar -113 1282] 68.2 [285] 116.2 [285]

YCl3+3LiBHs —Y(BHa)s + 3LiCI102)
Y(BH4)3S(CHs)z2 —Y(BH4)3 1031

(partial) 1284
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Table 4. Hydrogen storage properties of a sample of existing mixed borohydrides and associated synthetic routes.

Hydrogen capacity (wt %)

Synthetic method T decomp. (°C) T melting (°C) Reversibility Ref.
Theoretical Exp. Rehydro. Tand P
LiK(BHa)2 Heating 10.6 - - 380 240 _ 1286]
LizsTios(BHa)s (M = Ti, Fe, Cr)* Sintering 13-15.1 26-6 3-6 450 - 600 ; 450 - 600 ;gr' 100-120 e
LiMgos(BHa4)2* Sintering 16.3 5.5 25 500 - 500 °C, 80 bar 1287)
LiBH4/Mg(BHa)2 Ball milling 16 12.5 25 240 - 500 183 400 °C, 100 bar 1288]
LinMg(BHa4)y* Wet 16.3 16 - 19% - 80 - 500, 250 - 500 - - 1287]
LiBH4/Ca(BHa)2 Ball milling >9.6 10 4 200 - 500 200 400 °C, 120 bar 1289]
LiCa(BHa4)s Ball milling - 9.6 5.3 200 - 500 203 400 °C, 100 bar [290]
ZrLi(BHa)s Ball milling 11.7 - - 322 - 600 - - [201]
ZrLi(BHas)s Ball milling 12.5 - - 377 - 600 - - [201]
14.5 4.38 - 142 - 400 151 400 °C [292]
LiSc(BHa4)4 Ball milling 6.76 4.38 - 142 - 262 152 - [293]
14.5 4.8 - 80 - 330 - 250 °C, 120 bar [294]
LiZn2(BHa)s Ball milling/Wet 9.5 - - 121-127 - - (107, 205)
LisMZns(BHa)15 - - - - - - - [296]
MY(BHa)s (M = Li, Na) Wet - - - Room temp - - [297)
NaK (BHa)2 Ball milling - - - - - - 298]
NazMn(BHa)s Ball milling 10.1 2.9 - 120 - 150 - - [299]
NazZn2(BHa)s Ball milling 8.8 - - 95 - - [295]
Nazn(BHa)s Ball milling 9.1 - - 103 - - [295]
Nazn(BH4)3 Wet 9.1 - - 80 - 200 R R 1300]
Nazn(BH4)3*NH3 Wet 10.9 13.5% - 80 - 150 - - [300]
Nazn(BH4)s-2NHs/ZnCl2 Wet 10.8 7.9 - 90 - 160 - - [300]
NaSc(BH)s Ball milling 3.56 0.97 - 167 152 - 1293]
Ball milling - 25 - 80 - 330 250 °C, 120 bar [204]
Ball milling 11.1 4.4 - 187 - 317 132 - 1301]
KSc(BHa)a
Ball milling 11.1 1.9 - 80 - 330 250 °C, 120 bar [204]
K2Mg(BHa)a Ball milling 9.9 5.5 - 150 143 - 1302]
KsMg(BHa)s Ball milling 9.3 3.2 - 191 195 - 1302]
KAI(BHa)a Ball milling 12.7 20.8- 32# - 135- 175 - - [105, 303]
KaMn(BHa)a Ball milling - - - 147 - - 1302]
Mn(BH4)2/MBH4 (M = Li, Na, Mg) Ball milling 10.1-14 10.8# - 83 - 117 - - [304]
M[(Y(BHa4)a] (M = Li, Na, K, Cs, Cs) Wet - - - < 350 or unstable - - 297

*composition/structure is speculative
# decomposition weight loss includes impurities
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Table 5. Summary of reported modifications on thermodynamics and kinetics of borohydrides.

Thermodynamic modifications

Kinetics modifications

. Reversibility -AHdes AS . Reversibility Tdes and
[305]
Reaction path (T and P) (kJ.mol Hp) (J.Kt.mol 1 Hy) Reaction path Tand P Des. rate (wt.min)
250 - 300 °C, 50 bar [306b] 200 - 400 °C [308]
350 °C, 150 bar 13062l . ) 400 °C, 0.014 3054
. } ’ 40.5 LiBH4 + MOx <> LiMOx+ B + 2H: 600 °C, 100 bar 13052 )
[38, 123a, 306] ° [38] ’ - o
LiBHs + 1/2MgH2 © LiH + 1/2MgB, + 2H, 58 1252 P 087150 i 46.4-66.8 » (M= Si, Ti, Zr, V, Sn, Nb, Fe, V){120c. 51,3053, 30] 600 °C, 70 bar (0% 100600 °1» 0-009
400 °C, 100 bar [1200] 100 - 600 °C [120c]
350 °C, 85 bar 1811 ; . - 100 - 600 °C [3054
LiBHa + 1/2A1 <> LiH + 1/2AIB, + 3/2H, 350 °C, 150 bar (306 LiBH. + 13.‘ r’:"'lh;"(iemL;.'g a":‘fj +Bl lﬂ'\ﬁ(?/Hﬁ,) - 350 °C, 100 bar 8120 100 - 500 °C (1201
LiBHa + 1/2LiAIHz <> 3/2LiH + 1/2AIBz + 9/4H, 12%.30%2 | 400 °C, 100 bar [100] 18.8-57.9 _ inalide ® RNaiae T Beler 2 1 o (255 150 - 450 °C [255]
310] o [310a] (M= Mg, Ca, Sr, Fe, Ni, Ti, Co, V, Ge, La, Zn) 25 500 °C, 70 bar : ocs [312]
600 °C,40bar 305 319 230- 600 °C
LiBH4 450 °C, 13 bar 1310] ' 230 - 450 °C [312¢]
LiBH4 + 2LiNH2 <> LisBN2 + 4H [124, 306e, 313] 300 °C, 50 bar 3131 23
LiBH4 + M <> MB2 + LiH +2H> 600 °C, 100 bar [305b] 450 °C, 0.017 [305d
(M= Mg, Al, Sc, Ti, V, Cr, Ni) B%I 350 °C, 150 bar 2761 395 °C, 0.001 [306]
LiBHa + 1/4MgH2 +1/4Al <> LiH + 1/2MgAIB4 + 7/4H218141 | 400 °C, 40 bar (14
LiBH4 + LiNH2+MgH2 <> LisBN2 +MgsN2 +LiH+H 315] 180 °C, 100 bar [3150] LiBH4 + MOx + M’-halide [30°] 600 °C, 70 bar [309 60- 450[30%’ 0.0045
LiBHs + 1/n MHx <> LiH + 1/n MBy + xH: ) o {123] ) Graphite (149, 316] o {149, 316] 453 °C, 0.006 149
(M= Ca, Sc, Ce, Y, Cr, Ti, V, Fe) 125, 306e, 306 350 - 400 °C, 100 bar 34.1-66.5 p 400 °C, 100 bar 450 °C , 0.072 13161
NaBH4 + 1/2MgH2 <> Na + 1/2MgB2 + 5/2H [306c. 317] 450 °C, 50 bar B7a 62
NaBH4 + 1/2MgH2 +M-halide <> Na-halide + 1/2MgB: +
NaBH4 5/2H2 450 °C, 60 bar 13181 - - - -
(M= Mg, Ti, V, Nb) 318]
NaBH4 + 1/2NaNHz <> NasBN2 + 4H 319 - -
Mg(BHa)2 + LiNH2 <> Li-Mg + BN-related + 5H [320] - -
Mg (BHz)2 [l;/logéBH‘;)z + 1/2NaH <> 1/2NaMgHs + 1/2MgB4 + 7/2H; ) ) Mg(BHa)2 +TiCls <> MgTix(BHa)sn+MgClz 211 i 88 - 530 °C 321
Mg(BHa)2 + 1/n MH2 <> MgH2 + 1/n MBz+ XH2 R R
(M= Ca, Sc, Ti) [3061]
Ca(BHa)2 + MgH2 <> CaHz + MgB, + 4H, 1233, 306c, 322] 350 °C, 300 bar 822 45 - 47
Ca(BHa)2 Ca(BHa)2 + MHx <> CaHz + MB2 + 6H> . Ca(BHa)2 +M-halide <> Ca-halide +MB; +CaBg 350 °C, 90 bar 3231 320 - 550 °C [623]

(M= Al, Sc, Ti, V, Cr) iz

Ca(BHa)2 + LiNHz <> Li-Ca + BN-related + 5H2 324

+CaH2 +xHz2 (M = Nb, Ti) [323]
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Table 6. Hydrogen storage properties of borohydrides combined with ammonia.

Hydrogen capacity (wt %)

Discovery T decomp. (°C) T melting (°C)
Theoretical Exp.
0 1325a) 40 - 160 1325
Li(NHs)BH,0225) - 155 3.6 13250) 50 — 600 13250] -
4 132501 100 — 350 R25d]
LiMg(BHa)s*2NH3 18201 - - - >95 [326] -
LiCa(BHa)a+2NH; [326] - - - - -
LiAl(BHa4)s-4NHj3 [326] - - - >75 [326] R
LizAl(BH4)s 6NH3 [825¢.327) - - 15.5 [327) 75 - 300 13271 -
Mg (BHa)2-2NHz [328] Konoplev and Silina 1329 16 12.1-13.1 138284 120 - 400 [3284] 94 13282
Ca(BHa)2-NH 250,330 - 126 PR 100 - 350 (3254] -
Ca(BH4)2+ 2NH3 [328b, 330] Kravchenko [331] 13.5 ~:132[3;5?3:03;a] 13050__235500[3[:::;] -
Ca(BHa)2+ANH; 320) - 14.5 ~2 [830a] 20 - 300 [330a] -
Zn(BHa)2: 2NHs3 [134,328b] Zirngiebl 3321 10.8 8.9 [134] 90 - 200 [134] -
Al(BHa)s*2NHs 33 - 17 13.7 1833) 108 3331 -
Al(BHz)3*3NHs 332 - 17.1 13.7 1833) 113333 -
Al(BH4)3*4NHj [33] - 17.1 15.5 1833] 100 - 250 [333] -
Al(BH4)3*5NH;z [33] - 17.2 16.8 1333] 120 - 170 [333] -
Al(BHz)3-6NHs 3341 - 17.4 11.8 134 125%__32080[3}221 -
Ti(BHa4)3-3NH3 331 - 14.6 14 1835] 60 - 300 13351 -
Ti(BHa4)3-5NH3 331 - 15.1 ~13.4 335 50 - 300 13351 -
Li2Ti(BHa)s-3NHs 351 - - 15.8 [335] 75 - 300 [535] -
LiBHa-NHa/Ca(BHa)2 325d] - - 8- 11.1 [325d] 100 - 350 [325d] B
LiBHa-NH3/Mg(BHa) [336] - - 15 [336] 100 - 500 3361 R
Ca(BHa)2-NHa/LiBH, [325¢] - - 12.1 B25d) 100 - 350 [32sd] -
Ca(BHa)2-2NHa/LiBH4 3254 - - 7.7 18254) 100 - 350 [325d] -
Ca(BH4)2-NHs/Mg(BHa), 13302 - - ~6.8 13302] 100 - 450 13302] -
Ca(BHa)2 2NHs/Mg(BHa)2 13303 - - ~8.5 [330a] 100 - 500 [330a) -
Ca(BHa)2*4NHs/Mg(BHa), 2304 - - 7.4 - 10 13303 100 - 400 [330a] -
LiMg(BHa)s(NH3)/LiBH4 3361 - - <15.7 [336] 100 - 500 [336] 93.5 (336]
Al(BHa)3-4NHa/2LiBH4 [333] - 16.5 14.2 - 16.1 331 100 - 250 [333] -

Al(BHa)3-5NHs/2LiBH4 (331 - 16.6 15.4 - 15.8 B33 120 — 160 1833 -




Table 7. Summary of reported modifications on the thermodynamics and kinetics of borohydrides via nanoconfinement.

Thermodynamic modifications

Kinetics modifications

Nano scaffolds Particle size (nm) Method Ref.
Reversibility (T and P) Tdes and Des. rate (wt.min-1)
9 melt-infiltration - 300 - 500 °C 1337)
o . ° ° [149]
Carbon aerogels 13 melt-infiltration 400 °C, 100 bar 381°C, 0.0083

15 melt-infiltration - 300 - 500 °C 1337]
25 melt-infiltration 400 °C, 100 bar 390 °C [149]
2 melt-infiltration 400 °C, 100 bar 375°C [149]
activated carbon ; ball milling 400 °C, 100 bar 450°C, 0.11 fo16)
1.75-3.2 solvent impregnation 300 °C, 50 bar 360 - 500 °C, 0.038 1338]

SWNT - ball milling 400 °C, 100 bar 450°C, 0.12 - 0.228 316, 339]
4 solvent impregnation - 200 - 500 °C [340]

LiBH4 mesoporous carbon

5 ball milling 350 °C, 30 bar 293 - 400 °C, 0.006 [341]
mesoporous carbon + NbFs 3.8 melt-infiltration 200 °C, 60 bar 150 °C [342]

2 melt-infiltration - 220 - 400 °C 1337, 343]

nanoporous carbon
4 melt-infiltration 250 °C, 60 bar 300 - 500 °C 1337]
nanoporous carbon + Ni 2-3 melt-infiltration 320 °C, 40 bar 200 - 400 °C, 0.04 [344]
Cu-MOFs 0.9 nm solvent impregnation - 75-300°C 183]
SBA-15 - melt-infiltration - 150 - 400 °C 1345]
PMMA-co-BM - solvent impregnation 140 °C, 50 bar 120 °C, 0.003 [346]
Cus - solvent impregnation 300 °C, 60 bar 40 - 200 °C [154]
Ni core-shell 10 - 200 solvent impregnation 350 °C, 40 bar 50 - 500 °C [114]
NaBHa4
Cus - solvent impregnation 300 °C, 60 bar 25 - 400°C [154]
activated carbon <2 solvent impregnation - 170 - 500 °C 1347]
Mg (BHa)2 mesoporous carbon 3.6 solvent impregnation - 155 - 450 °C, 0.0125 1348]
mesoporous carbon + Ni 3.6 solvent impregnation - 75 - 450 °C, 0.05 [348]
mesoporous carbon 3-5 melt-infiltration - 200 - 600 °C [349]
Ca(BHa)2

mesoporous carbon + TiCls 3-5 melt-infiltration - 120 - 600 °C [349]
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Table 8. Comparison of hydrolytic performances of selected amine boranes.

NaBH, NHs:BHj3 NHsB3H- NaB3Hsg NH4B3Hs

Theoretical H, content (wt %) 10.8 19.6 17.7 12.6 20.5
Solubility in water (wt %) ~35 26 > 33 74 > 45
Recoverable hydrogen as determined by the 75 5.1 9.7 10.5 10.8
solubility limited of the compound (wt %)
Stability in aqueous solution* Stable under stable stable stable stable

strong alkaline

conditions

*For 2 M solution, > 50 % of NaBH. decomposes within one day; while < 10 % of NaBsHs and NH1BsHs decompose after a week.
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Table 9. Hydrogen properties of selected metal amidoborane. More details on the properties of metal amidoboranes and related ammoniates compounds can be
found in the extensive review of Chau et al.[*®"!

Hydrogen capacity

Discovery Synthetic routes Theoretical Exp cam T decomp. (°C) Dehydrogenation path R?¥‘:§ébg;ty
(wt %) (wt %) 9.
i - i i i [173-174] - [173-174] -
LiNH2BH3 NH3BH3s + LiH — LiNH2BH3 + H (ball milled ) 18.9 11.0 91 LiNH2BHs —> LiNBH + 2H,
H. I. Schlesinger NH3BHs + NaH — NaNH:BHs + H: R [350] R
NaNHzBHs & A. B. Burg [171] (in THF 350, liquid ammonia 74 or ball milled [354]) 132 4 o1 NaNH2BHs > NaNBH +2Hs
KNH2BH3 - NH3BHz + NaH — NaNH2BH3 + Ha (in THF [352]) 10.1 6.5 - 80 [352] KNH2BHz — KNBH + 2H> -
: 2NH3BHs + CaHz2 — Ca(thf)2(NH2BH3)2 + 2H2 ; 170 - 300 [353] R
Ca(NH2BHz)2 —» Ca(NHzBHs)z + 2THFBS3 14.0 8.0 100 - 150 [74] Ca(NH2BHz)2 > Ca(NHBH)2 + 4H2
_ 2NH3BHs3 + MgH2 — Mg(NHzBHs)z + 2H> B B [354] _
Mg(NH2BHs): 2NHsBHs 4 Mo Ma(HsBHL)2 + H (oall millac E54) 16.7 10.0 100 - 300 Mg(NH2BHs)2 —> Mg(NBHoz)2 + 4.2Hz
Sr(NHzBHs)z - 2NH3BHs + SrH2 — Sr(NHzBH3)2 + 2H2 9.5 5.7 - 60 [359] Sr(NHzBHg)z - SF(NHB)2+ 4H: -
Y(NH2BH3)3 - YCls +3LiNH2BH3— 3LiCl + Y(NH2BH3)3 [353] 8.4 4.9 - 50 - 250 1355 - -
NazMg(NH;BH): - 2NHsBHs + 2NaH + MgHa—> NaMg(NH2BHs)o + 2H, (3561 10.8 8.4 - 65 - 200 1356] - -
NaMg(NHzBHs)s - 3NH3BHs + NaMgHs —NaMg(NH2BHs)s + 3H B57) 153 10.0 - 80 1357) NaMg(NH2BH3)s —NaMgNsBsHs + 5Ha -
NaLi(NH2BHs)2 - LiH+NaH + 2 NHsBHs —NaLi(NH2BHs)z + 2H 65 15.6 111 - 75 58] NaLi(NO.ssBHae)2»NaLi(NO.7BHzs)a + ~0.3 NHs + ~1.65Hs -

NaLi(No.7BHz25)2 —NaLi(No.7BH16)2 + 0.9 H2
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Table 10. Summary of reported modifications of amide systems and associated hydrogen sorption properties.

Hydrogen capacity (wt %) Reversibility -AHd AS
System T decomp. (°C e
Y Theoretical Exp. Rehydro. p-(€) Tand P (kJ.mol* Hy) (3.mol*.K1Hy)
9.3 (179) 150 - 400 (179] . 85 ~ -99 [364]
. . . 9.5/6.5 lesa] 5.2 360) 150 - 320 (1853 230,285 °C, S0 bar 7% 96.3 13631
LiNHz + 2LiH <> LisN + 2H, 10 2 Ta60] o8 62 180 - 400 53] 240 °C b= o 9 1179 -
5 [361] 160 [360] 230 °C, 7 bar 116
6.5 179 ~25 B66l 255 °C, 30 bar &7 445 3831
LiNH2 + LiH < Li2NH + Hz 6 [185a] 6 ) 7 [365] 160 [367] 300 - 400 °C, 90 bar [365] 51 [367] -120 [369]
6.5 B 150 - 400 [1853] 240 °C, 32 bar [3¢7] 66.1 [179]
LiNH2 + LiH <> Li2NH + Hz (Ti doped) 5.5 [363] - 150 - 200 1363 180 °C, 3 bar [363] - -
. . . 5.2 1368] 150 - 500 °C, 1 bar 1369
Li2NH + LiH <> LisN + Hz 5.5 pyione 200 - 400 1369] 180, 198 °C, 4 - 7 bar 5% 165 1363] -
i 2LiNH2 + LiAlH4 <> LisAIN2 + 4H2 9.6 4.1 [313b] - 25 - 600 [3130] - - -
LiNH2 359
2LiNH2 + 2LiAlH4 <> 2Li2AINH + 5H2 - ~8 [370] - 50 - 230, 350 - 450 [370] 27 1370]
6LINH2 + 2 LizAlH6 <> 6Li2NH + 2Al + 9H2 7.4 7.1 (TiCls-AICIz catalyst) [371] ~7.1671] 150 - 300 1B71 300 °C, 138 bar 71 - -
1-2 372
8LiNH2 + 4LisAlHs <> 4Li2NH + 6LiH + 2LizAIN2 + 2Al + 15H> 7.6 6.9 872 3 - 4 (Ni doped) 100 - 500 [372] 200 - 300 °C, 0.04 - 100 bar 72 - -
3872
>10 B13a]
2LiNHz + LiBH4 <> LisBN2 + 4Hz 11.9 7.8 024] - 250 [124.313a] - 23 124) -
7.9 — 9.5 18130]
. . 4.3 B73] 4.3 B73] 100 [367] 180 - 220 °C B74
2LiNH2 + MgH2 <> Li2Mg(NH)2 + 2H> 5.35 45 1367 4.5 367] 200 13731 200 °C. 30 bar 673 34 [367] R
Mg(NHz)2 + 2MgH, <>MgsN2 + 4H, 7.4 - - - 130 - 520 °C 192 - -
Mg(NH2)z2 + MgHz <> 2MgNH+ 2H, 49 4.8 1679) 4.8 675) 65 - 310 [575] 130 - 520 °C 192 - -
. . . 5.4 [876-377] 140 - 280 [376-377,379] 220 °C, 8 bar 376 38.9 ~- 44.1 B77
Mg(NH2)2 + nLiH <> LizMg(NH)2 + (n-2)LiH + 2H, 78] 5.6 - 4.3 78] 10 240 B7d 220, 110 bar B761 L6578 -
Mg(NH2)2 + 8/3LiH <> 1/3MgsN2+ 4/3Li2NH+ 8/3H2 6.9 ~7 [379-380] - 140 - 280 [379-380] 200 °C, 30 bar [380a - -
[192a]

Mg(NHz)2 Mg(NHz)2 + 4LiH <>1/3MgsN2+ 4/3LisNH+ 4H; 9.1 6'75[379] - 140 - 520 12923 [379] - - -
Mg(NH2)2 + NaH - 2.2 1381] 2.2 1381] 120 - 200 [381] 160 - 200 °C, 11 bar 381 - -
Mg(NH): + 4CaH2 <> CaMgzN; + CazNH + CaNH + 7H; 5 4.9 382) - 60 - 510 1382 - 42.4 1382) -
Mg(NHz)2 + CaHz <> MgCa(NH)2 + 2H> [383] 4.1 - - - - - -
Mg(NH2)2 + Ca(NH2)2 + LiH <> LisMgCa(NH)a + 4H, 5 2.7 B84 2.7 B84) 50 - 220 (4] 220 °C, 75 bar 13841 - -
CaNH + CaH: <> CazNH + H» 3851 21 2.4 1385] 1.9 279 60 - 350 [385] 500, 550 °C, 30 bar 1179 88.7 [179] -
Ca(NHz)2 + CaH2 <> 2CaNH + 2H [385] 35 3.2 1385] - 60 - 500 [385] - - -

Ca(NHz)2 2CaNH + CaH2 <> CasN2 + 2H> 2.7 - 2.36 [389] 300 [86] 500 - 600 °C, 27 bar 386 - -
Ca(NH2)2 + 2LiH <> CaNH + Li2NH + 2H2 4.5 4.5 1387] 2.5 1387] 100 - 300 [387] 180 - 200 °C, 30 bar 3871 - -
2Ca(NH2)2 + 2NaH «> Ca-Na-H + 2NaNH2 + Hz - 1.1 ks8] 0.96 [388] 120 - 270 [388] 200 °C, 70 bar [388] - -
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Table 11. Hydrogen storage properties of selected aluminum compounds and associated synthetic routes.

) ) . Hydrogen capacity . Reversibility AH; -AHdes AS
Discovery Synthetic route Decomposition path W% Kg.m> T decomp. (°C) Tand P (kd mol-) (k3.molL Hy) (3.molL K- Hy)
6 ~7.6 139] 129 391
60 - 140 [390b, 392] 99 [397] 1307 [397]
a-AlH3 3 LiAlH4 + AICIs — 4 AlH3 + 3 LiCl (diethyl ether) a-AlHz — Al + 3/2 Ha. 100 - 250 B9 -129 1399] 6.95 (9]
Einholt et (389-390] 101 149 150 [394] 11.4 1399
al. 18] AlHs — AlH3-NTHF + 1/2Hz+ e ' 12.36 59
B-AlHs 3AlH4 + Al — 4AIH3-nTHF + 3e-[391] B-AlHz — a-AlHz — Al + 3/2 Ha. 60 - 140 [390b, 392] g 397
y-AlHz y-AlHz — a-AlHs — Al + 3/2 H,. 60 - 140 [390b, 392] 7.1897
185, 230 [404] .
207 140s] 150 %0:1[]36 bar ) 1;5’]'51310] 36 1406, 412)
NaAlHs — 1/3 a-NasAlHe + 2/3Al + Hz % 15201‘90- 2‘|'2'Od[4081 5 s 250 °C, 175 bar -18.8 411] 37 (Ti doﬁﬁf’) [403, 407,
NaH +AICls — NaALHs + 3NaCl 1400 - (T doped) K= oa 08
) Na + Al + 3/2H2 —> NaAlH, (o1 i 150 °C, 114 bar (Ti
[409]
NaAlH, e NaH + Al + 3/2H; —> NaAlH, Kota. 402 7.4 - Ry~ doped) (%% 46.8 [405-406,412413] ;
' 3NaAlH4 + AICI; - 3NaCl + 4AlH3; NaH + AlHz — 1/3B-NasAlHs — NaH + 1/3Al + 1/2H 250 [406] 47 (Ti doped)
NaAlH, 14031 120 - 180 (Ti doped) 1403
565 [405-406, 408, 412-413]
NaH — Na + 1/2H> > 400 56.5 (Ti doped) [403.
407]
130 @181
150 [16] -119 5.819]
) ) 148 - 155 K17] .
LiAIHa — 1/3LisAlHs + 2/3A1 + H, 9.1 - 10 1418419]
187 - 218 W18] 1
0 [219b, 418]
201 119]
) ) ) 25 (Ti doped) 4201
LiH +AICI3 — LIALH4 + 3LiCl 3891 165 - 290 1771
) Finholt et LiH + Al + 3/2Hz —> LiAlH, 401 414] )
LiAIH . ‘ . . ) 10.5 - °C [416] >25 °C, 103 bar ¥21] 310.9 (4231 -
4 al, (282) LiF + AL+ 312Hs - LAy ATHF —LUAIH, +4THF 1/3LisAlHs — LiH + 1/3Al + 1/2H, Zgg? 2‘;2 s oo i
100 - 175 (Ti doped) (4221
-140 [418]
i i [424]
A o 370 - 483 1) 100.8 (overall) ]
2 113.42 (overall) (4231
155 (overall) 18]
290 [410]
KAIHs — 1/3 KsAlHg + 2/3Al + Hp 290, 350 (4271 -183.7 1410] 55 [428]
300 28] 70 1428]
Ashby et al. 250 - 330 °C, 10
KAIHs o1 KH + Al + 3/2Hz — KAIH, Ko 1/3KsAlHs — KH + 1/3A1 + 1/2H, 57 532 340 628) bar 1410 70 1428 :
KH —K + 1/2H, 430 628] - -
110 - 130 ¥17]
110 - 200 132] - 1.8 431]
Wibergand  2NaAlHs + MgClz — Mg(AlHs)z»4THF + 2NaCl Mg(AlH4)2 — MgHz + 2Al + 3H, F. 204 7
Mg (AlHa4)z Baucer 2LiAIHs + MgCl2 — Mg(AIH4)2-Et20 + 2NaCl ¢30] 9.3 723 175 ) - 41 -
1429) 2MgHz + AIClz — 1/2Mg(AlHa)2 + 3/2MgCl, 431 115-150
MgH: + 2 Al — 1/2 AlsMg> + 1/2Al + H, - 500 1432 o34y
MgHa Mg+ Ho 240 - 290 - 76
80 - 100 4171 7 131 .
Ca(AlH4)2 — CaAlHs + Al + 3/2H, 100, 180 &31] -214 g 3t
Schwab 3 127 1431]
and Winters 2CaH; + AlCIz — 1/2Ca(AlHz), + 3/2CaCl, 431 i
Ca(AlHa)2 -berger 2NaAlH4 + CaClz — Ca(AIHi)321-4THF +2NaCl —» CaAlHs > CaHy + Al + 3/2H, 7.8 70.4 250 K1 - g 1437)
Ca(AlHa)2 131 1431)
[435] 32
CaHz —»Ca+ H2 172 14381
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Table 12. Summary of reported modifications of alanates via nanoconfinement and “catalyst” doping.

Nanoconfinement

Kinetics modifications

. Reversibility P Reversibility Taes and
Scaffold Size (nm) Method (T and P) Tdes and Des. rate (wt.min-t) Catalyst (T and P) Des. rate (wt.min-1)
2-10 115 °C, 100 bar 25-150°C 100 °C, 100 bar [3ec, 439t 440]
108 °C, 61 bar 1439 120 - 180 °C [439d, 4394
° [439m] ° [439m]
2 1. s0ber bk 10 m e
Carbon nanofiber 223, 438] ) Solventt_ 170 °C, 150 bar (20 270 °C, 0.016 [20]
~ impregnation o } o ° [4301] ° {4391
19-30 115 °C, 100 bar 25-250°C NaAlHq + M-halide <> 3NaCl + 3Al + M + 2H, 125 °C, 88 bar 5% 125 °C, 0.013 **4
(M=Ti. Sc. Ce. Pr. 21, Hf) 20,200, 200,457, 4% ~125 °C, 100 bar 143%] 120/180 °C 0.023 143%]
e s e 125 °C, 90 bar 139n 50 - 160 °C, 0.016 [39h
>1000 - 50 - 150 °C 120 °C, 85 bar 4394 25 - 280 °C 1son
125 °C, 110 bar [“39n] 100 - 200 °C 1391
200 °C, 110 bar 4391 125 °C 139%]
125 °C, 100 bar 43991 140 °C 139%]
Nanoporous carbon [223] 2-3 Melt inflation 150 °C, 24 bar 100 - 200 °C 125 °C, 83 bar [439%]
Carbon aerogel [441] 13 Melt inflation 160 °C, 100 bar 150 °C ° [#42c] 150 °C, 0.0067 142c]
9 Ti, Al, TiAls, TisAl 207, 442) 120 °C, 110 bar 142 150 - 250 °C 42a]
125 °C, 120 bar 120701 150 °C [2070]
NaAlHs RF Carbon aerogel 443 17 Melt inflation 160 °C, 110 bar 50 - 450 °C, 0.0025
RF Carbon aerogel -TiCl3 . . . o M(OBu)x and/or M(OR) o 120 - 180°C, 0.0014 03]
1443] - Melt inflation 160 °C, 110 bar 50 - 300 °C, 0.002 M= Ti,xFe, Zr) (z08a 108) ~100 °C, 100 - 140 bar [403] 50 - 220 °C [208a]
ACF [226] 5 Melt inflation 125 °C, 100 bar 150 °C Ti cluster, Tiiz -6THF [440, 444] 100 °C, 100 bar [440] 150 °C 140]
MOF (445 5-10 _ Solvent . 70 - 140 °C Ti-doped NaAlHs <> NaH + Al + 3/2H2 + TOBU)s 15 o¢ 140 - 123 bar (461 160 °C, 0.034 1461
impregnation [446]
MOF-74(Mg) 147 - Melt inflation 160 °C, 105 bar 50 - 250 °C, 0.0095 M203 (M = La,Ce, Sm, Gd) 14481 150 °C, 90 bar 48] 125 - 200 °C, 0.061 [448]
Mesoporous silica 10 im;‘;’;’s;‘ttion 150°C, 55 bar 180 °C, 0.05 Mischmetal [450) 130 °C, 110 bar 4501 150 °C, 0.025 14501
80 °C [205]
<100 °C, 75 - 90 bar [203]
Carbon, CNT, CNF [205,451] o 128 °C [451a]
280 °C, 120 bar [451b] 280 °C [451b]
~25 °C [420]
Carbon Solvent o 120 °C ¥524]
nanotubes(?23al 4-60 nm impregnation ) 120°C 25 - 240 °C [220a)
LiAIH4 + M-halide <> 3Li-halide + 3Al + M + 2H2 75 - 200 °C 452c]
(M=Ti, V, Zr, Hf, Al, Fe) ) 80 °C [2200]
100 - 175 °C 1422
Ti, Al, TiAls, TizAl, TiH [220. 420,422, 439n, 439p, 442a, 452] 100 - 220 °C [452b]
50 - 160, 165 - 210, 300 - 390
. °C [452d]
LiAIH4

120 - 250 °C 1424

Fe, Ni, V, carbon black [452a 452b, 453]

100 - 220 °C [#520]
125 - 250 °C 1452]
145 °C, 0.075 14524

Nanosised catalyst

M203 or MOz (M = Fe, Co, Nb, Cr, Ti) 454

155 - 250 °C 1543
120 - 200 °C 1540]
60 - 150 °C, 0.036 [454c]
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Table 13. Overview of properties of various high temperature metal hydrides. The thermal energy content (kJ.kg?) and hydrogen capacity (wt

%), of a high-temperature hydride determine the amount of high-temperature hydride required for a given CSP configuration, while the enthalpy

of hydrogen absorption/desorption (kJ.mol™? H) determines how much hydrogen is required to generate a specific amount of thermal energy.

This will also determine the amount of low-temperature hydride required to store the hydrogen. Potential low temperature hydrides have been

summarized elsewhere.[236]

Hydride Density Specific Heat Enthalpy Maximum 1 bar Maximum Maximum Stability upon CSP
(g.cm™) (J.kgt. K™ (kJ.mol™ Hy) Capacity equilibrium Energy/Weight Energy/Volume cycling application
at RT at RT (Wt% Hy)  temperature (°C) (kJ.kg™) (kJ.L™

Mg,FeHg 4% 2.74 905 77 5.47 300 2090 5447 600 cycles!455-45€]

CaH, 17 1.7 974 207.7 4.79 990 4934 6508

LiH 1458l 0.78 3642 133.5 12.68 945 8397 3846

LiH+Si B - - 106.5 5.06 485 2676 3719

ZrHi6 5.626 314 212 1.737 890 1827 10278

YHis 4.27 379 220 2 1225 2182 9318

TiHy 7 459 - 606 164 3.49 645 2842 10656

NaMgHj 146! 1.47 1171 86.6 4 382 1721 2529

iy /[231

MgH, 61 1.45 1343 74 7.66 282 2783 3995 uf}fggg%’g;gg‘% I\]“ yesiz38!

Mg-Al 162 - - 77.7/62.7 4.44 265/237 1590 1885

Mg2NiH,4 237 2.7 - 64.5 3.66 255 1158 3174 1500 cycles 14631

Mg,Cu 64 - - 72.5 2.63 240 944 3238
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Figure list

Figure 1. Timeline reflecting the development of high capacity hydrogen storage materials
and associated strategies to meet practical targets. Investigations into high capacity inorganic
compounds only took-off 20 years ago following the breakthrough in reversibility with Ti-

doped NaAlHa.

Figure 2. a) Map of potential hydrogen materials versus the US DoE targets for hydrogen
systems, liquid and compressed hydrogen tanks and current Li-ion batteries — the theoretical
hydrogen capacity and decomposition temperature of the hydride is indicated; and b)
achievements of selected materials (developed in the last 20 years) versus US DoE targets for
hydrogen systems — the storage capacity of the materials correspond to measured values at
the decomposition temperature. Compressed and liquid hydrogen do not meet the targets.

Equivalent energy density is shown for Li-ion batteries.

Figure 3. Schematic illustration of a) physisorbed, b) chemisorbed and c¢) weakly bonded
hydrogen, and d) postulated energy barriers for the hydrogenation of metal and complex
hydrides. Epnysy: energy for hydrogen physisorption, Echemy: energy for hydrogen
chemisorption, EpenH): €nergy for hydrogen penetration in the subsurface, EditfH): energy for
hydrogen diffusion in the bulk, and Enucigrowth: €nergy for the nucleation and growth of the
hydride phase. In complex hydrides additional barriers due to intrinsic mass transport need

also to be overcome.

Figure 4. (a) Pressure Composition Isotherm (PCI) plot of hydrogen-metal systems, (b) Van’t

Hoff plot related to the (de)hydrogenation reaction, and (c) illustration of the decomposition
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of complex hydrides. The slope of the Van’t Hoff plot is related to the enthalpy of the

reaction and the intercept with the ordinate corresponds to the entropy of the reaction

Pg _AH® AS°

according to the Van’t Hoff relation: In
p,, RT R

Figure 5. Schematic illustration of a) the destabilisation and stabilisation approach and, b)
Activation Energy barriers for hydrogen absorption (Ex*) and desorption (Ea%). The heat
released by the reaction is directly related to the internal energy AE. Destabilisation will
accelerate desorption kinetics and reduce the amount of heat released. The ideal catalyst

should help both the dehydrogenation and hydrogenation reaction.

Figure 6. US DoE assessment of progress for physisorbents in meeting vehicular hydrogen

storage targets. 46!

Figure 7. Examples of strategies to enhance the gravimetric hydrogen storage capacity of

MOFs.

Figure 8. Examples of strategies employed to maximize the volumetric hydrogen storage

capacity of MOFs.

Figure 9. a) Thermal decomposition of LiBH4 as followed by TGA/DCS/MS, and b)
associated proposed reaction paths adapted from referencel®*®! and images reflecting phase

transformations of LiBH,4 during its thermal decomposition.

Figure 10. Synthesis of NaBH4 from NaH and B under 173 bar hydrogen pressure at 400 °C
(bleu), 500 °C (red) and 600 °C (black). a) Evolution the hydrogen pressure during the

synthesis, b) XRD patterns of the material obtained after 24 h proving the formation of
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NaBH, and ¢) Solid state !B NMR spectrum proving the synthesis of NaBH4 at 600 °C (M.

Christian and K.F. Aguey-Zinsou, unpublished data).

Figure 11. Decomposition temperature (Tq) for metal borohydrides and the main alanates
versus a) the Pauling electronegativity (yp) of the metal cation, and b) the enthalpy of
hydrogen desorption (AHges). Adapted from reference**® and extended to transition metals

(bleu) and a few alanates (red).

Figure 12. Effect of titanium additives on the decomposition of NaBH4.[36]

Figure 13. a) TEM image of as-synthesized LiBHs hosted within CNT, b) associated
hydrogen cycling at 300 °C showing a rapid decrease in storage capacity, ¢) TEM image of
the cycled material showing the expulsion of LiBH4 outside the CNT, 2> ¢) illustration of the
core-shell approach and associated TEM image of the as-synthesized NaBH4@Ni core-shell
structure, and e) associated hydrogen cycling of NaBHs@Ni leading to stable cycling and

high storage capacity. !4 7]

Figure 14: Schematic of an energy storage system for CSP. During day cycle (a) Thigh and
Tiow are maintained to ensure constant hydrogen pressure release from MH_Thigh and
absorption by M’H_Tiow. During the nigh cycle (b) the process is reversed by either dropping

or raising the temperature of MH_Thigh or M’H_ Tiow, respectively.
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Figure 2

a) Potential high capacity hydrides
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Figure 3
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Figure 4
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Figure 5

Activation Energy(E,)

L%

) Products after H, release (M)
=
% A ii) Stabilization
g . 4
: AH} ———
m + ”
AH MH, + M”H
MM’H,
AH”
i) Destabilization
Hydride (MH,)
W K W
1 1 1
! 1 Catalysis 1
M+H, ! | |
1 B des | E’ des
| | Ea | B
1 1 1
1 1 1
MM’ +H, v ' 1
Destabilisation |
AE’ MM'H, !
AE N -—_____Y

Progress of reaction

85



Figure 6

Gravimetric Density

Start Time to Full Flow (20°C) Min. Delivery Temperature

Fill time (5 Kg H,) Max Delivery Temperature

Start Time to Full Flow (-20°C) Min. Delivery Pressure (PEMFC)

Transient Response Maximum Operating Temperature

Fuel Purity Minimum Operating Temperature

Loss of Usage H, Max. Delivery Pressure

e EIRE )] Minimum Full Flow Rate

On Board Efficiency

86



Figure 7
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Figure 8

Impregnating Interpenetrating Packing Nanoballs Functionalizing Ligands
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Figure 9
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Figure 10
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Figure 11
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Figure 12
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Figure 13
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Figure 14

a) Day cycle
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