
Chapter 2
Potential Storage Materials

A wide range of materials are currently being considered as potential reversible
hydrogen storage media. In this chapter we will expand on the material types
introduced in Sect. 1.4 and discuss some of their storage properties. We begin with
microporous adsorbents, which physisorb molecular hydrogen at low tempera-
tures. Secondly, we look at the interstitial hydrides, which are reactive metals that
reversibly absorb dissociated atomic hydrogen into their bulk as an interstitial. We
then cover the complex hydrides that bind atomic hydrogen either covalently or
ionically and release it via solid state decomposition, and finally consider some
alternative storage materials that do not fit readily into the other categories.
A summary of some basic hydrogen storage properties of the material types
covered in this chapter is given in Table 2.1.

2.1 Microporous Materials

Microporous materials adsorb molecular hydrogen. The narrow width of their
micropores leads to an increase in the density of hydrogen in the pore network
compared to the gas phase. This occurs primarily at relatively low, sub-ambient,
temperatures. According to the current IUPAC classification scheme [1], pores can
be divided by size into three categories: micropores, of dimensions below 2 nm,
mesopores, between 2 and 50 nm, and macropores, which are greater than 50 nm.
The porous materials being considered for physisorbed molecular hydrogen stor-
age are predominantly microporous. They are also often in the subcategory of
ultramicroporous, in which the pore dimensions are less than 0.7 nm; close to the
size of a single hydrogen molecule. At these length scales the adsorption potentials
of the opposing pore walls overlap, which significantly increases the density of the
adsorbed hydrogen, compared to the gas phase, at any given temperature and
pressure.
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The use of these materials as gas storage media has been considered for a
number of years. For example, various reports can be found in the literature that
describe the use of microporous carbons, zeolites and other adsorbents to enhance
the storage capacity of natural gas (methane) storage tanks [2] and the use of
microporous carbons and zeolites for hydrogen storage has been discussed for the
past 30 years1 [5–7]. Recently, however, the level of interest in the use of these
materials for hydrogen storage has increased dramatically. The proposal of carbon
nanotubes as a possible storage medium first attracted significant attention in the
late 1990s and the exciting progress made in the synthesis of new porous hybrid
materials [8] has further invigorated the field. Progress continues with the syn-
thesis of microporous organic polymers, as well as new hybrid material classes,
and new candidate materials are likely to emerge as the search, as well as the
interest in these materials for a range of other applications, continues. In this
section we cover the main groups of adsorbents currently being considered as
storage media.

Before beginning, however, we will briefly discuss the hydrogen uptake
behaviour of microporous materials because it is broadly similar for all the
materials considered in this section. According to the conventional classification of
adsorption by IUPAC [1, 9], isotherms can be of six general types (I–VI).
Hydrogen adsorption by microporous materials invariably corresponds to Type I,
which is concave to the pressure axis and saturates at a finite limit. Note that the
identification of supercritical hydrogen adsorption as Type I refers to the absolute
hydrogen uptake rather than the experimentally determined excess uptake (see
Sect. 3.1.1.3). The excess adsorption typically peaks at an elevated pressure and
then decreases as the hydrogen gas density increases yet further. This behaviour is
typical for high pressure adsorption at supercritical temperatures [10]. The amount
of adsorption that occurs at any given pressure decreases with increasing tem-
perature, although the form of the absolute adsorption isotherm will generally
remain the same. As an example, Fig. 2.1 shows some hydrogen adsorption data
for Na-X zeolite, determined gravimetrically up to a pressure of 2.0 MPa in the
temperature range 87–237 K. It can be seen that, as expected for pure physi-
sorption, the adsorption and desorption isotherms show good reversibility, with no
observable hysteresis.

The kinetics of hydrogen adsorption by microporous materials are very rapid,
which is practically advantageous for hydrogen storage (see Sect. 3.3), but low
temperatures are required to achieve significant capacities at useful storage pres-
sures. In practice, low temperature storage requires cooling, which inevitably adds
to the weight of a storage unit and is therefore a significant disadvantage. The
hydrogen adsorption capacity of microporous materials at ambient temperature is
currently too low for practical use [12]. However, the hope is to enhance the
interaction of hydrogen with the materials to allow this possibility in the future.

1 Hydrogen adsorption by porous materials has, however, been studied since the early twentieth
century [3, 4].
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Another drawback is their volumetric storage capacity, an issue that has occa-
sionally been sidelined in favour of gravimetric considerations. In order to achieve
high volumetric capacities, adsorbed hydrogen must be stored at relatively high
densities within the pores and the microporous framework should also occupy a
low proportion of the geometric volume of the material.2

2.1.1 Carbons

Several types of microporous carbons have attracted interest for hydrogen storage,
including activated carbons, carbon nanotubes and nanofibres and, more recently,
microporous templated carbons [13]. Carbon is very attractive technically as a host
because of its low molar mass. It is also chemically stable and can be synthesised
in a number of different forms. From a practical point of view, porous carbons are
already commercially produced in large quantities for a broad range of applica-
tions and are relatively inexpensive.

2.1.1.1 Activated Carbon

Activated carbon is a porous form of carbon that can be synthesised via both
chemical or physical activation methods. Depending on both the raw material and
the activation method and conditions, the resultant carbon will have a specific,
although not necessarily clearly defined, pore structure. Activated carbons can be
predominantly macro, meso or microporous, but the latter are the main focus for
hydrogen storage. Activated carbons tend to have slit-shaped pores [14, 15], but
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Fig. 2.1 Hydrogen
adsorption (+) and desorption
(9) isotherms for Na-X
zeolite at a number of sub-
ambient temperatures. The
isotherms were measured
gravimetrically at the
following temperatures: (a)
87 K, (b) 97 K, (c) 107 K, (d)
117 K, (e) 137 K and (f)
237 K. Reproduced from
Broom et al. [11] with
permission from Hiden
Isochema Ltd

2 The definition of the geometric volume is the volume occupied by the sample including both
closed and open pores (see the definition of geometric density in Sect. 6.2.1).
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also exhibit a relatively wide pore size distribution. This is in contrast to the
crystalline adsorbents, such as the zeolites or Metal-Organic Framework (MOF)
materials covered in the following sections, which have a well defined pore size
and pore geometry. There have been many studies of hydrogen adsorption by
activated carbons and, according to Yürüm et al. [13], these show that gravimetric
storage capacities can reach 5.5 wt% at 77 K. However, the pore structure of
carbons can take many different forms, depending on the chosen activation method
and the raw material used for the synthesis, and so a range of capacities have been
reported in the literature. Carbons are also challenging to characterise accurately,
as demonstrated by the variability in the results of a recent interlaboratory study
[16], which will be discussed in more detail in the closing chapter of this book.

In addition to the experimental characterisation difficulties, modelling work on
these materials is significantly limited by the lack of knowledge regarding their
microstructure, which is fundamentally different to crystalline microporous
adsorbents. The latter can be characterised crystallographically using powder
diffraction (Sect. 5.3) but activated carbons are X-ray and neutron amorphous. The
structure itself therefore has to be modelled, or an idealised slit-pore model used.
However, estimated maximum theoretical capacities appear to agree reasonably
well with those determined experimentally.

Jordá-Beneyto et al. [17] advocate the use of activated carbon monoliths for
hydrogen storage because microporous activated carbon in this form has a greater
bulk density than the same carbon in powder form. Equivalent monoliths formed
from MOFs have not yet been reported in the literature, at the time of writing, and
it is possible that activated carbon monoliths have significant advantages in terms
of volumetric storage capacity. An experimental comparison would be worthwhile,
however, because it may show that the higher gravimetric capacities reported for
the best performing MOFs (see Sect. 2.1.3) are counterbalanced by lower practical
volumetric capacities in real storage devices due to lower bulk material density.

2.1.1.2 Carbon Nanotubes and Other Carbon Nanostructures

The hydrogen sorption properties of carbon nanostructures, such as nanotubes and
nanofibres, have been investigated extensively in recent years. As described briefly
in Chap. 1, there has been considerable controversy over the storage properties of
some of these materials since the publication of the first report of the potential for
room temperature storage of hydrogen by carbon nanotubes [18]. Carbon nano-
tubes are cylindrical nanostructures formed from rolls of graphene. They can have
diameters of 0.7 nm up to several nanometres and form single and multi-walled
tubes that form close-packed bundles [19]. In 1997, Dillon et al. [18] reported
potential room temperature storage capacities of 5–10 wt%, a figure derived from
a rather optimistic extrapolation of thermal desorption data measured on a sample
consisting of an estimated 0.1–0.2 wt% of nanotubes (the remainder of the sample
was uncharacterised soot). The high temperature desorption peak claimed by
Dillon et al. [18] to indicate the ambient temperature storage capabilities of the
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nanotube sample was later shown by Hirscher et al. [20] to be due to metal
nanoparticles deposited during an ultrasonic purification process [19] (see Sect. 6.2).
Although modelling work has predicted the possibility of relatively high storage
capacities in nanotube structures the reported values are no greater than those for
activated carbons and it therefore appears that they offer no significant advantage
over other forms of carbon, which can be considerably easier to synthesise in large
quantities.

Carbon nanofibres consist of graphene layers, stacked together in various ori-
entations with respect to the axis of the fibre, including parallel and perpendicular,
as well as intermediately angled (so-called herringbone) configurations. In 1998,
Chambers et al. [21] reported incredibly high capacities for carbon nanofibres of
up to 67 wt%. Questionable experimental procedures in this work that produced
anomalous hydrogen storage capacities for well known and understood hydrides,
together with the unphysical nature of the claimed capacity, which corresponds to
a H/C atomic ratio of around 24, indicated that the measured capacities were
significantly overestimated. Subsequent studies of both nanotubes and nanofibres
produced a wide range of values, none of which substantiated these initial claims,
and an interesting controversy developed. Tabulated values can be found in a
number of articles, showing the spread of the data found in the literature at the
time [13, 22, 23]. Although the issue has not yet been resolved completely, it
seems fairly safe to conclude that both nanotubes and nanofibres are unlikely to be
the hydrogen storage panacea that some authors have suggested. In addition to
nanotubes and nanofibres, fullerenes and carbon nanohorns have also been
investigated, either experimentally or theoretically, for their hydrogen storage
properties [24, 25].

2.1.1.3 Templated Carbons

Templated carbons are a form of microporous or mesoporous carbon typically
synthesised by introducing a carbon precursor, such as sucrose or acetonitrile, into
the pores of an inorganic template. Carbonisation and the subsequent removal of
the template results in a pore structure that is relatively well defined compared to
their activated carbon counterparts [26, 27]. There have been a number of studies
on these materials and they can exhibit impressive hydrogen adsorption properties,
with the largest capacity reported to date being 6.9 wt% for a zeolite-templated
carbon at 77 K and 20 bar [12, 26]. The uptake was Type I, with an estimated
saturation capacity of 8.33 wt%. Unlike activated carbons, these materials show
evidence of microstructural ordering through the appearance of Bragg peaks in
their X-ray powder diffraction patterns. Another type of templating uses carbide
precursors and can produce microporous carbons with very well defined pores
sizes [28, 29]. According to Gogotsi et al. [29] the hydrogen uptake of these so-
called Carbide-Derived Carbons (CDCs) can reach 4.7 wt% at 60 bar and 77 K.
Although this is not particularly high, the CDCs offer the opportunity to further
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tune and optimise the pore size and continued investigation of the interaction of
hydrogen with these materials would undoubtedly be valuable.

2.1.2 Zeolites

Zeolites are microporous aluminosilicates formed from AlO4 and SiO4 tetrahedra.
They have a range of practical applications that exploit their ion exchange,
molecular sieving and catalytic properties. The term zeolite is often used to
describe compounds with similar structures that are formed by elements other than
Al and Si, including P, Ga, Ge, B and Be, but these materials are also known as
zeotypes. These materials form a variety of different crystallographic structures.3

Their ordered crystalline nature gives them uniform cavities and channels with
dimensions in the microporous regime. The framework structures are relatively
rigid and, as with all microporous solids, they have high specific surface areas and
large pore volumes. Their properties can be tuned by altering the Si/Al ratio of the
framework, or the equivalent stoichiometry in the case of zeotypes, with limits in
the range 0.5 \ Si/Al \?. The anionic nature of zeolite frameworks leads to the
presence of cations within their structure. Exchange of these cations can also
significantly alter their properties.

Although zeolites are highly porous, with high surface areas, the hydrogen
storage capacities reported in the literature have, to date, been fairly low. In their
study of low pressure (\ 0.1 MPa) hydrogen uptake by a range of porous solids,
Nijkamp et al. [31] concluded that zeolites are less likely to be effective as
hydrogen storage materials, in comparison to porous carbons, due to their limited
pore volume. Vitillo et al. [32] tabulated a number of the experimentally deter-
mined hydrogen uptakes, with the highest reported uptake at 77 K or above being
1.81 wt%, as reported by Langmi et al. [33]. This figure was found for Na-Y
zeolite at a pressure of 1.5 MPa. According to Anderson [34], the highest reported
uptake until recently was 2.55 wt% for Na-X at 77 K and 40 bar (4.0 MPa) [35].

The results of the molecular mechanics simulations performed by Vitillo et al.
[32] predict that the maximum storage capacities for a range of zeolites are in the
region of 2.65 and 2.86 wt%, whereas van den Berg et al. [36] found that, theo-
retically, the hydrogen content could reach (4.8 ± 0.5) wt% for sodalite (SOD)
structures.4 In the study by Vitillo et al. [32] a lower figure of 1.92 wt% was
determined for SOD. In later work, van den Berg et al. [37] found lower values for
the saturation uptake using Grand Canonical Monte Carlo (GCMC) simulations,
although the higher figures are supported by Song and No [38], who found an

3 176 different structure types are listed by Baelocher et al. [30].
4 Van den Berg et al. [36] and Vitillo et al. [32] both calculated the maximum hydrogen uptake
using molecular mechanics simulations but used different convergence criteria to define when the
hydrogen capacity had reached saturation. In addition, the latter study included a correction for
the zero point motion of hydrogen, whereas the former did not.

24 2 Potential Storage Materials



uptake of 4.45 wt% for Mg-X. However, even these higher capacities are low in
comparison to the challenging US DOE storage system targets.

The temperature dependence of hydrogen adsorption by Na-X zeolite is illus-
trated in Fig. 2.1. These isotherms were measured gravimetrically up to a pressure
of 2 MPa in the temperature range 87–237 K. At room temperature and moderate
pressure, hydrogen uptake by zeolites is low. Hydrogen storage at higher tem-
peratures has been proposed through the mechanism of encapsulation [39–41], a
process by which, in the case of zeolites A, X and Y, hydrogen molecules enter the
sodalite cages. However, this does not appear to be a mechanism capable of
delivering practical storage capacities.5

Enthalpies of adsorption, a measure of the strength of the hydrogen-adsorbent
interaction (see Sect. 3.2.1), for zeolites can have a range of values. Garrone et al.
[42] report -DH0 (standard adsorption enthalpy) values in the range 3.5–
18 kJ mol-1, with the largest of these values being found for (Mg, Na)-Y zeolite
[43]. These values were determined using infrared spectroscopy (see Sect. 5.4.3).

Zeolites have a number of significant practical advantages over other micro-
porous adsorbents. They possess high thermal stability in comparison to metal-
organic frameworks and organic polymers, for example. Thorough degassing of
the framework can therefore be performed at 350�C (623 K) with no decompo-
sition. Their crystalline nature allows easy characterisation of the host material and
they have a well defined and understood pore size in comparison with activated
carbon. Current industrial production of synthetic zeolites also demonstrates the
feasibility of their synthesis in large quantities, although this is also the case for
carbons. However, it seems unlikely that zeolites will be useful as practical
hydrogen storage media for onboard applications. Felderhoff et al. [44] support
this view and argue that they do not show the required capacities for practical
storage applications. Zeolites are, however, certainly valuable as model systems
for the further investigation of the interaction of hydrogen with microporous
materials [45], and so their continued study is both likely and worthwhile.
Anderson [34] covered hydrogen storage in zeolites in detail and this review is
recommended to interested readers.

2.1.3 Metal-Organic Frameworks

Metal-Organic Frameworks (MOFs) are crystalline inorganic-organic hybrid sol-
ids consisting of metal ions or clusters linked by organic bridges [8, 46, 47].
The archetypal MOF is Zn4O(bdc), where bdc = 1,4-benzenedicarboxylate, which

5 Hydrogen encapsulation has been investigated by a number of authors [39–41] by loading
zeolites at elevated temperatures under a hydrogen atmosphere, then cooling the sample to
ambient and performing TPD up to temperatures of 673 K to desorb the encapsulated hydrogen.
However, storage capacities were found to be low; for example, 0.6 wt% for Na-X at
hydrogenation pressures of 13.3 kpsi (91.7 MPa) [39].
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is commonly known as either MOF-5 or IRMOF-1.6 This material consists of zinc
oxide clusters joined by benzene linkers. The metallic clusters are known gener-
ically as Secondary Building Units (SBUs) and in MOF-5 the structure forms a
highly porous cubic network. A number of reviews specifically addressing the
storage of hydrogen using MOFs can be found in the literature and these are
recommended to interested readers [12, 48–52]. Hundreds of different MOFs have
been studied for their hydrogen adsorption properties. Murray et al. [52], for
example, list hydrogen uptake data7 for 177 different MOFs and the current level
of interest in these materials is such that since this recent review the amount of
data in the literature is likely to have grown considerably.

Hydrogen storage by metal-organic frameworks was first reported by Rosi et al.
[53] in a study including MOF-5, IRMOF-6 and IRMOF-8. Their initial claimed
capacity for MOF-5 of 4.5 wt% at 77 K and 0.07 MPa met with some scepticism
[54], and was subsequently reduced in a later report [55]. Nevertheless, following
their discovery there have been many more studies on hydrogen storage by other
framework materials and the erroneously high capacity claimed for low pressure
adsorption has since been exceeded at higher pressures. Tabulated data compiled by
Collins and Zhou [49] and Thomas [12] indicate maximum hydrogen uptakes at 77 K
of between approximately 1.0 and 7.5 wt% for a range of MOFs. The highest value of
7.5 wt% was found for MOF-177 [Zn4O(btb), where btb = 1,3,5-benze-
netribenzoate], as reported by Yaghi et al. [55, 56]. This uptake was found at a
measurement pressure of 7.0 MPa; the uptake at 0.1 MPa was 1.25 wt%. The highest
reported value at room temperature (298 K) is 1.4 wt% reported for a pressure of
9.0 MPa, for Mn(btt), where btt = 1,3,5-benzenetristetrazolate, by Dincă et al. [57].
This MOF also adsorbs 6.9 wt% at 77 K and a hydrogen pressure of 9.0 MPa.

Aside from the large number of possible combinations of different SBUs and
organic linkers, and hence possible pore geometries, the presence within the
frameworks’ pores of exposed metal sites is another reason for the interest in
MOFs. To either increase the operating temperature of a microporous hydrogen
store, or increase the maximum storage capacity at near ambient temperature, an
increase in the strength of the hydrogen-surface interaction is required. Molecular
hydrogen is known to form so-called Kubas complexes with nearly all transition
metals [58] and the possibility of enhancing the hydrogen-surface interaction
through a similar mechanism offers the promise of developing MOFs with much
improved storage properties. This aspect of hydrogen adsorption in MOFs was the

6 Metal-organic frameworks tend to be known by the initials assigned to them by the researchers
responsible for the original synthesis. These initials do not follow any particular pattern but tend
to refer to either the material type or the researchers’ institution. Examples include MOF (Metal-
Organic Framework), MIL (Materials of Institute Lavoisier), IRMOF (IsoReticular Metal-
Organic Framework) and UMCM (University of Michigan Crystalline Material).
7 Note that the majority of the data reports the hydrogen uptake at atmospheric pressure, which
gives limited information with regard to the reversible capacity for storage purposes (Sect. 3.1.1),
and therefore further studies at elevated pressures are required.
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focus of the review by Dincă and Long [51], and was also addressed recently by
Hoang and Antonelli [59].

Another interesting feature is framework flexibility. In 2004, Zhao et al. [60]
reported two MOFs that showed hysteretic hydrogen adsorption, due to struc-
tural flexibility, so that for a given temperature the materials desorbed hydrogen
at a significantly higher pressure than that of adsorption. The hysteresis is shown
in Fig. 2.2, which includes isotherm data illustrating the hysteresis in compar-
ison with an activated carbon and a MOF exhibiting conventional reversible Type I
behaviour. The hysteresis is unusual for molecular hydrogen physisorption,
which is normally fully reversible at any given temperature. Thomas [12] gives a
number of examples of MOF materials that show flexibility during the adsorp-
tion and desorption of guest molecules, either with or without the breaking of
chemical bonds in their structure. The flexibility can lead to structural transfor-
mations that involve stretching, rotational, breathing and scissoring mechanisms.
The review on framework flexibility by Fletcher et al. [61] is recommended to
interested readers.

Many studies have focused on the enthalpy of hydrogen adsorption for MOFs,
since this is a measure of the strength of interaction between hydrogen and the
surface or pore structure (see Sect. 3.2.1 ). Reported values of the isosteric enthalpy
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Fig. 2.2 Hydrogen
adsorption and desorption
isotherms measured at 77 K
for an activated carbon (AC),
and three metal-organic
frameworks (C, M and E).
Two of the MOFs (M and E)
exhibit hysteretic hydrogen
adsorption behaviour,
whereas the activated carbon
and MOF C exhibit
conventional reversible Type
I adsorption behaviour. From
Zhao et al. [60]. Reprinted
with permission from AAAS
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of adsorption are in the range from 3.8 kJ mol-1 for MOF-5/IRMOF-1 [62] to
12.3 kJ mol-1 for a mixed zinc/copper metal-organic framework, M0MOF 1 [63].8

MOFs hold greater promise as potential storage media than zeolites, as the
reported gravimetric capacities are significantly higher and the unique features,
such as structural flexibility and exposed metal sites, give them more potential for
future development. However, these materials tend to be less robust than zeolites
and microporous carbons, because they exhibit lower thermal stability. Never-
theless, their commercialisation is already underway, principally by BASF who
market a series of framework materials under the tradename BasoliteTM, and so the
practical application and use of these materials on an industrial scale is clearly
feasible.

2.1.4 Organic Polymers

There are three main classes of microporous organic polymer that have emerged
recently as potential candidates for adsorptive hydrogen storage: Polymers of
Intrinsic Microporosity (PIMs), Hypercrosslinked Polymers (HCPs) and Covalent
Organic Frameworks (COFs) [64]. The latter are crystalline organic analogues of
MOFs, while both PIMs and HCPs are non-crystalline (X-ray and neutron amor-
phous) materials that have a disordered structure that more closely resembles
activated carbon than crystalline materials such as zeolites, MOFs and COFs.

PIMs are rigid and contorted macromolecules that consist of fused-ring com-
ponents. They form a microporous network as they are unable to pack space
efficiently and, as a consequence, have high BET surface areas in the range 500–
1100 m2 g-1 [65, 66]. HCPs derive a similarly high degree of microporosity, and
hence high BET surface areas, from a high density of crosslinks, the covalent
chemical bonds that occur between macromolecules in polymeric materials [67,
68]. COFs, meanwhile, are crystalline networks formed exclusively from the light
elements H, B, C, O and Si, that are linked by strong covalent bonds (B–O, C–O,
C–C, B–C, and Si–C) [69, 70].

Hydrogen capacities of up to 2.7 wt%, at 1.0 MPa and 77 K, have been
reported for a triptycene-based polymer (trip-PIM) [66]. The reported capacities
for HCPs are higher, reaching 3.68 wt% at 1.5 MPa and 77 K for a polymer based
on BCMBP [4,40-bis(chloromethyl)-1,10-biphenyl] [68]. Although the uptakes of
these amorphous organic polymers are not outstanding, they are attractive as
potential storage media due to the light elements from which they are formed, and
further development and the synthesis of new materials may yet produce a high
storage capacity polymer. One disadvantage in comparison to other microporous
media is their relatively low thermal stability, which means that care must be taken
not to induce thermal decomposition during the degassing process (see Sect. 6.4.1).

8 M0MOF 1 is Zn3(bdc)3[Cu(pyen)], where pyenH2 = 5-methyl-4-oxo-1,4-dihydro-pyridine-3-
carbaldehyde.
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Compared to the relatively conservative capacities reported so far for PIMs and
HCPs, the predicted and measured gravimetric capacities of COFs are impressive.
Furukawa and Yaghi [70] reported experimental uptakes of 72.4 mg g-1 and
70.5 mg g-1 for COF-102 and COF-103, respectively. These measurements were
made gravimetrically at 77 K and at pressures of up to around 9 MPa. COF-102
and COF-103 are prepared by self-condensation reactions of tetra(4-di-
hydroxyborylphenyl)methane (TBPM) and its silane analogue (TBPS) [71].
Simulated total uptakes reported by Han et al. [69] for COF-105 and COF-108
both exceed 18 wt% at 10.0 MPa and 77 K, with values of 18.3 and 18.9 wt%,
respectively. However, these two materials have large free volumes and the vol-
umetric capacity is lower than that of COF-102, which shows a lower simulated
and experimental gravimetric capacity.

With regard to the enthalpy of adsorption for hydrogen on organic polymers,
Spoto et al. [72] determined a value of approximately 4 kJ mol-1 H2 for a HCP
(cross-linked poly(styrene-co-divinylbenzene) polymer) using infrared spectros-
copy (see Sect. 5.4.3). Wood et al. [68], however, determined higher values in the
range 6–7.5 kJ mol-1 H2 for the isosteric enthalpies of adsorption from hydrogen
isotherms measured at 77 and 87 K. These higher figures were in general agree-
ment with those obtained from accompanying simulations. Measured isosteric
enthalpies of adsorption for COFs have been found to be in the range 4–
7 kJ mol-1 H2 [70]. The materials that exhibit the largest gravimetric uptake
possess the lowest enthalpy of adsorption, perhaps reflecting the fact that larger
pore volumes and pore dimensions lead to higher overall hydrogen uptakes, but a
concomitant decrease in adsorption potential due to the increased pore dimension.

In addition to PIMs, HCPs and COFs, the hydrogen adsorption behaviour of a
number of other organic polymers have been reported in the literature, including
dipeptide-based materials [73] and 3,30,4,40-tetra(trimethylsilylethynyl)biphenyl, a
type of organic zeolite [74], although the uptakes of these materials are relatively
modest. Early results indicating high hydrogen uptake by HCL-treated conducting
polymers, polyaniline and polypyrrole, were not successfully reproduced by other
investigators [75]. Another new group of materials reported by Rose et al. [76] are
Element Organic Frameworks (EOFs). These authors reported hydrogen uptake in
two of these materials, poly(1,4-phenylene)silane (EOF-1) and poly(4,40-biphen-
ylene)silane (EOF-2), of 0.94 and 1.21 wt%, respectively, at 77 K and 0.1 MPa.
Although, to date, none of these compounds have been proven as a practical
storage material, it is likely that significant further progress will be made as
synthetic chemists continue to discover interesting new microporous media. Fur-
ther study will also undoubtedly improve our understanding of the interaction of
hydrogen with organic microporous materials.

2.2 Interstitial Hydrides

These are formed from metallic elements or compounds that react with gaseous
hydrogen to produce binary, or higher, hydrides. Molecular hydrogen dissociates
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into atomic hydrogen on the surface of the host material and enters the bulk via
diffusion between interstitial sites in the host lattice. Most elemental metals will
absorb hydrogen in this manner under certain conditions of temperature and
hydrogen pressure; however, binary hydrides (MHx, where M is a metallic element
and x is the hydride stoichiometry) are generally either too unstable or too stable
for use as practical storage materials. The former means that the pressures at which
the host reversibly absorbs and releases hydrogen are too high at practical storage
temperatures, and the latter means the pressures are too low. In terms of formation
or decomposition enthalpies (see Sect. 3.2.2), DH is too high in the former case
(either small negative numbers or positive) and too low in the latter (a relatively
large negative value). However, when two or more metallic elements are com-
bined, particularly one that forms a stable hydride and one that does not, the
resultant alloy or intermetallic tends to form a hydride of intermediate stability.

The study of metallic hydrides began nearly 150 years ago with the discovery
of the hydrogen-absorbing properties of palladium by Thomas Graham [77]. Work
beginning in the 1960s resulted in the later commercialisation of Nickel-Metal
Hydride (Ni-MH) batteries in which the negative electrode material forms an
intermetallic hydride. Although this has been the most commercially successful
application of interstitial hydrides, metal hydride technology is also exploited in a
number of other application areas, including gas separation and purification,
temperature sensing, thermal compression, and refrigeration or cryocooling [78–
80]. For mobile storage applications, the gravimetric capacity of many interstitial
hydrides is relatively low, but some of these compounds show remarkable and
practical hydrogen absorption and desorption characteristics, and they are likely to
play an important role in a future hydrogen economy. A thorough account of the
physics of interstitial hydrides, along with many of their basic properties, can be
found in the monograph by Fukai [81] and this is recommended to interested
readers. Further extensive coverage can be found in the volumes edited by Alefeld
and Völkl [82, 83], Schlapbach [84, 85] and Wipf [86].

In this section, we look at a number of the different types of interstitial hydride,
and cover intermetallic compounds, solid solution alloys, modified binary hydrides,
and amorphous and nanostructured hydrides, including mechanically milled
materials, amorphous alloys produced using other methods, and quasicrystals.

2.2.1 Intermetallic Compounds

The host materials in this group are ordered stoichiometric compounds typically
formed from two metallic components, A and B. The A and B components tend to
form hydrides AHx and BHy, with enthalpies of formation DHA and DHB, repre-
senting a stable and an unstable hydride, respectively. As mentioned above, the
resultant intermetallic hydride AmBnHz, where m and n are integers and z is a real
number, will then tend to have an enthalpy of formation, DHAB, where
DHA \DHAB \ DHB. Varying the ratio n/m then shifts the value of DHAB in either
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direction. The components A and B can generally be fully or partially substituted
by other elements of relatively similar size or chemistry. Hydrogen-absorbing
intermetallics form a number of different groups, which can be distinguished by
their stoichiometries, including AB5, A2B7, AB3, AB2, AB and A2B compounds
[54, 87]. Early reports of the reversible hydriding properties of intermetallic
compounds include those by Libowitz et al. [88], published in 1958, on ZrNiH3

and the early work of Reilly and Wiswall [89, 90] in the late 1960s on the
hydrogenation of Mg2Ni and Mg2Cu. These reports pre-date the discovery of the
reversible hydrogenation of LaNi5 around 1970 [91] and the subsequent increase
in the amount of metal hydride research that ultimately led to the commerciali-
sation of Ni-MH battery technology, and the research into metal hydride-based
hydrogen storage that continues today.

A vast number of A and B element combinations are now known to form
reversible hydrides, although relatively few do so at useful temperatures and
pressures. Calculated DH values for 1265 different A5BHx, A2BHx, ABHx, AB2Hx

and AB5Hx intermetallic hydrides, along with measured values for 63 binary
hydrides and 135 ternary hydrides, were tabulated by Griessen and Riesterer [92].
Similarly, Buschow et al. [93] provide tabulated data and references on a large
number of compounds, including studies using many of the complementary
techniques we introduce in Chap. 5. In this section we will cover some of the
combinations and stoichiometries that are of practical interest for hydrogen stor-
age. Note that different stoichiometries can often be found within the binary phase
diagram of any given pair of constituents but, because of the dramatic effect that
the ratio of elements has on the hydriding properties, it is likely that only one of
these has a formation enthalpy that gives the material hydrogen absorption and
desorption capabilities in a practical temperature and pressure regime. As an
example, let us consider La and Ni, which combine to produce the well known
hydride-forming compound LaNi5. La forms a very stable hydride, LaH2, with
DH = -104 kJ mol-1 H, while Ni forms a very unstable hydride (DH =

-3 kJ mol-1 H) [92]. The calculated values of Griessen and Riesterer [92] for the
La–Ni–H system are -13.3, -23.0, -40.3, -60.6 and -82.5 kJ mol-1 H for
LaNi5, LaNi2, LaNi, La2Ni and La5Ni, respectively. Although these values do not
match the experimental values particularly well,9 the dependence on the ratio of
the two constituent metal elements can be seen clearly and matches the trend
observed experimentally: the lower the Ni content of the host intermetallic, the
more stable the associated hydride compound.

Some intermetallics, principally Mg-based compounds such as Mg2Ni and
Mg2Cu, form stoichiometric hydride complexes upon hydrogenation and can
therefore be categorised as complex transition metal hydrides rather than

9 The calculated values were obtained using the semi-empirical band structure model of Griessen
and Driessen [94]. The discrepancy between these values and experiment most likely originates
from the implicit assumption in this model that each hydrogen atom sits in the same environment,
surrounded by an average number of A and B atoms, rather than on crystallographically distinct
interstitial sites.
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interstitial intermetallic hydrides. Furthermore, there are interesting cases, such as
the intermetallic compound LaMg2Ni that forms a mixed hydride (LaMg2NiH7)
consisting of NiH4 tetrahedra and ‘interstitial’ H- ions, which blur the boundary
between the interstitial intermetallic hydrides and their complex counterparts,
which are covered in Sect. 2.3 [95]. To add to the already slightly fuzzy picture,
many of the intermetallics can be under or over-stoichiometric. The distinction
between the intermetallics and solid solution alloys (Sect. 2.2.2) still exists,
however, because the A and B components of an intermetallic tend to occupy
different lattice sites rather than randomly occupying all sites throughout the host
lattice. In each of the following sections we will briefly summarise the main
groups of interstitial hydride-forming intermetallics that are of interest for
hydrogen storage, and we therefore cover AB5, AB2 and AB compounds. We will
cover some of the A2B compounds in Sect. 2.3.4.

2.2.1.1 AB5 Compounds

The archetypal AB5 intermetallic is LaNi5. This compound readily forms a hydride
under fairly moderate hydrogen pressures and ambient temperatures. It has an
enthalpy of formation of -15.7 kJ mol-1 H and an enthalpy of decomposition of
-15.1 kJ mol-1 H [96]. Hydrogen capacity exceeds LaNi5H6, giving a reversible
gravimetric capacity in the region of 1.25 wt% [87]. LaNi5 and some other binary
AB5 compounds, such as CaNi5, can be subject to significant disproportionation
and therefore lose their reversible capacity during hydrogen cycling (see
Sect. 3.1.2). However, these compounds can be modified via partial substitution to
reduce the disproportionation. The most effective substituent for this purpose for
LaNi5 is Sn, with a composition of LaNi5-xSnx, where x & 0.2 [97]. For eco-
nomic reasons, mischmetal (Mm), a naturally occurring mixture of rare earths, can
be substituted for the La as the A component. As well as the LaNi5, LaNi5-xSnx

MmNi5 and CaNi5 intermetallics, hydride-forming AB5 compounds can be com-
posed of many other elemental combinations, with the A elements tending to be
either one or more of the lanthanides or Ca, as in the compounds mentioned above,
or Y and Zr, and the B elements any of a range of elements including Co, Al, Mn,
Fe, Cu, Sn, Si and Ti, as either full or partial constituents [87, 98]. The hydrogen
capacities, plateau pressures and the enthalpies of hydride formation of 36 binary,
ternary and quaternary AB5 compounds were tabulated by Ivey and Northwood
[99] and 477 records for AB5 compounds are currently listed in the Sandia
National Laboratories (US) Metal Hydride Properties database10 [100].

It can be seen clearly that the gravimetric storage capacity of these materials is
substantially lower than the current US DOE target for mobile hydrogen storage
applications. However, the AB5-based intermetallics show some remarkable
cycling properties including excellent resistance to gaseous impurity contamina-
tion, good long term cycling stability and a high volumetric storage density, and

10 http://hydpark.ca.sandia.gov/DBFrame.html, accessed 2nd January 2010.
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are therefore a prime example of a practically effective reversible hydrogen
storage material.

2.2.1.2 AB2 Compounds

AB2 compounds can be formed from the combination of many different elements.
According to Sandrock [87], the A elements are typically from group 4 (Ti, Zr, Hf)
or the lanthanoids (La, Ce, Pr, and so forth), whereas the B element can be a
transition or non-transition metal, with a preference for V, Cr, Mn and Fe. Feng
et al. [101] summarise the elements of interest for electrochemical applications of
AB2 compounds as A = Mg, Zr and Ti, and B = V, Cr, Mn and Ni, although
many more can be used as partial substituents. The Sandia database10 currently
includes 625 records for AB2 compounds.

These intermetallics crystallise in either the hexagonal C14 or cubic C15 Laves
phase structure. Like the AB5 compounds, they can show a range of hydriding
properties depending on the elemental composition. This allows the hydriding
properties of a given AB2 material to be tuned via partial elemental substitution. A
number of examples of multicomponent AB2 compounds can be found in Young
et al. [102], a recent report on TixZr1-x(VNiCrMnCoAl)2, a C14 Laves phase AB2

proposed for use as a battery electrode material. In addition to partially substituted
compounds, sub- or superstoichiometric compositions can also be formed. This
modification also affects the hydriding properties of a material [79]. Bowman and
Fultz [79] gave a good example of the effects of non-stoichiometry using the Zr–
Mn–H system. Substoichiometric ZrMn2-x, where x is positive, has a lower pla-
teau pressure and a significantly lower reversible hydrogen storage capacity than
ZrMn2, whereas superstoichiometric ZrMn2+x has a higher plateau pressure and
only a slightly smaller reversible capacity than the stoichiometric compound [79,
103].

AB2 intermetallics have been used practically as reversible hydrogen storage
materials. In the 1980s, a fleet of Daimler vans and automobiles were operated
using AB2-based hydrogen stores containing the non-stoichiometric compound
Ti0.98Zr0.02Cr0.05V0.43Fe0.09Mn1.5 [104]. This intermetallic exhibits very fast
kinetics and good long term cycling stability (see Sect. 3.1.2 ) [79]. On the other
hand, high material costs and a gravimetric storage capacity of 1.8 wt% do not, in
view of the current US DOE targets, make it particularly practical for widespread
use. However, despite this it is another example, along with the AB5-based
compounds, of a conventional interstitial metallic hydride that works well in real
applications by satisfying many of the required performance criteria.

2.2.1.3 AB Compounds

In comparison to the number of different AB2 and AB5 compositions reported in
the literature, the number of AB compounds of interest for hydrogen storage is
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fairly limited. The earliest study of an intermetallic hydride, by Libowitz et al.
[88], featured an ABHx intermetallic hydride, ZrNiH3, and many other metallic
AB compounds form hydrides; 179 records are currently listed in the Sandia
database.10 However, it is only TiFe that is of practical interest for storage
applications. The hydrogen-absorbing properties of this compound were originally
discovered by Reilly and Wiswall around 1970 [105].11 It achieves a total
gravimetric capacity of 1.86 wt% at H/M = 0.975, with a reversible capacity of
1.5 wt% [87]. There have been many studies on the hydrogen absorption prop-
erties of TiFe and it has reversible hydrogen storage characteristics in a useable
range. It has an ordered Body-Centered Cubic (BCC) structure, and shows two
distinct plateaus in its hydrogen absorption isotherm. Partial substitution can again
be used to modify the hydrogen absorption behaviour. Examples include the
partial substitution of Fe with Mn and Ni, which lower the pressure of the first
ambient temperature isotherm plateau, and therefore stabilise the hydride with
respect to pure TiFe. TiFe and TiFe0.85Mn0.15 show good long term cycling sta-
bility, they are low cost, and tend not to be pyrophoric [87], unlike the AB5

compounds. Unfortunately their activation is relatively difficult and they are sig-
nificantly more sensitive to gaseous impurities than AB5 intermetallics. As with
most of the intermetallic hydrogen storage compounds, their gravimetric capacities
are low in comparison to the current US DOE targets, but they are nonetheless
favourable to many other interstitial hydrides.

2.2.2 Solid Solution Alloys

Solid solution alloys formed by dissolving one or more hydrogen-absorbing
metallic elements in another also show interesting hydrogen storage properties.
Unlike the intermetallics described above, these materials do not necessarily have
stoichiometric or near-stoichiometric compositions. They can be formed from a
number of host solvents, including Pd, Ti, Zr and V; thermodynamic data for many
solid solution alloy hydride compositions are given by Fukai [81]. From a
hydrogen storage point of view, Pd-based alloys suffer from low gravimetric
capacities and the high cost of palladium, and Ti and Zr-based solid solutions tend
to be too stable. However, vanadium-based alloys have been found to possess
favourable absorption properties, and distinct advantages in terms of gravimetric
capacities over some intermetallics. Although pure vanadium is prohibitively
expensive, the use of low cost ferrovanadium has shown promise and so Fe-
containing V-based solid solution alloys make feasible hydrogen storage materials
[87].

11 Results had been presented at symposia 4 to 5 years prior to the report published in 1974
[105].
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Tabulated data presented by Sakintuna et al. [106] indicate that typical gravi-
metric hydrogen capacities can approach 4 wt% for Ti–V–Fe (Ti43.5V49.0Fe7.5) and
Ti–V–Cr–Mn alloys, although the latter requires elevated temperatures in the
range 520–745 K. The pressure-composition isotherms for these materials show
two plateaus, of which only the higher pressure plateau region can be exploited for
hydrogen storage applications. Therefore, in a practical pressure range, the
reversible capacity is significantly lower than the maximum capacity quoted above
at around 2.5 wt%. In their study of Ti–V–Fe alloys, Nomura and Akiba [107]
defined the ‘‘Available Hydrogen Quantity’’ (AHQ) as being the difference
between the hydrogen content at 100 kPa on the absorption and desorption iso-
therms at 253 and 573 K, respectively. They found the AHQ to be 2.4 wt% for
Ti43.5V49.0Fe7.5. Cho et al. [108], meanwhile, reported a reversible capacity of
2.3 wt% for Ti0.32Cr0.43V0.25; they also found that the alloy exhibits good cyclic
stability, maintaining a reversible capacity of approximately 2 wt% over the
course of 1000 hydriding and dehydriding cycles.

Many different compositional variations of the solid solution alloys can be
found in the literature [108–112]. The so-called Laves phase-related BCC solid
solution alloys are related materials, which are Ti–V–Mn, Ti–V–Cr and Ti–V–Cr–
Mn compounds that contain both Laves and BCC phases. The hydrogen storage
properties of these materials were reviewed by Akiba and Okada [113].

2.2.3 Modified Binary Hydrides

MgH2 is the binary hydride that has attracted by far the most attention as a
potential storage material; however, there are two other binary hydrides that we
should also mention, namely AlH3 and PdHx. The former is of interest due to its
high gravimetric storage capacity of 10.1 wt% [114–116]. However, it is effec-
tively non-reversible within a realistic hydrogen pressure range for a practical
storage unit and therefore requires off-board regeneration. This process is eco-
nomically and energetically costly, and non-reversible hydrides are beyond the
scope of our discussion.12 Palladium, meanwhile, is impractical as a storage
material because of its relatively high operating temperature and low gravimetric
capacity, as well as its high cost. However, research into nanoscale palladium
[117–121] is being actively pursued due to the interesting differences seen in its
hydrogen absorption behaviour compared to the bulk material. The hydrogen
solubility of the hydride phase and equilibrium hydrogen pressures are reduced
for small particles. The plateau region also slopes and narrows, and the critical
temperature, Tcrit, is significantly reduced in Pd clusters compared to the bulk

12 AlH3 is an example of a kinetically stabilised hydrogen storage material [114, 116], which are
hydrides that have high equilibrium hydrogen pressures at ambient temperature but do not desorb
appreciable amounts of hydrogen at this temperature due to kinetic limitations.
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[120, 121]. Concomitantly, there is also a reduction in the enthalpies of hydride
phase formation and decomposition. Similar effects are also seen for nanocrys-
talline samples [117]. From a practical point of view, the cost of Pd would seem to
be prohibitive for widespread use, although it is possible that nanoscale Pd could
find use as a catalyst in practical storage materials. Nevertheless, Pd hydride can
be regarded as a model system for the investigation of size effects [118–120] and
therefore continued study of this system is likely to provide further valuable
insight into the effects of particle size reduction in other interstitial metal hydride
systems.

Returning to magnesium, MgH2 is an attractive potential storage material
because it has a gravimetric capacity of 7.66 wt%. However, in addition to its high
thermodynamic stability (DH & -75 kJ mol-1 H2), the kinetics of hydride for-
mation and decomposition of the bulk material are too slow for practical purposes
[122–124]. The kinetics have, however, been improved significantly using
mechanical milling both with and without catalytic additives. The positive effects
of ball-milling pure MgH2 have been known since the late 1990s [123, 125],
although the temperatures required for desorption are still too high for practical
applications. The reviews of Huot et al. [123] and Zaluska et al. [125] both show
the improvement in the kinetics at 573 K, for example. However, alternative
methods of producing nanoscale magnesium have also been reported (see Gross
et al. [126] and references therein), and include an electrochemical synthesis
method reported recently by Aguey-Zinsou and Ares-Fernández [127], which
results in an average particle size of approximately 5 nm.

With regard to the catalytic enhancement of the hydrogen absorption and
desorption properties of MgH2, the most successful catalyst found to date appears
to be Nb2O5. The hydrogen desorption rates obtained using various oxide additives
are shown in Fig. 2.3 [128]. The reasons for the enhanced absorption and
desorption rates are not yet understood and it is possible that the additives do not
act catalytically but instead induce further MgH2 particle or grain size reduction
during the milling process [129]. The results of a number of different additives,

Fig. 2.3 The catalytic effect
of various transition metal
oxides on the hydrogen
desorption rate for MgH2

[128]. Reaction rates were
determined between 20 and
80% of the maximum
hydrogen storage capacity in
each case. Reprinted with
permission from Barkhordian
et al. [128]. Copyright 2006
American Chemical Society
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including AB5 and AB2 intermetallics and elemental metals such as Ni and Ti,
were tabulated by Sakintuna et al. [106]. In addition to the kinetic enhancement,
there is some theoretical evidence that a reduced particle size can alter the ther-
modynamics of this system. Ab initio Hartree-Fock and density functional theory
calculations, reported by Wagemans et al. [130], show that the stability of Mg
hydride is reduced for very small cluster sizes below approximately 1.3 nm.
Although this dimension is significantly smaller than the grain size achieved by
mechanical milling, whether with or without an additive, these calculations
demonstrate that there may be some potential for nanoscale magnesium hydride to
provide hydrogen storage capabilities in a practical temperature range, although
further work in this area is required. The use of magnesium hydride for hydrogen
storage was recently reviewed by Grant [131].

2.2.4 Amorphous and Nanostructured Alloys

In this section we will look primarily at three types of amorphous and nano-
structured alloy. Firstly, we will cover compounds that are synthesised or pro-
cessed through the use of mechanical milling. This can have different effects on a
material, depending on a number of factors. One possible effect is amorphisation,
which is the loss of crystallographic order by an originally crystalline material.
There are, however, a number of other ways to synthesise or process similarly
amorphous alloys and so, secondly, we will discuss amorphous materials that can
be produced using alternative routes. Thirdly, we will look at an interesting class
of materials known as quasicrystals.

2.2.4.1 Mechanical Milling and Alloying

A significant area of research into new hydrogen storage materials involves the use
of mechanical milling, as introduced in the section above for the modification of
MgH2, for which it is well suited. The use of the technique originates from the
development of Mechanical Alloying (MA), a powder processing method devel-
oped in the 1960s to produce oxide dispersion strengthened alloys [123, 132]. In
materials processing there are a number of different types of milling with specific
terminology used in each case [132]. For our purposes, the approaches applied to
hydrogen storage material synthesis or modification can be broadly separated into
three areas. Firstly, the synthesis of nanostructured or amorphous hydrogen-
absorbing alloys using either elemental metals or the combination of elemental
metals with crystalline intermetallics or alloys. Secondly, the nanostructuring or
amorphisation of existing crystalline alloys or intermetallics through milling and,
thirdly, the doping of an existing crystalline alloy or intermetallic with a catalytic
additive. The latter is essentially the same as the approach used widely for mag-
nesium hydride.
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In each case mentioned above, the materials can benefit from the effects of the
mechanical milling process, which includes the introduction of nanoscale struc-
tural features. Such nanostructuring can lead to size effects that are known to
dramatically alter the behaviour of materials compared to bulk samples [133, 134]
and the approach has a broad range of applications in materials science. Materials
that have undergone milling can possess a smaller grain size, amorphous and
disordered structural features, metastable and high pressure phases, an increased
proportion of grain boundaries, a higher density of defects and an increased sur-
face area [132]. All of these features can affect the hydrogen absorption properties
of the material in comparison with unmilled, single phase, homogeneous crys-
talline samples [119, 120, 135]. If hydrogen diffusion occurs more rapidly through
grain boundary regions, a smaller grain size will enhance the rate at which
hydrogen is absorbed or desorbed. Also, amorphous phases of some compounds
can show favourable absorption characteristics [136]. In addition, increased defect
densities can enhance hydrogen diffusion rates. The activation process, which in
many metallic absorbers involves the introduction of high dislocation densities
into the host structure, can also be accelerated by milling the material. All of these
factors can therefore potentially contribute to the improvement of the hydrogen
storage properties of a material through milling. Although the process does not
always have the desired effect, there is significant experimental evidence for the
improvement of the hydrogen storage properties of materials through mechanical
milling and alloying [123, 125, 137].

The different approaches mentioned above have been applied to a range of
interstitial hydrides and hydride-forming hydrogen storage materials. Catalytic
additives, such as Pd and Ni, have been milled with TiFe to improve the difficult
activation process for this compound [138, 139]. Amorphous and crystalline
hydrogen storage compounds that have been synthesised from the milling of
elemental metals include Ni1-xZrx amorphous alloys [140], nanocrystalline LaNi5
[141], amorphous and crystalline TiFe [142, 143], Ti–V–Mn alloys [144], and
nanocrystalline Mg2AlNi2 [145], although many more examples can be found in
the literature. The modification of crystalline alloys and intermetallics by milling,
meanwhile, has included work on LaNi5 [141, 146, 147], other AB5-based com-
pounds [148, 149], Ti–Cr [150] and Ti–Cr–V [151, 152] alloys, and the Mg–Ni
alloys [137, 153, 154] that can form complex transition metal hydrides (see Sect.
2.3.4). A further approach to the use of mechanical alloying is reactive milling in
which the materials are processed in a hydrogen atmosphere [147, 151]. As inti-
mated above, the milling process can also be damaging to the hydrogen sorption
properties, as well as beneficial, with hydrogen absorption sometimes prevented
entirely as a result of milling [144], or favourable isotherm behaviour being lost
along with a significant amount of storage capacity [147, 150, 152]. However,
increases in capacity as a result of milling have also been reported [149]. For
interested readers, a recent monograph by Varin et al. [155] focuses primarily on
the synthesis of hydrides for hydrogen storage through the use of mechanical
milling.
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2.2.4.2 Amorphous Alloys

In addition to the use of milling methods, amorphous alloys can also be produced
using alternative synthesis routes. The methods include the rapid quenching of a
melt, thermal evaporation, sputtering, electrodeposition and ion implantation [156,
157]. Many amorphous materials produced using these techniques can absorb
significant amounts of hydrogen. Those of interest for hydrogen storage were
summarised by Bowman [156] as being of the form A1-yBy where A is an early
transition metal or rare earth and B is a late transition metal, together with Pd1-ySiy.
Examples of the former include Ti1-yNiy, where 0.40 B y B 0.67, Zr1-yNiy, where
0.30 B y B 0.90, Zr1-yFey, where y is 0.24 and 0.25, and Y1-yFey, where
0.25 B y B 0.55. These compounds have maximum observed hydrogen-to-metal
atom ratios (H/M) of 1.25, 1.4, 2.46 and 1.8, respectively. Unlike the crystalline
intermetallic hydrides, these amorphous alloys tend to exhibit no plateau in their
hydrogen absorption and desorption isotherms. This would seem to be a disad-
vantage in storage applications, in which the relatively large uptakes over small
pressure changes in the plateau region are exploited (see Sect. 3.1.1 ). However, it
has been argued that because this indicates the absence of hydride phase formation,
the decrepitation that is associated with this process does not occur, which may lead
to greater long term cycling stability. However, it is worth noting that the meta-
stable state of these amorphous materials means that they can undergo recrystal-
lisation if subjected to too high a temperature. For storage purposes, it would seem
that these amorphous alloys would primarily be of interest if they absorb signifi-
cantly more hydrogen than their crystalline counterparts, but this is only the case for
some of these materials, such as Ti1-yCuyHx and Pd1-ySiyHx, although there
appears to be some discrepancies in the literature. See the review of Eliaz and
Eliezer [157] for further discussion of these points. Amorphous alloy systems are
discussed in more detail by Fukai [81], with a focus on their thermodynamics,
structure and the distributions of site energies in these materials, which differ
significantly from ordered hydrides. It is worth noting that hydrogen absorption can
itself induce amorphisation in some originally crystalline materials [81], although
this phenomenon does not necessarily have an application in the field of hydrogen
storage.

2.2.4.3 Quasicrystals

Quasicrystals are an interesting class of materials that show long range order but
no translational symmetry. Since the first report in 1984 [158], over one hundred
different quasicrystals have been synthesised [159, 160] and they have recently
been reported to occur in nature [160]. Several quasicrystals have been investi-
gated for their hydrogen storage properties, including alloys based on Ti–Zr–Ni
[161, 162], Ti–Hf–Ni [162], and Mg–Al–Zn [163]. The promise of enhanced
hydrogen storage capacities in these materials derives from the large number of
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potential interstitial sites that exist in their structure. Takasaki and Kelton [162]
found that a Ti-based quasicrystal of composition Ti61Zr22Ni17 had a hydrogen
storage capacity of 2.8 wt%, following electrochemical hydrogenation. The
capacity of the Mg44Al15Zn41 material studied by Bystrzycki et al. [163], mean-
while, was only 0.6 wt% at 100 bar (10.0 MPa) and temperatures of 573 and
673 K. Furthermore, the material was found to decompose into a MgZn2 phase and
MgH2 following hydrogenation. Although this latter result does not seem partic-
ularly promising, further work is undoubtedly necessary to determine whether
other quasicrystalline compounds could serve as effective hydrogen storage
materials.

2.3 Complex Hydrides

In the case of complex hydrides, atomic hydrogen is bound either ionically or
covalently into the bulk of the storage material. It is then released via the
decomposition of the host into two or more components. These materials are
generally formed from alkali or alkaline earth metals and [AlH4]-, [NH2]- and
[BH4]- anionic hydrides. As with many of the materials covered in this chapter,
complex hydrides were first synthesised many years ago but it is only through
recent work that their potential use as practical reversible hydrogen storage
materials has been realised. This has occurred, most notably, in the case of sodium
alanate (NaAlH4), due to the discovery of the catalytic enhancement by Ti-doping
of the hydrogenation/dehydrogenation process by Bogdanović and Schwickardi
[164] , but also by the discovery of the reversible hydrogen sorption properties of
the Li–N–H system by Chen et al. [165] . The term complex hydride has become
an umbrella term encompassing the alanates, nitrides and borohydrides that are
currently being considered for hydrogen storage [166, 167]. In this section, we
cover each of these in turn and also look at the A2BHx compounds that are classed
as complex transition metal hydrides.

2.3.1 Alanates

The prototype hydrogen storage material in this group is sodium alanate, NaAlH4.
Its structure consists of sodium atoms surrounded by [AlH4]- tetrahedra. During
the dehydrogenation process this phase decomposes into an intermediate Na3AlH6

phase with an associated release of gaseous hydrogen,

3NaAlH4 ! Na3AlH6 þ 2Alþ 3H2: ð2:1Þ
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A second reaction step then results in further hydrogen evolution,

Na3AlH6 ! 3NaHþ Alþ 3
2

H2: ð2:2Þ

Reaction (2.1) occurs between approximately 210 and 220�C (483 and 493 K),
and reaction (2.2) around 250�C (523 K). The dehydrogenation of NaH does not
occur until approximately 425�C (698 K) and does not, therefore, play a practical
role in the reversible hydrogen storage process. The two stage reaction results in an
isotherm with two plateaus. At 210�C (483 K), plateau pressures of 15.4 and
2.1 MPa were determined by Dymova et al. [168]. The irreversibility of this
reaction, the instability of the hydride and the slow desorption kinetics meant that
this material was not considered a particularly promising storage material. The
breakthrough came in the mid 1990s when Bogdanović and Schwickardi [164]
discovered the remarkable effect that the addition of TiCl3 has on the reversibility
and the kinetics of the hydrogenation process. Jensen et al. [169, 170] subsequently
improved on Bogdanović and Schwickardi’s wet chemistry doping method and
showed that further improvements could be made through mechanical mixing of
the alanate and the dopant compounds. Since this early work, many other effective
dopants have been identified, including ScCl3, CeCl3 and PrCl3 [168, 171].

Ti-doped NaAlH4 readily desorbs hydrogen at temperatures in the region of
120�C (393 K) and can be rehydrogenated at 170�C (443 K) in 15 MPa of hydrogen
[172]. Although the role of the Ti catalyst is not yet fully understood [173], this
material has already been used in practical hydrogen storage units, and so it has
proved to a certain extent that complex hydrides can be practically applied to
storage applications. Applied research into the use of sodium alanate is now at a
reasonably advanced stage; a recent study, for example, investigated the safety of a
sodium alanate store by experimentally simulating a tank failure and the subsequent
expulsion of sodium alanate powder [174]. The expelled dust cloud did not spon-
taneously ignite, but the presence of an external ignition source resulted in a flame
of reacting powder. Ignition also occurred when water was sprayed onto the
expelled dust cloud. This result is relatively positive because spontaneous ignition
may be expected but was not observed.

Other alanates that are being considered for hydrogen storage include LiAlH4,
KAlH4, Mg(AlH4)2 and Ca(AlH4)2, which have gravimetric hydrogen capacities of
10.54, 5.71, 9.27 and 7.84 wt%, respectively. A number of mixed alanates have
also been reported in the literature, including Na2LiAlH6, K2NaAlH6, K2LiAlH6

and LiMg(AlH4)3 [115, 175] and recent work has investigated various mixed
alanate combinations, including Mg–Li–Al–H [176], Mg–Ca–Al–H, Li–Ca–Al–H
and Na–Ca–Al–H [177], and Mg–Na–Al–H, Mg–K–Al–H and Ca–K–Al–H [178],
although work on these systems is still at an early stage. Continued research in the
area will hopefully reveal new alanates, new alanate phases or mixed alanate
combinations, as well as new catalysts, particularly if significant progress can be
made in understanding the role of the Ti dopant. Hydrogen storage using NaAlH4,
LiAlH4, KAlH4 and Mg(AlH4)2 was reviewed by Jensen et al. [168], with a focus
on Ti-doped sodium alanate.
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2.3.2 Nitrides, Amides and Imides

The potential of the Li–N–H system as a potential storage material was first
reported by Chen et al. [165]. The system forms three stoichiometric ternary
compounds: lithium imide (Li2NH), lithium amide (LiNH2) and lithium nitride
hydride (Li4NH). The latter, however, is not involved in the proposed reversible
hydrogen storage process. This begins with lithium nitride (Li3N), which is
hydrogenated to form a combination of lithium imide and lithium hydride (LiH).
Further hydrogenation results in the formation of lithium amide and further lithium
hydride, and the complete process is represented by the following reaction,

Li3Nþ 2H2 ! Li2NHþ LiHþ H2 $ LiNH2 þ 2LiH: ð2:3Þ

Dehydrogenation of the imide requires high vacuum and temperatures above
600 K [165]. These are unsuitable conditions for reversible hydrogen storage, but
the reaction between the imide and the amide is reversible under more moderate
conditions of both temperature and pressure. The mixed hydride/imide on the
right-hand side of reaction (2.3) gives a high theoretical hydrogen capacity of
10.4 wt%, but the reversible capacity between the imide and amide is approxi-
mately 6.5 wt% (one H2 molecule released from LiNH2 ? 2LiH).13

A number of other similar materials have been studied as hydrogen storage
media, including the ternary compounds Mg(NH2)2, RbNH2, CsNH2 and Ca–N–H,
and the quarternary and higher systems Li–Ca–N–H, Li–Al–N–H, Na–Mg–N–H,
Na–Ca–N–H, Mg–Ca–N–H and Li–Mg–Ca–N–H [167]. It can be seen that these
materials have the potential to provide high gravimetric storage capacities and are
therefore of great interest. However, the Li–N–H system suffers from a number of
drawbacks, including the high hydrogenation and dehydrogenation temperatures,
and air or moisture sensitivity. Another is the evolution of ammonia during the
dehydrogenation reaction [180]. As well as contributing to the degradation of
samples during long term cycling, the evolution of ammonia is also an issue
because it is a very effective poison for PEM fuel cell membranes [181]. The
storage of hydrogen using imides and amides, including mixed systems, was
reviewed recently by Gregory [182].

2.3.3 Borohydrides

Borohydrides have the highest gravimetric hydrogen storage capacities of any of
the complex hydrides. LiBH4 contains 18.5 wt% hydrogen, and releases it through
one of the following two reactions [183],

13 A theoretical capacity of 11.5 wt% is occasionally quoted but this value, depending on the
definition of hydrogen capacity, is an error from the original Chen et al. [165] paper that has since
appeared in other reports [179].
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LiBH4 ! Liþ Bþ 2H2 ð2:4Þ
or,

LiBH4 ! LiHþ Bþ 3
2

H2: ð2:5Þ

However, the decomposition temperature is too high for practical purposes.
According to Orimo et al. [167], LiBH4 releases three of its four hydrogen atoms
upon melting at 280�C (553 K), with an enthalpy of decomposition of -88.7 kJ
mol-1 H2. LiH is very stable and its dehydrogenation occurs only above a tem-
perature of 727�C (1000 K). Nevertheless, the dehydrogenation reaction of LiBH4

is a reversible process, although rehydrogenation requires elevated pressures and
temperatures of 35.0 MPa at 600�C (873 K) and 20.0 MPa at 690�C (963 K). As
for most of the complex hydrides, the hydrogenation mechanism of LiH and B is
not yet understood, but it is thought to result either from the intermediate reaction
of LiH with B, to form a compound that is subsequently filled with hydrogen, or
from the reaction of B and H to form diborane, which then spontaneously reacts
with LiH to give the full borohydride [167].

A number of other alkali metal and alkaline earth metal borohydrides have high
gravimetric and volumetric hydrogen storage capacities. For example, the theo-
retical gravimetric capacities of NaBH4, KBH4, and Mg(BH4)2 are 10.6, 7.4 and
14.8 wt%, with volumetric capacities of 113.1, 87.1 and 146.5 kg m-3, respec-
tively. However, these are all theoretical values and cannot be reversibly achieved in
practice at practical temperatures; borohydrides are also moisture sensitive [184]
and Eberle et al. [173] suggest that the possible evolution of volatile boranes, even at
trace levels, would be problematic due to storage capacity loss and fuel cell damage.
However, as for all of the complex hydrides, their high theoretical capacities mean
that further work on these materials would be valuable. Nakamori and Orimo [184]
recently reviewed hydrogen storage using borohydrides, including those suitable for
both reversible and non-reversible chemical hydrogen storage. Walker [185],
meanwhile, discussed the destabilisation of complex hydrides via mixing with other
compounds, focusing on the use of this strategy for LiBH4 with various additives
including hydrides (MgH2), magnesium salts (MgF2, MgS2 and MgSe2), elemental
metals (Al), alloys, oxides (TiO2) and carbon. This offers an interesting route for the
modification of borohydrides, as well as other complex hydrides, for hydrogen
storage applications, and is likely to be the subject of continued research.

2.3.4 Complex Transition Metal Hydrides

A number of complex transition metal hydrides have been known for some time to
reversibly desorb and absorb hydrogen. Examples of these materials include
Mg2FeH6, Mg2NiH4 and Mg2CoH5 [95]. Some of the host metallic constituents
form stable intermetallics, such as Mg2Ni and Mg2Cu, but most do not. The
complex transition metal hydrides include compounds with impressive storage
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capabilities, including a H/M ratio of 4.5 in the case of BaReH9 and a volumetric
capacity of approximately 150 g L-1, twice that of liquid hydrogen, as is the case
for Mg2FeH6 [95].

Mg2NiH4 is the material in this group that has probably received the most
attention as a candidate storage material, due in part to its gravimetric hydrogen
capacity of 3.6 wt%. Its synthesis was first reported by Reilly and Wiswall [90] and it
was long considered to be an interstitial hydride, but its structure is now known to
consist of tetrahedral NiH4 complexes [186–188]. Complex transition metal
hydrides generally suffer from the same problem as the other complex hydrides
currently being considered for hydrogen storage, namely the high absorption and
desorption temperatures. Mg2NiH4 has an enthalpy of formation of -32.3 kJ mol-1

H and requires temperatures above 520 K for hydrogen desorption, and higher
temperatures still for absorption. Progress has, however, been made on the desta-
bilisation of this material through mechanical milling (Sect. 2.2.4) [186]. A decrease
of the hydrogen desorption temperature in mechanically milled Mg2Ni was attrib-
uted by Orimo and Fujii [137, 186] to the presence of a large proportion of grain
boundaries following the milling process. However, the hydrogen storage capacity
was concomitantly decreased to 1.6 wt% in the milled material.

Although these materials have not recently received as much attention as the
alanates, amides and imides, and borohydrides, they are prominent examples of
another type of non-interstitial hydride. It seems likely that there are many more,
as yet undiscovered, multinary complex hydride compounds that could potentially
serve as effective hydrogen storage materials. Therefore, although they do not
necessarily exhibit gravimetric capacities in excess of the US DOE targets, con-
tinued work into new complex hydride compounds, such as the complex transition
metal hydrides, may yet prove fruitful.

2.4 Other Materials

In the last three sections we have covered a range of potential reversible storage
materials grouped into the porous adsorbents, interstitial hydrides and complex
hydrides. In this section we look at materials that do not fit readily into these
categories, which include the clathrates and ionic liquids. We shall also look at
materials that show enhanced hydrogen storage through the mechanism of
hydrogen spillover. Although the latter are principally porous adsorbents, the
proposed storage mechanism is fundamentally different to molecular physisorp-
tion, as covered in Sect. 2.1; hence its separate treatment.

2.4.1 Clathrates

Clathrate hydrates are a novel proposed solution to the hydrogen storage problem.
They are inclusion compounds formed from hydrogen-bonded networks of water
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molecules and have long been known due to their occurrence in natural gas and oil
pipelines [189]. The guests can include species such as methane, nitrogen and
argon, but the discovery of molecular hydrogen encapsulation by Mao et al. [190]
has led to the study of clathrates for solid state hydrogen storage [191]. Although
pure hydrogen clathrate hydrates are stable only at high pressures or low tem-
peratures, recent work has shown that they can be stabilised under near-ambient
conditions using a promoter such as Tetrahydrofuran (THF) [191, 192]. There are
three clathrate hydrate structures, namely sI, sII and sH, and the latter two have
been studied for their hydrogen storage properties.

Some controversy has surrounded the capacity of sII after an initial report by
Lee et al. [193] of a potential hydrogen storage capacity of 4 wt% and the
ability to tune the clathrates by varying the THF concentration. These results
have not been independently verified, and it seems that the consensus is a
practical maximum storage capacity closer to 1 wt% [194]. Recently, hydrogen
storage in the sH phase has been proposed, with estimated capacities in the
region of 1.4 wt% [195–197]. The stabilisation of sH has been achieved using
alternative promoters, including Methyl tert-Butyl Ether (MTBE) and 1,1-
Dimethylcyclohexane (DMCH) [196, 197]. The reduced capacities of the sta-
bilised clathrates, and hence the source of some of the controversy, originates
from the occupancy of a proportion of the cages in the clathrate structures by
the promoter molecules rather than hydrogen. In the case of sII, it was argued
that reducing the quantity of THF used to stabilise the clathrate allowed
hydrogen to occupy some of the larger cages occupied by THF at higher
concentrations, thus allowing significantly higher hydrogen storage capacities to
be achieved [193]. However, the occupation of these larger cavities by hydrogen
was subsequently disputed by other authors [194]. In addition to hydrogen
storage in clathrate hydrates, the possibility of hydrogen storage in the organic
clathrate hydroquinone (1,4-benzenediol) has also been reported recently [198–
200]. As for many of the materials covered in this chapter, hydrogen storage
using both clathrate hydrates and alternative organic clathrates is the subject of
ongoing research.

One significant disadvantage of clathrates is the slow rate of clathrate forma-
tion. In recent work, Cooper et al. have demonstrated that clathrates stabilised in
the pores of emulsion templated polymers14 [201] and formed in hydrophilic
water-swellable polymer network15-based hydrogels [202] show potential for
hydrogen storage applications. Although the reported capacities are low, such
supported clathrate formation appears to greatly enhance the kinetics of the pro-
cess and is therefore an interesting area for further research.

14 Ultralow density, emulsion-templated polymerized High Internal Phase Emulsion (polyHIPE)
material.
15 Lightly crosslinked poly(acrylic acid) sodium salt (PSA).
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2.4.2 Ionic Liquids

Ionic liquids have been attracting significant amounts of attention due to their use
in catalysis, as so-called green solvents and in a vast array of other applications
[203, 204]. They are defined as materials composed of cations and anions which
melt at or below 100�C (373 K) [203], and their negligible vapour pressures mean
that they are environmentally-friendly in comparison to the volatile organic sol-
vents that they can potentially replace in many industrial and chemical processes.
Stracke et al. [205] recently reported the potential of imidazolium ionic liquids for
hydrogen storage, with a volumetric hydrogen capacity of up to 30 g L-1. How-
ever, the dehydrogenation temperature of the Pd/C-catalysed material16 was in the
region 230 to 300�C (503 to 573 K) and the hydrogenation time was approxi-
mately 100 hours. Although this performance does not appear particularly
encouraging, it is worth bearing in mind that, according to Plechkova and Seddon
[203], there are over one million simple ionic liquids, and many more binary and
ternary systems. Therefore, further work is certainly required if a meaningful
conclusion on the suitability of this interesting class of materials for hydrogen
storage applications is to be drawn.

2.4.3 The Use of Hydrogen Spillover

Extensive research on the exploitation of spillover for hydrogen storage has been
carried out in recent years [206, 207]. Spillover is a mechanism by which
molecular hydrogen dissociates on catalytically active particles and subsequently
migrates to the surface of a solid state support that would not otherwise adsorb or
absorb the atomic hydrogen under the same conditions [208]. For this to occur, a
porous material must be doped with suitably catalytic nanoparticles to facilitate the
dissociation process. It is a well documented, yet poorly understood, phenomenon
in heterogeneous catalysis [208] and has been proposed as a way of enhancing the
storage capacity of porous materials at near-ambient temperature. The proposed
methods for producing high capacity storage materials include physical mixing of
a supported catalyst with a secondary (receptor) material, the use of carbon bridges
between a supported catalyst and the receptor, and the direct doping of the receptor
with the catalyst [206]. The first two of these use so-called secondary spillover. In
the case of the carbon bridge-building approach, the carbon bridges are formed
from a carbon precursor, such as glucose, which is subsequently carbonised by
heating. This forms a carbon bridge between the supported catalyst, such as Pd on
carbon, and a secondary receptor, such as an activated carbon. At 298 K, this
method was found to enhance the storage capacity of an activated carbon (AX-21)
by a factor of 2.9 [209]. The carbon bridge-building approach has also been

16 1-alkyl(aryl)-3-methylimidazolium N-bis(trifluoromethanesulfonyl) salt.
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applied to MOFs using a carbon precursor that does not require carbonisation
temperatures high enough to decompose the metal-organic framework support,
although simple physical mixing of a supported catalyst has also been used. The
doping of various metallic catalysts, such as Ni, Pd, Pt and Ru, has been performed
via chemical, ultrasonic and plasma-assisted methods on a range of carbon sup-
ports [206]. The capacities claimed for room temperature hydrogen storage using
the spillover mechanism show improvement over undoped materials; however, it
remains to be seen whether significant enhancement in the reversible storage
density of hydrogen can be achieved using this approach.

2.4.4 Organic and Inorganic Nanotubes

We will close this section by mentioning some nanostructured materials closely
related to the carbon nanotubes covered in Sect. 2.1.1.2. As we saw in that section,
carbon nanotubes have received a great deal of attention as potential storage
materials, but many other organic and inorganic nanotube materials also exist.
The review by Rao and Nath [210] provides a good overview of inorganic
nanotubes and their synthesis, including chalcogenide, oxide and nitride nanotube
materials. A number of these, in particular those consisting of lighter elements,
have been investigated for their hydrogen storage properties. Three types were
covered by Seayad and Antonelli [211]: boron nitride (BN) [212, 213], titanium
sulfide (TiS2) [214] and molybdenum sulfide (MoS2) nanotubes [215], with
reported capacities reaching 4.2 wt% for collapsed BN nanotubes at 10 MPa and
ambient temperature [216]. In addition, other materials in nanotube form have
since been investigated either experimentally or theoretically for their hydrogen
storage properties, including titanium oxide (TiO2) [211, 217], tungsten carbide
(WC) [218], silicon [219] and silicon carbide (SC) [220], and the hydrogen
sorption properties of some of these materials appear very interesting. For
example, the ability of some multiwalled nanotubes to intercalate other species
[210, 211] provides a possible proposed mechanism that could allow significant
amounts of hydrogen to be stored at practical temperatures [217]. However, the
suitability of these nanostructured materials for a large scale application, such as
automotive transportation, remains open to question.

2.5 Summary

In this chapter we have presented an overview of the various types of materials
that are currently being considered as potential reversible hydrogen storage media.
We began with microporous materials, which include carbons, zeolites, metal-
organic frameworks and microporous organic polymers, before moving on to the
interstitial hydrides. Microporous materials store molecular hydrogen adsorbed in
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their pores at relatively low temperatures and, in certain cases, can achieve
gravimetric storage capacities on a materials basis in excess of the current 2015
US DOE system storage target. The interstitial hydrides absorb atomic hydrogen
into the bulk of a metallic host material and, although they do not possess par-
ticularly high gravimetric capacities, they exhibit impressive volumetric hydrogen
storage capabilities and some favourable hydrogen storage properties. The third
type of storage material we have considered are the complex hydrides. This group
of compounds, like the interstitial hydrides, store atomic hydrogen in their bulk
but, in this case, bond the hydrogen in complexes. Upon hydrogen desorption, their
host structure decomposes to one or more additional decomposition products. We
concluded the chapter by considering some materials that do not fit readily into the
other three main categories, including clathrates, ionic liquids and inorganic
nanotubes. Some of the basic hydrogen storage properties of materials covered in
this chapter are summarised in Table 2.1.
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