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Hydrogen has the capacity to provide society with the means to carry ‘green’ energy between the point of generation and

the point of use. A sustainable energy society in which a hydrogen economy predominates will require renewable
generation provided, for example, by artificial photosynthesis and clean, efficient energy conversion effected, for
example, by hydrogen fuel cells. Vital in the hydrogen cycle is the ability to store hydrogen safely and effectively. Solid-

state storage in hydrides enables this but no material yet satisfies all the demands associated with storage density and
hydrogen release and uptake; particularly for mobile power. Nanochemical design methods present potential routes to
overcome the thermodynamic and kinetic hurdles associated with solid state storage in hydrides. In this review we discuss
strategies of nanosizing, nanoconfinement, morphological/dimensional control, and application of nanoadditives on the

hydrogen storage performance of metal hydrides. We present recent examples of how such approaches can begin to
address the challenges and an evaluation of prospects for further development.
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Introduction

The continued increase in CO2 emissions and the finite reserves
of fossil fuels demand a clean, renewable source of energy to be
developed to meet the demands of the world’s population. The

predominant candidate for an alternative energy source is solar
and hydrogen is an ideal means bywhich converted solar energy
can be stored and transported.

The twomajor issues before a hydrogen economy can replace

a carbon economy based on fossil fuels are the production and
storage of hydrogen (Fig. 1). Fuel cells are a relatively mature
technology and permit clean power generation from hydrogen as

a fuel. A potentially viable and sustainable method of producing
hydrogen is by water splitting, giving H2 and O2 by artificial
photosynthesis.[1–4] Hence, once such an environmentally

friendly process for the production of hydrogen is fully func-
tioning, then safe and efficient ubiquitous storage of hydrogen
will be required. Containment of hydrogen in a solid state
medium represents such a safe and efficient method of storage

but demands a non-toxic and cheap storage material that can
store hydrogen optimally in terms of weight and volume and
with the minimum of energy requirements to charge and

discharge the store.[5–7] Aside from these technical hurdles,
the main challenge then lies in the acceptance of the hydrogen
economy both socially and economically.

In terms of meeting the stringent technical criteria –
especially demanding for mobile applications – among the best
options in solid state storage materials available are the metal

hydrides. The theoretical gravimetric storage capacities of the
hydrides are relatively high (for example, LiH can theoretically
store 12.8wt% of H2). However, since the hydrogen in hydrides

is bound in the solid by a chemical bond, dehydrogenation

requires relatively high energies (and hence high release tem-
peratures). Similarly, reversible storage and cycleabilty can be
an issue. To overcome these kinetic and thermodynamic

problems and to allow hydrides to become the basis of viable
storage systems, new approaches are needed.

In this review, we focus on one such approach; that of
nanostructuring metal and complex hydrides. Nanostructuring

involves the reduction of the particle size and indeed tailoring of
morphology at the nanometer scale by a variety of contrasting
methods from physical size reduction through nanoconfinement

in a host material or matrix to direct chemical synthesis of active
nanometer-scale storage materials.[8–11] In parallel with the
design of appropriate catalysts, nanostructuring of hydrides

can result in major improvements in sorption properties
comparedwith equivalent bulkmaterials and offers the potential
to produce storage systems that meet the high demands of

modern applications (notably, for example, in the transport
sector, including automobiles, but also in stationary power
generation).

Light Metal Hydrides

Nanometer-scale materials are becoming increasingly
important in understanding how materials may be exploited to
their maximum potential for hydrogen storage.[12] The synthesis

of nanostructured materials in particular has extended the
capability of light metal hydride systems as hydrogen stores and
this work is dominated by the Mg–H system.[9,13] Here, we will

focus on light metal hydride systems at the nanometer scale,
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the effects on the intrinsic chemical properties of thematerials at
this level, and the benefits of nanodesign for hydrogen storage.

Alkali Metal Hydrides

Advances in the hydrogen storage performance of alkali metal

binary hydrides by nanostructuring have been overshadowed
somewhat by the storage abilities of complex hydrides

containing the respective component metals such as boro-
hydrides, alanates, and amides. These complex hydrides are
covered elsewhere in this review. Nevertheless, the simplicity of

a single metal system remains appealing and at the very least
represents a useful model to aid understanding of sorption at the
nanometer scale. Ortiz et al. investigated the milling of LiH to

establish how physical processing modified crystallite size
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Fig. 1. An idealized H2 energy cycle where generation is provided by artificial photosynthesis, storage is realized by solid state

media, and conversion is achieved using a hydrogen fuel cell.

JamesM.Hanlon graduated from theUniversity of Glasgow in 2005with a B.Sc. (Hons) in chemistry withmedicinal chemistry.

He then returned to the University of Glasgow in 2008 to undertake a Ph.D. with Professor Duncan H. Gregory on hydrogen

storage materials under the ESPRC SUPERGEN program. His research interests include nanostructured hydrogen storage

materials, hydrogen release systems, and ammonia storage materials.

Hazel Reardon graduated from the University of Strathclyde with an M.Sc. in analytical chemistry in 2008. She then took up a

position as a technical specialist in industry whilst undertaking a Royal Society of Chemistry accredited graduate program. In

2010, she began a Ph.D. at the University of Glasgow with Professor Duncan H. Gregory on the development of hydrogen

storage materials. Her research interests are focused on new materials for modern energy and fuel solutions.

Nuria Tapia-Ruiz graduated from the University of Barcelonawith an honours degree in inorganic chemistry in 2009. She then

moved to the University of Glasgowwhere she is currently studying for a Ph.D. in materials chemistry under the supervision of

Professor Duncan H. Gregory. Her research interests are focused on developing new routes for the synthesis of nitrides with

potential applications as energy storage materials.

Duncan H. Gregory studied at the University of Southampton, completing his Ph.D. in 1993 under Professor Mark Weller.

He was an EPSRC Advanced Fellow, Lecturer and Reader in Materials Chemistry at the University of Nottingham until 2006.

He then took up the WestCHEM Chair in Inorganic Materials at the University of Glasgow and is Head of Inorganic

Chemistry. His research interests centre on materials with potential applications in areas including sustainable energy.

Hydrogen Storage 657



(reduction to ,25 nm diameter) and subsequently studied the
effects of heating to 558K (for a period of 1 h) on the nano-

crystals formed (Fig. 2).[14] They observed the formation of
agglomerates as a result of the milling process that were ther-
mally stable under the above conditions. This was ascribed to the

porosity of the material. Although experimental studies on
nanostructured lithium hydride for hydrogen storage, indepen-
dent of composite matrices, are yet to be established in the lit-

erature, the stability of this material to moisture could present
both technical and safety issues for storage. In a computational
study, Gautam et al. studied various cluster sizes of LinHm,
where n¼ 1–30 and m# n, to probe the effect of varying the

hydrogen ratio on the stability of clusters over this size range.[15]

Their calculations predicted that the hydrogen content has a
significant effect on the stability of the cluster. Irrespective of

the cluster size, asm approached n (and particularlywhenm¼ n)
the stabilization effect was marked. Experimental studies on the
optimization of LiH particle size and morphology for hydrogen

sorption to complement this work would be of significant value.
A recent theoretical study of the diffusion mechanisms in

NaH by Hao et al. established that although Shottky defects

(Naþ cation vacancy andH� anion vacancy pairs) were themost
populous in NaH, it was charged H interstitials that were the
dominant contributor to hydrogen diffusion (Fig. 3). Given this
development in understanding, there is an opportunity to exploit

the defect structure of NaH at the nanometer scale and although
the influence of NaH as a component for hydrogen storage was
highlighted recently by Pistidda et al. in their work on the NaH–

MgB2 system, no evaluation of nanometer-scale properties of
the hydride were pursued in this study.[16,17] In fact, directed
nanostructuring of NaH has effectively been limited thus far to

thin films. Films of 200 nm in thickness have been formed by
sputtering, although subsequent analysis of properties is as yet
rather limited.[18] Studies of the sorption behaviour of such NaH
films in comparison to the bulk material should prove

illuminating.

Alkaline Earth Metal Hydrides

If we consider the group 2 hydrides systematically, beryllium
hydride has a theoretical hydrogen gravimetric capacity of

18.3wt% but assessments of its suitability for hydrogen storage

remain relatively pessimistic owing both to the difficulties

associated with its preparation and concerns over safety.[19,20]

Magnesium, by contrast to beryllium, has been extensively
studied for hydrogen storage and there exists a vast amount of

information on nanostructured magnesium hydride. Here we
will endeavour to highlight some of the most important devel-
opments and discuss only the most recent and significant

advances in directed nanodesign in the Mg–H system.
Whisker-like structures of Mg have been known in the

literature since the mid 1980s, but well controlled nanodesign
of such configurations is now possible by growth by chemical

vapour deposition (CVD) or other forms of solid–vapour reac-
tions.[21,22] Zhu et al. demonstrate this very elegantly in their
recent publication, which shows how variation in the evapora-

tion temperature and hydrogen pressures at which CVD is
conducted for MgH2 synthesis may generate a spectrum of
morphologies in which the hydride may grow, including nano-

wires and nanoparticles.[23]

Physical processing of hydride nanoparticles by ball milling
has been central to the development of hydrogen storage

materials and is extremely valuable in improving uptake and
release kinetics. Nowhere is this more evident than in theMg–H
system. Many materials have been introduced as catalysts or
thermal propagators for hydrogen sorption as unique compo-

nents, but it is emerging that synergistic effects from a mixture
of additives bring advantages to the system, e.g., as shown with
graphite and Nb2O5.

[24] However, a major consideration when

employing such additives during the milling process is the
detrimental effect on gravimetric capacity; vital for potential
mobile applications.

Mechanochemical synthesis of hydrogen storage materials
by contrast to the purely physical effects of size reduction, is
emerging as an attractive way to prepare hydrides without
following more lengthy and energy-intensive milling proce-

dures. The process results in a metal hydride or composite
material within a salt or by-product matrix. In the case of light
metal hydrides, nanoparticles of MgH2 have been synthesized

using this method by Sheppard et al. with thermodynamic
investigations indicating that a reduction in the size of the
particles to ,7 nm had the effect of decreasing the equilibrium

pressure, and hence the decomposition enthalpy and
entropy.[25,26] This is promising for developing an enhanced
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knowledge of how MgH2 nanoparticles function and hence

how they will perform as a hydrogen storage medium. Mech-
anochemical synthesis may become more important in the
development of novel composite materials, in which the

by-product may play a role in the sorption process, i.e., as a
catalyst or as a thermal conductor for mediation of sorption
conditions.

This leads us to the concept of encapsulation of light metal

hydrides, where the encapsulation medium may play an impor-
tant role in facilitating the sorption of hydrogen. Jeon et al.
published research on the encapsulation of Mg within a

poly(methyl methacrylate) (PMMA) polymer matrix, with the
aim of creating an environment around the Mg which is
selectively permeable to hydrogen only.[27] It should be noted

here that the concept of magnesium nanoparticle encapsulation
has been considered by others before this work; de Jongh et al.
demonstrated the melt infiltration of magnesium into carbon
nanosupports in 2007.[28] There were, however, several signifi-

cant developments in the work by Jeon et al. From powder X-ray
diffraction (XRD) data it was established that the nanoparticles
were stable in air (after three days of exposure). The nanopar-

ticles also exhibited a reversible storage capacity of up to
,6wt% of hydrogen, which translated to ,4wt% once the
system mass was accounted for.

Furthermore, the mechanical flexibility of the polymer is
important in extending the longevity of such a material, since
expansion and contraction of the material during sorption

cycling leads to decrepitation issues when powders are pressed
into pellets or compacts.[29] Publications are now emerging on
similarly themed nanosupports. For example, Paskevicius et al.
were able to show how, from organic precursors, magnesium

hydride could be encased within a carbon aerogel (CA).[30] The
carbon nanostructure was not wholly effective in generating
nanoparticles alone, however, since some bulk MgH2 was also

identified. Furthermore, the hydride particles were susceptible
to decomposition in air, since MgO is evident in their transmis-
sion electron microscopy (TEM) work after minimal air expo-

sure, meaning that the aerogel only supports the material, and
does not protect the hydride from oxidative decomposition.
Nonetheless, these developments are important in establishing
new designs for hydrogen storage materials, and novel synthesis

routes, particularly since their results indicate full desorption of
hydrogen from the supported material at 3008C, which is
comparable with the bulk (Fig. 4).

From the above examples it is evident that organic–
magnesium precursors are emerging in the literature for the
synthesis of nanometer-scale magnesium owing to the added

protective nature of the organic component of the mixture
(e.g., bis(cyclopentadienyl)–magnesium, in the work of Jeon
et al. and dibutyl magnesium from Paskevicius’ research)

towards the active storage material.[27,30] In fact, this latter
synthetic route to MgH2 has been known since the 1950s.[31]

Similarly, preparation of Grignard reagents has traditionally
been used in organic chemistry for the production of more

reactive magnesium, and these methods have now become
important in the development of novel routes to Mg for hydro-
gen storage.[32] One of themost difficult aspects ofworkingwith

Mg and its hydride is the acute sensitivity to air and moisture,
and so solvents used for its synthesis must be chosen carefully,
as highlighted by Haas and Gedanken.[33] They used THF and

dibutyldiglyme alongside Grignard (alkyl-magnesium chloride)
precursors to synthesize Mg particles 4 nm in size by a sono-
electrochemistry technique.

Organic surfactants have also been utilized for the synthesis
and stabilization of magnesium nanoparticles with hydrogen
storage and energy applications in mind. Aguey-Zinsou and

Ares-Fernández used tetrabutylammonium bromide (TBA) to
generate 5 nm colloids of Mg, with dehydrogenation beginning
at 358K, which is significantly lower than that of commercial,
micrometer-scaleMgH2 (,673K).[34] Subsequently,magnesium-

based colloids were prepared by Kalidindi and Jagirdar,
involving the conversion of metal into organometallic colloids
using THF, hexadecylamine (HDA), and HDA-toluene, by a

solvated metal atom dispersion technique.[35] These colloids do
not show selective permeability to hydrogen as in the work of
Jeon et al. but developments in this field could yield important

results for both stabilizing and protecting Mg in air. Moreover,
solvent-based techniques for the production of nanostructured
Mg and MgH2 highlight the search for a means to purify
products whilst preventing reaction with air and moisture. For

instance, attempts to remove LiCl generated by reactive milling
by Paskevicius et al. were unsuccessful using THF alone, despite
earlier work using THF (or diethyl ether) in analogous wet

reactions to synthesize the metal.[26,36] Efforts have been made
recently to establish controlled synthesis of Mg in various
organo–potassium solutions.[37] Norberg et al. showed that the

hydrogen absorption and desorption kinetics of the solvent-
synthesized material are improved with respect to that of
commercial micrometer-sized materials (Fig. 5a and 5b), with

the reasons being attributed not only to the decrease in particle
size but also to increased surface defects. This is not a new
premise; ball milling is an easy way to achieve particle size
reduction and surface defect enhancement. Therefore, the study

by Norberg is important in establishing a novel, less energy
intensive method for nanostructured Mg production. It should
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be noted, however, that the temperatures for evolution of
the hydrogen are still relatively high (Fig. 5b), and it will be
necessary to establish the onset temperature at which the

hydrogen is first evolved.
Hence the synthesis of hydrogen storage materials, particu-

larly magnesium, in solvents and with organic components is

fast developing, with promising hydrogen sorption results and
opportunities for morphology control. Refining the syntheses
and demonstrating how these are competitive with solid state

routes will be key to their future as economic, low energy routes
to hydrogen storage materials.

Of the heavier alkaline earth metals, Ca in clusters of CanH2n

(where n¼ 1–4, 6, 8, 10, 12, 14, 16, 20) has been investigated by
Density Functional Theory Vienna Ab-initio Simulation Pack-
age (DFTVASP) calculations to establish optimum cluster sizes
for hydrogen storage, representing an important comparison to

work on MgnH2n and AlnH3n clusters.[38] This work indicates
that small CanH2n cluster sizes (n, 6) will have lower desorp-
tion energies than larger clusters, but that CaH2 alone shows less

promise as a hydrogen storage medium than pure Mg and Al
hydrides (Fig. 6).

Using similar computational techniques, calculations have

also been conducted to establish how calciummay be embedded
on graphene nanoribbons (GNRs) to give a theoretical hydrogen
capacity of 5wt% (Fig. 7).[39] ZigzagGNRswere shown to have
a significantly stronger Ca binding energy in comparison to that

of the armchair conformer, and so boron was used as a dopant in

the case of the latter to control the sites at which Ca is embedded
as it was predicted to prevent aggregates from forming. This
work indicates that graphene nanostructures may be suitable

hosts for Ca as a hydrogen store. Experimental work is now
required to validate that this is indeed a practical storage
method.

Sputtering has been used to form CaH2 thin films of 200 nm
in thickness.[18] Results from optical spectrophotometry mea-
surements did not show there to be any significant changes upon

application of 1 bar of hydrogen to the hydride films at room
temperature, but by measuring the transmittance through the
thin films (i.e., by spectrophotometry) after exposure to air, the

formation of Ca(OH)2 was indicated. Nanostructuring, in this
instance, did not appear to have an effect on the subsequent
reactions with MgB2 under hydrogen to establish if the calcium
borohydride could be formed from the thin film. Catalysis,

encapsulation, and formation of multinary phases incorporating
Ca may represent the best approaches to the element’s utility for
hydrogen storage.

Complex hydrides containing both alkali and alkaline earth
metals may prove to be effective storage materials, but nano-
structuring has yet to be developed in such systems. The high

storage capacity of compounds such as NaMgH3 (theoretically
6wt%), is particularly promising.[40,41] Wu et al. identified the
mechanism by which hydride diffuses within NaMgH3 by a

combination of theoretical approaches and experimental meth-
ods such as powder neutron diffraction (PND) and neutron
vibrational spectroscopy (Fig. 8). Deuterated samples were
analyzed at 5, 300, and 370K by PND and Rietveld refinement

was conducted to establish fundamental information regarding
the temperature-dependant behaviour of the structure. Wu et al.
explained that the mobility of H� in this ternary system was

facilitated at low temperatures (5K) by lattice distortion. This
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will undoubtedly become important in establishing the nanode-

sign criteria for hydrogen storage performance if this system is
to be developed.

Of the light metal hydrides that have been synthesized at the
nanometer scale to date, it is clear that most work has focussed

on Mg-based materials. In addition, nanoscaffolds are now
being readily pursued as a means by which the hydrides
(or indeed the metals themselves) may be constrained or

templated.[42] From porous carbon to complex polymers, the

design of the nanoscaffold demands as much investigation as
the active storagematerial itself.[43] As a result, porousmaterials
are being designed specifically as host matrices for hydrogen

storage and are developing rapidly in unison with metal hydride
systems.[44]

Complex Hydrides

Borohydrides

Borohydrides possess some of the highest theoretical H2

gravimetric capacities and so have attracted considerable
research interest.[45–47] LiBH4, for example, can theoretically
store 18.5wt% of H2 and dehydrides to lithium hydride and

boron with the release of hydrogen. LiBH4 releases 13.8wt% of
H2 in this dehydrogenation step (Eqn 1) but proceeds no further
under moderate conditions because of the high decomposition

temperature of LiH (953K):

LiBH4 ! LiHþ 3
2
H2 þ B ð1Þ

Mg(BH4)2 can theoretically store 14.9wt% of H2 while
Ca(BH4)2 has a theoretical gravimetric capacity of 11.6wt%

ofH2. Hence, as withmany simple (binary) light metal hydrides,
the major disadvantage in the use of borohydrides is the
temperature required for H2 release (dehydrogenation begins

at 673K).[48] Likewise, reversibility in these complex hydrides
is also problematic with high temperature and pressure required
for hydrogen uptake. For example, bulk LiBH4 rehydrogenation
occurs under a pressure of 150 bar of H2 at 873K.

[49] Controlling

the particle size of the borohydrides can begin to overcome some
of these difficulties, as will be discussed below.

Physical Nanostructuring and Nanocatalysts

A strategy of ball milling with additives has been successful

in destabilizing borohydrides, leading in turn to lowerH2 release
temperatures. Ball milling LiBH4 with MgH2 results in a
reduction of the reaction enthalpy for hydrogenation and

dehydrogenation of 25 kJmol�1 of H2 when compared with
the bulk material.[50] The maximum H2 release obtained was
10wt%. Addition of metal halides to the milled mixture can
have a marked effect on dehydrogenation just as in light metal

(a)

(c)

(d)

(b)

Fig. 7. Optimized configuration of Ca on (a) zigzag and (b) armchair

graphene nanoribbon (GNR) edges, and the optimum hydrogen sorption

configuration of (c) a calcium-decorated zigzag GNR and (d) a boron-doped

armchair GNR. Reprinted with permission from ref. [39]. Copyright 2011

American Chemical Society.
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bic unit cell. Reprinted with permission from ref. [40]. Copyright 2011

American Chemical Society.
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hydride systems. Zhang et al. ball milled LiBH4 with halides of

Ce and La to investigate the possible destabilization effect on
LiBH4.

[51] The authors found that the addition of CeCl3 to
LiBH4 resulted in a dehydrogenation onset temperature of

493–553K, which is much lower (by 120–180K) than that of
bulk LiBH4. A total of 3.05wt% of H2 could be desorbed with
respect to the total weight of the reactants. By contrast, for LaCl3
the dehydrogenation temperature decreased to 543K (3.7wt%

of H2 was realised when the sample was rehydrogenated).
Similarly, milling the dichlorides of Fe, Co, and Ni (FeCl2,
CoCl2, and NiCl2) with LiBH4 produced materials with lower

desorption temperatures.[52] By comparison, bulk LiBH4

released H2 in two steps: 1% was desorbed at 583K with the
remainder released at 693K. The transition metals destabilize

LiBH4, which Zhang and Liu suggest is directly related to the
relative instability of the Fe, Co, and Ni borohydrides
themselves. The LiBH4–Fe(Co, Ni) ball milled samples also
produced transition metal borides which then appear to catalyze

subsequent H2 release from LiBH4. Similar effects are observed
with MnCl2 with the resulting mixture (LiMn(BH4)3þLiCl)
desorbing 4.5wt% of H2 at 473K,

[53] although rehydrogenation

of the system was unsuccessful. Fluoride additives produce
similar results and when Guo et al. ball milled LiBH4 with
TiF3, H2 desorption commenced at 373Kwith release of 5.0wt%

of H2 by 523K.[54] Replacing metal halides with alanates
(such as LiAlH4 as a source of Al) appears to improve kinetics in
LiBH4 by similar mechanisms.[55] In the Al-containing system,

dehydrogenation was complete at 673K, with 2–2.4wt% of H2

released in terms of the composite material (12–13.5wt%when
considering LiBH4 alone). A gradual loss of capacity was
observed over multiple cycles (and attributed to diborane

formation). As per the chlorides, the formation of AlB2 drives
the dehydrogenation temperature lower.

Just as above with LiBH4, the dehydrogenation temperatures

of group 2 borohydrides can be similarly reduced by milling
with suitable additives and Mg(BH4)2 has been the subject of
investigations with chloride additives by analogy to the lithium

compound. Notably, improved kinetic performance for both the
hydrogenation and dehydrogenation ofMg(BH4)2 is possible by
milling with TiCl3 or SnCl3.

[56] The addition of these chlorides
results in a five-fold reduction in the time for the release of 95%

of the total H2. Adding the chlorides yielded a 9.7wt% of H2

release compared with 7.7wt% of H2 at 573K for the unmodi-
fied material (in terms of the Mg(BH4)2 component only).

Nanoconfinement

Nanoconfinement of borohydrides is now a principal focus of
contemporary research.[43] Nanoparticles of borohydride can be

incorporated inside a porous scaffold host such as carbon and the
particle size of the contained borohydride proves to be impor-
tant; as the pore size of the host is reduced so the dehydrogena-

tion temperature is depressed. For example, LiBH4 constrained
in 13 nm diameter pores in carbon dehydrogenates up to 50
times faster than the native borohydride,[57] and Cahen et al.

found that LiBH4 nanoconfined inside mesoporous carbon with
a pore diameter of 4 nm resulted in 3.4wt% of H2 being evolved
at 573K in 90min. This compares with 0.2wt% evolution of H2

from bulk LiBH4 at the same temperature (Fig. 9).[58]

Other studies of LiBH4 in porous carbon have demonstrated
that not only is the dehydrogenation temperature for LiBH4

reduced compared with the bulk material but so too is the

reversibility of the hydrogenation/dehydrogenation process

improved.[59,60] Hydrogenation of LiBH4 confined this way

could occur under a pressure of 60 bar of H2 at 523K. The
nanoconfinement of LiBH4 also resulted in the suppression of an
unwanted byproduct, diborane. By removing this byproduct, the

borohydrides become a much more attractive prospect for H2

storage. Furthermore, when Ni is added as an additive, LiBH4

confined in mesoporous carbon can release,3.5wt% of H2 per

gram (14wt% of H2 per gram in terms of LiBH4 only) and is
able to rehydrogenate at a higher rate. It was proposed that the
combination of additive and nanoconfinement could alter the
rehydrogenation reaction pathway.[61] By analogy to LiBH4,

Mg(BH4)2 can be nanoconfined in activated carbon to also result
in lower dehydrogenation temperatures compared with the respec-
tive bulk material.[62] The first H2 desorption step occurred at

530K in the nanoconfined sample compared with 542K in the
bulk material with the second H2 desorption step peaking at
590K for the nanoconfined sample as compared with 649K for

bulk Mg(BH4)2 with 6wt% of H2 being released. Sartori et al.
went on to study Mg(BH4)2 nanoconfined in an activated
carbon scaffold by small angle X-ray and neutron scattering.[63]

Although heating to 673K resulted in no change to the size
distribution of the confined particles (a distribution maintained
at 1–6 nm in diameter), the thermal treatment enforced changes
in the surface morphology; a change in surface roughness which

might be directly related to the release of hydrogen. By compar-
ison, heating bulk Mg(BH4)2 to 673K resulted in both the
particle size and morphology being affected (although the size

distribution of the bulk particles is not discussed). From these
observations, the nanoconfinement of the borohydride plays a
vital role in the improvement of the dehydrogenation kinetics by

the dimensional constraint of hydride particles.
Nanoconfinement in other porous hosts has thus far been

somewhat limited. LiBH4 has been successfully constrained in
oxides such as SiO2 and ZrO2.

[64,65] When constrained in SiO2,

the desorption of H2 commences at 423K.[64] The nanoconfined
LiBH4 cannot be rehydrided and the reaction is irreversible. This
is a result of the decomposition products of LiBH4 and SiO2

reacting to formLi2SiO3 andLi4SiO4. Nanoconfinement in SiO2

and other oxides such as ZrO2 and Al2O3 were studied by both
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computational and experimentalmethods.[65] Thermogravimetric–

mass spectrometry (TGA-MS) measurements showed that ZrO2

was the only oxide that did not react with LiBH4, hence the
LiAlH4/ZrO2 system is reversible but the dehydrogenation

temperature was not significantly lowered compared with
bulk LiBH4.

Alanates

Alanates came to prominence as a hydrogen storage material in

1997 with the discovery made by Bogdanović et al. that doping
with Ti resulted in the destabilization of NaAlH4.

[66] This in turn
led to improved properties of H2 uptake and release. NaAlH4

decomposes in two steps. In the first step the alanate dehy-
drogenates to Na3AlH6 releasing H2 (theoretically 3.7wt%;
Eqn 2). In the second step, Na3AlH6 decomposes to NaH,

theoretically releasing 1.8wt% of H2 (Eqn 3). The NaH then
decomposes to release further H2, although because of the high
temperatures required this step is not considered viable for a

practical storage system (Eqn 4).

3NaAlH4 ! Na3AlH6 þ 2Alþ 3H2 ð2Þ

Na3A1H6 ! 3NaHþ Alþ 3
2
H2 ð3Þ

NaH ! Naþ 1
2
H2 ð4Þ

Similar to the borohydrides, the alanates suffer from high

hydrogenation and dehydrogenation temperatures and poor
reversibility is also an issue. Reducing the particle size of the
alanates is seen as a potential method to overcome these
problems as will be discussed below.

Physical Nanostructuring and Nanocatalysts

Following the work of Bogdanović,[66] TiCl3 has been
studied as an additive with nanoparticles of NaAlH4. Vegge

initially studied the potential role of Ti as an additive to NaAlH4

nanoparticles by DFT methods.[67] From these calculations, it
was found that both the morphology and the presence of Ti are

important factors in improving dehydrogenation. Indeed, exper-
imentally when ball milling has been used to reduce the particle
size of NaAlH4 in the presence of TiCl3, the latter acts as a

catalyst for hydrogenation/dehydrogenation in a similar way to
that in borohydride systems.[68] In fact, other sources of Ti
appear to be at least as effective as the trichloride in catalysis
(as is also observed for amides in the following section). Milling

sodium alanate with micro- and nanosized TiO2 powders
demonstrated that up to 5.1wt% of H2 was released between
393 and 503K for the latter; an improvement of 20–40K over

the former.[69] Also by analogy to the borohydrides, there is
some recent evidence that rare earth metals can catalyze hydro-
gen sorption in alanates when milled.[70] Ce(SO4)2 and LaCl3
both improve H2 desorption compared with the bulk material;
5%of the former yielded 3.97wt%ofH2 commencing at 378K,
while 5% of the latter gave 4.3wt% of H2 commencing at
428K. Interestingly, the authors discovered that dopingNaAlH4

with Ce(SO4)2 results inthe formation of a porous microstruc-
ture. In a recent and promising extension to the approaches used
to prepare nanometer-scaleMgH2, Xiao et al. have used reactive

ball milling (mechanochemical synthesis) to produce nano-
structured NaAlH4.

[71] These reactively milled samples
absorbed 4wt% of H2 in 10min at 393K and could desorb

95% of the total H2 within 30min at 423K.

Ball milling has also been employed effectively to reduce

the particle size of Mg(AlH4)2. Nanometer-sized Mg(AlH4)2
was synthesized by the reactive ball milling of AlH3 and MgH2.
The resulting alanate had a decomposition enthalpy of approxi-

mately zero over two decomposition steps (although the first
step has a rather high activation energy of 119 kJmol�1).[72]

Varin et al. had previously attempted to synthesize nanocrystal-
line Mg(AlH4)2 by the ball milling of Mg and Al in an atmo-

sphere of H2 without success but succeeded when ball milling
Na(AlH4)2 with MgCl2.

[73] Nanocrystalline Mg(AlH4)2 was
formed with an average particle size of 18 nm (with an NaCl

by-product). The alanate decomposed to MgH2 and Al with the
release of H2 between 398 and 453K.

[74] At 423K, 2.24wt% of
H2 was released. The presence of these dehydrogenation

products was confirmed by XRD analysis (Fig. 10).

Nanoconfinement

Nanoconfinement of alanates, aswith borohydrides, has been

demonstrated to have a dramatic effect on storage performance.
Notably, NaAlH4 nanoparticles confined in CAswith a pore size
as low as 13 nm (Fig. 11) have led to a reduction in dehydroge-

nation temperature from503K in the bulk alanate to 413K in the
confined material.[75,76]

Furthermore, Neilsen et al. recently demonstrated that

adding TiCl3 nanoparticles to CA-confined NaAlH4 promoted
far faster dehydrogenation compared with both bulk and ball
milled alanate.[77] The onset ofH2 releasewas almost immediate

in these confined materials (306K) and the full extent of
nanoconfinement and catalysis can be appreciated from the data
in Table 1. The NaAlH4/aerogel/TiCl3 sample released 2.9wt%
of H2 (with respect to NaAlH4) during its first decomposition

cycle, with 1.6wt% of H2 being released during the fourth
decomposition cycle.

If the pore size of the host structure is decreased below13 nm,

then the dehydrogenation temperature can be reduced further
still (following a similar relationship to that observed in nano-
confined borohydrides). Thus Gao et al. found that NaAlH4

contained in 2 nm pores had the lowest H2 desorption tempera-
ture with H2 release commencing between 373 and 393K.[78]

Similarly, confinement of NaAlH4 in other carbons has been
attempted with successful results. NaAlH4 confined in meso-

porous carbon with a pore size of 4 nm (prepared using meso-
porous silica as a template and sucrose as the carbon source)
released 5.0wt% of H2 at 453K in 40min compared with

0.5wt% of H2 released from the bulk material in 90min at the
same temperature.[79] The cycling properties of NaAlH4 were
also improved in this system over the bulk material. During

cycling, the nanoconfined NaAlH4 releases 5wt% of H2 during
the first cycle, which decreases to 4.6wt% for cycles 2–6 and
then decreases further to 4.2wt% for subsequent cycles. By

comparison, bulk NaAlH4 releases 0.5wt% of H2 during the
first cycle which decreases to 0.2wt% of H2 after five hydro-
genation/dehydrogenation cycles under equivalent conditions.
In a similar fashion, Baldè et al. studied the effect of constrain-

ingNaAlH4within carbon fibres.
[80] The onset of H2 release was

possible below 343K for particles 2–10 nm in size.
Mesoporous inorganic hosts can also be effectively utilized

to confine alanates and as with borohydrides when so-confined,
the dehydrogenation temperature is decreased.[81] H2 (1.4wt%)
is released from NaAlH4 confined in ordered mesoporous silica

(OMS) at 423K compared with a negligible amount in bulk,
uncatalyzed NaAlH4 at the same temperature. Furthermore,
raising the temperature to 453K releases 3.0wt% of H2 from
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the nanoconfined sample compared with 0.3wt% for the bulk
material under the same conditions. The reversibility of NaAlH4

is also improved when nanoconfined in OMS. When both bulk

NaAlH4 and nanoconfined NaAlH4 were rehydrogenated at
398K for 3 h and subsequently dehydrogenated, the nanocon-
fined sample released 0.6wt% of H2 at 423K compared with a
negligible amount for the bulk material.

Amides, Imides, and Nitrides

Amides entered the hydrogen storage arena in 2002 when Chen
et al. demonstrated that hydrogen could be reversibly stored

within lithium nitride (Li3N).
[82] The discovery of storage in this

system, which involves the making and breaking of N–H bonds,
has also facilitated the understanding of mechanism in other

complex hydride systems.[83,84] The hydrogen uptake–release
process involves two steps, theoretically storing a total of
10.4wt% of H2 (Eqn 5):

Li3Nþ 2H2 2Li2NHþ LiHþ H2 2LiNH2 þ 2LiH ð5Þ

Practically, however, hydrogen release from imide to nitride

requires high temperature conditions and so only the reaction
involving H2 uptake–release between lithium amide (LiNH2)
and lithium imide (Li2NH) is realistically reversible (yielding

,6.5wt%)[81] and within sight of the system gravimetric and
volumetric United States’ Department of Energy (US DOE)
targets for 2015.[85] Among the challenges still to be met in
amide systems, however, are high desorption temperatures, slow

kinetics, and limited reversibility/cycle life. Nanodesign
approaches potentially represent a route to overcome these
barriers.

Physical Size Reduction by Ball Milling

Pinkerton et al. first studied the effects on the decomposition
of one of the hydrogenated compounds in the Li–N–H system,

50 nm

Fig. 11. Scanning electron microscopy image of a carbon aerogel with

13 nm pores used for nanoconfinement of LiAlH4. Reprinted with permis-

sion from ref. [76]. Copyright 2011 IOP Publishing.

Table 1. Temperatures for the onset of H2 release and the maximum

of H2 release in ball milled (BM) and nanoconfined NaAlH4 samples

(adapted from ref. [77])

Sample Tonset [K] Tmax [K]

Ball milled NaAlH4
A 473 551

NaAlH4þ aerogel 398 449

NaAlH4þTiCl3
A 373 443–453

NaAlH4þTiCl3 (II)
B 373 432

NaAlH4þ aerogelþTiCl3 306 373

AMilled at 350 rpm for 1 h.
BMilled at 400 rpm for 20min.
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Fig. 10. X-ray diffraction patterns of ball milledMg(AlH4)2 after heating at (a) 398K (1258C), (b) 413K (1408C), (c) 423K

(1508C), and (d) 453K (1808C). Reprinted with permission from ref. [74]. Copyright 2011 Elsevier.
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LiNH2, by ball milling.[86] This is a competing reaction that
occurs during the dehydrogenation of the LiNH2–LiH mixture
(5) and it is of critical importance for hydrogen storage in

the system since 1) the H2 capacity is negatively affected by
the depletion of nitrogen because of ammonia emission, and
2) the ammonia produced can also poison the proton exchange

membrane of a fuel cell (PEMFC). The above authors estab-
lished that during LiNH2 decomposition the rate of ammonia
evolution was dependent on the particle size. It was later shown

that mechanical activation of as-received LiNH2 could decrease
the particle size to 5.5 nm and that the subsequent increase in the
surface area and defect density were responsible for the reduc-

tion of the onset temperature for dehydrogenation from 393K to
298K.[87] Furthermore, 6Li magic angle spinning nuclear mag-
netic resonance (MASNMR) studies at room temperature
showed a change in the local electronic structure around Li

nuclei in milled LiNH2.
[88] Importantly, temperature pro-

grammed desorption/mass spectrometry (TPD/MS) studies also
illustrated that pre-milling LiNH2–LiH mixtures eliminated

NH3 emission during dehydrogenation.[89] However, although
milling can be an effective means to obtain Li–N–H nano-
particles with enhanced sorption properties, milling for pro-

longed periods (.100 h), can be detrimental to performance and
lead to particle agglomeration.[90]

By analogy, the effect of mechanical milling has also been
studied in the LiNH2–MgH2 system. Rohit et al. explored Li–

Mg–N–H dehydrogenation kinetics in samples milled over
different times.[91] They reported the in-situ formation of
Mg(NH2)2 for mixtures milled for.15 h, which was responsible

for enhanced dehydrogenation kinetics. Indeed, a rate increase
of up to 49% for 45 h ball-milled mixtures was observed.
Scanning electronmicroscopy (SEM) images showed, however,

that the particle sizes ranged from 2–6mm and so agglomeration
would appear to prevail at longer milling times just as in the
Li–N–H system, although not necessarily to the great detriment

of sorption kinetics.

Nanocatalysts

Addition of catalyst nanoparticles can address the slow
dehydrogenation kinetics in complex hydride systems such as

amides. Ichikawa et al. first reported improved desorption
kinetics for a LiNH2þLiH ball milled mixture by the addition
of micrometer-size TiCl3.

[92] The same authors examined the

role of other catalysts in the Li–N–H system, includingVCl3 and
Ni, Fe, and Co nanoparticles (,10 nm diameter), commonly
used for alanate systems.[93,94] They reported similarities
between TiCl3 and VCl3 while discarding the use of the

aforementioned metal nanoparticles because of ammonia pro-
duction. No results for the catalyst-enhanced sample were
reported after the third dehydrogenation cycle, suggesting

perhaps a decrease in capacity over further cycles. This can be
attributed perhaps to the formation of a chloride by-product
during the hydrogenation/dehydrogenation process. In fact,

nanosized Ti and TiO2 proved to be equally effective catalysts
without unwanted by-product formation[95] and hydrogen
desorption was dependent on additive particle size as seen in
other complex hydride systems.[96] Furthermore, an increase in

ammonia was also observed when increasing the particle size of
Ti and TiO2 to the micrometer scale (Fig. 12). Several efforts
have been made in order to understand the role of TiCl3 in the

improved dehydrogenation properties of the LiNH2þLiH
mixture.[97] It has been claimed that TiCl3 acts as a grinding
reagent, reducing the particle size and increasing the surface
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Fig. 12. The thermal desorption spectrometry profiles for hydrogen and ammonia evolution from LiH–LiNH2 with (a) no

additive, (b) micrometer sized Ti, (c) micrometer sized TiO2, (d) nanometer sized Ti, (e) TiCl3 and (f) nanometer sized TiO2, at a

heating rate of 5K min�1. Reprinted with permission from ref. [95]. Copyright 2011 Elsevier.
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area of the hydrides, and preserves the active surface of LiNH2

improving the desorption kinetics. In addition, Isobe and
coworkers used X-ray absorption spectroscopy (XAS) to pro-
pose that a synergistic effect exists between LiNH2 and

TiCl3.
[98] First principles calculations suggest that Ti occupies

Li sites in the structure of milled LiNH2.
[99]

Despite the limited success of Ni as a nanocatalyst in the
Li–N–H system, its addition to quaternary amide systems such

as Li–Al–N–H and Li–B–N–H has proved beneficial.[100,101] In
the former example, the addition of 5% of 20 nm Ni particles
contributed to the increased capacity of milled Li3AlH6–LiNH2

on cycling. Kojima et al. demonstrated that the reversible
capacity of the Li–Al–N–H system (which desorbs 6.9wt% of
H2 in the first cycle and 1–2wt% thereafter) was improved by

the addition of Ni nanoparticles to 3–4wt%; hence doubling the
capacity of the pristine material. Similarly, adding 11wt% 8 nm
particles of NiCl2 to Li3(BH4)(NH2)2 caused a reduction in the
dehydrogenation temperature onset of 112K.

The quaternary Li–Mg–N–H system is in some respectsmore
attractive than the Li–N–H system since depending on the
Li :Mg ratio, the thermodynamics of uptake and release (and

hence reversibility) become more favourable.[102] The kinetics
in this system, however, remain problematic and nanocatalysts
have been applied to try and address this. A hydrogen capacity of

5wt% can be obtained for a LiNH2 :MgH2 molar ratio of
2.15 : 1 and the addition of single-walled carbon nanotubes
(SWNTs) increases the dehydriding kinetics by a factor of 3 at

473K.[103] More recently, studies on the use of nitrides (BN and
TiN) as nanocatalysts have been described by Nayebossadri
et al.[104] The dehydrogenation temperature in the Li–Mg–N–H
system was investigated as a function of nanocatalyst concen-

tration and particle size. Increasing the TiN nanoparticle con-
centration or reducing the particle size reduced the onset
temperature whereas there was no such direct relationship for

the nanometer-scale BN additive. It was proposed on this basis
that BN acts so as to enhance diffusion across the interfaces in
the system whereas TiN improves the surface reactivity of the

LiNH2 particles. Thus TiN effectively behaves similarly to
TiCl3 in the Li–N–H system. Indeed, the authors suggest the
possibility of TiN formation by milling of LiNH2 and TiCl3
leading to the formation of the intermediate Ti(NH2)4, that

would further decompose because of the high exothermic nature
of the decomposition reaction observed in analogous
systems.[105]

Complex Amides and Nanocomposites

Pinkerton et al. first reported the formation of the quaternary

hydride Li3(BH4)(NH2)2 by direct reaction of LiNH2 and LiBH4

with a 2 : 1 molar ratio by ball milling or by heating.[106] This
system is attractive given its high theoretical capacity (11.9wt%;

,10wt% at 523K in practice) and minimal ammonia release.
Dehydrogenation, however, yields Li3BN2 irreversibly. Wu and
coworkers addressed the irreversibility problem by tuning the
particle size of Li3(BH4)(NH2)2 by infiltration of the hydride

into nanoporous carbon nanoscaffolds.[107] For example, on
milling the hydride with activated carbon, AX-21, the dehydro-
genation temperature was dramatically decreased and the

samples infiltrated in AX-21 (2 nm pore diameter) were able
to achieve partially reversibility (34%) at 573K under 50 atm of
H2. However, improved reversibility occurs at the expense of

ammonia formation, in contrast to the bulk material. This
implies that perhaps a different (de)hydrogenation mechanism
might occur at the nanometer-scale.

The LiNH2–MgH2–LiBH4 system also has a high gravi-

metric capacity (8–10wt% experimentally) and it is believed
that MgH2 acts to self-catalyze the material to release hydro-
gen.[108] Niemann et al. demonstrated that the crystallite size of

MgH2mediated the onset dehydrogenation temperature and that
addition of MgH2 10 nm in size promoted H2 release (5–6wt%)
showing a main H2 evolution occurring at ,423K whereas in
particles with a crystallite size of 35–75 nm H2 was mainly

released at 448K.[109] The same authors also studied the
catalytic effect of some nanoadditives (Ni, Co, Cu, Fe, and
Mn) in the system with particle sizes ranging from 10–20 nm.

Co and Ni reduced the temperature in the initial step to
348–373Kwhereas other additives such as Fe andMn increased
the rate at which the hydrogen was released.[110]

Chemical Synthesis of Nanomaterials

The chemical design of nanostructured amides offers oppor-
tunities to overcome thermodynamic and kinetic barriers but as

yet the number of nanomaterials so-prepared is small. Xie et al.
fabricated Li2NH hollow nanospheres by a plasma metal reac-
tion[111] based on the Kirkendall effect. This effect promotes the

formation of lithium defects which were proposed to be at
the origin of the formation of the hollow nanostructure.[112]

The majority of these nanospheres had diameters ranging from

100–200 nm with a shell thickness of 20 nm (Fig. 13a and 13b).
The nanospheres exhibit improved hydrogen absorption/desorp-
tion properties compared with Li2NH microparticles synthe-

sized by LiNH2 decomposition under vacuum. Li2NH
nanospheres demonstrated outstanding kinetics and stored
6.0wt% of H2 after 1min at 473K whereas the Li2NH micro-
particles could only uptake 1.6wt% after 1 h at the same

temperature (Fig. 14). It was also noted that the hollow nano-
spheres could remain intact after annealing at 573K (Fig. 13c)
and even after hydrogenation at 573K under 35 bar (Fig. 13d).

The activation energies (Ea) for hydrogen absorption were
significantly different for the microparticles and nanospheres
with values of 225 and 106 kJmol�1, respectively. Moreover,

a decrease in the desorption temperature by 115Kwas observed
for the Li2NH hollow nanospheres. These differences were
attributed to the larger specific surface area, shorter Liþ diffu-
sion pathways, and enhanced contact between LiNH2 and LiH at

the nanometer-scale.
The same authors reported using similar methods for the

formation of Mg(NH2)2 nanospheres.[113] Mg3N2 nanocubes

were prepared by vaporizing bulk Mg in a NH3 atmosphere
(in a plasma–metal reaction) and consequently treated with NH3

at 623K for 12 h to form the amide nanospheres. An average

particle size of 100 nm and a shell thickness of 10 nm were
reported. In order to assess the dehydrogenation properties the
hollow nanospheres were reacted with MgH2 nanoparticles and

the results were compared with the performance of Mg(NH2)2
nanoparticles prepared by heating MgH2 nanoparticles under
4 bar of NH3 at 623K for 12 h. Despite showing superior
kinetics, the hollow nanospheres only released 2.5wt% of H2

and absorption was not reported. Further studies by the same
authors were conducted by ball milling LiH with the aforemen-
tioned Mg(NH2)2 hollow nanospheres (100 nm diameter) and

Mg(NH2)2 particles with 500 and 2000 nm diameter to investi-
gate the effects of particle size on desorption temperature.[114]

The hollowMg(NH2)2 nanospheres hydrogenated at the highest

rate under 80 bar of H2 at 500K and after 30min the 100,
500, and 2000 nm samples took up 3.6, 3.2, and 3.0wt% of
H2, respectively. An analogous decrease in the dehydriding
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temperature was observed with diminishing particle diameter;
2000, 500, and 100 nm diameter particles/spheres desorbed
at 539.8, 514.8, and 482.5K, respectively, corresponding
to activation energies of 182, 134.7, and 122.2 kJmol�1,

respectively.

Ammonia Borane

Ammonia borane (NH3BH3, AB) has attracted a great deal of
attention as result of its lowmolecular weight and high hydrogen

content (19.6wt%).[115,116] AB decomposes at temperatures
below 373K and yields a polyaminoborane-like material
((NH2BH2)n, PAB) that further decomposes at 423K to a

polyiminoborane-like material ((NHBH)n, PIB). This can be
expressed as follows:

nNH3BH3 ! ðNH2BH2Þn þ nH2

ðDH298K ¼ �21:3 kJmol�1Þ½117� ð6Þ

ðNH2BH2Þn ! ðNHBHÞn þ nH2

ðDH298K ¼ 131:4 kJmol�1Þ½117� ð7Þ
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Overall, two equivalents of H2 can be released up to 473K,
which corresponds to a total capacity of 14.3wt% of H2. At this
temperature, however, small amounts of monomeric AB

(NH2BH2), borazine (BHNH)3, and diborane (B2H6) are likely
to be generated, with the effect of poisoning the hydrogen stream
and consequently impairing PEM fuel cell performance.[118]

Furthermore, the poor reversibility in the system makes AB
regeneration impracticable on-board. Thus, the current
challenges are to devise economic paths to fully re-charge the

hydrogen storage material off-board and to prevent the forma-
tion of undesirable volatile impurities.

Gutowskaet al. reported improvements in the thermodynamics

and kinetics of AB by infiltration of the material within a
mesoporous (7–8 nm diameter) silica scaffold (SBA-15).[119]

TPD/MS studies of bulk AB and AB/SBA-15 demonstrated that
for the latter, the onset temperature for H2 release was notably

reduced. Moreover, the amount of borazine desorbed was
diminished for the AB/SiO2 composite. 11B NMR spectroscopy
confirmed the absence of borazine within the nanoscaffold

suggesting a different dehydriding path. A difference by a factor
of 20 in the calculated dehydrogenation enthalpy from differen-
tial scanning calorimetry (DSC) experiments for AB/SBA-15

over AB further supported this premise. Inelastic neutron
spectroscopy also demonstrated different chemical properties
in the bulk and the composite material; Paolone et al. observed

that a phase transition in bulkAB at,225Kwas not found in the
SBA-15 composite.[120] A similar concept involving embedding
AB into a carbon cryogel (AB/C) (with pore diameters of
2–20 nm) (Fig. 15) was investigated by Feaver and Sepehri.[121]

In this case, a one-step reaction rather than the predicted two-
step process shown in Eqns 6 and 7 was observed. The
composite showed a decrease in the dehydrogenation tempera-

ture to 363K, which was attributed to (1) the nano-confinement
of AB and (2) the catalytic effect of the carbonwithin thematrix.
No borazine was detected on dehydrogenation of AB/C and

9wt% of H2 was released with an enthalpy calculated as
�120 kJmol�1 (much more exothermic than bulk AB at
�21 kJmol�1). The exothermicity was rationalized as a possible
reaction between the carboxylic groups of the carbon aerogel

and the hydrogen released during the experiment.
Recently, Kurban et al. have used co-axial electrospinning

to encapsulate AB in polystyrene (PS).[122] Polystyrene was

chosen because of the thermal stability of the polymer during

thermolysis of the AB and for its good permeability to H2. In the
co-electrospinning process both the AB (core) and the PS (shell)
were delivered by different routes through concentric nozzles.

Both fluids are exposed to a high voltage that will eventually
cause the expulsion of the fluids in the form of a jet. After a short
time the jet bends, stretches, and thins forming nanofibres. The

authors also explored the use of solvents with different misci-
bility towards AB showing that PS dissolved in semi-miscible
(sMS) and immiscible (IS) solutions provided the best results.

They demonstrated that porous sMS fibres decreased the dehy-
drogenation temperature of AB by 15–20K whereas IS fibres
(with minimal porosity) desorbed at similar temperatures to the

bulk. In both cases no borazine was detected, perhaps due to
trapping in the polymer.

Inevitably, forming nanocomposites reduces the gravimetric
capacity of AB and from this perspective nanocatalysts are a

convenient alternative since the amount of catalyst added is
usually #5wt%. Neiner et al. demonstrated that by simple
addition of BN nanoparticles to AB the onset temperature for

hydrogen release could be reduced with a minimum onset at
344K for anAB : BNmixturewith a 1 : 4weight ratio.Moreover
the enthalpies for reactions (6) and (7)were�15 and1.4 kJmol�1,

respectively.[123] However, during reaction (7) an increase in
borazine over uncatalyzed AB was observed. It is not clear
whether the second enthalpy value is therefore moderated by the

positive vaporization enthalpy of borazine. Chen and coworkers
demonstrated that the addition of 2mol% of Co and Ni nano-
particles (3 nm in diameter) to AB by a ‘co-precipitation’
method decreased the onset temperature for H2 release to

323K and detected no borazine.[124] Isothermal volumetric
hydrogen release measurements also presented different fea-
tures for the pristine and the catalytic enhanced sample; without

additives, AB did not show any release of hydrogen when
heating at 332K for a day whereas for catalyzed AB, hydrogen
was evolved vigorously at the same temperature. No hydrogen

release was observed for AB without additives at this tempera-
ture for longer periods of time, suggesting that no initiation
process involving the formation of the diammoniate of diborane
(DADB) was required for the catalyzed samples (Fig. 16).

Concluding Remarks

Nano-approaches present considerable opportunities in

hydrides, from simple binary systems to more complex bi and

(a) (b)

Fig. 15. Schematic of (a) an unmodified carbon cryogel and (b) a carbon cryogel-ammonia borane nanocomposite. Reprintedwith

permission from ref. [121]. Copyright 2011 American Chemical Society.
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tri-metallic compounds with multistep dehydrogenation

mechanisms. Whereas the landscape for light metal hydrides
might have appeared limited following numerous studies con-
sidering nanoadditives as catalysts and physical size reduction

methods (by ball milling), recent developments have illustrated
that this is far from the case. Chemical synthesis has produced
newmorpholgies and newmechanisms to control size and shape

and hence reactivity. Likewise, the development of nano-
composites, nanoencapsulation, and nanoconfinement has
breathed new life into light metal hydride materials research.

Indeed, the alkali metal and heavier alkaline earth metal
hydrides would appear ripe for reappraisal in light of these
developments.

Inevitably, ball milling and nanocatalyst approaches

continue to be explored in complex hydrides where reaction
((de)hydrogenation) pathways are completely different to those
in binarymetal systems. Inmany cases, therefore, nanoadditives

would appear to open up alternative, catalyzed reaction processes
with reduced activation energies. Beyond this, however, nano-
structuring of complex hydrides themselves can have profound

consequences on both the thermodynamics of sorption and the
kinetics of hydrogen uptake–release cycles. The nanometer-
scaling of imides and amides, for example, induces rapid

kinetics at reduced temperatures compared with micrometer-
sized materials. Hugely encouraging gains in performance
(reduced activation energies, diminished dehydrogenation
temperatures) are also witnessed by the nanoconfinement of

ammonia borane into mesoporous silica or encapsulation
into PS.

There are evidently great opportunities for the design of

hydrides at the nanometer scale and subsequent potential for
step changes in hydrogen storage. While these advances also
provide us with a track towards improved understanding of the

storage of hydrogen in and on solids, they also, peversely,
present uswith additional challenges in constructing the systems
that will ultimately act as a conduit between power generation
and use. For example, how might one scale up production of the

most exciting materials by orders of magnitude frommilligrams
to tonnes? How does the toxicology of such materials change
over length scales and what are the consequences in terms of

financial, ecological, and energy cost? These all assume that

such materials can be succesfully integrated into storage and
delivery systems – a significant engineering challenge. These
are questions that, in time, will have to be answered, but

inevitably the immediate issue is to push the envelope of
materials performance and nanostructuring will play a leading
role in this ambition.
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