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Hydrogen is recognized as a possible future energy carrier,
which can be produced from renewable energy and water. A
major challenge in a future ‘hydrogen economy’ is the
development of safe, compact, robust, and efficient means of
hydrogen storage, in particular for mobile applications. The
present review focuses on light metal boron based hydrides, for
which the general interest has expanded significantly during
the past few years. Synthesis methods, physical, chemical
and structural properties of novel boron based hydrides are

1 Introduction Fossil fuels form the fundament for
the development of the industrialized world, initiated in 1769
by James Watt’s patent of the steam engine. Since then, the
world energy consumption has been increasing nearly
exponentially, and forecasts predict it will be doubled from
2007 to 2035 partly due to the rapidly growing human
population on the globe [1]. A close correlation exists
between energy availability and prices and the economical
growth and stability in the industrialized world. The
industrialized world strongly depends on unlimited and
cheap energy, which in the past century has been available in
the form of fossil fuels, i.e. oil, gas and coal. A large fraction
of the available fossil fuels has been consumed during the
past 100 years and a major fraction of the remaining reserves
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reviewed along with new approaches for improving kinetic and
thermodynamic properties: (i) anion substitution, (ii) reactive
hydride composites and (iii) nanoconfinement of hydrides and
chemical reactions. The light metal borohydrides reveal a
fascinating structural chemistry and have the potential for
storing large amounts of hydrogen. A combination of the
different approaches may provide a new route to a wide range of
interesting energy storage materials in the future.

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

will likely be consumed during the coming decades [1-5].
The consumption of fossil fuels has lead to rapidly increasing
levels of carbon dioxide CO, in the atmosphere, and it is now
widely accepted that this may give rise to an increase in
the average temperature on earth and to climatic changes.
However, the exact climate response to the increasing levels
of CO, still remains unknown [6].

The transition towards a sustainable, carbon-free and
reliable energy system capable of meeting the increasing
energy demands is considered one of the greatest challenges
in the 21st century. An obvious alternative to fossil fuels is
the use of renewable energy sources, e.g. sun-, wind-, water-,
wave- or geothermal-energy, which can generate either heat
or electricity [7, 8]. However, one of the major obstacles is
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that these renewable energy sources are unevenly distributed
both over time and geographically. Most countries will need
to integrate several different energy sources and an advanced
energy storage system needs to be developed.

Hydrogen has an extreme potential as an energy carrier
[9-12]. Hydrogen can be produced from renewable energy
sources by electrolytic water splitting, however, a major
challenge in a future ‘hydrogen economy’ is the development
of safe, compact, robust and efficient means of hydrogen
storage, in particular for mobile applications [13]. Hydrogen,
the lightest element, has a large gravimetric energy density of
120 MJ/kg, which is, approximately three times higher than
that of gasoline. On the other hand, the volumetric energy
density of hydrogen is low due to alow density both in gaseous
and liquid state of only 0.089 and 71 g/L, at 25 and —252 °C,
respectively. Therefore, physical storage of hydrogen as a gas
or liquid provide a limited energy content and a more dense
storage of hydrogen remains a major obstacle in order to create
an efficient ‘hydrogen-society’ [9, 13]. Solid state hydrogen
storage has the potential to reach significantly higher
hydrogen storage capacities than the storage of hydrogen in
the gas or liquid state [13-16].

The abundant and cheap metal, magnesium was
investigated due to a decent gravimetric hydrogen storage
density MgH, of p,,(H,) =7.6 wt%. Unfortunately, due to
unfavourable thermodynamic properties, AH;=75kJ/mol
H,, bulk MgH, must be heated to ~300 °C in order to release
hydrogen at p(H,)=1bar [17]. However, significant
improvements in kinetic and/or thermodynamic properties
can be achieved by ball milling Mg/MgH, with additives like
V,0s5 or Nb,Os or by alloying the system with, e.g. Ti, Fe, Ni,
Cu or Al [18-28]. This may allow practical utilization under
more moderate conditions. Experimental studies have shown
increased desorption pressures for nanoparticles (~5nm)
and nanoconfinement has been shown to improve the
stability during reversible hydrogen release and uptake,
kinetics, and possibly also the thermodynamic properties of
chemical reactions involved in reversible release and uptake
of hydrogen [17, 29-32].

Covalently bonded hydrogen in complex aluminium and
boron-based hydrides has been revisited during the past
decade for consideration as possible hydrogen storage
materials. A breakthrough was the discovery that hydrogen
release and uptake from sodium alanate, NaAlH,, can be
catalysed by titanium compounds [33, 34]. One of the most
frequently used additives is TiCls but other d- and f-block
metals have similar properties.

The light element borohydrides have received significant
attention during the past few years due to their extremely high
hydrogen contents, e.g. lithium borohydride, LiBH,, has a
hydrogen content of p,, = 18.5 wt% and py = 122.5 kg Hy/m’
[35]. However, the use of LiBH, as a solid-state hydrogen
storage material is hampered by unfavourable high thermal
stability, i.e. hydrogen is released only at temperatures above
~400°C and uptake of H, only occurs under extreme
conditions such as p(H,) ~ 70-350bar and T ~ 600-650 °C
and with relatively slow kinetics [11, 16, 18, 36].
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A number of different experimental approaches can be
applied to improve the storage properties of borohydrides.
First of all, new materials can be intelligently designed using
the recently revealed empirical relationship between the
Pauling electronegativity of the metal cation and the
decomposition temperature [37]. A variety of novel
borohydrides with fascinating structures, and in some cases
also low decomposition temperatures, have recently been
synthesized [38, 39]. Furthermore, the storage properties of
known borohydrides can be improved by a number of
different approaches: (i) Tailoring the physical properties of
the hydrogen storage materials by anion substitution is a
novel approach of great potential [40, 41]. (ii) The properties
of metal hydrides may be improved by chemical reactions as
realized in reactive hydride composites (RHC), which may
have significantly improved thermodynamic properties as
observed, e.g. for the 2LiBH,—MgH, system [42-46].
(iii) Nanoconfinement of the hydrogen storage materials
may improve the reversibility, stability, kinetics, and
possibly also the thermodynamic properties of chemical
reactions involved in reversible release and uptake of
hydrogen [29, 30]. In general, the light metal borohydrides
reveal fascinating structural chemistry, physical and chemi-
cal properties, which are reviewed here, along with their
potential for storing large amounts of hydrogen.

2 Synthesis strategies Borohydride materials are in
general synthesized by two different techniques: Wet
chemistry synthesis (solvent mediated synthesis) or
mechano-chemical synthesis (ball milling) [47]. Wet
chemistry methods often facilitate synthesis of pure
materials, in contrast to mechano-chemical methods where
significant amounts of halide salts usually are formed as by-
products. However, mechanical milling is convenient and
widely used and some products may only be obtained by this
technique, e.g. LiZn,y(BHy)s [48].

2.1 Solvent-mediated synthesis The first metal
borohydride, Al(BH,);, was synthesized by Schlesinger
et al. [49]. An attempt to prepare AlHj; from trimethyl
aluminum and diborane unexpectedly resulted in AI(BH4);
and trimethylborane. Today, this particular compound is
easily synthesized via a quantitative metathesis reaction of
aluminum trichloride and LiBH, according to reaction
scheme (1) [50].

3LiBHy(s) + AICIs(s) — AI(BHy),(1) + 3LiCl(s). (1)

The most commonly encountered and well-known
borohydride today is NaBH, finding its use in many
instances, e.g. as a reducing agent in organic chemistry. Its
production has been subject to more than 100 different
methods, and the large industrial production scale is
underlining the wide variety of applications [51].

The second most utilized metal borohydride is LiBHy,
first synthesized from ethyl lithium and diborane by
Schlesinger and Brown [52]. It is readily obtained from
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NaBH, and a lithium halide salt in isopropylamine (IPA)
solvent, see reaction scheme (2) [53, 54].

NaBHy(s) + LiX(s) — LiBHa(s) + NaX(s)

(X =Cl,Br,I). @

Extraction by diethylether and subsequent removal of
the solvent in vacuum yields pure LiBH,. Today a number of
synthesis methods exist, e.g. direct formation from the
elements under harsh conditions [55]. Moreover, some
borohydrides are stable in basic aqueous solutions and KBH,
can be produced by a reaction between NaBH, and KOH
[56]. Alkaline earth borohydrides can be synthesized by a
metathesis reaction similar to reaction scheme (1).

Several new synthesis methods of magnesium borohy-
dride, Mg(BH,),, have been developed attempting to yield
phase pure, solvent free products. The first successful
synthesis was accomplished by Wiberg and Bauer [57] by
reaction between diethylmagnesium (MgEt,) and diborane
in ether. Two reliable routes rely on either the reaction
between MgH, and triethylamineborane complex [58] at
elevated temperatures or on a reaction between dibutylmag-
nesium and a dimethylsulfide borane complex [59], see
reaction schemes (3) and (4). The initial product is
complexed by the coordinating solvents, which can be
removed in vacuum at temperatures below that of the
irreversible phase transition from a- to 3-Mg(BH,),.

MgH, (s) + 2Et3N - BH; (1)

— Mg(BHy), - 2Et3N(s) 3)
2 a-Mg(BHy),(s) + 2Et;N(1),
Mg (nBu), (1)+2Me,S - BH;(1)
— Mg(BH,), - 2Me>S(s) ©)

A a-Mg(BHy),(s) + 2Me,S(g).

Ca(BH,), can be synthesized in a similar manner from
triethylamine borane and CaH,, or by a metathesis reaction
in tetrahydrofuran [60].

Currently, wet chemistry synthesis methods are being
investigated in more detail since it facilitates the synthesis of
pure materials. At present, industrial scale-up facilities are
better suited for wet chemistry approaches than for large
scale mechano-chemical synthesis, thus research in the field
of wet chemistry is highly desirable at least from a
commercial point of view.

2.2 Mechano-chemistry Mechano-chemistry, e.g.
ball milling, is a well established method for synthesis of
new materials, homogenization, reduction of particle size
and introduction of defects that facilitate hydrogen release
and uptake [61]. The high reactivity observed for the
mechanical milling of solids is not temperature driven since
several studies reveal moderate temperatures (<60 °C)
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during milling [62, 63]. The reaction is more likely driven
by the ultra-high pressure induced by collisions between
balls, vial and the powder, which may reach the GPa range
and introduce deformations, e.g. by shear stress [64].

During ball milling a variety of reactions may occur and
in some cases several competing reactions are observed
simultaneously. Metathesis, or double substitution reaction,
is a well known mechanism for chemical reactions during
ball milling, here illustrated by the reaction between lithium
borohydride, LiBH, and yttrium(IIT)chloride, YCls, which
results in formation of Y(BH,4); and LiCl according to
reaction scheme (5) [65-69].

YCli(s) + 3LiBHy4(s) — Y(BH4)5(s) + 3LiCl(s).  (5)

The system ZnCl,-MBH,, M =Li, Na and K, can be
used to illustrate the complexity of mechano-chemistry. Ball
milling a mixture of ZnCl,—KBH, (1:1) leads to an addition
reaction, see reaction scheme (6), and a phase pure product,
of KZn(BH,4)Cl, [70].

Zl’lClz(S) + KBH4(S) — KZI’I(BH4)C12(S). (6)

The mechano-chemical synthesis of other new borohy-
drides in the system ZnCl,-MBH, proceeds via more
complex chemical reactions as for the synthesis of
MZn,(BH,),, M =Li or Na and NaZn(BH,); described by
reaction schemes (7) and (8) [48].

2ZnCl,(s) + 5NaBHa(s)

— NaZny(BH,4)s(s) + 4NaCl(s), 2

ZnCl,(s) + 3NaBH,(s)

— NaZn(BH,4)5(s) + 2NaCl(s). ®

Reaction schemes (7) and (8) illustrate that small
deviations in the composition of reactants may lead to
significantly different reaction products.

These new compounds were prepared by ball milling in
short intervals (2 min) separated by pauses (2 min) [48]. This
procedure distributes the developed friction heat and keeps
the temperature at room temperature suggesting that the
synthesis is facilitated by the intrinsic high pressures
developed during ball milling rather than elevated tempera-
tures. In fact, this class of M-Zn-BH,; compounds all
decomposes irreversibly by heating at ~100°C or by
prolonged ball milling with release of diborane [48].

This observation also suggests that ball milling may lead
to a chemical equilibrium state rather than just a statistical
distribution of reactants [71-74]. However, reaction
schemes (5), (7) and (8) also illustrate a general drawback
of the mechano-chemical approach involving the metathesis
reactions, namely that the product may be contaminated with
an ionic compound formed as a side product.

Ionic-covalent type hydrides, i.e. complex hydrides, may
also form solid solutions as well known for alloying of
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metals, e.g. approximately 10% lithium chloride may
dissolve in solid lithium borohydride by ball milling as
described in reaction scheme (9) [75].

LiCl(s) + LiBH(s) — Li(BHy),_,Cl,(s) + LiCl(s). (9)

Furthermore, ball milling is useful for preparation of
reactive hydride composites where intimate contact between
particles of different hydrides is needed. The reduction of
particle sizes by ball milling, i.e. increase of the surface area,
also contributes to increase the reactivity of the materials.

In the view of potential future industrial production of
hydrogen storage materials, an economical ton scale
production is required. Commercial large scale mechano-
chemical techniques for grinding and activation of minerals
is currently well established and can fairly easy be
transferred to the synthesis of light metal hydrogen storage
materials, although it may be relatively energy consuming
[18, 61, 76].

2.3 Synthesis strategies for nanoconfined
hydride systems The most widely used technique for
preparation of nano-sized metalhydride particles is ball
milling [17]. In this top-down approach, described above, the
size of the bulk material is reduced mechanically, in some
cases to less than 100 nm. However, the samples are often
contaminated with trace amounts of metals from vial and
balls. Furthermore, sintering processes may occur such that
the nano-sized particles grow into larger particles during
hydrogen release and uptake cycles [77-80]. Nano-
confinement is a bottom-up approach that limits the particle
size of the hydride to the pore size of the scaffold material,
which allows direct production of smaller particles than
obtainable mechanically by the ball milling technique.
Furthermore, particle growth and agglomeration may be
hindered by the compartmentalization of nanoparticles
within the scaffold material, which also limits the mobility
of the decomposition products and keeps them in intimate
close contact.

Preparation of nanoconfined hydride systems is an
important scheme to change the physical and chemical
properties of the hydrides. The three most widely used
methods to prepare nanoconfined hydride systems are briefly
reviewed in the following section [30].

Melt infiltration can be used as an impregnation method
when the melting point of the respective hydrides are lower
than the decomposition temperature of the selected scaffold
material. Although, the hydride itself may decompose
upon melting, e.g. as observed for NaAlH,, which melts
and starts to decompose to solid NaszAlHg and Al at
Tinp(NaAlH,) ~ 183 °C [81]. Elevated hydrogen pressures
can suppress the decomposition and a typical procedure for
melt infiltration of NaAlH; involves heating in the
temperature range 180-190 °C in a reactor together with a
porous material at a pressure of p(H,)=160-190 bar
[34, 81-84]. Melt infiltration occurs due to a minimization
of the total interfacial energy in the melt and support system.
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The advantage is that solvents or precursor are not involved
and post-treatment of the nanoconfined hydride composite is
avoided. The disadvantage can be that many metals and their
hydrides are very reactive in the molten state and the
selection of a sufficiently inert scaffold material can be a
challenge. Further information on melt infiltration can be
found elsewhere [30, 85, 86].

Solvent mediated infiltration (also denoted wet infiltra-
tion) utilizes a solvent capable of dissolving and form a
homogeneous solution of the compound to be infiltrated.
The porous scaffold is submerged in the solution, which
then infiltrates the pores. The hydride solidifies to form
amorphous or crystalline solid nanoparticles in the pores
upon removal of the solvent by evaporation. For example,
NH;3BHj; is readily soluble in methanol and such a solution
(5.4M) was infiltrated in an ordered mesoporous silica
scaffold (SBA-15, D,,,=7.5nm). Excess methanol was
subsequently removed by drying in vacuum and a loading
of 50 wt% NH3;BH; in SBA-15 was obtained [87].

This method has the advantage that impregnation can be
performed under more mild conditions as compared to the
melt infiltration scheme. However, in some cases it can be a
challenge to find a solvent that dissolves the material to be
infiltrated without reacting with either the material or
the porous scaffold. Furthermore, the solvent should be
weakly coordinating to both the material and the scaffold, to
allow removal of the solvent under moderate conditions.
However, weakly coordinating solvents often dissolve a
smaller amount of the compound to be infiltrated and
therefore several cycles of impregnation may be needed [30].

Direct synthesis of nanoconfined metal hydrides.
Nanoconfined magnesium hydride in resorcinol formal-
dehyde carbon aerogels, RF-CA, has been prepared using
an organic precursor in solution; dibutylmagnesium,
Mg(nBu),, in heptane (1 M) [31, 88]. Dibutylmagnesium
reacts with hydrogen at elevated temperatures and pressures,
to form magnesium hydride nanoparticles and butane gas.
This procedure was utilized for the direct synthesis of MgH,
nanoparticles in monoliths of RF-CA carbon aerogels with
average pore sizes of 22 and 7 nm [31]. The advantage of this
approach is that surface excess white Mg(nBu), can be
removed mechanically from the black RF-CA and that the
amount of nanoconfined Mg(nBu), can be estimated from
the weight gain of the aerogel monoliths [31].

3 Novel metal borohydrides The past few years
have experienced a significant increase in both experimental
and theoretical studies of new borohydrides and in particular
on their structural and solid-state chemistry. The decompo-
sition temperatures of single-cation borohydrides were
recently found to be empirically related to the Pauling
electronegativity of the cation [37]. The relation reveals that
the higher the electronegativity of the metal cation the lower
the decomposition temperature of the metal borohydride.
Most known monometallic borohydrides of transition metals
are too stable for practical applications [14]. The first
bimetallic borohydride, LiK(BHy),, recently obtained by
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Nickels et al. [89] exhibits a decomposition temperature,
which is nearly an average of those for the two alkali
borohydrides. Although, for this particular example the
decomposition temperature is also too high (the compound is
based on two electropositive alkali metals), this suggests that
preparation of bimetallic borohydrides based on an alkali or
alkali earth and a metal with higher electronegativity, e.g. a
transition metal, is a promising new route for tuning the
thermodynamic properties of borohydride-based hydrogen
storage materials [90].

As a result, a series of both novel mono- and bimetallic
borohydrides mainly based on the fourth period transition
metals have recently been prepared [48, 70, 91-96]. This
new class of borohydride materials reveals a fascinating
structural chemistry. The classical borohydrides based on the
alkali metals exhibit predominantly ionic character in the
metal-BH, coordination, mainly due to the low electro-
negativity of the metal and thus an almost complete charge
transfer from the metal to the [BH4]™ group. In contrast,
directionality and some degree of covalent character in the
metal-BH, bonding is observed in the novel metal
borohydrides, where the more electronegative d-block
metals show smaller charge transfer to the [BH4]™ group,
associated with destabilization of the latter unit.

There is no significant preference for the metals-BHy
coordination mode in the ionic borohydrides, i.e. the [BH,] ™
units can be coordinated by metal atoms via the B-H corner,
B-H, edge or B-Hj face. This is clearly illustrated by the
study of the pressure evolution of RbBH, at ambient
temperature. The four RbBH, polymorphs show occurrence
of three different Rb-BH, coordination modes: via a corner,
edge or a face. Different arrangements of the tetrahedral
[BH4] ™ group in the Rb environment define the crystal
symmetries of the RbBH, polymorphs [97]. The resulting

close-packed structures correspond to the highly ionic
bonding scheme in RbBH,.

On the contrary, for the borohydrides, which presumably
exhibit some degree of covalent metal-BH, bonding,
stronger coordination preferences are observed, e.g. in
framework structures where metal-BH, configurations are
realized exclusively via BH, edges. This results in
unexpected structural architectures and porosity, which is
common for the coordination polymers involving organic
ligands, such as MOFs [98]. However, this kind of frame-
works were only recently observed in metal hydrides
[48, 99]. These observations highlight the structure-forming
character of the directional M-BH, interaction.

The new monometallic d-block borohydrides all form
partly porous framework structures, whereas the bimetallic
compounds containing both an alkali and a d-block metal
tend to form structures built of discrete ions, usually a
complex d-block metal borohydride anion counter-balanced
by an alkali cation. The formation of discrete ions is most
likely due to the relatively large difference in electronega-
tivity between the two metals, which causes formation of
partly covalent bonds between the more electronegative
metal and the [BH4] ™ units. The formation of discrete metal
borohydride anions or molecules might also be caused by
highly polarising cations, e.g. Be*™ [100], Hf*" [101] and
Zr** [102]. These metals form molecular borohydrides,
where some of the [BH4] ™ units are coordinated to one metal
atom only.

In Table 1, the recently discovered metal borohydrides
are grouped into framework structures and structures
containing complex anions. It is interesting to note that only
d-block metal borohydrides based on metals with d°,d>ord!®
electron configurations have been successfully obtained so
far. This gives a hint that not only the electronegativity but

Table 1 Novel metal borohydrides divided into framework structures and structures containing complex anions. Their crystallographic
space group symmetry, structural architecture and temperature of decomposition are listed.

compound Sp. gr. structural architecture Tyee (°C) ref.
framework structures
Y(BH,); Pa-3 6-fold coordination of Y to [BH,]~ 180* [67]
Fm-3c¢ 6-fold coordination of Y to [BH,]~ 200 [65]
NaY(BH,4),Cl, P2la 6-fold coordination of Na™ and Y>* to [BH,]™ and CI~ 275 [103]
Mn(BHy), P3,12 4-fold coordination of Mn>" to [BH4]~ 177° [91]
Mg, _.Mn(BH,), P3,12 4-fold coordination of Mn>* or Mg>" to [BH,]~ —- [92]
compound sp. gr. cation anion structural architecture Tyee (°C)  ref.
structures containing complex anions
LiSc(BH,)4 P-42¢ Lit [Sc(BH,)4]™ 8-fold coordination of [Sc(BH,)4]™ to Li™ 211 [96]
NaSc(BHy)4 Cmem  Nat [Sc(BHy)4]™ 6-fold coordination of [Sc(BH,)4]™ to Na™ 200 [93]
KSc(BHy)4 Pnma * [Sc(BHy)4l™ 7-fold coordination of [Sc(BHy4)4]™ to K 210 [94]
LiZn,(BHy)s Cmca Li" [Zny(BHy)s] doubly-interpenetrated framework 127 [48]
NaZn,(BH,)s P2,/c Na‘ [Zn,(BHy)s] ™ doubly-interpenetrated framework 95 [48]
NaZn(BHy); P2,/c Na® [Zn(BHy)3]™ 8-fold coordination of [Zn(BH,);]~ to Na™* 103 [48]
KZn(BH,)Cl, P2;/m K" [Zn(BH4)Cl,]~  7-fold coordination of [Zn(BH,)Cl,]™ to K* 120 [70]
Li,Als(BHy) ;3 P-43n  [(BH,LiLPPT  [AL(BH,).]~ 14-fold coordination of [AI(BH,)4]™ to [(BH4)Li,)*" 70 [104]

“Phase transition to high temperature polymorph; bMelting with possible decomposition; “Not reported.

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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also the electron configurations of the metal may play a
significant role in the stability of the borohydride.

3.1 Framework structures The first 3d-metal boro-
hydride, Mn(BH4), has been prepared and characterized
recently by éerny et al. [91]. The structure of Mn(BH,),
shows a close similarity to that of a-Mg(BHy), [99], both
with respect to the local atom environment and in terms of the
complex framework organization. Both independent manga-
nese atoms are surrounded by four [BH4]™ units in a
deformed tetrahedral coordination, while each [BH4]  is
nearly linearly coordinated by two Mn*" cations via the
opposite tetrahedral edges (Fig. 1). Moreover, the structure
of Mn(BH,), is not densely packed and contains isolated
voids with an estimated volume of 21 A* each. The voids
occupy in total 6% of the space. Close similarity between
Mn(BH,), and a-Mg(BH4), is supported by the recent
discovery of Mg,Mn,_,(BH,), solid solutions [92]. It is
interesting to note that this compound retains the framework
structure and no complex anions are formed. This is likely
due to the small difference in electronegativity for the two
metals (x,(Mg)=1.31, x,(Mn)=1.55) and their similar
ionic radii.

Yttrium borohydride, Y(BH,4); is another recently
characterized monometallic borohydride. Two polymorphs,
a low and a high temperature phase denoted «- and
B-Y(BH,)s, respectively, were found [65, 66, 68, 69].
Transformation from «- to B-Y(BH4); is achieved by
annealing in a narrow temperature interval of 177-202 °C,
as the decomposition occurs at higher temperatures. The
high-temperature structure is stable on cooling. The cubic
framework structures of the two polymorphs are closely
related except for two major differences.

Firstly, in the low-temperature Pa-3 polymorph the
octahedral environment for the Y atom is distorted [67],

Figure 1 (online colourat: www.pss-a.com) The framework struc-
ture of Mn(BH,4), (Mn: blue, BH, tetrahedra: red). The empty pore is
situated approximately at (0.304 2x 1/6) from which the shortest
distance to the nearest atom (hydrogen) is 2.47 A [91].
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while in the high-temperature Fm-3c structure it is
undistorted. Secondly, the high-temperature polymorph
exhibits ordered arrangement of the [BH,4] ™ units, with half
of them flipped in order to minimize H-H repulsion on the
cost of a less densely packed structure [65]. This results in
the high-temperature polymorph being 4.6% less dense than
the low temperature one and it contains relatively large
unoccupied voids of 39 A3, accounting for almost a quarter
of the volume [66]. This underlines that 3-Y(BH,)3, despite
being isostructural to the ionic NaCl-type metal borohydride
structures, exhibit some degree of directionality of the
M-BH, bonding.

A mixed-cation mixed-anion yttrium borohydride,
NaY(BH,4),Cl, has recently been characterized [103]. This
compound is a 3D polymeric structure with no isolated
complex anions, again likely due to the small difference in
electronegativity between the metals (x,(Na)=0.93,
xp(Y)=1.22). Introduction of a second anion, such as a
halide or an amide ion [105], extends the structural diversity
of metal borohydrides. Combining different ligands in
modified metal borohydrides is one of the ways to adjust
their stability with respect to hydrogen desorption.

3.2 Structures containing complex anions
Monometallic scandium borohydride has been reported
several times as Sc(BH,4)3, and a rhombohedral structural
model has been predicted from theoretical calculations [37].

Nonetheless, no experimental evidence supporting the
existence of Sc(BH,); is reported yet. However, three alkali
metal-scandium borohydrides are known: LiSc(BHy)s,
NaSc(BH,);, and KSc(BHy)4 [93, 94, 96, 106]. The
MSc(BHy)4 (M =Li, Na or K) compounds can be described
as complexes containing discrete [Sc(BHy)4]  anions
counter-balanced by the alkali metal cations. In all cases,
the Sc atoms likely coordinate to the [BH4]™ groups via the
faces, yielding a 12-fold coordination by H atoms. For
NaSc(BHy)4 (Fig. 2) the Sc-BH, coordination forms nearly
regular tetrahedra and resembles an almost ideal tetrahedral
[Sc(BH4)4]  anion, as found by DFT optimization [96]. For
both LiSc(BH4), and KSc(BH,), the experimentally
observed anions are more distorted. The tetrahedral
coordination of metal cations by four [BH4]™ units is also
common for cations in many other metal borohydrides [38],
e.g. Mg2+ in Mg(BHy,), [99, 107], Li™ in three of the four
known phases of LiBH,4 [108-110], Hf*" in Hf(BHy)4 [101]
and Zr*" in Zr(BH,), [102].

The [Sc(BH4)4] ™ anion in LiSc(BH,), is coordinated to
eight Li*, which are disordered along the z axis of the
tetragonal cell [96]. In the structure of NaSc(BH,), the
[Sc(BH4)4]~ anion is located inside slightly deformed
trigonal prisms of Na™ cations. The packing of Na™ cations
and [Sc(BH,4)4]™ anions is a distorted hexagonal NiAs
structure type [93]. The structure of KSc(BHy),4 is of the
BaSO, type where the [BH,] ™~ tetrahedra are on the positions
of oxygen. Regarding the packing of K cations and
[Sc(BH,4)4] anions, the structure can be seen as a distorted
variant of the orthorhombic Np metal structure type [94]. The
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Figure 2 (online colour at:
NaSc(BHy)4 build from nearly regular tetrahedral [Sc(BHy)4]™
anions coordinating to six Na™ cations (Na: green, Sc: blue,
[BH,4]  tetrahedra: red) [93].

www.pss-a.com) Structure of

structural organization in this series suggests a close packing
of M cations and [Sc(BH,),]  anions, which underlines the
discrete nature of the complex [Sc(BH4)4] ™ anions.

Zinc also forms a number of mixed-metal borohydrides
with Li, Na and K. These are NaZn(BH,)s, LiZn,(BH,)s,
NaZn,(BHy)s [48] and KZn(BH4)Cl, [70]. NaZn(BHy)s3
shows a new type of structure, containing a 3D framework.
Two independent synchrotron powder X-ray diffraction
studies [48, 95] showed that Na® has a saddle-like
coordination to the [BH4]™ groups, whereas Zn*" has an
intermediate coordination between a distorted tetrahedral
and a flat-trigonal. DFT optimization of the experimental
structures and IR spectra are consistent with the flat-trigonal
coordination [95]. Hence, the compound may be rationalized
as containing isolated [Zn(BH4);] ™ anions counter-balanced
by Na™ cations.

The MZn,(BH,)s (M =Li or Na) compounds represent
a novel type of structures, which have no distinct
analogues among other known inorganic compounds [48].
Remarkably, MZn,(BH,)5 consists of two identical doubly-
interpenetrated three-dimensional (3D) frameworks (Fig. 3)
assembled by M cations and [Zn,(BH,)s]~ anions. This
type of structural topology signifies the directionality of the
M-BH, interaction. Whereas such a structural architecture is
common for the coordination of polymers involving organic
ligands, characterization of MZn,(BH,)s revealed the first
observation of such structures for metal hydrides.

Considering only the strongly associated Zn atoms and
[BH4]™ units, MZn,(BH4)s compounds contain binuclear
[Zn,(BH4)s]™ anions. The two independent Zn atoms in
[Zn,(BH4)s] ™ have a trigonal-planar coordination by three
[BH4] ™ groups, similar to the Be atoms in Be(BHy), [100].
The [BH4]™ groups are almost linearly coordinated by two
metal atoms (the angles vary from 164.5° to 179.6°) via the
two opposite edges, bridging either the two Zn atoms or
coordinates to one Zn and one Li. Raman and IR studies of
MZn,(BH,)s show that the [Zn,(BH,4)s]™ anion contains

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 3 (online colour at:
LiZn,y(BHy)s (a) build from doubly interpenetrated three-dimen-
sional frameworks (highlighted in blue and red). Each framework
consists of isolated dinuclear [Zn,(BH4)s]™ anions (b) counter bal-
anced by Li" cations (Zn: blue, BH, tetrahedra: red) [48, 111].
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both bridging and terminal [BH4]™ units, which underlines
that the coordination to Zn is stronger than towards Li
[95, 111].

Recently, the first heteroleptic complex anion has been
structurally  characterized. =~ The  complex  anion
[Zn(BH4)Cl,] ™ in KZn(BH4)Cl, contains the Zn atom in a
nearly flat trigonal coordination to one [BH4] ™ and two C1™,
which expands to tetrahedral coordination considering that
zinc shares an edge with the [BH4]™ complex ion. The
counter balancing K cations has a 8-fold coordination
towards five C1~ and three [BH,] ™ units acting as n°-ligands
[70].

The most recent member of the growing family of
borohydrides containing complex anions is Li4Al;(BHy) 3
[104]. This compound is the first example of a bimetallic
borohydride based on the s- and p-block metals. Its P-43n
structure was determined from synchrotron radiation powder
X-ray diffraction (SR-PXD) data supported by DFT
calculations [104]. Its unexpectedly complex composition
can be rationalized on the basis of a complex cation
[((BH,)Li,]’" and a complex anion [Al(BH4)4] . These two
units are not isolated: Li-B distances within the [(BH4)Li4]3Jr
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complex and between the Li atom and [AlI(BH,4)4]  anion are
similar, Also allowing the structure to be described as a 3D
framework. Indeed, 12% porosity of the structure suggests
that Li4Al;(BHy),5 is not closely packed, and therefore the
directionality of metal-BH, interactions plays an important
role. Rationalization of the bonding in terms of the complex
anion and cation likely reflects these interactions and helps to
explain the complex and unexpected stoichiometry.

4 Decomposition mechanisms for borohydrides
A variety of borohydrides have been synthesized and
structurally characterized during the past few years,
however, their decomposition mechanism still remains
poorly understood.

4.1 LiBH4; The decomposition mechanism of lithium
borohydride, LiBH,, has received significant attention
[112-115]. When LiBH,4 is heated, a polymorphic phase
transition from orthorhombic to hexagonal structure takes
place at 112°C. LiBH, melts at approximately 275 °C,
followed by decomposition, which mainly proceeds above
400°C. The decomposition has been shown to follow
reaction scheme (10), when LiBH, was kept at 600 °C for
Smin. under 1bar of hydrogen pressure [116]. During
decomposition at these conditions, 13.8 wt% H, is released
from LiBH, since LiH is stable below 900 °C. The enthalpy
change for the decomposition of LiBH,, reaction scheme
(10), is AHy =74 kJ/mol H, [36].

LiBHy(s) — LiH(s) + B(s) + 3/2Hy(g). (10)

Furthermore, several unidentified compounds have been
observed by in situ SR-PXD studies of LiBH, [112].
Computational studies suggest that monoclinic Li,Bi,H;,
is the most stable of several possible intermediate
compounds ranging from LiBs;Hg to Li,B,H, (n=5-12)
[117]. Assuming that Li,B;,H;;, is an intermediate com-
pound during the decomposition a possible reaction is shown
in reaction schemes (11) and (12):

LIBH4(S) — 1/12Li2B12H12(S)

+ 10/12LiH(s) 4 13/12H,(g), (b

The enthalpy change for the decomposition of LiBH,
according to reaction scheme (11), is 56 kJ/mol H, [118].
Raman spectroscopy investigations of LiBH, heated to
470 °C and p(H,) = 1 bar reveal B-H bending and stretching
modes around 600-1000cm ™' and 2500cm™"' and these
values are comparable to the phonon density of states
(PDOS) calculated for Li,B,H;, [118]. The dehydrogenated
LiBHy,, i.e., the mixture of LiH and B, can subsequently be
rehydrogenated under conditions such as p(H,) ~ 70-350 bar
and T~ 600-650°C [11, 16, 18, 36, 116].

WWwWWw.pss-a.com

Lithium borohydride can be prepared by an addition
reaction between lithiumhydride and diborane mediated by
reactive ball milling (p(BoHg) =10 bar for 30h) [113].
LiBH,4 may also react with B,Hg at 200 °C for 40 h where
diffraction from LiBH, was observed to be replaced by
diffraction from Li,B,H;, [119]. This may suggest that BH;
or BoHg may act as an intermediate during hydrogen release
and uptake in borohydrides.

Release of diborane can be detected when lithium
borohydride is decomposed in vacuum [120]. Diborane is
known to decompose to hydrogen and higher boranes at
T>50°C (depending on the diborane partial pressure). On
the other hand, metal borides may form by reacting a metal
and boron at 1000-2000 °C. This reaction may be facilitated
by presence of a reducing agent, such as H, [121]. A
hydrogen backpressure of p(H,) > 1bar, may therefore
facilitate formation of a metal boride during decomposition
of a metal borohydride at significantly lower temperatures as
compared to the reaction between a metal and boron [122]. A
backpressure of hydrogen is also desirable for practical
applications. Formation of metal boride is essential in order
to stabilize boron in the solid dehydrogenated state.
Formation of diborane during decomposition leads to loss
of boron and hydrogen storage capacity from the system.
Furthermore, it was found that transition metal borides can
be formed at RT by ball milling mixtures of LiBH,, LiH and
transition metal chlorides [123].

4.2 NaBH, Sodium borohydride, NaBH, (p,=
10.6 wt%) decomposes at ~534°C [124] to the parent
elements (reaction scheme (13)), which are thermodynami-
cally favoured due to the lower stability of NaH as compared
to LiH formed in the decomposition of LiBH,. Thermal
analysis of NaBH, suggests that intermediate products may
form during the decomposition [125].

NaBH, (1) — Na(1) + B(s) + 2H,(g). (13)

4.3 KBH4; The decomposition of KBH; (o,=
7.48 wt%) follows a similar reaction as for NaBH,, but
occurs at slightly higher temperatures of ~585 °C [16, 126].

4.4 Mg(BH,4); Magnesium borohydride, Mg(BH,),,
has a high gravimetric hydrogen content of 14.9 wt% H,
and favourable thermodynamic properties, AHy=
39.3kJ/mol H, (p(Hp)=1 bar). A polymorphic phase
transition from hexagonal to orthorhombic crystal structure,
a- to B-Mg(BH,),, takes place at 185 °C. Experimental data
suggest that the dehydrogenation occurs in more than two
steps at 290-350 °C forming H,, Mg(B,H;,), MgH, and
finally MgB, [127-133]. The [B1,H;,]* " ion and MgB, was
also detected by Raman spectroscopy when a dehydroge-
nated sample of Mg(BH,), was rehydrogenated at hydrogen
pressure of 400bar, 270°C for 48h in a Sieverts type
apparatus. Reaction scheme (14) is therefore proposed as a
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possible decomposition pathway [134, 135].

Mg(BHa),(s) — 1/6MgB ,Hia(s) +5/6MgH, (s)

+13/6Hs(g) — MaBa(s) + 4Ha(e).

Direct hydrogenation of MgB, to Mg(BH,4), is possible

at 950 bar, 400 °C for 108 h. The presence of Mg(BH,), was

confirmed with PXD analysis with a 75% yield and cyclic

reversibility of 11 wt% H, was possible [127]. Amorphous

magnesium borohydride may also be obtained by

reactive ball milling of MgB, at room temperature and
p(H,) =100 bar [136].

4.5 Ca(BH,), Calcium borohydride, Ca(BHy4), (o =
11.6 wt%) undergoes a polymorphic phase transition, from
a- to B-Ca(BHy,),, prior to decomposition at 527 °C where
9.4 wt% H, is released in accordance with reaction scheme
(15) [137]. The expected decomposition reaction enthalpy
change is 32 kJ/mol H, [138]. TG and DTA measurements
indicate that intermediate compounds form during decompo-
sition [137].

Ca(BHy),(s) — 2/3CaH,(s) 4+ 1/3CaBg(s) + 10/3H,(g).
(15)

4.6 Transistion metal borohydrides Boro-
hydrides containing transition metals (see Section 3)
generally decompose at lower temperatures than the alkali
metal borohydrides. For LiSc(BH,); heated to approxi-
mately 500 °C in a Sieverts type apparatus the formation of
the [B1,H;,]> ion as an intermediate phase and ScB, as the
end product were confirmed by ''B MAS NMR [134].

Decomposition of Y(BH,); studied using in situ SR-
PXD in the temperature range RT to 500 °C suggests the
decomposition reaction as described by reaction schemes
(16) and (17) [65, 66]. Rehydrogenating of Y(BHy); is
possible at 260 °C and p(H,) = 35 bar for 24 h [139].

@-Y(BHy)5(s) — B-Y(BH4);(s) — YH;(s)

£ 3B(s) + 9/2Hx(g) — YH(s)  (16)
+3B(s) + 10/2H,(g),
YH,(s) +4B(s) — YBy4(s) + Ha(g). (17)

4.7 Bialkali metal borohydrides A nearly linear
relationship exists between the experimentally observed
decomposition temperature and the electronegativity of the
metal, which coordinates most strongly to the [BH,] ™ groups
(Table 1 and Fig. 4).

The decomposition temperature for the bialkali metal
borohydride LiK(BH,), is approximately the average of
the decomposition temperature for the mono alkali borohy-
drides, LiBH, and KBH, [35, 89]. For the only bimetallic
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Figure 4 (online colour at: www.pss-a.com) Decomposition tem-
peratures, Tg4.. for metal borohydrides plotted as a function of the
electronegativity of the metal, M’. For the bimetallic borohydrides
M’ is the more electronegative of the two metals. Values for MBH,
(M =Li, Na and K) are from Ref. [35].

framework structure NaY(BH,4)Cl,, the decomposition is
observed at 75 °C higher than that of Y(BHy);. This indicates
that the presence of the alkali metal and possibly also the
smaller chloride ion in the structure have a ‘stabilizing’
effect, i.e. T4.. comes closer to the average between those of
NaBH,; and Y(BH,4);. In contrast, borohydride structures
containing complex anions, such as [Sc(BH4)4]™ or
[Zn,(BHy)s]™ in MSc(BHy)4 and MZn,(BHy)s, show only
minor variations in the decomposition temperature with
changes in alkali metal. The strong correlation between the
decomposition temperature and the electronegativity of the
complex-forming metal indicates the key role of the complex
anions in the structural stability of bimetallic borohydrides.

Furthermore, this short review clearly demonstrates that
despite the fact that metal borohydrides have been
investigated since the synthesis of AI(BH,); in 1939, there
is still a lack of fundamental information on the decompo-
sition reactions [49].

5 Anion substitution Anion substitution is a new
and promising concept for tailoring the properties of known
metal hydrides. Substitution of [BH4]™ or H™ by anions with
the same charge and slightly different size may lead to
formation of solid solutions. This type of substitution is well
known for metals and ionic compounds and often occurs
partially or in a limited range of the phase diagram. The
relative size of the heavier halide anions and the [BH,4]™
complex ion has been derived by comparison of the
unit cell volumes for different inorganic salts to be
I >[BH4]” >Br~ >Cl™ [140]. The heavier halide ions
and the [BH4]™ complex ion are of similar size and may
substitute for each other.

On the other hand, the smaller halide, F~, has similar size
as the hydride ion, H™, and these two compounds share many
chemical properties, e.g. their ionic compounds are often
found to be isostructural. This suggests that they may
substitute for each other in both ionic and covalently bonded
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compounds. Therefore, much research is devoted to study
substitution of fluoride for hydride in, e.g. the [BH4]™
complex ion. This specific substitution, with the most
electronegative element, is expected to change the bond
strength of the remaining hydrogen atoms and thereby
facilitate the release and possibly uptake of hydrogen [141].

5.1 Anion substitution using the heavier
halides The heavier halides are found to readily substitute
in some borohydrides and form solid-solution or stoichio-
metric compounds. Two stoichiometric compounds were
discovered recently, KZn(BH4)Cl, and NaY(BH,4)Cl,,
which were discussed in Sections 3.1 and 3.2 of this review.
The metal borohydrides forming solid solutions upon halide
substitution will be reviewed in the following.

5.1.1 LiBH,4 The first example of anion substitution in
metal borohydride materials was reported in 2006 for a
mixture of LiBH,—LiCl and observed in real time by in situ
PXD [75, 142]. At a temperature of ~120 °C the diffracted
intensity of LiCl decreases simultaneously with an increase
in the diffracted intensity of LiBH, (Fig. 5). This relationship
between the intensities of LiCl and LiBH,4 suggests that solid
LiCl dissolves in the structure of the solid hexagonal
polymorph, h-LiBH,, which was unexpected due to the
significant structural differences of the two compounds.

A more thorough investigation of the LiBH4-LiCl
system utilizing Rietveld refinements of in situ SR-PXD
data revealed a maximum chloride substitution of 42%, i.e.
h-Li(BHy4)g.58Clo 42 [41]. The substitution is clearly demon-
strated in a plot of the unit cell volume per formula unit of
Li(BH4);_,Cl, versus temperature from 7= —73 to 227 °C
(Fig. 6). The unit cell volume of orthorhombic o-LiBH,
increases due to thermal expansion until the polymorphic
phase transition o- to h-LiBH,4 occurs. The unit cell volume
decreases for h-LiBH, despite the continuous heating due to
dissolution of LiCl forming A-Li(BH,4); _,Cl,, which is a fast

Intensity (a.u.)

Figure 5 PXD patterns from LiBH, with 15 mol % LiCl heated
from RT to 250 °C showing a decrease in the diffracted intensity of
LiCl atca. 120 °C, simultaneously with an increase in the diffracted
intensity of LiBH, (5°C/min, 4= 1.54060 A). Symbols: O
0-LiBHy, @ h-LiBH,4, A LiCl, and [l Au (internal standard) [75].
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Figure 6 Unit cell volume per formula unit of the Li(BH,),_,Cl,
(0.09 <x <0.42) structures for the first heating and cooling cycle.
Symbols: A o-Li(BHy);_,Cl, (heating), ¥ h-Li(BH,), _Cl, (heat-
ing), A o0-Li(BHy);_.Cl, (cooling), <7 h-Li(BHy), ,Cl,
(cooling) [41].

reaction that occurs within minutes. The hexagonal solid
solution, s-Li(BHy4)g 58Clg 42, 1S stable upon cooling to RT.
Slow segregation of LiCl from o-Li(BH,4); _,Cl, is observed
to occur and a composition of s-Li(BHy4)g.91Clg o9 is found
after several months.

Substitution of bromide and iodide ions, in lithium
borohydride occurs with similar trends as found for Cl™
substitution and provides a significant stabilization of the
high temperature hexagonal polymorph [143, 144].
Furthermore, anion substitution in lithium borohydride
significantly improves the lithium ion conductivity, which
may be of importance for solid state lithium battery
applications [145-148].

5.1.2 NaBH, The substitution of CI~ with [BH4] ™ in
sodium borohydride has recently been investigated [149]. A
large degree of substitution was discovered, i.e. up to 57% as
revealed from Rietveld refinements of SR-PXD data.
Furthermore, dissolution of small amounts of NaBH, in
NaCl was also observed after prolonged heating at 300 °C or
facilitated by BM. However, with a dissolution rate, which is
significantly slower as compared to the dissolution of NaCl
in NaBH,.

5.1.3 KBH; The substitution of ClI~ for [BH4] in
potassium borohydride was investigated for the system
KBH4—ScCl; [94]. The anion substitution is observed during
decomposition of KSc(BH,); where the two products
formed, KBH4 and K3ScClg, reacts to form a solid solution,
K(BHy);_.Cl,, 0 <x < 0.97, depending on the temperature
[94].

5.1.4 Ca(BH,4), Anion substitution in Ca(BH,), was
first achieved by Lee et al. [40]. The degree of F~ and CI™
substitution for the complex [BH4] -anion in Ca(BH,4), was
analysed and the dehydrogenation characteristics of the
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substituted materials were investigated. The substitution was
observed as a decreasing diffracted intensity from CaCl, and
a reduction in the unit cell volume of Ca(BHy),_Cl, as
compared to Ca(BH,),, due to the smaller size of the chloride
ion. The decomposition pathway of Ca(BH,),_,Cl, differs
from that of pure Ca(BH,),, i.e. CaHCl and a new compound
CaHl A71C10A29 forms.

Dissolution of I” in Ca(BHy), is found to form three new
crystalline solid solutions depending on the temperature
[150]. Calcium borohydride readily dissolves in the trigonal
calcium iodide structure during ball milling, forming a solid
solution, tri-Ca((BHy4)o.70l0.36)2, With a Cal,-type structure
and an anisotropically contracted trigonal unit cell,
a=4311(1) and ¢=6.867(2) A for x~0.3 (T=28°C),
space group P-3ml. The trigonal #ri-Ca((BH4)o70l0.30)2
transforms at ~180 °C to an orthorhombic phase with similar
composition, ort-Ca((BHy)o641036)2, With a CaCl,-type
structure (a distorted 3-Ca(BHy), type structure), unit cell
parameters a =7.271(2), b=7.042(1) and ¢ =4.4601(7) A
(T=322°C) and space group Pnnm. Further heating of the
CaCl,-type compound to ~330 °C leads to a transition to a
tetragonal phase with unit cell parameters a =4.1062(2) and
c=24.822(2) A (T'=340°C, x~0.62) and space group
I4mm. This iodide-rich compound tet-Ca((BHy4)o3810.62)25
reveals a new structure type. The tetragonal phase finally
decomposes to CaHI and CaBg at 7> 345 °C. All three solid
solutions found in the Ca(BH,4),—Cal, system are stable at
RT. The anion substitution ultimately changes the decompo-
sition reaction pathway in which hydrogen is released from
the tetragonal Ca((BHy4); _,I,), and via CaHI. Unfortunately
the temperature of hydrogen release is still fairly high and
similar to that for Ca(BH,), [150].

In contrast, CaF, did not dissolve in the structure of
Ca(BH,), at the used physical conditions, however, during
decomposition a solid solution of the CaH,—CaF, system
was observed. Calculations suggests that Ca(BH,_,F,),
phases are thermodynamically unstable and decompose to
Ca(BH4)2, CaF2, «-B and Hz [40]

5.2 Fluoride substitution Substitution of the highly
electronegative anion, F~, for the hydride ion in the complex
anions [BH4] ™ or [AlH,] in metal hydrides was initiated by
Kang et al. [151] already in 2007 during the study of the
advantage of TiF3 over TiCl; as an additive for the NaAIH,
system. Experimental and theoretical studies show a
destabilization of NaAlH, upon F~ substitution, giving an
energy reduction on hydrogen release of 6.6kJ/mol. A
number of theoretical and experimental publications fol-
lowed this study [152—154].

Theoretical calculations suggest that a similar effect is
expected for the borohydride systems. Substitution of the
hydride ion with the more electronegative fluoride ion, i.e.
H™ — F, is predicted to alter the hydrogen release and
uptake properties for the LiBH, system significantly [155].
The F~ substitution in LiBH, is calculated to be an
exothermic process. However, no experimental results on
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the fluoride substitution in metal borohydrides have been
reported yet.

The concept of anion substitution in borohydrides
remains poorly explored, however, some trends in the
structural chemistry are observed. For substitution of
borohydrides with the heavier halides, the smaller anion
tends to dissolve into the compound containing the larger
anion, and the structure of the latter tends to be preserved in
the obtained solid solution. This trend can be interpreted as
an increase in the lattice energy due to the clearly observed
decrease in the unit cell volume, i.e. a decrease in the average
distance between the ions in the structure. Furthermore,
anion substitution may ultimately change the decomposition
reaction pathways with formation of decomposition products
unique for these systems.

6 Reactive hydride composites The formation of
alloys or intermetallic compounds according to reaction
scheme (18) are well known approaches for the thermo-
dynamic tuning of metal hydrides.

MH, + yA — MA, + x/2H,. (18)

In the pioneering work by Libowitz et al. they observed
much higher equilibrium desorption pressures of the ternary
hydride ZrNiH; compared to the binary ZrH, at the same
temperature, i.e. ZrNiH3 appears to have a lower enthalpy of
decomposition [156]. A huge amount of novel compounds
with tailored thermodynamic properties have been discov-
ered by this approach. A very prominent example for tuning
of thermodynamic properties of light weight hydrides is the
LiBH4—Al system forming LiH and AlIB, in the desorbed
state [157-162]. To overcome the drawback of the reduced
gravimetric capacities of multinary systems, the reactive
hydride composites (RHC) were recently developed [45, 46,
163-167]. In these, a chemical reaction between two or more
hydrides during decomposition lowers the overall reaction
enthalpy, while the gravimetric hydrogen storage capacity
remains as high as the weighted hydrogen storage capacity of
the individual hydrides. This concept is illustrated in Fig. 7,
and the first prepared examples are the amide/imide systems
shown in reaction schemes (19) and (20) [164, 165]:

LiNH, + 2LiH « Li,NH + LiH + H, < LizN + 2H,,
19)

Mg(NH,), + 2LiH < Li,Mg(NH), + 2H,. (20)

hydride | hydride Il

o0 '
%’ 0:0
®0

new compound H, gas

Figure 7 Schematic drawing of the concept of reactive hydride
composites (RHC).
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Other systems use the exothermic formation of a boride
during the reaction between a light metal borohydride and
another hydride. An example is the formation of MgB, from
a borohydride and MgH, [163]. However, the combination
of two borohydrides may also lead to an eutectic low melting
mixture, which are the cases for the systems LiBH,—
Ca(BH,), and LiBH,~Mg(BH,), [42, 168, 169].

Hydrogen release via reactions between a borohydride
and a metal hydride forming a metal boride is observed for,
c.g. LiBH4—MgH2, Ca(BH4)2—MgH2, NaBH4—MgH2,
LiBH,—CaH,, LiBH4—CeH,, LiBH4-ScH, composites
[42, 45, 163, 168, 170-177]. These systems reversibly
absorb and release hydrogen. Theoretical calculations show
promising reaction enthalpies for these composites, leading
to suitable desorption pressures and temperatures for mobile
applications combined with high gravimetric storage
capacities. Furthermore, the reversibility of the borohydrides
significantly benefits from the composite structure of the
boride despite the reduced thermodynamic driving force
[163]. As it requires extremely harsh conditions to produce
LiBH, or Ca(BH,), from the elements [116, 138, 178], its
formation through the gas phase is observed under moderate
conditions starting from MgB, [163] or other boride
precursors such as Li;Bg or CaB¢ [178, 179]. This is related
to the higher reactivity of the metal borides in comparison to
elemental boron.

Probably the most prominent and best studied example
for RHC is the 2LiBH,~MgH, system reacting to form
hydrogen, MgB, and LiH in the desorbed state, see reaction
scheme (23) [18, 19, 43-45, 116, 122, 138, 163, 171, 172,
178-191]. This system shows a reversible hydrogen capacity
of approximately 10.5wt% and a theoretically assessed
reaction enthalpy of 46kJ/mol, leading to an estimated
equilibrium temperature of 170 °C at 1 bar H, [45, 173]. The
system has been studied extensively with respect to the
reaction pathway, phase boundaries [44, 45, 174, 180, 181],
the role and function of additives [37, 38, 50-52, 59] as well
as the microstructure. However, the work is still ongoing,
which illustrates the complexity of these composites.
Especially important for the full reversibility and the
suppression of B,Hg formation during the desorption
reaction are the reaction conditions: a back pressure of
1-5 bar H; facilitates the formation of MgB, as it suppresses
the individual decomposition of LiBH, [45, 122, 180]. The
reaction according to reaction scheme (21) is illustrated by
in situ SR-PXD measurements in Fig. 8 [44, 192].

2LiBH4 + MgH, > 2LiBH, + Mg + H,

. 21
— 2LiH 4+ MgB, + 4H,.

The combined desorption reaction of LiBH, and the
formation of MgB, under these conditions is shown
elsewhere [180]. Possible reaction pathways and relations
between the thermodynamic properties of the composite
and the pure compounds as well as possible intermediate
reactions are illustrated in the van’t Hoff plot in Fig. 9,
according to [180].
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Figure 8 In situ SR-PXD of LiBH4;~MgH, composites with
5mol% of a transition metal based additive. The LiBH,—MgH,
system was heated to 400 °C with 5 °C/min followed by isothermal
conditions at p(H,) ~ 5 bar [44, 192].

Since the formation of Li,B;,H;, was observed as
an intermediate during the decomposition of LiBH4
[114, 118, 134], its formation has also been discussed for
the RHC system, which could be detrimental to the
reversibility. Bosenberg et al. [180] related the possible
presence of Li,B|,H;, to the reaction conditions depending
on the thermodynamic properties.

A strong influence of transition metal based additives
such as TiCls, NiCl, or Ti-isopropoxide was observed.
Detailed investigations of the X-ray absorption edge of the
transition metals (XANES and EXAFS) showed the
formation of nanoscale transition metal borides
[183, 193-196]. Transition metal borides appear to support
nucleation of MgB, and thus decrease the activation barrier
and possibly improve the reaction kinetics and maybe leads
to a refined microstructure [43, 194, 195].

temperature / K
800 750 700 650 600

4 1 T T T T T T T T T 54.6
MgH,&Mg+H
measured by Oelerich et al 12LiBH
3 LizB\QH‘2+1DLiH+13H2 1204
calculated by Ozolins et al. :
P
2| LiBH~LiH+B+3/2H, J74 8
o measured in desorption 2LiH+MgBZ+4H24> =~
£ <" o
Q?; by Mauron et al. 2LIBH4+MgH2 5
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- by Vajo et al. =
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Figure 9 Van’tHoff diagram of the experimental and theoretically
determined AHand AS for LiBH,~MgH, composite as well as LiBH,
and MgH, [18, 36, 45, 118, 182].
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In comparison to LiBH,~MgH,, the Ca(BH,),-MgH,»
system [170, 179, 197, 198] shows a much larger variety of
reaction pathways and intermediate/final reaction steps, due
to the possible formation of CaBg, Ca;Mg3H 4 and other Ca-
B-H phases. Up to now, only partial reversibility of the
composite according to the reaction CaH, -+ MgB, <
Ca(BH4), +MgH, has been obtained. It is interesting to
note, that as in case of the LiBH,—MgH, system, transition
metal based additives seem to trigger the formation of MgB,
in this system [199].

7 Nanoconfinement Nanoparticles may have sig-
nificantly different properties as compared to bulk materials
due to (i) increased surface area, (ii) nanoscale diffusion
distances, (iii) increased number of atoms in the grain
boundaries [200-203] and (iv) intimate contact between
different reacting solids or a melt. These nanoscale proper-
ties often facilitate the release and uptake of hydrogen and
thereby enhance the reaction kinetics. Furthermore, the
thermodynamics may also be improved, and theoretical
studies have predicted that increasing the surface area to bulk
volume ratio destabilizes MgH, nanoparticles and thereby
reduces the reaction enthalpy [17, 200, 204-206]. However,
thermodynamic improvements are suggested to occur only
for MgH, nanoparticles with a size less than 2-5 nm, while
kinetic enhancement occurs also for larger nanoparticles
below 30-50nm [17, 77, 206, 207].

In the following, we review the use of nanoporous
materials as scaffolds for preparation and confinement of
nanosized metal hydrides and more details on this subject
can be found elsewhere [30]. Nanoconfined chemistry is
receiving increasing interest, e.g. for hydrogen storage and
improvement of reaction kinetics and stability. In some cases
improvement of thermodynamics of nanoconfined hydrides
has also been reported [31, 29, 30, 81, 87, 208]. The
development of fundamentally new nanomaterials is in
general expected to have a major impact on the development
of novel future sustainable energy technologies [30, 32].

7.1 MgH; Energy dispersive spectrometry (EDS)
reveals that Mg/MgH, can be uniformly dispersed within
resorcinol formaldehyde carbon aerogels (RF-CA) with pore
sizes, Dyyg =7 and 22 nm, after preparation from dibutyl-
magnesium (Mg(nBu,)) and are stable during subsequent
cycling of hydrogen release and uptake at elevated
temperatures [31]. PXD reveals Bragg peak broadening
due to the small particle size of nanoconfined MgH, [88].
The highest gravimetric hydrogen storage capacity reported
for nanoconfined MgH, is 1.40 wt% H, for 18.2 wt% MgH,
loaded in RF-CA (D,y, =22 nm) occupying 12 vol% of the
available pore volume [31]. Higher gravimetric hydrogen
capacities may be obtained by optimizing the infiltration
procedures or by using several successive infiltrations.
Hydrogen desorption kinetics was studied by means of
temperature programmed desorption mass spectrometry,
TPD-MS, (this method is also denoted thermal desorption
spectroscopy, TDS), which demonstrates that smaller pores
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Figure 10 Normalized TPD-MS desorption profiles for samples of
MgH, prepared from dibutylmagnesium without RF-CA (AM), bulk
commercially available MgH, (BM), nanoconfined MgH, in RF-CA
with22 nmpores (X1-Mg), nanoconfined MgH, in RF-CA with 7 nm
(X2-Mg) pores and pure RF-CA material (X2). The TPD-MS profile
of sample X2 was normalized to the profile for sample X2-Mg. The
samples were heated from R7 to 700 °C (3.6 °C /min) recording the
mass spectroscopy, MS, signal (m/e = 2). The vertical line is drawn
to guide the eye. The characteristic values for this kind of measure-
ment is the onset temperature 7,,s; and also 7, Where the desorp-
tion rate reaches its maximum value. Low T, and T,,.x values
indicate faster kinetics [31].

mediate faster desorption rates, possibly due to a size
reduction of the confined magnesium hydride, see Fig. 10
[31]. In this context, it should be noted that commercially
available dibutylmagnesium in heptane solution contains up
to 1 wt% triethylaluminum. Aluminum may influence the
thermodynamic and kinetic properties of magnesium
hydride by alloying [20, 31].

In general, there is a significant improvement of the
hydrogen desorption kinetics for nanoconfined MgH, as
compared to bulk samples as demonstrated by the Sieverts
method [31, 88, 209]. The dehydrogenation rates at
T=252°C were determined to be 1.09 and 0.13wt% -h~"

Www.pss-a.com



Phys. Status Solidi A 208, No. 8 (2011)

Feature

for nanoconfined MgH, (13 nm RF-CA) and MgH, prepared
from Mg(nBu,) and subsequent ball milling with graphite,
respectively [88].

Initial hydrogen release rates at 7= 250 °C were found to
be 25,5.5,2.2 and 0.12 wt% - h™~' for MgH, melt infiltrated
into Ni or Cu decorated RF-CA, non-modified RF-CA
(D4yg = 13nm) and bulk MgH, ball milled with graphite,
respectively [209]. Itis noteworthy, that MgH, nanoconfined
by melt infiltration of Mg desorbs hydrogen twice as fast as
nanoconfined MgH, prepared using an organic precursor
[88, 209]. The most significant improvements of hydrogen
release kinetics for MgH, were obtained by the combined use
of nanoconfinement and the catalytic metal additives such as,
e.g. Ni and Cu [209, 210]. Furthermore, metallic surface
decoration of carbonaceous porous scaffolds is found to
facilitate the melt infiltration of magnesium [85, 209, 211].
The nanoconfinement of MgH, and the use of metallic
nanoparticles as catalysts may hold the key to a significant
improvement of the hydrogen release and uptake kinetics,
but the scheme needs to be further developed in order to
exceed hydrogen release rates of 25-50wt%h ' as
determined for ball milled samples of MgH, and Nb,Os
[88, 209, 210, 212].

7.2 2LiBH;—MgH, Recently, 2LiBH,~MgH, reactive
hydride composites (RHC) were infiltrated in a nanoporous
RF-CA scaffold (D, ~ 21 nm) in an attempt to combine the
beneficial effect from nanoconfinement and reactive hydride
composites. The nanoconfined hydrides reacted following
the reaction shown in scheme (21) as observed for the bulk
system. However, in these studies an Al impurity (present in
the used dibutylmagnesium solution) was present and the
formation of Mg,Al,_,B, phases was observed which to
some extent hampers the conclusions [29]. The hydrogen
desorption mechanism was also investigated using simul-
taneous differential scanning calorimetry, thermogravi-
metric analysis and mass spectrometry (DSC-TGA-MS) as
depicted in Fig. 11.

The DSC analysis reveals four distinct endothermic
desorption peaks denoted A, B, C and D for both samples, but
observed at significantly different temperatures. Peaks A and
B are observed at 113 and 267 °C and at 117 and 290 °C for
the nanoconfined and the bulk hydride composite, respec-
tively (peak temperature values are given). These events, A
and B, are assigned to the transformation from orthorhombic
to hexagonal structure and the melting of LiBH,4, respec-
tively. The thermal events C and D are observed at 332 and
~351°C and at 364 and ~462 °C for the nanoconfined and
the bulk composite hydrides, respectively. Events C and D
reveal a mass loss from the hydride composites in the form of
hydrogen gas and are assigned to the dehydrogenation of
MgH, and LiBH,, respectively.

The results in Fig. 11 clearly demonstrate that nanocon-
finement of 2LiBH4,—MgH, significantly improves the
hydrogen desorption kinetics for both hydrides. It is also
clear that nanoconfinement mediates a larger reduction in the
decomposition temperature for LiBH, as compared to MgH,
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Figure 11 Simultaneous differential scanning calorimetry, ther-
mogravimetric analysis and mass spectrometry showing the hydro-
gen release reactions from nanoconfined and bulk 2LiBH,—MgH,.
Two cycles of hydrogen release and uptake in magnesium synthe-
sized from Mg(nBu,) was conducted prior to melt infiltration of
LiBH, in both samples, (A) nanoconfined sample of 2LiBH,—~MgH,
in RF-CA (D,y, =21 nm) and (B) bulk sample of 2LiBH,~MgH..
The samples were heated from RT t0470 °C (heating rate 5 °C/minin
an argon flow of 50 mL/min) [29].

[31, 29]. It has been demonstrated that fullerene, Cqp, has a
good catalytic effect on the hydrogen release and uptake of
LiBH, [213]. The RF-CA scaffold may have a similar
catalytic effect on LiBH, in addition to the nanoconfinement.
Apparently, nanoconfinement mediates a change in the
decomposition pathway of LiBH, thereby enhancing the
hydrogen release kinetics. The decomposition pathway for
MgH, remains less affected and magnesium is an intermedi-
ate prior to the formation of MgB,.

7.3 NaAlH,; Sodium tetrahydridoalanate was the first
complex metal hydride to be considered for hydrogen
storage. NaAlH, has a gravimetric hydrogen content of
7.4 wt% H, and is known to release hydrogen in three steps,
see reaction schemes (22)—(24):

3NaAlH,(s) < NazAlHq(s) + 2Al(s) + 3Ha(g), (22)
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NazAlHg(s) < 3NaH(s) + Al(s) + 3/2Ha(2),  (23)

NaH(s) < Na(l) 4+ 14H,(g). (24)

The enthalpies for hydrogen release in the three reactions
are AH3q=37, 47 and 56kJ/mol H,, respectively.
Equilibrium temperatures, T.,, can be calculated for
reactions (22) and (23) using the Van’t Hoff equation,
p(Hy) = 1 bar and the AH values to be T,y = 30 and 100 °C,
respectively. However, due to kinetic limitations the
hydrogen decomposition only take place at higher tempera-
tures of 7> 180 and 240 °C and the rehydrogenation also
suffers from slow kinetics [34, 81]. However, it has been
reported that improved hydrogen uptake and release kinetics
can be obtained by addition of Ti, Sc or Ce based catalysts
[33, 34, 214-216].

Nanoconfinement of NaAlH, leads to enhanced hydro-
gen release and uptake kinetics at more mild conditions e.g,
melt infiltrated NaAlH, in RF-CA (D,,, = 13 nm) releases
hydrogen at Tse ~ 140 °C and absorb 85% of the initial H,
content at 160 °C, p(H,) = 100 bar H, within 7h [82]. Ball
milled NaAlH, release hydrogen at T~ 183 °C. Carbon
additives such as fullerene and carbon nanotubes are known
to facilitate hydrogen release and uptake in NaAlH, and
therefore nanoporous carbon materials may simultaneously
act as a catalyst and as a scaffold for nanoconfinement
[45, 163]. Furthermore, nanoconfinement in very small
nanopores (3nm) mediates a change in thermodynamic
properties with the stabilization of NaAlH, as hydrogenated
state and NaH + Al as dehydrogenated state and thereby a
suppression of the intermediate NazAlHg. For example,
pressure composition isotherms (PCI) of bulk NaAlH,
(catalysed with 4 mol% TiCls) show two distinct plateaus
representing the equilibriums of the two reaction steps (22)
and (23), respectively. However, the same analysis of
nanoconfined NaAlH, in activated carbon (AC) fibres
(Dave = 0.5 to 4 nm) reveals a different PCI curve exhibiting
a broad distribution of thermodynamic properties and
NaAlH, seems to be stabilized due to nanoconfinement
[82]. Moreover, >’Al solid state NMR studies of nanocon-
fined NaAlH, in nanoporous carbon (D, =2-3nm)
indicated no presence of NajAlHg in partially dehydroge-
nated samples or samples that had been hydrogenated under
conditions in which NajAlHg is the thermodynamically
stable phase for the bulk system. This indicates that
nanoconfinement of NaAlH, in very small nanopores
(~3 nm) mediates a change in the kinetic or thermodynamic
properties with the stabilization of NaAlH, as hydrogenated
state and NaH + Al as dehydrogenated state and thereby a
suppression of the intermediate Na3AlHg [32, 81, 82]. These
observations correspond with theoretical studies [217].
However, experimentally determined thermodynamic
improvements may also be due to systematic errors such as
release of gasses from the scaffold material, reactions with
the scaffold or the influence of impurities. Although,
nanoconfinement of NaAlH, leads to significantly improved
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hydrogen storage properties, titanium catalysed NaAlH,
remains a superior system [84]. However, a new nanocon-
fined NaAlH,4—TiCl; material was recently investigated and
the hydrogen desorption kinetics was significantly improved
as compared to bulk ball milled samples of NaAlH,~TiCl;
indicating favorable synergetic effects between nanocon-
finement and the addition of a catalyst [218].

7.3.1 NH3BH3; Ammonia borane has a gravimetric
hydrogen content of 19.6 wt% H,. Thermal decomposition
of ammonia borane takes place upon melting
(T(NH3BH3) =114 °C) with the release of 6.5wt% H,
and formation of poly(aminoboranes), (NH,BH,),. At
temperatures above 150 °C, a polyiminoborane type material
(NHBH),, forms along with a second equivalent of hydrogen
[87, 219]. The use of ammonia borane for practical
applications is hampered by relatively slow kinetics, lack
of reversibility and formation of undesired borazine gas,
which is harmful to PEM fuel cells [87, 220]. Improved
hydrogen desorption kinetics of NH3;BHj; infiltrated in
ordered mesoporous silica (SBA-15 and MCM-41) and
nanoporous carbon scaffolds (OMC and RF-CC) as com-
pared to bulk NH3;BH3, has been reported [87, 212, 220, 221].
Apparent activations energies, E 4, for hydrogen release from
bulk and nanoconfined NH;BH; were found to be ~184 and
67 kJ/mol, respectively [87]. As opposed to most metal
hydrides the enthalpy of decomposition for NH;BHj is
exothermic, AHg..=—19.6kJ/mol [213]. The value for
NH;BH; infiltrated in SBA-15 is AHy.. = —1 kJ/mol, and it
is suggested that this significant change in the thermodyn-
amics is due to the formation of different borane based
decomposition products as indicated by ''B NMR studies
[87]. These results indicate that the decomposition reaction
mechanism is modified significantly by the nanoconfinement
or that there is a reaction with the scaffold [220]. For all the
systems discussed above, the release of borazine during the
decomposition of NH3;BH3; was suppressed by nanoconfine-
ment [87, 220, 221]. Furthermore, the release of NH; from
NH;BH; can be suppressed by nanoconfinement in OMC
combined with lithium cation doping, which also appear to
improve the hydrogen desorption kinetics further [220].

8 Conclusion A major challenge in the 21st century is
the transition towards a sustainable, environmentally
friendly and reliable energy system capable of meeting the
worlds increasing energy demands. In an energy system
dominantly based on a diverse mix of renewable energy
sources it is mandatory to have a storage system to balance
the daily and seasonal fluctuations in energy production and
consumption. In this context hydrogen is suggested as a
possible future energy carrier.

This review highlights the recent progress within the
field of hydrogen storage with focus mainly on new synthesis
methods and physical, chemical and structural properties of
boron based materials. New approaches for improving
kinetic and thermodynamic properties are reviewed:
(i) anion substitution, (ii) reactive hydride composites and
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(iii) nanoconfinement of hydrides and chemical reactions.
Anion substitution may lead to new solid solutions.
Reactions between different hydrides are an efficient way
to tailor the reaction thermodynamics. Nanoconfinement is
an emerging powerful tool for tailoring kinetic and
thermodynamic properties of chemical reactions for a
variety of purposes. Furthermore, the novel light metal
borohydrides, reveal a fascinating structural chemistry and
have the potential for storing large amounts of hydrogen.
Design of novel borohydrides by selection of coordinating
metals may tailor the hydrogen release temperatures. We
anticipate that utilization of the above mentioned schemes
either alone or in new combinations have the potential to
further expand the variety of materials and composites
that are presently considered for hydrogen storage purposes.
The present review may provide new inspiration for the
possible discovery of new means of solid state hydrogen
storage.
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