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Abstract The research on complex hydrides for hydro-
gen storage was initiated by the discovery of Ti as a
hydrogen sorption catalyst in NaAlH, by Boris Bogdanovic
in 1996. A large number of new complex hydride materials
in various forms and combinations have been synthesized
and characterized, and the knowledge regarding the prop-
erties of complex hydrides and the synthesis methods has
grown enormously since then. A significant portion of the
research groups active in the field of complex hydrides is
collaborators in the International Energy Agreement Task
32. This paper reports about the important issues in the
field of complex hydride research, i.e. the synthesis of
borohydrides, the thermodynamics of complex hydrides,
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the effects of size and confinement, the hydrogen sorption
mechanism and the complex hydride composites as well as
the properties of liquid complex hydrides. This paper is the
result of the collaboration of several groups and is an
excellent summary of the recent achievements.

1 Introduction

Hydrogen storage is the main challenge of the hydrogen
cycle, a closed loop that includes hydrogen production,
storage and use. Such a cycle allows for storing hydrogen
produced by renewable energy and does not contain carbon
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(CO; neutral). Hydrogen is the most promising candidate
for store energy [1], as it is the most abundant element in
the universe. Hydrogen can be produced in large quantities
from water on demand and represents a solution to the
fluctuation in energy collection. Finding a material that
allows for storing hydrogen with high hydrogen density
and fast hydrogen sorption kinetics [2—4] is requested by
most applications, and, therefore, several options are under
consideration. Liquefied hydrogen, pressurized tanks,
metal hydrides and complex hydrides have been inten-
sively investigated. However, the interactions of the
hydrogen molecules or atoms with solid materials or sur-
faces are not well known on an atomic level in complex
hydrides. The identification of the decomposition reaction
pathways of several complex hydrides, the determination
of the intermediate species in dehydrogenation reactions,
the emission of side products and the role of catalysts are
all challenges [5] that require the most advanced charac-
terization instruments and a profound knowledge of the
chemical physics of gas—solid interactions.

The International Energy Agency (IEA) Task 32 “H,-
Based Energy Storage” addresses hydrogen-based energy
storage by developing reversible or regenerative hydrogen
storage materials.

In the materials under consideration, the quantitative
targets for hydrogen capacities vary significantly depend-
ing on the different applications; for example, the gravi-
metric density is crucial for mobile applications, whereas
in stationary systems, it plays a minor role [6-9]. There-
fore, for each specific application, the targets related to
volumetric density, thermodynamics, kinetics, cost and
safety are different. A fundamental understanding of
hydrogen storage mechanisms is the key to a breakthrough
in the development of materials with improved properties.
The focus within this task is on hydrogen in solid com-
pounds approached by complimentary experimental, engi-
neering and modelling (both scientific and engineering)
activities. At present, Task 32 consists of 48 R&D projects
led by project leaders from the participating countries.
Most projects involve international collaborations, which
are strongly encouraged. The projects are divided into five
working groups:

e Porous materials (coordination polymer framework
compounds, metal organic frameworks, zeolitic imida-
zolate frameworks, covalent organic frameworks and
carbon-based compounds)

e Magnesium-based hydrogen
materials

e Complex and liquid hydrides (borohydrides, alanates,
amides/imides systems, magnesium-based compounds,
reactive hydride composites and rechargeable liquid
hydrogen carriers)

and energy storage

@ Springer

e Electrochemical storage of energy (MH batteries, ion
conduction)

e Heat storage—concentrated solar thermal using metal
hydrides

The following countries contribute to Task 32, “H,-
Based Energy Storage”: Australia, Denmark, France,
Germany, Greece, Israel, Italy, Japan, Lithuania, Nether-
lands, Norway, Korea, Sweden, Switzerland, the UK and
the USA.

In this paper, we report the recent achievements of the
workgroup “Complex and Liquid Hydrides.” We present
the synthesis routes of novel metal borohydrides, an
empirical model for the stability of the alanates and
borohydrides, the reaction mechanism for the hydrogen
desorption from alanates and borohydrides, the impact of
nanoconfinement on the hydrogen sorption properties, the
properties of the reactive composite hydrides and the
synthesis and characterization of liquid hydrides.

2 Synthesis of novel borohydrides

Mechanochemistry (more commonly known as ball mil-
ling) is one of the most common methods for the prepa-
ration of novel metal borohydrides [15]. A variety of
reactions can occur, and in some cases, several competing
reactions are observed simultaneously. Metathesis, or a
double substitution reaction, is a well-known mechanism
for chemical reactions during ball milling, here illustrated
by a reaction in the system, YCl;—-LiBH, (1:3), which
results in the formation of Y(BH,); and LiCl, according to
Eq. 1 [10-14].

YCl; + 3LiBH; — Y(BH,),+ 3LiCl (1)

In more rare cases, addition reactions occur, and a pure
product can be obtained, e.g. the synthesis of KZn(BH,4)Cl,
(see Eq. 2) [15, 16].

ZnCl, + KBH,; — KZn(BH,4)Cl, (2)

KZn(BH4)Cl, contains the first observation of a
heteroleptic complex ion containing BH, ™ as a ligand, i.e.
[Zn(BH4)Cl,]~, where Zn coordinates to two chloride ions
and two hydrogen atoms in nz—BH4, Cl(Zn) = 4 [15]. This
clearly demonstrates that mechanochemistry can induce
complex chemical reactions involving bond breaking and
bond formation [16]. The first example of a mixed metal
borohydride was LiSc(BHy)4 [17]. The mechanochemical
synthesis of other new borohydrides in the system ZnCl,—
MBH,, e.g. NaZn, (BH4)s, proceeds via more complex
chemical reactions during ball milling—possibly a com-
bination of metathesis and addition reactions [18, 19].
Surprisingly, these observations suggest that ball milling
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may lead to a state of chemical equilibrium rather than just
a statistical distribution of reactants as expected, e.g. for
the mechanical alloying of metals.

Reaction scheme (1) also illustrates a general drawback
of the mechanochemical approach involving metathesis
reactions, namely contamination of products by ionic
compounds, e.g. binary or ternary metal halides [19].
Furthermore, the presence of halides during the synthesis
of metal borohydrides tends to hamper reversible hydrogen
storage due to the formation of bimetallic halides during
thermal decomposition.

A novel technique for reactive ball milling under a
diborane atmosphere was developed, allowing solvent-free
synthesis of borohydrides at room temperature, demon-
strated by the synthesis of, e.g. LiBH,, Li,Bi,H;,, Lis.
BioHi0, Mg(BH4),, MgB;H;, and Ca(BH,), [20-24].
Similarly, Y(BH4); was prepared in a reaction between
YH; and B,Hg [25]. This new gas—solid mechanochemical
synthesis method is based on the reaction of metal hydrides
with diborane to form the corresponding borohydrides or
higher boranes, which may facilitate preparation of a range
of other metal borohydrides in the future. In a similar
manner, amorphous Mg(BH,), can also be prepared by ball
milling MgB, in a hydrogen atmosphere [26].

An alternative approach is to combine solvent-based
synthesis methods with mechanochemistry. Solvent-based
methods can provide a solvent-free monometallic borohy-
dride, often by using a metal borohydride solvate as an
intermediate, such as M(BHy)x, M = Mg, Mn, Y, Eu, Gd
[27-31]. This approach has also led to the first tri-metallic
borohydrides [32-34].

Synthesis of a series of solvent- and halide-free ammine
rare-earth metal borohydrides M(BH,4);-nNH3, M = Y, Gd,
Dy;n=17,6,5,4,2and 1 and Mn(BH,),-nNH3, n = 1, 2,
3, and 6, via a new approach has recently been conducted,
combining mechanochemistry, solvent-based methods,
solid—gas reactions and thermal treatment [35, 36].

2.1 Metal borohydride halides

Three classes of metal borohydride chlorides with fully
ordered structures have been identified so far: the mono
metallic borohydride halide Sr(BH4)Cl [37], bimetallic
KZn(BH,4)Cl, [15] and rare earth containing LiM(BH,4);Cl,
M = La, Ce, Pr, Nd, Gd, and Sm [38—-42]. The latter has an
interesting structure and contains isolated tetranuclear
anionic clusters [M4Cl4(BH4)12]47 with a distorted cubane
M4Cl, core, counterbalanced by Li" cations. Mixed-cation
mixed-anion borohydrides with disordered structures are
also observed; for example, sodium yttrium borohydride
has the ideal composition NaY(BH,4),Cl,, with some Cl
substitution into the BH, site resulting in NaY(BHy); 79.
Cl,,; [43]. Hence, this structure can be considered as

partly ordered. In the Li-Yb-BH, system, two intermediate
phases are observed without lithium: Yb(BHy);6Clp 74
with space group P-4 and isostructural to B-Ca(BH,), and
Yb(BH,); 7Cly 3 with space group Pbca and isostructural to
v-Ca(BHy), [44]. Furthermore, substitution of BH,~ with
CI™ can also take place in the novel metal borohydrides
formed during mechanochemical synthesis; for example,
Rietveld refinement suggests incorporation of ~42 mol%
of C1™ on one of the two BH, ™ sites in AlsLiys(BH,4),5 [45].

2.2 Anion substitution in metal borohydrides

Anion substitution is a relatively new method for tailoring
the properties of known metal borohydrides. Substitution
of BH, or H™ by anions with the same charge and com-
parable size may lead to the formation of solid solutions.
Table 1 shows that the BH;,~ complex anion may be sub-
stituted with the heavier halides, C1~, Br~ or 1", and that
the H™ anion may be substituted with F~.

Initially, anion substitution was observed by in situ SR-
PXD during the heating of a sample of LiBH,4-LiCl (LiCl
15 mol%) at T > ~120 °C [47]. A typical anion substi-
tution reaction is described in reaction scheme 3; that is,
one solid, here LiCl, is dissolved in another solid, LiBH,.
Larger amounts of LiCl readily dissolve in solid hexagonal
h-LiBHy.

xLiCl + (1 — x)LiBH; — Li(BHy),_Cl, (3)

The hexagonal solid solution, e.g. h-Li(BH4)o.58Clo.42,
obtained by thermal treatment, is stable upon cooling to
RT; however, slow segregation of LiCl occurs, and o-
Li(BH4)0.01Clg g9 is obtained after several months [47-49].
Bromide substitution clearly stabilizes the hexagonal
structure of LiBH, to RT as a solid solution with the
composition h-Li(BH4)p sBrgs [50]. Solid solutions of
Li(BHy),_,I, have been obtained by reacting LiBH, with
o-Lil [51, 52]. The substitution process can be induced
either by heat treatment at T ~ 245°C or by
mechanochemical treatment, and the solid solutions of
Li(BH4),_xIx have a broader stability range compared to
other halides (from RT to the melting at 330 °C) [51].
Dissolution of 10 mol% NaCl into NaBH,, forming
Na(BH4)poClg 1, takes place during relatively mild
mechanochemical treatment, and a higher degree of dis-
solution of NaCl in NaBH, is obtained by heating (e.g. at
300 °C), which enables full solubility in the system

Table 1 Ionic radius of halide anions, the H™ and the BH, anions

[46]
Anion F~ H™ Cl™ Br™ BH; ™ I
Radius (A) 1.33 1.40 1.81 1.96 2.05 2.20

@ Springer
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NaBH,—NaCl. Ball milling of NaBH, with NaCl results in
the formation of a Na(BH4);_,Cl, solid solution that is
stable at room temperature with x in the whole range of 0 to
1 [53]. Cl substitution increases the stability [54-56].
Anion substitution in other systems has also been investi-
gated, e.g. Ca(BH,4),—CaX, with X = CI, Br and I [57-59]
and Mg(BH,4),-MgX, (X = Cl and Br) [60].

The smaller halide ion, F~ (1.33 A), has a similar size
compared to the hydride ion, H™ (1.40 A), and their
compounds share many chemical properties; for example,
the ionic compounds are often found to be isostructural.
This suggests that they may substitute for each other in
both ionic and covalently bonded compounds. However,
there is one significant difference, namely in electronega-
tivity, which is 2.1 and 4.0 for hydrogen and fluorine,
respectively. Therefore, fluorine substitution is expected to
lead to significant thermodynamic destabilization. How-
ever, thermodynamic stabilization is also possible, as seen
for NaMgH,F [61]. The first complex hydride with fluorine
substitution was prepared by hydrogenation of the system
NaF-Al, which provided complex hydride NasAlHg Fx
[62, 63]. Fluoride substitution in the BH,~ complex anion,
ie. H — F, is possible, e.g. the system NaBH,—NaBF,
provided NaBH, |F, o, observed in a narrow temperature
range of 200-215 °C by SR-PXD [64]. Mechanochemical
reactions between KBH, and KBF, result in the formation
of KBH, gF;, and KBH; gF>», formed for the 3:1 and 1:1
mixtures, respectively [65]. Both of these phases, which are
isostructural with KBH,, are stable at room temperature.
The hydrogen release from KBH, gF , takes place 433 °C
lower than it does in pure KBH, [63]. However, some of
the obtained materials, specifically NaB(H;_,Fy)4, appear
to have relatively low thermal stability, and the released
hydrogen may be contaminated with significant amounts of
boron fluorides and/or borane gases and may lead to the
formation of significant amounts of M,B,H;, [64-67].

2.3 Eutectic melting complex hydrides

Two or more complex hydrides may react and form a new
compound, MM’(BH,), a solid solution [68, 69] or in
some cases enable eutectic melting [70]. The system
xLiBH, 4+ (1—x)Ca(BH4), undergoes eutectic melting
with a minimum temperature at ca. 200 °C in a relatively
wide composition range 0.6 < x < 0.8 [71]. The mixtures
of LiBH,—NaBH,, LiBH,~KBH,, LiBH,~Mg(BH,),,
LiBH,—Ca(BH,),, LiBH,~Mn(BH,),, NaBH,—~KBH, and
LiBH,—~NaBH,~KBH, all displayed melting behaviour
below that of the monometallic phases (up to 167 °C
lower) [70-74]. Generally, each system can behave dif-
ferently with respect to their physical behaviours upon
melting. The molten phases can exhibit a range of physical
changes including colour changes, bubbling and in some
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cases frothing, or even liquid—solid phase transitions during
hydrogen release [70]. The mixture with the lowest melting
point is 0.725LiBH4—0.275KBH,, T,, = 105 °C [74].

2.4 Trends in structures

Interestingly, the crystal structures of the majority of novel
metal borohydrides resemble those of various oxides, as
illustrated by the structures of a/o’-, B- and y-Ca(BHy),,
which are isomorphous to the TiO, polymorphs rutile,
anatase and brookite, respectively [75]. Magnesium boro-
hydrides are structurally similar to SiO, compounds; for
example, y-Mg(BH,), is isomorphous to a theoretically
predicted zeolite-type polymorph of SiO,, and 6-Mg(BHy,),
has a structure consisting of two interpenetrated cristo-
balite-type Mg(BH,), frameworks (i.e. polymorph of SiO,)
[28, 76]. The explanation for this structural analogy
between the structures of borohydrides and those of oxides
is possibly the fact that BH,~ and O® are isoelectronic.
Monometallic borohydrides of the least electronegative
metals, e.g. Na, K, Rb and Cs, are often considered as ionic
and have high melting points and stabilities. More elec-
tronegative metals may form molecular, covalent and
volatile compounds, e.g. Al(BHy)3, Zr(BHy4), and Hf(BH,),
[77-80]. Between these extremes, numerous metal boro-
hydrides with framework structures, pronounced direc-
tionality in the bonding and clearly some degree of
covalence are found, e.g. Mg(BH4), and Mn(BH,), [27,
28]. Bi- and tri-metallic borohydrides often consist of
complex metal borohydride anions counterbalanced by an
alkali cation. In all the structures, the more electronegative
metal constitutes the central atom in the complex anions by
coordination to a number of borohydride units. In contrast,
the majority of metal borohydride halides crystallize with
structures similar to metal halides of the same metal and are
often isostructural to high temperature polymorphs [68, 69].

2.5 New properties of metal borohydrides—towards
multi-functionality

The new metal borohydrides discovered during the past
decade reveal an extreme diversity in structure, composi-
tion and properties, with progress towards the rational
design of new materials with tailored properties, as
exemplified in the following.

A new series of mixed-cation, mixed-anion borohydride
chlorides based on rare-carth elements, LiM(BH,);Cl,
M = La, Gd and Ce, was discovered containing isolated
tetranuclear anionic clusters of [Ce,Cly(BHy)2]*~ charge-
balanced by Li* cations [38, 40, 41]. The Li" ions are
disordered and occupy two-thirds of the available positions
and are found to be a new series of fast Li-ion conductors
for metal borohydrides, as was originally reported in h-
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LiBH, [81] Structural investigation using theoretical DFT
methods suggests that the structures are stabilized by
higher entropy rather than lower energy [40]. Solid-state
NMR spectroscopy reveals a “paddle wheel” mechanism
for the ion conductivity [42]. Furthermore, anion substi-
tution in lithium borohydride significantly improves the
lithium ion conductivity for LiBH, because the hexagonal
structure may be stabilized at RT [82, 83]. The high Li-ion
conductivity of h-LiBH4-LiX, X = Cl, Br, I, may also be
due to the dynamics of the BH4 unit in the solid structures
[52, 84].

The polymorph y-M(BH,4),, M = Mg or Mn, has a 3D
network of interpenetrated channels with pore sizes in the
range of 6-8 A, ie. ~30 % “empty space,” and is the first
metal hydrides with a large permanent porosity [27, 28].
These compounds may also reversibly adsorb smaller
molecules, e.g. Hy, N, or CH,Cl,. Rietveld refinements
revealed storage capacities of y-Mg(BH4),-0.80H, at
p(H,) = 105 bar, which corresponds to a total of 17.4 wt%
H, [27, 28].

A series of 30 new perovskite, ABX3, metal borohy-
drides were recently discovered, built from, e.g. A = K™,
Rb*", Cs™, NH, ", CH;NH;"; B = Li", Mg?*, Ca*", Sr*™,
Sn**, Pb>*, Mn**, Y’*, Ce’*, Eu’t, Yb*', Gd’* and
X =BH,, CI7, Br~, I [85]. Structural dynamics on the
anion site are systematically introduced to the perovskite
structure type, and anion substitution, where BH, ™ is par-
tially replaced by the heavier halides, CI7, Br™ or I,
readily occurs, contributing to a vast structural flexibility
and compositional diversity. These new compounds may,
in addition to hydrogen storage properties, also have
optical and magnetic properties.

The novel compound, ammonium borohydride per-
ovskite NH4Ca(BHy); (o = 15.7 wt% H,), can be con-
sidered the first successful stabilization of the
metastable compound NH4BH, with a great hydrogen
content of p,, = 24.5 wt% H, [86]. The tailoring of
hydrogen storage properties by ammonia or amide has
become an established approach [6, 35, 36, 87], but
ammonium NH, " has so far not been considered.

A wide range of novel rare-earth metal borohydrides
have also been described recently, as presented in Table 2,
which reveals new trends in crystal chemistry and prop-
erties. The thermal decomposition behaviours are also
reported in this table [39] (Fig. 1).

3 Thermodynamics of complex hydrides

3.1 Thermodynamic quantities

In order to understand the stability of complex hydrides, a
full knowledge of thermodynamics is necessary. So, the

Gibbs free energy (G) of the compounds has to be
described as a function of temperature (7) and pressure (P).
If a variable stoichiometry is observed in the complex
hydride, the dependence from the composition (X) needs to
be known. The temperature dependence can be reached if
the specific heat at constant pressure (Cp) is determined.
From that, the enthalpy (H) and entropy (S) can be easily
calculated by integration, and, as a consequence, G can be
obtained. In order to define the standard thermodynamic
properties of the compound, Cp values should be available
starting from a low temperature (close to 0 K) up to room
temperature (300 K). Pressure dependence of G is usually
rather limited for condensed phases (i.e. solid and liquid),
and, for gaseous phases, it can be easily estimated from
partial pressure values. Dealing with phase transformations
and scaffold interaction in complex hydrides, surface
energy and interfacial energy should be known as well,
possibly as a function of 7 and P. In this case, energy
values are affected by the environmental conditions, i.e.
gas or solid phases in equilibrium with the complex
hydride.

When a hydrogen sorption reaction is established, G has
to be known for all involved reagents and products, and a
clear description of the reaction paths is mandatory in order
to define the relative stability of complex hydrides. So, the
knowledge of the thermodynamic properties of complex
hydrides is necessary for defining the relative stability of
different phases and for understanding hydrogen sorption
reactions. Finally, it is worth noting that thermodynamic
properties also play a key role in driving the kinetics of
hydrogen sorption reactions, e.g. defining the driving force
for nucleation.

3.2 Experiments

Thermodynamic quantities for complex hydrides are gen-
erally obtained by experiments. Among them, techniques
involving equilibrium between solid and gas phases are of
primary importance. Van‘t Hoff plots are widely used to
obtain values for H and S. Because these values are
obtained from the relationship between equilibrium
hydrogen pressure and temperature, the occurrence of an
uncompleted sorption reaction can also be accepted in
order to determine reliable data. It is to be stressed that the
determination of thermodynamic properties via Van‘t Hoff
plots needs a high level of accuracy and reproducibility of
experimental data [88, 89]. As a consequence, measure-
ments should be performed in a large temperature range,
even if this approach forces H and S to be constant in the
investigated experimental conditions. In addition, it is
fundamental to reach real equilibrium conditions during the
measurements, as evidenced by the occurrence of flat
pressure plateaux. Knudsen’s cell technique [90] has

@ Springer
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Table 2 Overview of rare-earth

borohydride erystal structares La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
LIREBH):C1 X X X X X X
o-RE(BH,); X X X X X X X
B-RE(BH.); X X X
LiRE(BH,), X X
RE(BH,); X X

Fig. 1 Structure types and
motives observed among
different lanthanide
borohydrides: a distorted
RE3*CI heterocubane;

b distorted rhenium trioxide
structure type; ¢ regular
rhenium trioxide structure type;
d LiSc(BHy)4-related structure.
Rare-earth atoms are black,
chloride atoms are green and
lithium atoms are blue, and BH4
groups are shown as red
polyhedra. Hydrogen atoms
have been omitted for clarity.
Note that the structure of -
RE(BH,); in (¢) shows
disordered BH, units (visualized
by red cubes) when analysed by
X-ray diffraction. The BH, Gd
groups appear fully ordered
when viewed by neutron
diffraction

(c) B-RE(BH.); RE =Sm, Er, Yb

seldom been used for the determination of thermodynamic
properties in complex hydrides. As an example, the ther-
modynamic properties of Mg(BH,), have been recently
obtained by this approach [91].

Calorimetry is the foremost technique to obtain ther-
modynamic information for complex hydrides. DSC is also
widely used [92], thanks to recent developments of
equipment, able to provide reliable data under a hydrogen
pressure up to 200 bar. Calorimetric techniques are gen-
erally used to study phase transformations, allowing the
determination of the temperature (7;), enthalpy (AH,,) and,

@ Springer

(a) LIRE(BH4);Cl RE = La, Ce, Pr, Nd, Sm,

RE = Sm, Gd, Tb, Dy, Er,

(b) o-RE(BH.):
Tm, Yb

(d) LIRE(BH,), RE=Yb, Lu

from them, entropy (AS,;) of phase transformations. From a
simple integration of the calorimetric signal obtained in
isothermal conditions, phase fraction can be determined as
a function of time, allowing the determination of kinetic
information (e.g. activation energy and pre-exponential
factor). Cp measurements have been performed for com-
plex hydrides by differential scanning calorimeter in vari-
ous temperature ranges [93]. Recently, low
T measurements of Cp have also been obtained by calori-
metric techniques, allowing the determination of funda-
mental thermodynamic properties for various systems [87].
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3.3 Modelling

An estimation of the energy of formation of a complex
hydride can be obtained through ab initio modelling [94].
On the basis of the density functional theory (DFT),
ab initio calculations of the ground state energy, energy
gradient, electronic wave function and properties (elec-
tronic, vibrational, thermodynamic and elastic) of periodic
systems can be obtained. In fact, ground state energy cal-
culations provide basic insight into the structural stability
and electronic structure modification of compounds. After
suitable approximations, calculated values for the enthalpy
of formation (AHg,,) for complex hydrides can be obtained.
As an example, the ab initio modelling of borohydrides has
been recently carried out [34]. In order to perform ab initio
calculations, the crystal structures of the complex hydride
need to be known, even if strategies to predict them have
been recently suggested [95].

A full picture of the thermodynamic properties of a
system can be obtained by using the CALPHAD approach
[96], where the analytical description of the temperature
dependence of free energy, enthalpy, entropy and specific
heat is given by parametric expressions. Parameters can be
obtained with a least square procedure, starting from
experimental values of existing phase diagrams and ther-
modynamic data. G functions as a function of T for solution
phases are often described in terms of Redlich—Kister
polynomials, whereas for compounds, they are described
on the basis of an enthalpy and entropy of formation. The
base of the CALPHAD method is the availability of ther-
mochemical data related to the investigated systems. For
some complex hydrides, they are collected from suit-
able thermodynamic databases [97]. In the absence of
experimental information, the output of DFT calculations
can be used. CALPHAD assessments of various hydride
systems have been carried out in recent years [98]. The
suggested approach, including a combination of CAL-
PHAD and ab initio modelling, has been recently applied
to complex hydrides. As an example, equilibrium pressure—
temperature (P-T) phase diagrams for NaBH, [99], LiBH,
[100] and Mg(BH,), [101] are shown in Fig. 2. If, for
kinetic reasons, stable phases cannot be formed during
hydrogen desorption, metastable phase diagrams can be
easily calculated in order to explain observed experimental
results [99].

3.4 Use of thermodynamics for advanced strategies

Combinations of materials or reactions can be used to tune
the overall thermodynamics of a given system to achieve
more favourable products or reaction temperatures. For
example, the addition of Si (or Ge, Sn) metal to LiH or
MgH, results in the formation of relatively stable group IV

alloys upon dehydrogenation, effectively destabilizing the
metal hydride and increasing the equilibrium hydrogen
pressure at a given temperature [102, 103]. Similarly,
adding MgH, to LiBH,; lowers the dehydrogenation
enthalpy of the borohydride through the formation of MgB,
[104]. The thermodynamics of the H; release from ammo-
nia borane can be modified by substitution of a proton on
the nitrogen; for example, H-NH,—~BH3; + MH — MNH,._
BH; + H, decreases the reaction exothermicity from ca.
—20 kJ/mol to ca.—4 kJ/mol [87, 105]. Alternatively, sub-
stitution of a methylene group on nitrogen, i.e. BH;NH,.
CH,CH,BHj3;, resulted in a decrease in reaction enthalpy
and a change in the mechanism of H, release that made the
ammonia borane complex more stable at 80 °C and less
stable at 100 °C [106]. An advantage of decreasing the
reaction enthalpy of the H, release in the chemical hydro-
gen storage materials is to reduce the external cooling
requirements to prevent thermal runaway.

Another advanced strategy is to use the heat generated
in an exothermic reaction to drive a second endothermic
reaction [107], an approach also employed in the
autothermal reforming of hydrocarbons [108]. Wechsler
et al. proposed a mixture of an exothermic and endothermic
hydrogen storage material to make a single thermoneutral
reaction. Cooper describes a process with two separate
reactors that can be thermally coupled. The heat from an
exothermic reaction is transferred to the dehydrogenation
reactor to drive this endothermic process. This concept of
coupling exothermic and endothermic H, release pathways
could also be used to release more H, from the cyclic CBN
systems described by Liu et al. [109, 110]. In the 1,2 BN
cyclohexane compounds [111], thermal release of H, from
the BN portion of the molecule is exothermic and may be
coupled with the catalytic endothermic release of H, from
the C atoms in the ring. In the scheme below, the
exothermic reaction yields 4.7 wt% H, and a significant
amount of heat, which can be used to drive hydrogen off
the carbon backbone to yield an additional 4.7 wt% H,, for
a total of >9 wt% H, (Fig. 3).

Work is in progress to determine the optimum balance
of rates and enthalpies for coupling endothermic and
exothermic reactions in the CBN materials [112].

4 Stability of borohydrides/alanates

The stability of complex hydrides, i.e. alanates and boro-
hydrides, is given by the enthalpy and entropy difference
between the hydride and the first stable desorption product,
which is in most cases different from the pure elements.
Therefore, we have to distinguish between the stability and
the enthalpy of the formation of a specific complex
hydride. While the enthalpy of the formation of a metallic
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Fig. 3 First step of H, release
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hydride is determined by the local electron density on the [BH4]™ is determined by the localization of the electron on
interstitial site where hydrogen is hosted [113, 114] and the the Al and B [115, 116]. The enthalpy of formation of a
metal structure undergoes only minor changes upon  series of borohydrides was computed by DFT calculation,
hydrogen absorption, a complex hydride is not an inter-  and a linear correlation between the enthalpy of formation
calation compound and forms multiple phases upon  and the electronegativity of the cation-forming element
hydrogen desorption. The stability of an [AlH4]” or a  was found [117]:
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AH[kJ/mol BH,] = 247.4-EN — 4212,

where EN is the Pauling electronegativity of M in
M(BH,). A similar equation can be derived for alanates:

AH[kJ/mol AlH,] = 308 - EN — 411.

Therefore, by applying the Pauling electronegativity of
B (2.04) and Al (1.61), a general equation for the enthalpy
of formation is derived (Fig. 4):

AH[kJ/mol ZH,] = 143 -EN(B, Al)-EN — 224
.EN(B, Al).

Upon hydrogen desorption, the alanates and borohy-
drides form either an elemental hydride from the cation and
hydrogen or the element in case the elemental hydride is
not stable at the desorbing conditions. The use of additives
and catalysts might change the described picture, resulting
in the formation of a transient species [122, 123]. The main
difference between the alanates and borohydrides is the
formation of the hexahydride in the case of the alanates
(this does not happen for borohydrides [124]). This intro-
duces an additional level (intermediate) during the des-
orption reaction and, therefore, divides the desorption
enthalpy into two parts. The general relationship between
the enthalpy of formation and the enthalpy of desorption is
AHJ? = AH,, + AH4s + AHyy, where AHy., has two
parts (AHges = AHkes + AH3) in the case of the forma-
tion of the hexahydride. Of course, if the desorption occurs
from the solid, the melting enthalpy is zero in the equation.
AHyy is the enthalpy of formation of the elemental
hydride and is given by the Pauling equation AHyy
[kJ/mol] = AHypy [kJ/mol] 4+ 194 (ENy — ENp)>. If no
elemental hydride is formed, AHyy, is zero in the equation.
The melting enthalpy is in the order of AHm = 7 kJ/mol
[125]. The entropy change in the hydrogen desorption from

-50 4

AH/EN

-100

o P y = 142.9x - 224.01
Cs R*=0.92
-150 T T T T T
0.8 1.0 1.2 14 1.6
XP

Fig. 4 Enthalpy of formation for lithium [118, 119], sodium [120]
and potassium [118, 121] alanates (red) and borohydrides (blue)

a complex borohydride is AS = AS(H,) + AS(MH) +
AS(B) — AS(MBH,) and is larger than the standard
entropy of hydrogen (S° = 130 J/mol K), because
AS(MH) + AS(B) > AS(MBH,).

5 Nanoconfined complex metal hydrides

Nanosizing and scaffolding have emerged as an important
strategy to control the kinetics, reversibility and equilib-
rium pressure for hydrogen storage in light metal hydride
systems. For a detailed background, the reader is referred
to some excellent reviews that have appeared recently
[126—130]. In this section, we discuss a few highlights from
the past 5 years (2010-2015).

5.1 Strategies to prepare nanoconfined materials

Complex metal hydrides can be confined into a matrix by
solution impregnation (for instance, using NaAlH, in
tetrahydrofurane) followed by heat treatment to remove the
solvent [131]. Alternatively, melt infiltration can be applied
for complex metal hydrides with low melting points (e.g.
NaAlH, 181 °C and LiBH, 280 °C) [132, 133], despite a
predicted weak interaction with carbon scaffolds [134].
Pore-confined reaction has recently been developed as an
interesting alternative. One of the earliest reports is on
Mg,NiH,, formed by the deposition of Mg into the pores of
a carbon scaffold that already contained Ni nanoparticles
[135]. The resulting ~4 nm Mg,Ni and Mg,NiH,
nanoparticles were very stable upon cycling, with sorption
being achieved within 5 min at 210 °C [136]. Magnesium
boron hydrides were prepared by the pre-deposition of Mg
nanoparticles, followed by an exclusively pore-confined
reaction (because of the high reactivity of the pore-con-
fined nanoparticles) with diborane [137, 138]. Nanocon-
fined MgB,H;, was the major phase, but Mg(BH,), and a
range of other magnesium boron hydrides can also be
formed by the addition of Ni and by tuning the synthesis
conditions [138]

In addition, two or more hydrides can be co-confined.
For instance, a carbon aerogel-containing MgH, nanopar-
ticles was subsequently melt infiltrated with LiBH,4 [139].
Simultaneous desorption of hydrogen and formation of
MgB, was observed, but only if a hydrogen back pressure
of 5 bar was applied [140] LiBH, and Ca(BH,), from a
eutectic mixture, melting at 200 °C. Infiltration into
mesoporous carbon materials has been achieved, and
hydrogen was released at temperatures clearly lower than
for any of the separate complex metal hydrides (Fig. 5)
[141, 142]. Other recently reported combinations include
Mg,NiH,~LiBH, [143], LiBH,~MgH,-TiCl4 [144] and
LiBH4-LiAIH, [145]. In all cases, hydrogen release
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Fig. 5 Left frame scanning
electron micrograph of a carbon
aerogel, a typical host material;
right frame hydrogen
desorption, cycles 1-3 for
0.7LiBH4—0.3Ca(BH,),
infiltrated in carbon aerogel
[142]

€O, - Activated Carbon Aerogel

temperatures are lowered significantly, but the nanocon-
finement is not sufficient to fully prevent capacity fading
upon cycling.

Characterization of the nanoconfined complex metal
hydrides is a challenge; they usually lack long-range
crystallinity (hence invalidating diffraction techniques), the
carbon matrix is unfavourable for optical spectroscopy, and
electron microscopy is only possible in exceptional cases
[146]. Small angle scattering can provide information on
the particle size distribution as well as on the roughness of
the particles and scaffolds [147, 148]. Solid-state NMR
cannot serve to give only quantitative information of the
phases present in the pores, but also valuable information
on atomic mobilities [149—151]. Also, quasi-elastic neutron
scattering is increasingly used to characterize dynamics in
nanoconfined LiBH, and NaAlH, [152, 153].

5.2 Combining nanoconfinement with catalysis

Porous carbon materials are also in wide use as catalyst
supports, and hence, a logical idea was to explore a com-
bination of catalyst nanoparticles with nanoconfined metal
hydrides, achieving an intimate contact between the two.
An early example is a Ni@C catalyst melt infiltrated with
LiBH,. Figure 6 shows the synergistic effect of nanocon-
finement and catalyst addition, with a 100-150 °C decrease
in dehydrogenation temperature compared to bulk LiBH,,
and a rapid rehydrogenation under mild conditions (320 °C
and 40 bar H,) [154]. A more detailed mechanistic study
that it is not just the Ni acting as a catalyst for hydrogen
association and dissociation: a nanoparticulate nickel bor-
ide phase is formed, which reversibly changes composition
upon cycling and probably acts as a nucleus for phase
transformations [155]. Another demonstration of the syn-
ergistic effects was the combination of a TiCls-based
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Fig. 6 Hydrogen absorption at 320 °C under 40 bar H, after H,
desorption from macrocrystalline LiBH; mixed with graphite,
nanoconfined LiBH, and nanoconfined LiBH, with a Ni catalyst
added. Details in Ref [154]

catalyst with nanoconfined NaAlH,. This nanocomposite
showed significantly improved hydrogen desorption
kinetics compared to either nanoconfined NaAlH, alone or
bulk NaAlH, ball milled with TiClz [156]. An interesting
recent approach is also combining metal hydrides with
hydrogen gas-selective polymers, which might potentially
protect against oxidation [157, 158].

5.3 Impact of confinement on hydrogen release
and reversibility

Macrocrystalline complex metal hydrides such as NaAlH,
and LiBH, typically only decompose and significantly release
hydrogen above their melting point. Nanoconfinement leads
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to hydrogen release at temperatures well below the melting
point, as well as increased cycleability [132, 150, 159-164].
For instance, low loadings of distinct supported NaAlH,
nanoparticles on carbon nanofibres, prepared by solution
impregnation, release some hydrogen at room temperature,
even without a Ti-based catalyst [131]. High loadings of
NaAlIHy,, filling the host pores almost completely, result in a
very good reversibility (>80-90 %) under relatively mild
conditions without a catalyst [160, 161], but higher hydrogen
release temperatures do not strongly correlate with pore size
[160]. It has been postulated that this could be related to a
dominating “catalytic” influence of the carbon [165, 166,
170]. However, probably more important is that not only the
kinetics but also the phase equilibria are strongly influenced
by nanoconfinement, as discussed in the next section.

Insight into the cycling of nanoconfined NaAlH, is
slowly emerging. Upon decomposition of NaAlH,, large
Al crystallites are observed, which are expelled from the
nanopores [166, 167]. This is not unexpected, as Al has a
much larger surface energy than the NaAlH, and does not
wet the carbon matrix well. Nevertheless, upon rehydro-
genation, the larger Al crystallites on the outside disap-
pear, and nanoconfined NaAlH, can be reformed [174].
As it is unlikely that the crystalline Al (with a melting
point of 660 °C) is very mobile, probably Na species as
well as NaAlH, are mobile on the carbon surface, which
allows for the reformation of nanoconfined NaAlH,. For
LiBH,, it has been reported that nanoconfinement changes
the decomposition pathway and limits the emission of
undesired decomposition products such as diborane [163,
164].

5.4 Insight into changes in phase equilibria

Nanoconfinement decreases the thermodynamic stability of
complex metal hydrides due to the non-negligible contri-
bution of the interface energy for small particles [150,
168]. However, equilibrium decomposition temperatures
depend on the energy difference between hydrides and
decomposition products, and hence on their interface
energies. For MgH,, a decrease in stability is expected with
nanosizing, as the surface energy of MgH, is higher than
that of Mg [169]. However, for complex hydrides like
LiBH; and NaAlH,, the reverse is expected, as their
specific surface energies are much lower than those of their
decomposition products. Hence, nanosizing complex metal
hydrides will generally lead to an effective stabilization of
the hydride phase, hence higher equilibrium decomposition
temperatures than for macrocrystalline samples, as has
been experimentally confirmed for NaAlH, [153, 170].
However, in some cases, specific interactions with the
carbon host are observed, which shift the phase equilibria
in the desired direction. Reversible intercalation of Li or

Na into the carbon can occur, stabilizing the metal phase
and hence lowering the equilibrium decomposition tem-
perature, for instance, that of NaH under 1 bar H, pressure
from 425 to 225 °C [154, 171]. Also, lithium- and Na-
doped fullerenes are capable of reversibly storing 5 wt%
hydrogen [172, 173].

6 Mechanism of hydrogen sorption in alanates
and borohydrides

Since Bogdanovic et al. [174] presented the first experi-
mentally determined isotherms for the hydrogen desorption
and absorption in Ti-catalysed sodium alanate (NaAlH,) at
the Metal Hydrogen Conference in 1996, the role of the Ti-
catalyst and the hydrogen sorption mechanism of alanates
has been intensively investigated. NaAlH, desorbs hydro-
gen in three distinct steps, where NazAlHq and NaH are
intermediate products of the partially dehydrogenated ala-
nate in the process (Fig. 7):

3NaAlH,; — NasAlHg + 2AIH; — 3NaH + 3AIH;,

which can also be written as follows, since AlHj; is rapidly
dissociated:

3NaAlHs — NazAlHg + 2Al 4+ 3H, — 3NaH + 3Al + 9/2 H,

Adding up to 4 mol% of TiCl; to the NaAlH, reduces
the activation energies from 118 and 124 to 80 and
96 kJ/mol H,, respectively [175], and the isotherm of the
reabsorption of hydrogen follows the desorption isotherm
with small hysteresis [174, 175, 177]. The role of the Ti as
a catalyst is to increase the reaction rate for the hydrogen
desorption and absorption reaction, i.e. to allow the reac-
tion to equilibrate in the time frame of the experiment
[178]. The hydrogen desorption reaction rate increases
linearly as a function of the TiCl; that is added, up to
5 mol%; for larger quantities, the reaction rate does not
increase anymore [176]. Despite years of intense investi-
gations of a large variety of catalytic materials added to
alanates, the mechanism of the catalysed reactions
including the role of the catalyst remained until recently
unresolved.

Quite a number of possible mechanisms for the hydro-
gen sorption in MAIH, have been proposed [6, 179].
However, all these approaches suffer from the fact that Ti
catalyses both hydrogen desorption steps as well as the
adsorption of hydrogen. Based on purely thermodynamic
considerations, a completely symmetrical mechanism can
be drawn: Ti represents a bridging atom for the transfer of
the H™ and M from one [AlH,]™ to the neighbouring one
at the (de)hydrogenation steps (Fig. 6). On an atomistic
level, the catalyst acts as a bridge to transfer the (MH) or
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Fig. 7 Schematic

representation of the enthalpy
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M" and H™ from one NaAlH, ™ to the neighbouring one to
form AlHe >~ and finally to form MH. This mechanism is
symmetrical, and the role of the catalyst is to build a
transition state M —Ti-H~ [180] (Fig. 8).

Several studies [182—184] report catalytic activity of
additives in LiBH,4; however, the result of doping LiBH,
with TiCl; is not the formation of a totally reversible
hydrogen storage system [185]. Recently, the formation of
a volatile Ti(BH,4)3 on the surface of the sample during the
metathesis TiCl; + LiBH, [186, 187] was investigated to
better understand the role of the TiCl; addition [188]. The
metathesis produces Ti(BH,); and LiCl. Gaseous Ti(BHy)3
is formed on the surface of the sample and emitted. It
decomposes into TiH,, diborane, boron and hydrogen.
Titanium borohydride desorbs from the sample, depleting
the element that is responsible for reversibility in the ala-
nate systems. Rehydrogenation has been attempted. How-
ever, these experiments did not show the formation of
Ti(BH4)3 [189]. The solid residue of the TiCly; + LiBH4
decomposition reaction is Ti-depleted and cannot reabsorb
hydrogen. The active centres during the decomposition
reaction of TiCl; 4+ LiBH, are identified as Ti-containing
species. Ti(BH,); is extremely reactive, but it is the volatile
product of a complete metathesis reaction. Although we
cannot exclude the catalytic effect of Ti nanoimpurities in
the residue sample, the measurements show that neither
Ti(BHy4)3 nor TiCl; have a catalytic effect on LiBH,4. The
formation of Ti(BH4); through metathesis is the funda-
mental difference between alanates and borohydrides
(Fig. 9).

For TiCl; + NaAlH4, no experimental evidence has
been found for the formation of an analogous Ti-containing
intermediate, such as Ti(AlH4)4. Even if such an
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Fig. 8 Mechanism of the hydrogen desorption from NaAlH,. First
two neighbouring NaAlH, transfer a NaH to the central NaAlHy,,
which then becomes a Na3;AlHg, leaving two AlH;. The role of the
catalyst is to build a bridge for the NaH, i.e. to allow the formation of
a transition state where the charges are not completely separated
Na*-Ti-H [181]

intermediate did exist, it would only be an intermediate
step of the reaction, extremely unstable and immediately
decomposed into solid components. Therefore, the ele-
ments Al, Na and Ti stay in the solid phase, and hydrogen
is the only emitted species during the dehydrogenation
reaction. In the case of TiCl; + LiBH,, the formation of
volatile Ti(BH4); has no impact on the dehydrogenation
kinetics of LiBHy; it is not a catalyst. Because of the
volatility of Ti(BHy)3, the TiCl; + LiBH,4 system becomes
Ti-depleted after the first desorption, preventing, under
these conditions, the reversibility of the system. Creating a
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Fig. 9 Hydrogen desorption
mechanism for LiBHy. First, the
elemental hydride LiH is
formed by transferring an H™
from BH,™ to the Li™, leaving a
BH;. The BHj; at the surface has
a high mobility and may either
find another one to form B,Hg
or release hydrogen

2 Li[BH,] + 5B,H,

reversible hydrogen storage system based on borohydrides
cannot simply be achieved with Ti additives because a
metathesis reaction takes place that consumes the additive.
On the contrary, a clear catalytic effect is the reason for the
enhancement of hydrogen sorption kinetics in alanates,
whose mechanisms have been explained above.

Peculiar for the borohydrides, the emission of diborane
has also been intensively investigated. The emission of this
gas is related to the thermodynamic stability of the boro-
hydrides themselves. Borohydrides whose cations are
highly electronegative (roughly EN > 1.3) release a sig-
nificant amount of diborane during decomposition [17,
190], while the more stable ones, whose cations are less
electronegative (EN < 1.3), emit diborane at the impurity
level only [21] and above 200 °C. This provides a reliable
way of predicting and tuning the properties of this class of
materials for hydrogen storage [191].

7 Reactive hydride composites

As shown by Reilly and Wiswall [192], the total reaction
enthalpy as well as the desorption temperature of metal and
complex hydrides can be lowered by adding a reactant that
reacts reversibly or irreversibly with an element or several
elements of the hydride to form a stable compound. One
such reversible system consisting of a complex hydride and
such a reactant is [193]

- Li,B,,H,, +13H,

2LiBH4 + Al = 2LiH + AIB; 4 3H,

LiBH, is highly interesting as hydrogen storage material
because of its high gravimetric storage density of 18 wt%.
Aluminium is a low-cost potential destabilizing agent for
LiBH,, yielding a theoretical 8.6 wt% of hydrogen for a
2:1 (LiBH4/Al) molar ratio.

However, measured values are lower. For example,
Kang et al. [194] showed a ball-milled 2:1 ratio forming
AlB, and LiH upon dehydrogenation at 450 °C and
releasing 7.2 wt % of hydrogen after 3 h. Rehydrogenation
to 5.1 wt % was only achieved at 400 °C under 100 bar of
H,. The predicted T (1 bar) of 188 °C 197] is not observed
due to uncertainty in the enthalpy of formation for AlB,.
For example, Friedrichs et al. [195] estimated that T(1 bar)
would be reached at a much higher temperature of about
335 °C.

Another approach is to use LiAlHy [196, 197] or
NaAlIH, [198] as a source of Al in order to produce highly
dispersed, oxide-free Al through the in situ decomposition
of LiAlH, or NaAlH,. The Al dispersion may be improved
by decomposing the more brittle alanate during milling,
rather than trying to mill ductile Al. TiCl; is observed to be
a more suitable catalyst precursor than TiFs, as no hexa-
alanate phase was identified [199, 200]. Using this
approach, Meggough et al. [197] showed an onset
decomposition temperature for LiBH, starting at around
290 °C compared to 380 °C for pure LiBH,. The enthalpy
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of dehydrogenation was 38.2 kJ mol ! (H,), and,
depending on the entropy of the destabilization reaction, a
range of 240-300 °C for T (1 bar).

Unfortunately, these systems have a significant loss in
capacity upon cycling, depending on the catalysts as well
as the preparation method used [185, 194, 195, 197]. This
may be diffusion related, as LiH, AIB, and B are phys-
ically apart and unable to reform into LiBH4 and Al, or
there may be a formation of a boride shell on the surface
of the Al particles, preventing the complete reaction of Al
and B into AIB, [197], as seen in Fig. 10. This has
advantages, in that it prevents available Al with LiH from
forming LiAl above 400 °C, which would also lead to a
lowering of the reversible capacity. Therefore, it may be
possible to improve the cycling ability of the system by
optimizing the Al dispersion further so that the Al clusters
are small enough to completely react, forming AlB, with
no core.

A detailed investigation of the decomposition reactions
and decay in the hydrogen storage capacity during repeated
hydrogen release and uptake up to ten cycles for the
reactive composite LiBH4—Al (2:3) is conducted with and
without the additive titanium boride, TiB, [201, 202]. The
decomposition of LiBH4—Al results in the formation of
LiAl, AlB, and Li,B;,H,, via several reactions and inter-
mediate compounds. The TiB, additive appears to have a
limited effect on the decomposition pathway of the sam-
ples, but seems to facilitate formation of intermediate
species at lower temperatures compared to the sample
without any additives. Solid solutions of Li,Al,_,B, or

LiBH,
LiBH,

LiBH,

LIBH, 585 °C

LiBH,

LiBH, LiBH,

Al,_,B, are observed during decomposition, and from
Rietveld refinement, the composition of the solid solution
is estimated to be Lig,,Alg 73B>. The intercalation of Li in
the AlB, structure is further investigated by the B [14] and
Al MAS NMR [30] spectra of the LiH-AIB, and AlB,
samples. Hydrogen release and uptake for LiBH,—Al reveal
a significant loss in the hydrogen storage capacity; that is,
after four cycles a capacity of about 45 % remains, and
after ten cycles the capacity is degraded to approximately
15 % of the theoretically available hydrogen content. This
capacity loss may be due to the formation of Li,B{,H;, as
observed by B MAS NMR [14] and Raman spectroscopy
[202].

The structural evolution of a 1:1 molar ratio LiBH,:-
LiAlH, system [203] showed a multi-step reaction with a
total weight loss of 6.8 wt % of H, at 430 °C. An in situ
SR-PXD experiment showed the onset decomposition
temperature of molten LiBH, as being 50 °C less than that
of pure LiBH,. In the range 328-380 °C, the molten LiBH,
reacts with Al particles, forming an unidentified phase of
Li-B-Al-H atoms identified by MAS NMR measurements.

To keep or even increase the high storage capacity of
lightweight hydrides, however, it is necessary to use as a
reactant another hydride or several other hydrides. While
such systems, which are called reactive hydride composites
[204], show rather complex reaction pathways, they exhibit
extremely high reversible storage capacities under more or
less moderate conditions.

Many such systems are mixtures of a complex and a
metal hydride.

85 bar H,
350 °C, 2h

Fig. 10 Schematic representation of the formation of an AlB, shell around an Al particle, preventing the formation of LiAl and the reformation

of LiBH,
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One very well-known and intensively studied system is
the 2LiBH4,—MgH, system [102, 205]. It shows a reversible
hydrogen storage capacity in the range of 8-11 wt% and
rather stable cycling properties [206]. Due to the lowered
amount of reaction enthalpy, which accounts to
40-50 kJ/mol H, [102, 207] during hydrogenation, much
less heat is produced if compared with both LiBH, and
MgH,, and dehydrogenation is possible at temperature and
pressure conditions that are not suitable for dehydrogena-
tion of the single LiBH,4 [208, 209]. Nevertheless, due to
the high activation barrier for desorption, the dehydro-
genation temperature is above 350 °C for bulk material and
above 250 °C for the composite in nanoscaffolds. The ab-
and desorption properties can be improved by the addition
of some mol% of transition metal compounds, which in
many cases form very small boride nanoparticles during
the ball milling and/or heating processes [210]. These
boride nanoparticles very likely act as heterogeneous
nucleation sites for the MgB, phase during desorption and
therefore lead to a much finer phase distribution in the
system and much better kinetics and cycling stability [211].

In the ideal case of the so-called “mutually destabi-
lized” reactive hydride composites, however, both the
components of the reactive hydride composites destabilize
each other at the same time. In this case, the dehydro-
genation temperature of the composite should be lower
than that of the less stable component. LiBH,—CaH, [212-
214], LiBH4—CeH,,, [215, 216], LiBH4,~YHj; [217] and
the Mg(NH,),-LiH [218] systems are known examples of
these mutually destabilized RHCs. The main thermody-
namic driving force to decrease the dehydrogenation tem-
perature of them is the formation of more
stable dehydrogenation products such as metal borides
(CaBg, CeBg and YB,) or mixed imide (Li,Mg(NH),).

The first discovered reactive hydride composites are
amide-hydride systems [219], among which the
Mg(NH,),—2LiH composite possesses some very attractive
features, e.g. ca. 5.5 wt% hydrogen content [218, 220-222]
~40 kJ (m01H2)71 heat of desorption, theoretically
allowing the release of 0.1 MPa hydrogen at ca. 353 K and
good reversibility. The research efforts in the past few
years have focused on kinetic and thermodynamic
improvements to this composite through the introduction of
effective additives. As shown in Fig. 2, the addition of
1.5 mol% triphenyl phosphate (TPP) leads to a ca. 15 K
decrease in the hydrogen desorption peak temperature,
which was ascribed to the TPP being able to prevent the
material from aggregation/crystallization during the
cycling tests [223]. Mixing 3 mol% KH with the material
results in an even more pronounced kinetic improvement,
i.e. a ca. 50 K peak temperature drop [224, 225]. Infor-
mation derived from designed experiments and spectro-
scopic characterization indicates that KH actively

participates in dehydrogenation by interacting with
Mg(NH,), and the intermediate LiNH,, forming K,.
Mg(NH,), and Li;K(NH,)4. Those K-containing species
likely transform circularly in the dehydrogenation
[KH <~ K,Mg(NH,), < KLi3(NH,)4] that creates a more
energy favourable pathway. The necessity for further
kinetic enhancement, however, depends on the improve-
ment of the thermodynamic properties of this composite to
allow 0.1 MPa equilibrium desorption pressure at lower
temperatures, especially in the ambient temperature range.
Hu et al. [226] reported that the addition of 10 mol%
LiBH, to the Mg(NH,),—2LiH composite reduced the heat
of dehydrogenation from 39 to 36.5 kJ (molH,)~'. The
addition of a few molar per cent of LiBr also leads to a
reduced heat of hydrogen desorption [227]. More recently,
a strategy in improving the thermodynamic properties by
forming a more stable intermediate has been developed. By
introducing stoichiometric amounts of Lil, LiBr or LiBH,
to the composite, hydrogen release at 0.1 MPa equilibrium
pressure is thermodynamically allowed at 333, 320 or
337 K, respectively, which are tens of degrees Celsius
lower than the neat composite [228] (see Fig. 11).
Although the efforts above are encouraging in bringing this
composite material a step closer to the practical applica-
tion, the gap between thermodynamic and kinetic temper-
atures is still a pending subject for further investigation.

Another example for RHCs is the LiBH,—Ca(BH,),
system, where both the components are high-capacity
complex hydrides and the theoretical maximum reversible
hydrogen storage capacity is 12.8 wt%, which is the height
capacity among known RHC systems [71, 229].

Other examples of mutual destabilization systems con-
taining two different complex metal hydrides may include
the LiBH,~Y(BH,); [230] and LiBH,—Mg(BH,), systems
[72]. However, it is still not clear whether there is clear
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Fig. 11 Hydrogen desorption property of the Mg(NH,),—2LiH
composite optimized with different additives
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evidence supporting the direct destabilizing reaction
between LiBH, and the other metal borohydrides, as they
can also form stable metal borides by themselves without
any reaction with LiBH,.

There are a number of issues to be addressed on the
RHGCs, including the mutually destabilizing systems. The
first and the most complicated one is the dehydrogenation
reaction path under the given thermodynamic conditions.
We tend to describe only the overall reaction, which, in
most cases, is too simplified to represent the actual reaction
occurring. Quite often, more than two closely competing
dehydrogenation reactions can proceed almost simultane-
ously, particularly when the thermodynamic conditions
under which the dehydrogenation reaction being undergone
is continuously changing. The observation of different
types of closo-boranes during or after the dehydrogenation
reaction of the RHCs, including borohydrides, is a good
example. These mostly amorphous higher borane by-
products are quite stable thermodynamically, and they
seem to be more difficult to rehydrogenate than the com-
peting metal borides. Another issue is the influence of the
hydrogen back/partial pressure on the formation of the
dodecaboranes instead of metal borides [231-233]. When
the dehydrogenation reaction occurs below a critical
hydrogen partial pressure at a given temperature, it tends to
form dodecaborane, which seems not to readily react with
the metal hydrides to form metal borides. All these factors
not only change the dehydrogenation reaction paths but
also significantly control the degree of reversibility and
cycle properties. Without a clear understanding of the role
of these thermodynamic parameters in both the dehydro-
genation and rehydrogenation reactions, it would be very
difficult to control the reactions to increase the reversible
storage capacity as well as the cycle performance for
practical applications. Other issues include the seemingly
inherent slow reaction kinetics between different phases in
the composites. However, this problem can be dealt with
by adopting effective catalytic additives together with
microstructure control methods such as nanostructuring or
nanoconfinement [229].

Although the dehydrogenation temperatures of the
RHCs are lower than those of the individual hydrides, a
further decrease in dehydrogenation temperature down to
around 100 °C has not yet been experimentally observed,
even though there are a couple of RHCs with predicted or
extrapolated values of the equilibrium dehydrogenation
temperatures below 100 °C [193, 234]. One possible way
to realize this challenging goal is to combine high-capacity
(complex) metal hydrides with a third element/compound
that may promote the formation of even more stable dehy-
drogenation products with a reaction enthalpy preferably
below 35 kJ/molH,.

@ Springer

8 Liquid hydrides

Liquid hydrides have long been considered for vehicular
applications given the practicality of transport within the
existing infrastructure [235, 236]. An early approach uti-
lized in Chrysler’s “Natrium” relied on the exothermic
release of H, from aqueous solutions of NaBH,. While this
approach did not require additional heat to release H,, it
does face three significant challenges that limit practical
application: (1) aqueous solutions of NaBH, are not ther-
mally stable and require caustic stabilizers; (2) the
hydrolysis products are less soluble than NaBH, and pre-
cipitate in the reactor; and (3) regeneration of NaBH,
requires costly off-board chemical reduction. Work on the
development of more stable borohydrides followed; for
example, Xu [237] investigated the properties of aqueous
ammonia borane and found this to be significantly more
stable than NaBH,. Another material with greater stability
is NaB3Hg, synthesized and investigated by Shore [238].
Schubert [239] noted that the NaB3;Hg provided the added
advantage of greater solubility of both the starting material
and the products, in part due to the formation of a mixture
of products upon H, release.

Organic liquids, as opposed to aqueous solutions, have
also been extensively investigated as liquid hydrogen car-
riers. Computational screening studies of cyclic endother-
mic hydrides showed that inclusion of heteroatoms, e.g. N
or O, promotes hydrogen release at significantly lower
temperatures [240]. Liu [241] incorporated an aminoborane
function into a cyclic hydrocarbon to produce C-B-N
compounds with significantly enhanced thermal stability.
The liquid CBN materials could also be used to dissolve
hydrogen-rich materials such as ammonia borane to pro-
vide an even higher density of hydrogen. This approach
had two additional advantages: faster rates of H, release
and the formation of eutectic product mixtures that reduce
the melting point to provide a greater temperature range
where the materials remain liquid [242].

The challenges still facing liquid carriers include effi-
cient regeneration, development of heterogeneous catalysts
and minimizing the gas/solid/liquid interface when large
quantities of H, are released. Jensen [243] has initiated an
approach using homogeneous catalysts to circumvent this
latter issue. The catalysts under consideration are suffi-
ciently active and low cost to enable H, release at mod-
erate temperatures to provide the optimum onboard
efficiency.

Liquid compounds based on metal borohydrides have
also been developed. For the p-element complex hydrides,
the existence of the liquid aluminium tetrahydroborate
Al(BHy); is known. This compound is very difficult to
handle (instable and explosive in contact with air);
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however, other p-element complex hydrides are possibly
liquid at room temperature. Very little experimental
information about the physical properties (especially ther-
modynamic properties, e.g. stability) is available in the
literature for the complex hydrides [239, 244]. Only a few
compounds benefiting from their large production are used
in chemical processes and have been investigated in more
detail (e.g. LiBH4, NaBH,). Empirical relationships
between the decomposition/melting temperature and the
electronegativity of the constituting ions have been
developed. These empirical relationships are useful tools
for deducing properties of complex hydrides that are not
fully characterized and have allowed for identification of
potentially liquid hydrides among the p-element complex
hydrides (e.g. tetrahydroborates of Be, Ti, V, Cr, Mn, Zn or
tetrahydroalanates of Mg or Y). These elements need to
now be synthesized and subsequently characterized in
order to confirm their potential for hydrogen storage. Three
somehow new families of hydrides potentially interesting
for hydrogen storage, the alkyl complex hydride, the triple
complex hydrides and the hydrido tetrahydroborates, have
been identified. Alkyl complex hydrides [245] such as
MeAl(BH,),, GaMe,(BH,), LiBHEt; and NaAIH,(OCH,.
CH,0OCH3;), are compounds that are liquid or viscous at
ambient conditions, with a very high gravimetric density in
the case of MeAI(BH,), (11.2 mass % without considering
the hydrogen of the methyl Me). Triple complex hydrides
[246] such as LiAlH4;BHj;, LiAlH4(BH3), and LiGaH4(-
BH3), have low decomposition temperatures (in the range
of 60 to 200 °C) and very high gravimetric densities (in the
range of 10.6 to 15.4 mass%). Triple complex hydrides are
in fact double complex hydrides stabilized by adding a
third compound or atom group.

The unstable and difficult to handle AI(BH,); is stabi-
lized by the addition of lithium chloride, creating
LiAIH;CI(BH3)3, which is easy to handle. Al(BH,); con-
tained in the triple complex hydride can be desorbed (with
an efficiency of 98 %) by heating over 100 °C (subse-
quently, the liberation of hydrogen of the Al(BH,4); occurs
only at around 125 °C); moreover, the addition of lithium
chloride for the stabilization has been claimed to be
reversible. Hydrido tetrahydroborates [247] contain in
particular HA1(BH,),, which is viscous and non-volatile at
room conditions, with a very high hydrogen content of
15.7 wt%. Further experimental and theoretical research on
the stability and the reversibility of these new materials is
needed as well as a deeper characterization of their phys-
ical properties (thermal and electronic/structural). This will
lead to accurate models of stability, allowing the finding,
the choice and possibly the tailoring of new, very efficient
compounds for mobile hydrogen storage.

9 Conclusions

Recent achievements of the workgroup “Complex and
liquid hydrides” of the International Energy Agency (IEA)
Task 32 “H,-Based Energy Storage” were presented.

Specifically, we discussed the physical and chemical
properties of complex hydrides, as a candidate for hydro-
gen storage materials. Different challenges related to
complex hydrides were addressed: their synthesis, showing
routes for the production of novel metal borohydrides; their
thermodynamic stability, presenting theoretical and
empirical models to predict their thermodynamic proper-
ties; their reaction mechanism, analysing the effect of
additives to the hydrogen sorption reactions and of
nanoconfinement; their development, combining different
complexes to form reactive composite hydrides; and their
peculiarities, illustrating an interesting call of materials,
liquid at room temperature.

The work of this task represents the combination of
expertise and technology and the presented overview rep-
resents the state-of-the-art research on energy storage in
complex and liquid hydrides.
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