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a b s t r a c t

The world is facing energy shortage and has become increasingly depending on new methods to store and
convert energy for new, environmentally friendly methods of transportation and electrical energy gener-
ation as well as for portable electronics. Mobility – the transport of people and goods – is a socioeconomic
reality that will surely increase in the coming years. Non-renewable fossil fuels are projected to decline
sharply after 20–30 years. CO2 emission from burning such fuels is the main cause for global warming.
Currently whole world is seeking international commitment to cut emissions of greenhouse gases by
60% by 2050. Hydrogen which can be produced with little or no harmful emissions has been projected
as a long term solution for a secure energy future. Increasing application of hydrogen energy is the only
way forward to meet the objectives of Department of Energy (DOE), USA, i.e. reducing green house gases,
increasing energy security and strengthening the developing countries economy. Any transition from a
carbon-based/fossil fuel energy system to a hydrogen based economy involves overcoming significant
scientific, technological and socio-economic barriers before ultimate implementation of hydrogen as the
clean energy source of the future. Lot of research is going on in the world to find commercially viable
solutions for hydrogen production, storage, and utilization, but hydrogen storage is very challenging, as
application part of hydrogen energy totally depend on this. During early nineties and now also hydrogen
storage as gas, liquid and metal hydride has been undertaken to solve the problem of hydrogen storage
and transportation for the utilization as hydrogen energy, but none of these roots could became commer-
cially viable along with the safety aspects for gas and liquid. With the result many new novel materials
appeared involving different principles resulting in a fairly complex situation with no correlation between
any two materials. In the present review article the fundamental understanding of the physical, chemical
and structural properties of light weight hydride materials, e.g. Alanates, Borohydrides, Amide Borohy-
drides, Amide-Imide system, Amineborane and Alane for hydrogen storage has been presented. Lot of

details of these materials has been incorporated such as synthesis, crystal structure, thermodynamics
and kinetics of hydrogenation–dehydrogenation processes, reversibility and hydrogen storage capacity

has been presented.

© 2010 Elsevier B.V. All rights reserved.
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. Introduction

Today the world is facing one of the most serious problems of
epleting sources of conventional energy such as fossil fuels (coal,
atural gas and petroleum) which when used results in lot of prob-

ems, e.g. global warming, acid rains, climate change and pollution,
hich are degrading our environment resulting in the poor quality

f life on this planet. There is constant search of alternate fuel to
olve energy shortage which can provide us energy without pol-
ution. Hence most frequently discussed source is hydrogen which

hen burnt in air produces a clean form of energy. The interest in
ydrogen as energy of the future is due to it being a clean energy,

ost abundant element in the universe, the lightest fuel, richest in

nergy per unit mass and unlike electricity, it can be easily stored.
Hydrogen gas is now considered to be the most promising fuel

f the future for various applications, e.g. it can generate electric-
ty, useful in cooking food, fuel for automobiles, hydrogen powered
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 336

industries, jet planes, hydrogen village and for all our domestic
energy requirements. Hydrogen as a fuel has already found appli-
cations in experimental cars and all the major car companies are
in competition to build a commercial car and most probably they
may market hydrogen fuel automobiles in near future. Hydrogen
is already being used as the fuel of choice for space programmes
around the world. It will be used to power aerospace transports to
build the international space station, as well as to provide electricity
and portable water for its inhabitants.

Hydrogen is the simplest and lightest element of our universe
with only one proton and one electron [1], not available as element
but in the form of compounds such as water needed for survival of
304 I.P. Jain et al. / Journal of Alloys and Compounds 503 (2010) 303–339
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human beings and hydrocarbons being used as a fuel today. Hydro-
gen has potential to solve fuel needs having three times higher
energy efficient compared to petroleum. The interest in hydrogen
as an energy alternative was initiated in the late 1960s [2] and has
grown more and more in the 1990s [3]. There have been tremen-
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Table 1
Crystal structure and hydrogenation/dehydrogenation properties of alanates.

S. no. Materials and their
formation/dissociation
reaction

Crystal structure; space
group; lattice parameters
(Å)

Hydrogen
capacity (wt%)

Dehydrogenation
temperature (◦C)

Dissociation enthalpy
(kJ mol−1 H2)

Ref.

1. NaAlH4 Tetragonal; I41/a,
a = 4.9802, c = 11.1482

5.6 210–220 (1st step); >250
(2nd step)

37 (1st step); 47 (2nd step) [33,41,48]

Na + Al +
2H2

T<270−280 ◦C; P>175 bar−→ NaAlH4

NaAlH4 ⇔
1
3 Na3AlH6 + 2

3 Al + H2
1
3 Na3AlH6 ⇔
NaH + Al + 1

2 H2

2. LiAlH4 Monoclinic; P21/C 7.9 160–180 (1st step); −10 (1st step); 25 (2nd
step)

[74,77,89]

LiH + Al + 3
2 H2 → LiAlH4 a = 4.8254 180–220 (2nd step)

3LiAlH4 →
Li3AlH6 + 2Al + 3H2

b = 7.8040,

Li3AlH6 → 3LiH + Al + 3
2 H2 c = 7.8968

3LiH + 3Al → 3LiAl + 3
2 H2

3. Mg(AlH4)2 Trigonal; P3m1 9.3 110–200 (1st step); 41 (1st step); 76 (2nd step) [23,102,108,110]
2NaAlH4 + MgCl2 →
Mg(AlH4)2 + 2NaCl

a = 5.1949, 240–380 (2nd step)

Mg(AlH4)2 →
MgH2 + 2Al + 3H2

c = 5.8537

MgH2 → Mg + H2

4. KAlH4 Orthorhombic; Pnma 5.7 300 (1st step) 55 (1st step); 70 (2nd step) [115,118,119]
KH +
Al

T=270 ◦C; P>175 bar−→ KAlH4

a = 9.009 340 (2nd step)

3KAlH4 →
K3AlH6 + 2Al + 3H2

b = 5.767 380 (3rd step)

K3AlH6 → 3KH + Al + 3
2 H2 c = 7.399

3KH → 3K + 3
2 H2

5. Ca(AlH4)2 Monoclinic; P21/n 5.9 127 (1st step) −7 (1st step); 28 (2nd step) [123,126,130,132,133]
4CaH2 +
2AlCl3

THF−→Ca(AlH4)2 +
3CaCl2

a = 8.267 250 (2nd step)

CaCl2 + 2NaAlH4 →
Ca(AlH4)2 + 2NaCl

b = 10.477

Ca(AlH4)2 →
CaAlH5 + Al + 3

2 H2

c = 14.677

CaAlH5 → CaH2 + Al + 3
2 H2

6. Na2LiAlH6 Cubic; Fm3m 3.2 245 53.5 ± 1.2 [135,137,139]
2NaAlH4 + 2LiH →
Na2LiAlH6 + LiAlH4

a = 7.38484

Na2LiAlH6 →
2NaH + LiH + Al + 3

2 H2

7. K2NaAlH6 Cubic; Fm3m 2.8 325 98 [144]
NaAlH4 + 2KH →
K2NaAlH6

a = 8.118
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ous efforts to produce it on a large scale [4]. However, there are still
any problems to implement hydrogen economy in daily life, out of
hich hydrogen storage is major bottleneck. High pressure storage

5] and cryo-storage [6] are not suitable way for practical vehicular
pplication due to their low energy density and also due to safety
easons associated with them. Due to these reasons tremendous
fforts have been made to search solid materials which can hold
ydrogen reversibly. As a target given by DOE, USA, a solid hydrogen
torage material should have few commandments [7] such as: (i)
torage capacity to be at least 6.5 wt%, (ii) desorption temperature
o be 60–120 ◦C, (iii) low cost and (iv) low toxicity.

Metal hydrides [8–13], carbon materials [14–16], activated
harcoal [17,18] have been tested to fulfill above requirements but
nfortunately none of them could show satisfactory performance
or commercial vehicular application. Recently, complex hydrides
ffered a possibility to design a potential hydrogen storage system
ue to their light weight and number of atoms per metal atom.
omplex hydride is termed as a group of materials which are com-
ination of hydrogen and group 1, 2, 3 light metals, e.g. Li, Na, B and
l [19]. Typical complex hydrides include alanates, borohydrides,
mides, imides, alane etc. To optimize a material for hydrogen
torage one should have knowledge of their structural, thermo-
ynamical and kinetics of hydrogenation properties. This review
resents an up-to-date summary of all the complex hydrides one
y one.

. Alanates

The term ‘alanate’ also known as ‘aluminohydrides’ refers to
family of compounds consisting of hydrogen and aluminum.

aAlH4 is the most popular material of this family. With the
earch of reversibility of NaAlH4 by Bogdanovic et al. [20], a lot
f methods of preparation have been developed to prepare these
luminohydrides and to study their structural and thermodynam-
cal properties [21,22]. The attractive feature of alanates is related
o their easy accessibility. While sodium and lithium alanates are
ommercially available, magnesium alanate can be easily synthe-
ized from sodium alanate and MgH2 via a metathesis reaction
23]. Potassium alanate can also be formed from potassium hydride
nd aluminium under high pressure and temperature [24]. In this
ection we will explore the structural, and hydrogenation prop-
rties and the recent progress for different alanates. Important
arameters, viz. crystal structure, hydrogen capacity, dissociation
emperature and enthalpy of alanates are summarized in Table 1.

.1. Sodium alanate

.1.1. Formation and structure
Sodium alanate was first synthesized in the mid 1950s by Fin-

olt et al. [25]. A direct synthesis of NaAlH4 from sodium hydride,
luminium and hydrogen under pressure in various solvents came
nto picture in the early sixties [26–28]. The above reaction from
lements in the absence of solvents was described by Dymova et
l. [24] later on:

a + Al + 2H2
T<270−280 ◦C, P>175 bar−→ NaAlH4 (1)

Zaluski et al. [29] has introduced a new method, mechanochem-
cal synthesis for the formation of various complex hydrides, which
s a combined process of chemical reaction that occurs during
echanical treatment of the reagents.
In the revolutionary work of Bogdanovic [20], NaAlH4 was for

he 1st time doped with Ti by a suspension of NaAlH4 in �-
iCl3/ether and Ti(OBu)4/ether. The ether was evaporated and the
roduct was dried until a constant weight was reached.
mpounds 503 (2010) 303–339

Wang et al. established an alternative method for the doping of
the Ti precursor by direct milling of NaH and Al with few mole per-
cent of off the shelf Ti powder [30]. They claimed superiority of this
method over the other methods in terms of kinetics enhancement
of the dehydrogenation of Ti doped NaAlH4.

Kang et al. presented a novel two step doping method by first
milling Ti with NaH and then milled again after adding Al powder
[31]. They found very stable hydrogen capacity and dehydriding
kinetics, which was attributed to an optimized dispersion of Ti
hydride particles in the NaH/Al matrix.

Thus, on the basis of existing literature one can classify the
preparation methods of metal doped NaAlH4 in three categories
as classified by Bogdanovic et al. [32]:

1. Ball milling or wet chemical reaction of pre-synthesized NaAlH4
with dopants [33–35].

2. Direct synthesis by ball milling or wet chemical reaction of a
mixture of NaH/Al powder and dopants and then hydrogenation
of the doped mixture [36–38].

3. One-step direct synthesis by ball milling of a mixture of NaH/Al
powder and dopants under hydrogen pressure [39].

The crystal structure of NaAlH4 was first discussed by Lauher et
al. [40] using single crystal X-ray diffraction in 1979. The structure
was suggested to be tetragonal with space group I41/a consisting of
isolated [AlH4]− tetrahedra. A ball and stick model of structure was
presented recently by Ma et al. (Fig. 1a) [41]. Sodium atoms are
surrounded by eight nearest [AlH4]− tetrahedra (Fig. 1b) with an
Al–H bond length of 1.532(7) Å which was found to be inconsistent
with the IR data. So another effort was made using a singly crys-
tal and a more realistic bond length, i.e. 1.61(4) Å was calculated
[42]. To calculate the coordinates of hydrogen atoms more accu-
rately, a neutron diffraction study was performed on the deuterated
compound i.e. NaAlD4 at 8 and 295 K [43]. It was found that no sig-
nificant change in the Al–D bond length occurred with the change
in temperature and it was found to be 1.627(2) Å and 1.626(2) Å at
8 and 295 K, respectively. The two Na–D bond lengths were found
to be equal, i.e. 2.403(2) Å and 2.405(2) Å at 8 K and 2.431(2) Å and
2.439(2) Å at 295 K. The shortest distance (Al–Al) was found to be
3.737(1) Å and 3.779(1) Å at 8 and 295 K, respectively. The angles
of the [AlD4] tetrahedron were distorted and equal to 107.32◦ and
113.86◦.

Gross et al. [44] performed in-situ XRD during the decom-
position of NaAlH4 in order to understand the phase transition
and crystal structure modifications and proposed a very simple
schematic representation of restructuring of system as shown in
Fig. 2.

The transformation can be achieved by removing one Al and
3H’s from two out of every AlH4+ complexes in the double columns
at the surface. Filling the vacancy left by the Al atom by a Na
atom closest to it, will reproduce the Na3AlH6 structure in the
1st monolayer at the surface. For this structural change to prop-
agate into the bulk, the remaining Al and 3H’s at the surface must
be removed and be replaced by an Al and 3H’s from the AlH4+

complex in the column behind it. Several other techniques have
also been employed for the characterization of sodium alanate
[45].

2.1.2. Thermodynamics and hydrogenation properties
The thermodynamics of dehydrogenation of undoped NaAlH4

was first studied by Dymova and Bakum [46] in 1969 followed by

a detailed TGA and DSC study made by Claudy et al. [47], the ther-
modynamics of metal doped NaAlH4 was made by Bogdanovic et
al. [33]. In the work of Claudy it is found that in addition to the two
steps seen in equations (2) and (3), melting of the NaAlH4 occurs
and a conversion of monoclinic, �-Na3AlH6 into cubic �-Na3AlH6
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Fig. 1. (a) Equilibrium structure of NaAlH4 and (b) each Na atom is connected to
eight [AlD4]− tetrahedra in a distorted square antiprism [Reprinted from Ref. [41,43]
with permission from Elsevier].

Fig. 2. A schematic representation of a possible mechanism for the crystal structure trans
Elsevier].
Fig. 3. Enthalpy values (kJ/mol) determined for the processes occurring during the
uncatalyzed dehydriding of 1 mole of NaAlH4 [reprinted from Ref. [55] with kind
permission from Springer Science].

is taking place. The enthalpies of all the phases are summarized in
Fig. 3.

The experimentally determined enthalpies for the 1st and 2nd
dissociation step of Ti doped NaAlH4 was found by Bogdanovic et al.
[33] to be 37 and 47 kJ/mol, respectively. They also have observed
a cooperative synergetic catalytic effect of the combined dopants
Ti and Fe, under a constant storage capacity of 4 wt%.

The theoretical reversible storage capacity of NaAlH4 is about
5.5 wt%, although in practice only 5 wt% could be achieved so

far. It has been shown that the thermal dissociation of NaAlH4
occurs in two steps: the first step proceeds with the dissocia-
tion of NaAlH4 into Na3AlH6, Al and hydrogen and in the second
step Na3AlH6 decomposes into NaH, Al, and hydrogen at relatively
higher temperature. Ashby and Kobetz, [48,49] and Dymova et al.

formation of NaAlH4 to �-Na3AlH6 [Reprinted from Ref. [44] with permission from
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50] proposed the above two steps as:

aAlH4 ⇔ 1
3

Na3AlH6 + 2
3

Al + H2 (2)

1
3

Na3AlH6 ⇔ NaH + Al + 1
2

H2 (3)

The NaH formed in eq. (3) can also dissociate to evolute the
emaining hydrogen, which would increase the total capacity of the
aAlH4 system upto 7.4 wt%, but this reaction occurs only at tem-
eratures higher than 450 ◦C, thus being impractical for onboard
torage. The equilibrium pressure calculated from the enthalpy
alues, 37 kJ mol−1 H2 and 47 kJ mol−1 H2 for the first and sec-
nd step respectively, were found to be 1 bar for the first step at
0 ◦C and 1 bar for the second step at 100 ◦C [33]. However, the
inetics of both reactions are very slow for practical applications.
shby and Kobetz [48] reported that 3.7 wt% hydrogen correspond-

ng to the first step could be released in 3 h at 210–220 ◦C and the
econd step occurs at temperatures higher than 250 ◦C. The con-
ition becomes worst if we talk about re-hydrogenation of this
aterial. Complete conversion to NaAlH4 was achieved by Dymova

t al. [24] under 17.5 MPa hydrogen pressure at 270 ◦C for 3 h. In
act, until the work of Bogdanovic et al. [20,51] it was believed
hat NaAlH4 is not reversible under practical conditions. In 1997,
hey first reported [20] the drastic reduction of 50 ◦C in the dis-
ociation temperature by introducing a small amount of titanium
nd NaAlH4 could decompose at only 150 ◦C. Not only dissocia-
ion but the re-hydrogenation of this material was also affected
y this doping and conversion to NaAlH4 could be achieved at
70 ◦C under 15.2 MPa. Although this study opened a pathway for
he onboard storage, the kinetics of these materials was still not
ast enough for practical applications. The capacity was also found
o have decreased with the number of cycles. A number of stud-
es employing different catalysts have been undertaken after this
iscovery.

While extensive efforts were being done all over, a systematic
tudy of the effect of the TiCl3 catalyst level on the hydrogenation
roperties of NaAlH4 system was presented by Sandrock et al [35].
lthough all these studies showed that TiCl3 is the most potent cat-
lyst, Anton [52] studied the effect of number of catalyst, i.e. AgCl,
dCl, CeCl3, CrCl3, CuCl, FeCl2, FeCl3, etc., to observe the primary
actor behind the catalysis process. It is concluded in this work that
he cation radius is the most important factor affecting the dehy-
rogenation process. Cations with ionic radii in the range of 0.76 Å,
he midpoint between the ionic radii of Al3+ and Na+, were most
ctive. A new mechanism for the dissociation of NaAlH4 was pro-
osed by Walters et al. [53]. According to them thermally activated
aAlH4 initially produce NaH and the alane AlH3. This alane plays
major role in both the decomposition and the reformation mech-
nisms rely on its mobility and sorption characteristics. Moreover,
ince the alane is intimately associated with the bulk aluminium
urface, the role of titanium as a catalyst centres on the formation
f titanium–aluminium alloys that facilitate the alane formation
nd sorption dynamics for both decomposition and reformation
echanism. The puzzling behaviours of sodium alanates appear to

ort themselves along these mechanistic arguments. The effect of
ifferent dopants based on the same cation on the kinetics, when
sing the same method of preparation, has been shown by Schuth
t al. [54], who made a comparison between the three dopants Ti,
iCl3, Ti(OC4H9)2 and found differences of more than a factor of ten,
s shown in Fig. 4.
Zidan et al. [34] found a significant enhancement in the hydro-
enation properties using zirconium doping, which is found to
e inferior to titanium for the first step while it is superior to
itanium for 2nd reaction. The recyclable capacity of hydrogen
bsorption/desorption is found to be larger than 4 wt%.
Fig. 4. Rehydrogenation curves for NaAlH4 doped with different doping agents via
ball milling [reproduced from Ref. [54] by permission of The Royal Society of Chem-
istry].

Bogdanovic et al. [32] has extended the one step direct synthe-
sis method from TiCl3 to ScCl3 and CeCl3, and they found superior
cycling properties and outstanding kinetics.

Except these, a number of other catalyst has been studied so
far for the improvement of NaAlH4 such as Al3Ti, ScCl3, CeCl3,
PrCl3, Mm, VCl3, HfCl4 [55–65]. Blomquist et al. [59] studied the
effect of 3d metal substitution on the dehydrogenation energetic
of NaAlH4 by using the supercell electronic structure and gra-
dient corrected density functional theory and concluded that Cr
and Fe are much more effective than Ti for hydrogen desorption
[59].

A very systematic study of the effect of individual, binary and
ternary combination of TiCl3, FeCl3, and ZrCl4 on the dehydrogena-
tion kinetics has been made by Wang et al. [66]. They found that
the effect of Ti, Zr and Fe as co-dopants on the second decompo-
sition reaction were not as pronounced as their effects on the first
reaction.

A new family of catalyst was introduced when Lee et al. [67]
studied the dehydrogenation properties of La2O3 doped NaAlH4.
They found remarkable improvement in the hydrogen kinetics
compare to undoped NaAlH4.

The efforts made to make NaAlH4 a more practical carbon mate-
rial have also lead to other positive effects, namely to enhance the
kinetics and also to maintain the storage capacity. Zaluska et al. [68]
succeeded first in accelerating the dehydrogenation kinetics by ball
milling with the addition of carbon. Recently Pukazhselvan et al.
have shown that NaAlH4 admixed with 8 mol% CNT could recover
the storage capacity upto 4.2 wt% [69]. Increased solid–gas surface
area due to CNT was considered to be responsible for enhancing the
kinetics of the reaction. A theoretical and experimental study made
by Berseth et al. [70] explains the role of carbon nano-material as
a catalyst for NaAlH4. In this work they have shown the depen-
dence of the stability of NaAlH4 on the charge transfer from Na
to AlH4. This charge transfer promotes the formation of an ionic
bond between Na+ and AlH4

- and also a covalent bond between Al
and H. According to these authors, when NaAlH4 interacts with
an electronegative material such as carbon nanotubes, it affects
the charge donation ability of Na, thus weakening the Al–H bond
which ultimately promotes hydrogen to desorb at lower tempera-
ture.

Ball milling without any dopant or any solvent is also an impres-
sive way to enhance the kinetics and to lower the desorption
temperature. NaAlH4 ball milled for15 min releases up to 3.1 wt%
hydrogen at 160 ◦C corresponding to the 1st reaction and additional
1.9 wt% at 220 ◦C corresponds to the 2nd reaction, as shown in Fig. 5

[29]. A relationship between activation energy and particle size of
NaAlH4 was established by Balde et al. [71] who claimed a reduc-
tion in desorption activation energy from 116 kJ mol−1 for 1–10 �m
particles to 58 kJ mol−1 for 2–10 nm particles and found this value
to be lower than that of Ti catalyzed NaAlH4. In the case of absorp-
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ig. 5. Decomposition of NaAlH4 at 160 ◦C (first decomposition stage) and during
ubsequent heating to 220 ◦C (second decomposition) [Reprinted from Ref. [29] with
ermission from Elsevier].

ion, nano-NaAlH4 showed much promise by absorbing hydrogen
lready at pressures starting from only 20 bar.

.2. Lithium alanate

.2.1. Formation and structure
Lithium alanate (LiAlH4) was first synthesized by a treatment

f lithium hydride with an ether solution of aluminium chloride in
947 [72]

LiH + AlCl3
Ether−→LiAlH4 + 3LiCl (4)

But this is a costly process due to the trapping of about 75%
ithium in a deep thermodynamic well as LiCl [73]. Ashby et al. [27]
nd Clasen [28] also proposed a formation method of LiAlH4 using
iethyl ether, tetrahydrofuran and diglyme solution. While Clasen
28] used low preassure (30 bar) and temperature (308 K) condi-
ions, Ashby et al. [27] did this experiment with 350 bar pressure of
ydrogen at 393 K. Recently Wang et al. [74] proposed a five-step
hysiochemical pathway for the production of crystalline LiAlH4
rom Li3AlH6, LiH and Al. A direct synthesis of LiAlH4 from LiH and
l by a mechanochemical reaction was done by Kojima et al. [75].
hey proposed milling for 24 h under 1 MPa hydrogen pressure at
oom temperature, but the yield of LiAlH4 was very small. More
ecently, a low energy route to form LiAlH4 from LiH and Al was
emonstrated by Graetz et al. [73].

The crystal structure of LiAlH4 was first proposed by Sklar and
ost [76] by using single crystal XRD and found a monoclinic struc-
ure with space group P21/C. Each aluminium atom is surrounded
y 4 hydrogen atoms to form isolated [AlH4]− tetrahedra with Al-H
ond lengths of 1.55 Å. The lithium ion is surrounded by 5 hydro-
en atoms, four at distances between 1.88 and 2.00 Å and a fifth
ne at 2.16 Å. They suggested to perform neutron diffraction to
onfirm the slight distortion of the tetrahedra from the ideal con-
guration as seen from the individual H-Al-H angles. An accurate

tructure determination was again made by Hauback et al. [77]
sing XRD and neutron diffraction at 8 K and 295 K. According to
hese authors, the Li atoms are bonded to one deuterium atom from
ach of 5 surrounding well separated AlD4 tetrahedra and adopt
rigonal bipyramidal coordination. The distortion in the tetrahe-
Fig. 6. (a) The crystal structure of LiAlD4; AlD4 tetrahedra are linked via Li atoms
and (b) slightly distorted AlD4 tetrahedron at 8 K with the Al–D distances[Reprinted
from Ref. [77] with permission from Elsevier].

dral configuration was found to be as suggested by Sklar and Post
[76] and it increases on cooling. The Al–D distances are in the range
1.603–1.633 Å at 295 K and 1.596–1.645 Å at 8 K as shown in Fig. 6.

2.2.2. Thermodynamics and hydrogenation properties
The first report on the thermodynamic parameters, i.e. heat of

formation, was given by Davis et al. [78] who calculated the value
of heat of formation as 28.51 kcal/mole at 25 ◦C. The detailed anal-
ysis, including the free energy of formation, was discussed later
by Smith et al. [79]. A number of studies have been performed
since then on the thermodynamic properties and reversibility of the
reaction LiAlH4 ↔ Li3AlH6 ↔ LiH [80–82]. But these all are piece-
wise and provide very limited information. Recently, Jang et al.
have performed a systematic empirical thermodynamic calcula-
tion [83] using existing experimental data by means of which they
calculated enthalpy and Gibb’s energy expressions for the hydride
phases LiAlH4, Li3AlH6 and LiH. They concluded from this study
that more than 103 bar of hydrogen pressure is necessary to induce

the hydrogen absorption reaction of Li3AlH6 ↔ LiAlH4 above room
temperature, and so it is not possible for a reversible reaction
between Li3AlH6 and LiAlH4 to occur under practical conditions.

Garner and Haycock [84] were the first who investigated the
isothermal decomposition of LiAlH4. They proposed a 3-stage reac-
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ion consisting of a rapid initial evolution of gas amounting to less
han 1% of the ultimate hydrogen evolved, an accelerating reaction
orresponding to the formal equation

iAlH4 → LiAlH2 + H2, (5)

nd a slow final step represented formally by

iAlH2 → LiH + Al + 1
2

H2 (6)

Mikherva et al. [85] investigated the same reactions using
ifferential thermal analysis with simultaneous collection and
easurement of the evolved hydrogen. They reported three

ndothermic maxima in their thermograms, corresponding to the
volution of half of the theoretical hydrogen at 154–160 ◦C, one
uarter at 197–227 ◦C and the remaining quarter at 580–586 ◦C.
hese findings were confirmed in another work of Block and Gray
86] where they re-examined the same reactions with DSC tech-
ique. The phase transition was found the same as reported in
revious reports, but the results are at little at variance in sev-
ral aspects. The study of Maycook and coworkers [87] verified the
esults of Block and Gray but they did not discuss anything about
he nature of LiAlH2.

The above findings become contradictory with the proposal
f Mikheeva and Arkhipov [88] who discuss the stoichiometry of
quation (5) in a different way with the formation of Li3AlH6, a
omplex hydride reported by Ehrlich et al. [89]. They confirmed
hese results by XRD studies and so the reactions become changed
s follows:

LiAlH4 → Li3AlH6 + 2Al + 3H2 (7)

i3AlH6 → 3LiH + Al + 3
2

H2 (8)

LiH + 3Al → 3LiAl + 3
2

H2 (9)

The first dehydrogenation process of equation (7) occurs
xothermically with �H = −10 kJ/mol H2 at 160–180 ◦C evoluting
.3 wt% of H2. The second reaction (equation (8)) occurs endother-
ically with �H = 25 kJ/mol H2 at 180–220 ◦C with 2.6 wt% of H2

volution. Finally the third reaction (equation (9)) is completed at
uch higher temperature around at 400 ◦C with an enthalpy of

40 kJ/mol H2 and thus is impractical for onboard storage.
Due to the thermodynamic restrictions, this material did not

raw much attention until the discovery of Bogdanovic et al. [20]
egarding the reversibility of NaAlH4 using Ti catalyst. In 2000,
alema et al. reported that LiAlH4 can be easily transformed into

ithium hexahydroaluminate (Li3AlH6), Al and H2 in the pres-
nce of a catalytic amount of metallic iron or TiCl4 [90–92]. They
emonstrated that the high catalytic activity of TiCl4 is due to the
ormation of a nano- or microcrystalline Al3Ti phase formed from
iCl4 and LiAlH4 during milling [92]. It was later shown by Chen
t al. [81] that it is possible to achieve reversibility in Li3AlH6 by
ddition of Ti; but they did not find the same effect in LiAlH4. Resan
t al. [93] reported that the addition of TiCl3 and TiCl4 to LiAlH4
liminates the 1st step of hydrogen evolution and lowers the des-
rption temperature of the second step. In the same work they have
hown the effect of various catalysts such as Ti, TiH2, AlCl2, elemen-
al iron, elemental nickel, elemental vanadium, and carbon black
nd concluded that these catalysts caused only a slight decrease in
he amount of hydrogen released and did not lead to the disappear-
nce of the 1st step of hydrogen evolution. The study of Blanchard et
l. [94] showed that ball milling of LiAlD4 and VCl3 or TiCl3·1/3AlCl3

educed the decomposition temperature by 50–60 ◦C. Zheng et al.
95] showed that Ce(SO4)2 and LaCl3 doping decreased the decom-
osition temperature by about 30 ◦C. Kojima et al. [96] doped LiAlH4
ith 5 wt% of nano-Ni by ball milling and concluded that the effect

f Ni as a catalyst is improved with decrease in particle size. Sun
mpounds 503 (2010) 303–339

et al. [97] showed further improvement in the dehydrogenation
properties by taking NiCl2 as a catalyst in place of Ni and found a
reduction of 50 ◦C in the decomposition temperature. By having a
look on the equations it can be understood that the hydrogenation
of Li3AlH6 → LiAlH4 is an endothermic reaction with 9 kJ/mol H2,
i.e. it is a non-spontaneous process and so direct hydrogenation
can not be done. But the formation of Li3AlH6 from LiH and Al is
exothermic and hydrogenation be done under high pressure.

2.3. Magnesium alanate

2.3.1. Formation and structure
Wiberg and Bauer [98–100] were the first who reported a dif-

ferent method of preparation of magnesium alanate based on the
following equations:

4MgH2 + 2AlCl3
Diethyl Ether−→ Mg(AlH4)2 + 3MgCl2 (10)

MgH2 + 2AlH3
Diethyl Ether−→ Mg(AlH4)2 (11)

2LiAlH4 + MgBr2
Diethyl Ether−→ Mg(AlH4)2 + 2LiBr (12)

Later on, Hertwig [101] proposed another reaction to form
Mg(AlH4)2 which is based on hydrogenolysis of Grignard’s reagent
in diethyl ether followed by aluminium chloride in the reaction
product. Afterwards a report [102] came into picture by the reac-
tion of NaAlH4 and MgCl2 in diethyl ether, but the properties of
Mg(AlH4)2 were different from those in previous reports. Plesek
and Hermanek [103] confirmed the possibility of the above reac-
tion.

NaAlH4 + MgCl2
THF−→ClMgAlH4 + NaCl (13)

ClMgAlH4 + NaAlH4
THF−→Mg(AlH4)2 + NaCl (14)

So the reaction is completed in two step; first the formation
of soluble ClMgAlH4 and then the insoluble Mg(AlH4)2. This reac-
tion was repeated in more generalized form by Ashby et al. [104]
and they found that the reaction of complex hydrides with mag-
nesium halides in tetrahydrofuran can produce Mg(AlH4)2 with an
exception in the case of MgI2.

MAlH4 + MgX2
THF−→XMgAlH4 + MX (15)

XMgAlH4 + MAlH4
THF−→Mg(AlH4)2 + MX (16)

Although a number of efforts have been made, each report
mentioned the difficulties to obtain Mg(AlH4)2 without impurities.
In 2002, Fichtner and Fuhr presented a synthesis and purifica-
tion method for Mg(AlH4)2 [105] and used the same metathesis
reaction of NaAlH4 and MgCl2 as proposed previously [102,103].
The additional purification was done via a Soxhlet extraction pro-
cess which gave the solvent adduct Mg(AlH4)2 with a total yield
of 81.5% and after removing the solvent they could achieve 95%
pure Mg(AlH4)2. Since then a number of studies have used the
same method [106–108]. A mechanochemical preparation of a
Mg(AlH4)2–MgCl2 mixture by ball milling has been described by
Dymova et al. [109]:

2MgH2 + AlCl2
Ball milling−→ 0.5Mg(AlH4)2 + 1.5MgCl2 (17)

Recently Mamatha et al. succeded to prepare Mg(AlH4)2 by the

same mechanochemical synthesis method but they used different
starting materials and proposed the following reaction to occur
during milling [110]:

2NaAlH4 + MgCl2 → Mg(AlH4)2 + 2NaCl (18)
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ig. 7. Trigonal structure of Mg(AlH4)2, space group P3m1 (a) Double layer, view
long the a-axis. (b) Single layer, view along the c-axis [Reprinted from ref. [106]
ith kind permission of American Chemical Society].

In this reaction 2 mol NaCl formed as a by product against 1 mol
f Mg(AlH4)2. They used a wet chemical separation method to
emove NaCl from the above solution [111].

The structure of crystalline magnesium alanate was determined
y Fichtner et al [106] using powder XRD on the basis of DFT calcu-

ations (Fig. 7). A more detailed study of the crystal structure was
erformed by Fossdal et al. using XRD, PND [108] and synchrotron
adiation [107]. They calculated that Mg(AlH4)2 crystallizes in a
rigonal structure with space group P3m1 consisting of isolated
nd slightly distorted AlH4

− tetrahedra that are connected via six
oordinated Mg atoms in a distorted octahedral geometry, result-
ng in a sheet like structure along the crystallographic c-axis. The
istortion of the AlH4

− tetrahedra decreases with increasing tem-
erature, whereas the opposite is the case for the MgH6 octahedra.
he Al–H distances are 1.606(10)–1.634(4) Å, 1.602(10)–1.682(3) Å
nd 1.561 (12)–1.672(4) Å at 8, 111, and 295 K respectively.

.3.2. Thermodynamics and hydrogenation properties
The formation enthalpy of magnesium alanate and the reaction

nthalpy of hydrogen desorption were calculated by Fichtner et al.
106] using quantum chemical calculations which were found to be

Hf = −64.8 kJ/mol and �Hr = +41 kJ/mol. In another study Fichtner
t al. [23] proposed a 3-step thermal decomposition of Mg(AlH4)2
ccording to the following equations:

g(AlH4)2 → MgH2 + 2Al + 3H2 (19)
gH2 → Mg + H2 (20)

Al + Mg → 1
2

Al3Mg2 + 1
2

Al (21)
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The first step occurs at 110–200 ◦C with 7 wt% H2 evolution,
while in the second step MgH2 splits into Mg metal and H2 at
240–380 ◦C with 2.3 wt% of H2. The third step occurs due to the
reaction between Mg and Al at around 400 ◦C and it forms the
intermetallic compound Al3Mg2. In 2005 Wang et al. [111] have
performed a study of the effect of Ti doping on the reversibility and
kinetics of Mg(AlH4)2 and found increased kinetics with a very high
hydrogen capacity and reasonable dehydrogenation rates at 150 ◦C.
But they did not find any reversibility of Mg(AlH4)2 under the stud-
ied conditions. Several studies have been done so far to increase the
kinetics and to reach reversibility [112–114], but as the dehydro-
genation of Mg(AlH4)2 is exothermic, its rehydrogenation is not
possible due to thermodynamic reason.

2.4. Potassium alanate

2.4.1. Formation and structure
Potassium alanate was first prepared by direct synthesis in

toluene, tetrahydrofuran, and diglyme by Ashby et al. [27]. Among
these they found diglyme ideal for preparing KAlH4 as the latter
is soluble in diglyme. Other approaches have also been adopted by
various workers such as Morioka et al. [115] who synthesized KAlH4
powder directly from KH and Al under high pressure of hydrogen
(>175 bar) and high temperature (270 ◦C). This method was initially
proposed by Dymova et al. [24] for the synthesis of other alanates.
Recently Hauback et al. [116] prepared KAlH4 using the method of
Bastide et al. [117] by adding LiAlH4 to a mixture of KF and AlEt3 in
Et2O and then cleansing of the precipitate with Et2O. More recently
Ares et al. [118] adopted a method reported by Dilts et al. [49], in
which KAlH4 is prepared by the interaction of AlH3 in diglyme with
an excess of KH or the interaction of KH with LiAlH4 in diglyme.

The ground state crystal structure of KAlH4 was calculated by
Vajeeston et al. [119] using DFT and found it crystallized in the
orthorhombic KGaH4 type, i.e. BaSO4 type structure (space group
Pnma) with unit cell parameters a = 9.009 Å, b = 5.767 Å, c = 7.399 Å
at 0 K and ambient pressure (Fig. 8).

These parameters were found to be consistent with those
reported in the experimental data [120]. They also predicted that
the KAlH4 ground state structure consists of slightly distorted
[AlH4

−] tetrahedra (Fig. 8b) which are separated by intermittent
K+ cations. A more detailed study of the structure of potassium
alanate was made by neutron diffraction data of KAlD4 at 8K and
295 K [116]. The authors found that the structure consists of iso-
lated AlD4

− tetrahedra. Each K atom has 10 D atoms as nearest
neighbours from seven different AlD4

− tetrahedra. The Al–D dis-
tances were found to be 1.589–1.659 Å at 8 K and 1.546–1.669 Å at
295 K, whereas the bond angles span the range 106.4–113.3◦ at 8 K
and 106.2–114.6◦ at 295 K. It means the tetrahedra are quite close
to ideal in shape and the distortions decreased with decreasing
temperature.

2.4.2. Thermodynamics and hydrogenation properties
KAlH4 is one of the alanate systems which has not been studied

by many workers. It attracted the attention of researchers when
Morioka et al. demonstrated its reversibility towards hydrogen at
low pressure and moderate temperatures without any catalysts
[115]. They proposed following reactions to occur in the process
on the basis of TPD measurements as shown in Fig. 9:

3KAlH4 → K3AlH6 + 2Al + 3H2 (2.9 wt%) (22)
K3AlH6 → 3KH + Al + 3
2

H2 (1.4 wt%) (23)

3KH → 3K + 3
2

H2 (1.4 wt%) (24)
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Fig. 8. (a) The ground-state crystal structure of KAlH4. (b) The slightly distorted
[AlH4]− tetrahedron with the interatomic Al–H distances (in Å) [Reprinted from
Ref. [119] with permission from Elsevier].

Fig. 9. TPD measurement of KAlH4 dehydrogenation. The sample was heated from
room temperature to 500 ◦C at the rate of 2 ◦C/min. [Reprinted from Ref. [115] with
permission from Elsevier].
mpounds 503 (2010) 303–339

As clearly seen from figure, the first dehydrogenation occurred
at approximately 300 ◦C with 2.9 wt%, while the 2nd and 3rd reac-
tions occurred at 340 and 430 ◦C with 1.4 and 1.4 wt%, respectively.
Another measurements obtained by NMR [121,122] suggested an
intermediate decomposition species such as AlH3 and KH. The
thermodynamic stability of KAlH4 and its decomposition products
K3AlH6 and KH were calculated by means of ab initio calculations
[118]. The enthalpies of formation of KAlH4 and K3AlH6 were found
to be −70 and −78.5 kJ/mol, while the enthalpies of decomposi-
tion, reactions equations (22) and (23), were determined as 55 and
70 kJ/mol H2, respectively [118]. Recently, a significant reduction in
desorption temperature (∼50 ◦C) of the reaction KAlH4 → K3AlH6
was reported due to TiCl3 doping [120]. However, TiCl3 does not
affect the decomposition temperature of K3AlH6.

2.5. Calcium alanate

2.5.1. Formation and structure
Calcium alanate Ca(AlH4)2 was first synthesized by Schwab and

Wintersberger [123] in 1950s by the following reaction path:

4CaH2 + 2AlCl3
THF−→Ca(AlH4)2 + 3CaCl2 (25)

The final dried product contains 40% Ca(AlH4)2 and the rest
THF but unfortunately the attempts to purify this solution was
not successful. Later on, Finholt et al. [124] reported another
attempt repeating the same reaction but with dimethyl ether,
but they obtained very little yield of Ca(AlH4)2.THF. Recently,
wet chemical synthesis under inert atmosphere is used to pro-
duce almost pure calcium alanate [105,110,125–127]. In this
method, first a solvent adduct, e.g. Ca(AlH4)2·x(solvent) is formed,
and then the solvent is removed by moderate heating under
vacuum. Recently also mechanochemical synthesis using ball
milling was proposed as an efficient way to produce calcium
alanate in which NaCl was found to be present as a by-product
[127,128].

Fichtner et al. [126] reported the structure of Ca(AlH4)2·4THF
using powder XRD and found that Ca(AlH4)2·4THF crystallized in
the monoclinic space group P21/n with two formula units per unit
cell. They found a similar molecular structure of Ca(AlH4)2·4THF
compared to that of Mg(AlH4)2·4THF [105,129]. It consists of a
central calcium ion occupying a crystallographic inversion cen-
tre which is octahedrally coordinated by two hydrogen atoms
of two [AlH4] units and four oxygen atoms from four THF
molecules.

Attempts were made to predict the crystal structure of sol-
vent free Ca(AlH4)2, but it proved not to be possible, probably
due to rapidly rotating the AlH4 tetrahedra. Recently, Lovvik [130]
proposed a crystal structure of solvent free Ca(AlH4)2 from DFT
calculations (Fig. 10) using different models to optimize the struc-
ture and found the most stable structure—the Pbca structure based
on CaB2F8. Hydrogen is found to be coordinated around Al in
slightly distorted tetrahedra with Al–H bond length 161–163 pm
and H–Al–H angle between 106.8–113.2◦. Ca is eight coordinated
to H in distorted square antiprisms, with each corner shared by an
AlH4 tetrahedron. The structure is found to be relatively loose with
large voids. Due to this, the barrier of rotation for the tetrahedra
is low, this is the reason suggested by Lovvik for the difficulty to

confirm the structure experimentally.

The above results were confirmed in another study made by
Wolverton and Ozolins [131]. They used a larger set of input struc-
tures and thus have a greater confidence in the validity of the
structural predictions.
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ig. 10. The proposed crystal structure of Ca(AlH4)2. The balls and tetrahedra repre-
ent the Ca atoms and AlH4 complexes, respectively [Reprinted from ref. [130] with
he permission of American Physical Society].

.5.2. Thermodynamics and hydrogenation properties
Ca(AlH4)2 decomposes in two steps with a total 5.9 wt% hydro-

en evolution:

a(AlH4)2 → CaAlH5 + Al + 3
2

H2 (26)

aAlH5 → CaH2 + Al + 3
2

H2 (27)

Although CaH2 can still decompose, the temperature is much
igher to be considered for a practical hydrogen storage system.

aH2 → Ca + H2 (28)

The enthalpy of the 1st dehydrogenation reaction (equation
26)) is estimated to be −7 kJ/mol H2 which shows the metastable
ature of Ca(AlH4)2 [132], while the enthalpy difference for dehy-
rogenation of CaAlH5 (equation (27)) is found to be 28 kJ/mol H2 at
mbient conditions, which shows that this compound is metastable
t ambient conditions. These results are in agreement with those
reviously reported by Mamatha et al. who used DSC curves [133]
nd reported that the first reaction occurring at 127 ◦C is weakly
xothermic, while the second reaction occurs at 250 ◦C is endother-
ic. These values suggested the CaAlH5 is closer to the targeted

alues for hydrogen storage systems. The third step occurs at much
igher temperature with an endothermic enthalpy of +172 kJ/mol
2. But this value is suggested to be decreased to +72 kJ/mol H2,
hen Al is added to CaH2 and it form the strongly bound compound
aAl2 [131].

The enthalpy of formation of Ca(AlH4)2 has been estimated
s −214 kJ/mol H2 using the reaction CaH2 + 2AlH3 → Ca(AlH4)2,
hile the enthalpy of formation of CaAlH5 is estimated as

224 kJ/mol H2 [133]. Recently a different approach for the decom-
osition of CaAlH5 has been proposed by Iosub et al. using TPD and
SC experiments [134]. As seen from the TPD curve (Fig. 11), the 1st

tep starts from 100 ◦C, the second at 210 ◦C and the last step occurs
t 230 ◦C. Iosub et al. assumed the last step as a transformation of
Fig. 11. (a) TPD curve and (b) DSC chart at a heating rate of 2 ◦C/min for CaH2/AlH3

mixtures after ball milling at 400 rpm for 3 h [Reprinted from Ref. [134] with per-
mission from Elsevier].

CaAlH5 to CaH2 and Al. For the first two steps they proposed the
formation of a new intermediate complex Ca3(AlH6)2. To confirm
these findings they proposed DSC meausrments at different heating
rates. The DSC profile comprises 3 peaks. The first peak is exother-
mic and corresponds to the transformation Ca(AlH4)2 → CaAlH5.
The second peak is endothermic and may represent the forma-
tion of small amounts of Ca3(AlH6)2. Finally, and the third peak
is also endothermic and corresponds to the formation of CaH2 and
Al phase.

However Iosub et al. suggested the need for more thorough
investigation as the decomposition of Ca(AlH4)2 is more complex
than other previous reports in literature.

2.6. Other alanates

The alkali alanates discussed above have low kinetics and low
enthalpies and thus require very high pressures for the rehydro-
genation of the material. These shortcomings led researchers to find
some other materials which could retain the high capacity but at
ambient condition. This generated the idea of mixed alanates con-
taining more than one alkali or alkaline earth atom. Some important
mixed alanates are discussed below in the terms of their synthesis,
structure and hydrogenation properties.

2.6.1. Na2LiAlH6
Claudy et al. [135] synthesized Na2LiAlH6 by a reaction of LiAlH4

with 2 NaH either in toluene or by a solid state reaction at elevated
temperature and high hydrogen pressure. Huot et al. first reported
the synthesis of solvent free Na2LiAlH6 using ball milling [136] of a

mixture of NaH, LiH, and NaAlH4 for 40 h. Recently Brinks et al. [137]
synthesized Na2LiAlD6 by milling of LiAlD4 and 2NaAlD4 followed
by annealing under 30 bar D2 pressure at 180 ◦C.

Claudy et al. [135] proposed a structure having a unit cell of
7.405 Å using PXD data. Later on a systematic determination of
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ig. 12. The crystal structure of Na2LiAlD6 at 295 K, showing alternating AlD6 (dark)
nd LiD6 (bright) octahedra in all directions with Na in interstitial 12-coordinated
ites [Reprinted from Ref. [137] with permission from Elsevier].

he crystal structure was made from PXD and PND data by Brinks
t al. [137] who found that Na2LiAlD4 crystallized in an ordered
erovskite-type structure with Li and Al in octahedral positions as
hown in Fig. 12. The [LiD6]3− and [AlD6]3− complex anions are
rdered in 3 dimensions such that the neighbouring octahedron is
f a different type in all three directions. Na2LiAlD6 crystallizes in

he cubic space group Fm3m with a = 7.38484(5) Å. Brinks et al. also
uggested a structure of c.c.p. geometry consisting of AlD6 entities
ith Na filling the tetrahedral positions and Li in the octahedral
ositions. These results are consistent with the prediction on the
asis of DFT calculation made by Lovvik et al. [138].

ig. 13. The crystal structure of K2NaAlH6. The large, dark grey spheres are K+, the
maller, light grey spheres are Na+ and the octahedra are AlH6

3− [Reprinted from
ef. [144] with permission from Elsevier].

Fig. 14. The crystal structure of K2LiAlH6. Potassium is shown in pink, lithium in
yellow, and aluminum in green. Atom Al1 is in Wyckoff position (0,0,0), while Al2 is

in position (0,0,1/2). The four Al atoms located halfway up the c-axis, and one each
closest to the plane z = 0 and z = 1, are in the Al2 position [Reprinted from ref. [145]
with kind permission of American Chemical Society].

Only few results of thermodynamics and PCT measurements are
reported in the literature [20,29,139–142]. Graetz et al. [139] give
a complete set of PCT curves of doped and undoped Na2LiAlH6 at
different temperatures. The total hydrogen capacity for undoped
and doped Na2LiAlH6 was found to be 3.2 and 3.0 wt% in the 1st
cycle which reduced upto 2.8 and 2.6 wt% in subsequent cycles. The
decomposition enthalpy of Na2LiAlH6 was also measured using a
Van’t Hoff plot which is found to be 53.5 ± 1.2 kJ/mol H2.

2.6.2. K NaAlH
2 6
K2NaAlH6 was first synthesized by Bastide et al. [143] under

25 kbar pressure of H2 at 400 ◦C. After a long time Sorby et al. [144]
synthesized K2NaAlH6 using ball milling of KH and NaAlH4 followed
by annealing for 18 h at 150 ◦C under hydrogen pressure of 100 bar.
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ig. 15. The crystal structure of LiMg(AlD4)3. (a) The structure is viewed along b-axi
rom Elsevier].

The crystal structure was determined using PXD and PND data
144]. It was found that K2NaAlH6 crystallizes in a cubic ordered
erovskite-type structure with space group Fm3m (a = 8.118 Å)
Fig. 13). The structure could be described as a close pack-
ng of isolated octahedral AlH6

3− units with the hydrogen
toms pointing towards the octahedral interstices, which are all
lled with K+ ions that are coordinated with respect to hydro-
en.

It is mentioned here that K2NaAlH6 and Na2LiAlH6 take the
ame structure type despite the large difference in cation sizes.
he K2NaAlH6 system has been studied much less. Sorby et al.

144] found that TiF3-doped K2NaAlH6 has a desorption plateau
t 176 mbar and it release about 2.8 wt% of H2 followed by another
lateau at slightly lower pressure, namely 93 mbar. The decom-
osed sample was found to reabsorb hydrogen but less than the
ull capacity.

ig. 16. The different sheets in LiMgAlD6: (a) Li3Al2 and (b) Mg3Al. The sheets are conne
148] with permission from Elsevier].
he structure is viewed along the a-axis [Reprinted from Ref. [147] with permission

2.6.3. K2LiAlH6
Another mixed alanate K2LiAlH6 is synthesized by mixing K and

Li ions using ball milling to mix LiAlH4 and KH in 1:2 ratio fol-
lowed by heating at 320–330 ◦C under 100–700 bar for 1–2 days
[145]. The structure of K2LiAlH6 was determined by Graetz et al.
[139] suggesting it to be isostructural with the low temperature
form of K2LiAlF6, cubic elpasolite (Fm3m). Lovvik and Swang also
predicted the structure by DFT calculations and they found it to be
of face centred cubic symmetry in accordance with the low tem-
perature phase of K2LiAlF6 [138]. In a more recent study done by
Rönnebro and Majzoub [145], it is suggested that K2LiAlH6 crys-

tallized in the hexagonal-rhombohedral typestructure with space
group R3m (Fig. 14). The Li and K cation sites were found mutually
exclusive, and no cation mixing was found by Rietveld analysis.
There is no report found in literature on the hydriding and thermo-
dynamic characteristics of this mixed alanate.

cted in the c-direction, giving a three-dimensional structure [Reprinted from Ref.
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.6.4. LiMg(AlH4)3 and LiMgAlH6
LiMg(AlD4)3, was first synthesized from LiAlH4, NaAlH4 and

gCl2 in ether by Bulychev et al. [146] in 1979. Recently Mamatha
t al. [110,133] prepared it by ball milling of LiAlH4 and MgCl2 in a
olar ratio 3:1.

LiAlD4 + MgCl2 → LiMg(AlD4)3 + 2LiCl (29)

LiMg(AlD4)3 has total 9.7 wt% hydrogen with following decom-
osition reaction:

iMg(AlH4)3 → LiMgAlH6 + 2Al + 3H2 (30)

iMgAlH6 → LiH + MgH2 + Al + 3
2

H2 (31)

The first step occurs at 100–130 ◦C, while the second occurs at
50–180 ◦C. The enthalpy values for the 1st and 2nd step were cal-
ulated using DSC curves [110] as 15.1 kJ/mol (exothermic) and
3.0 kJ/mol (endothermic) respectively. Thus LiMg(AlH4)3 is not
seful for reversible hydrogen storage, while LiMgAlH6 is quite
table by thermodynamic consideration.

The crystal structure of LiMg(AlD4)3 and LiMgAlD6 was investi-
ated using synchrotron radiation XRD, PND and DFT calculations
y Grove et al. [147,148]. LiMg(AlD4)3 is found to have crystallized

n the monoclinic P21/c space group. It consists of isolated AlD4
etrahedra, connected separately through the four corner D atoms
o two Li and two Mg atoms. Each Li and Mg atom is octahedrally
oordinated to the corner D atoms of six AlD4 tetrahedra, so that
he structure consists of a corner sharing network of alternating
lD4 tetrahedra and LiD6 or MgD6 octahedra (Fig. 15) [147].

LiMgAlD6 was found to have crystallizing in trigonal space group
321, consisting of isolated AlD6 octahedra connected through
ctahedrally coordinated Mg and Li atoms. The structure could be
escribed as alternating Mg3Al and Li3Al2 layers as shown in Fig. 16.

In the Li3Al2 and Mg3Al layers, AlD6 octahedra are sharing edges
ith three LiD6 and three MgD6 octahedron, respectively. Each LiD6

ctahedron is sharing edges with 2 Al-octahedra and forming a two
imensional network, while the Mg – octahedron shares an edge
ith only one Al octahedron resulting in the formation of isolated
g3Al units. These layers are interconnected by corner sharing of

he AlD6
− octahedron and six Mg/LiD6 octahedra. All corners are

onnected to Mg, Li and Al octahedra.

. Borohydrides

Borohydride, sometimes also tetrahydroborate, are the desig-
ations for a group of complex hydrides in which hydrogen is
ovalently bonded to the central atoms in the [BH4]− complex
nion. Borohydrides have been considered as promising hydrogen
torage materials due to their higher gravimetric and volumetric
ydrogen capacity. The present section explores the properties of
everal borohydrides.

.1. Sodium borohydride

.1.1. Formation and structure
Several reactions have been reported in the literature to produce

odium borohydride [149–153]. The reaction of sodium hydride
ith boric oxide has been used for commercial production of NaBH4

149]:

NaH + 2B2O3 → NaBH4 + 2NaBO2 (32)
In another reaction known as Rohm-Haas process, it can
e formed with trimethyl borate and sodium hydride reactants
150,151]

NaH + B(OCH3)3 → NaBH4 + 3NaOCH3 (33)
mpounds 503 (2010) 303–339

This reaction is performed in an autoclave in an inert atmo-
sphere. Another way of NaBH4 production is reacting dehydrated
borax and silicon dioxide [152]

Na2B4O7 + 16Na + 8H2 + 7SiO2 → 4NaBH4 + 7Na2SiO3 (34)

Sodium hydroxide and diborane reaction is an alternative way
of production [154]

4NaOH + 2B2H6 → 3NaBH4 + NaBO2 + 2H2O (35)

Since NaBH4 is irreversible chemical hydride and so the byprod-
uct NaBO2 is interesting candiadate to recycle it into NaBH4. Kojima
et al. [153] present a method to recycle it by annealing it with MgH2
or Mg2Si under high H2 pressure.

NaBO2 + 2MgH2 → NaBH4 + 2MgO (36)

NaBO2 + Mg2Si + 2H2 → NaBH4 + 2MgO + Si (37)

The crystal structure of sodium borohydride was first proposed
by Soldate in 1947 [155] who predicted that it is based on a face
centered cubic lattice and suggested that the structure consisting of
tetrahedral BH4

- ions and Na+ ions. Abrahams et al. [156] repeated
the experiment below the transition point (−83 ◦C) and demon-
strated that sodium borohydride becomes tetragonal at −95 ◦C.
This transition point was according to Stockmayer and Stephenson
[157], the result of an order–disorder transition involving different
orientations of BH4

−. Later on, in 1985, Davis and Kennard [158]
determined the structure of NaBD4 using neutron diffraction, which
was found to have NaCl type structure, in space group F43m with
D atoms tetrahedrally oriented about B and along all cube diago-
nals. This gives a random distribution of BD4

− tetrahedra in two
different configurations. Although in a recent study the structure
of NaBD4 was found to belong to space group P421C [159] but a
later study [160] showed that the high pressure of 6.3 GPa can alter
the crystal structure of �-NaBH4 (cubic Fm3m) to �-NaBH4 (tetrag-
onal – P421C), which further undergoes with a transition to an
orthorhombic phase (Pnma) at 8.9 GPa, which is stable upto 30 GPa.
It is interesting to note that this transition is completely reversible.
A more recent study on the destabilization of NaBH4 crystal struc-
ture by Ti doping was done by Araujo et al. [161] who predicted by
first principle theory that Ti destabilizes the BH4 cages, which in
turn increases the mobility of hydrogen atoms.

This effect is explained by the formation of B-Ti bonds, rather
than by the lowering of the BH4 charge state with site occupancy
of the Ti atom as shown in Fig. 17. On the basis of the above pre-
dictions Araujo et al. proposed that Ti may act as catalyst for the
dehydrogenation of NaBH4.

3.1.2. Thermodynamics and hydrogenation properties
Sodium borohydride is stable in dry air and can be handled eas-

ily having a theoretical hydrogen capacity of 10.8 wt% released by
hydrolysis of NaBH4. Schlesinger et al. [162] were the first to report
90% hydrogen evolution during the hydrolysis reaction.

NaBH4 + (2 + x)H2O → 4H2 + NaBO2 · xH2O (38)

The �H values for the above reaction was calculated for differ-
ent values of x [163] and were found to be −216.7 kJ/mol NaBH4,
−250.1 kJ/mol NaBH4 and −272.4 kJ/mol NaBH4 for x = 0, 2, 4 val-
ues respectively showing that the amount of water is an important
factor. DOE has given a target of x = 0.84 for the above reaction. To
achieve this value the amount of water must be reduced to 1/15th of
what is being used today [151]. To achieve hydrogen release with

less water a new technique, steam hydrolysis, was proposed by
Alfonso et al. [164]. Unlike the reaction in liquid water, 95% yield
of hydrogen was obtained with pure steam without a catalyst.

NaOH is another important salt which must be added to the
hydrolysis process. Ingersoll et al. investigated the influence of
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Fig. 17. The supercell geometry used to model the Ti substitutional doping in NaBH4.
The yellow (big), blue (medium) and black (small) balls represent the sodium, boron
and hydrogen atoms, respectively. The sodium and boron sites that Ti occupies and
the hydrogen that was removed are marked by Na, B and H, respectively [Reproduced
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with Pt and Pd in picoscale amount. This catalyst is found to be
capable of generating hydrogen with a rate of 300 L/min-gmetal-
NaBH4, one of the highest values reported in the literature. The
authors claim to get much better result if the CNT paper is thin-
rom ref. [161] with permission from Institute of Physics]. (For interpretation of the
olor information in this figure legend, the reader is referred to the web version of
he article.)

aOH concentration in NaBH4 solution on the hydrogen genera-
ion rate [165]. Mostly researchers suggest 3–5% of NaOH as being
ufficient to control H2 release [166,167]. It is also suggested that
he concentration of NaBH4 should be as high as possible in order
o improve the fuel energy density [168]. Shang and Chen have
hown that the amount of the byproduct NaBO2 formed during
ydrolysis also influenced the hydrogen generation rate [169,170].

t is found that the hydrolysis of NaBH4 can be accelerated by
he use of catalysts such as metal halides like NiCl2, CoCl2, col-
oidal platinum, active carbon, Raney nickel, Ru supported on ion
xchange resin beds and fluorinated particles of Mg based mate-
ials [149,162,171,172]. Kojima et al. suggested metal–metal the
xide catalyst Pt-LiCoO2 as an excellent catalyst in comparison to
ther reported catalyst [173] and showed that NaBH4 containing
56 mg of Pt-LiCoO2 reacts more than 10 times faster than Ru cat-
lyst [171]. Fig. 18 shows the merits of different metals and metal
xide for the hydrogen generation.

Total hydrogen evolution could be enhanced upto total 6.5 wt%
t 45 ◦C, out of which 4 wt% is at room temperature using a non-
oble catalyst NixB [174]. Carbon supported platinum catalyst has

een proposed a good catalyst with two effects for the PEM fuel cell.
ne is for the hydrolysis reaction to generate H2 and the second is

o catalyze the electrochemical reaction of H2 with O2 subsequently
175]. The use of Al or Al alloys with NaBH4 is proposed to reduce the
Fig. 18. Hydrogen generation rate using different (a) metals and (b) metal oxides at
20–23 ◦C [Reprinted from Ref. [173] with permission from Elsevier].

cost of the overall process with an increase in total yield of hydrogen
evolution [176]. Soler et al. [176] found that a combination of Al/Si
and NaBH4 produces hydrogen with maximum flow and yields as
shown in Fig. 19.

A new catalyst made from carbon nanotube paper has been
developed by Alonso et al. [177]. This CNT paper was first function-
alized with a monolayer of silicon carbonitride and then dispersed
Fig. 19. Comparison of hydrogen production curves obtained in pure water for
Al/Si+NaBH4 combination experiment (�) and Al/Si+NaBH4 addition experiments
(�). A synergistic effect was also observed in this case [Reprinted from Ref. [176]
with permission from Elsevier].
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er in comparison to 150 �m used in this work. Recently Lee et al.
178] prepared In, Sn, and Sb based catalysts for enhancement of the
volution rate, particularly Sn incorporated into TiO2 has greater
nfluence on the production of H2 from the hydrolysis of NaBH4.

ore recently Demirci et al. [179] claimed to reach the ever high-
st hydrogen generation rate of about 1000 L min−1 g−1 (Ru:Al) for
uCl350:AlCl350 catalyst system. Mao et al. [180] investigated the
ffect of various new catalyst such as TiF3, TiO2, Zr, Si, and some BCC
lloys on the NaBH4-MgH2 system. They found that by combining
aBH4 with MgH2, the dehydrogenation temperature is decreased
y 40 ◦C. Moreover, TiF3 doping lowers the decomposition temper-
ture by 100 ◦C with faster kinetics. Rehydrogenation upto 5.89 wt%
ould be possible at 600 ◦C and 4 MPa H2 pressure in 12 h.

.2. Lithium borohydride

.2.1. Formation and structure
Schlesinger and Brown were the first who synthesized lithium

etrahydroborate (LiBH4) by the reaction of ethyl lithium with dib-
rane (B2H6) [181]. In a later study, they proposed the formation
f LiBH4 by the reaction of lithium hydride and diborane in the
resence of diethyl ether [182]. A direct formation of Li salt from Li
etal, boron and hydrogen at 550–700 ◦C and 3–15 MPa H2 is pro-

osed and patented by Goerrig [183]. Recently Friedrichs et al. [184]
eproduce these results by synthesizing LiBH4 and LiBD4 directly
rom the elements at 700 ◦C under H2/D2 pressure of 150 bar. They
erformed intercalation of lithium into boron in argon atmosphere
y heating Li and B upto 450 ◦C.

The first report on the crystal structure of LiBH4 is given by Har-
is and Meibohm [185] using XRD who suggested the unit cell of
iBH4 as orthorhombic with space group Pcmn with each lithium
on associated with four borohydride ions. According to them, the
verall structure of lithium borohydride may be described as that
f strings of borohydride tetrahedral stacked edge on edge in the b
irection of the crystal. Synchrotron XRD technique has been used
y Soulie et al. [186] to determine the crystal structure of LiBH4 at
T and at 408 K and they also suggested the same orthorhombic
ymmetry with space group Pnma. The tetrahedral (BH4)− anions
re aligned along two orthogonal directions and are strongly dis-
orted with respect to bond lengths and bond angles. They also
uggested that the structure undergoes a transition to a hexagonal
tructure with increasing temperature. These results were also con-
rmed by a first principle study on lithium borohydride by Miwa
t al [187] (Fig. 20).

.2.2. Thermodynamics and hydrogenation properties
The decomposition of LiBH4 was studied by Fedneva et al.

188] using thermal analysis (DTA) and they found 3 endothermic
eaks at 108–112, 268–286, and 483–492 ◦C, which corresponds to
he polymorphic transformation of LiBH4, formation of LiBH4 and
nally the main evolution (80%) of hydrogen respectively [189].
his study is followed by Stasinevich and Egorenko [190] in hydro-
en at pressures upto 10 bar. They suggested one of the following
eactions to occur during decomposition with a total yield of hydro-
en 18%.

iBH4 → Li + B + 2H2 (39)

r

iBH4 → LiH + B + 3
H2 (40)
2

The desorption enthalpy and entropy were calculated as
H = −177 kJ/mol and �S = 238 J/K mol. These values are in dis-

greement with those calculated by Davis et al. [78] specially the
ntropy value as it is very much different from that of hydrogen.
Fig. 20. Crystal structures of LiBH4 in (a) orthorhombic phase at room temperature
and (b) hexagonal phase at high temperature. Red (large), green (middle), and blue
(small) spheres represent Li, B, and H atoms, respectively [Reprinted from ref. [187]
with the permission of American Physical Society].

In a later study, Züttel explained the three possible reactions that
occurred during decomposition as shown in Fig. 21 [191].

1. LiBH4 → LiBH4−ε + (ε/2)H2: structural transition at 108 ◦C.
2. LiBH4−ε → LiBH2 + (1 − ε/2)H2: first hydrogen peak starting at

200 ◦C.
3. LiBH2 → LiH + B + (1/2) H2: second peak at 453 ◦C.

Many efforts using additives and partial substitution have been
carried out so far to improve the performance of LiBH4 [192–199].

Züttel et al. [191] reported the evolution of 9 wt% H2 (only LiBH4
weight is taken into account) from 25% LiBH4 ball milled with
75 wt% SiO2 started from 523 K. The group of Orimo suggested that
a reduction in stability is possible by partial cation substitution with
higher electronegativity such as Mg, Cu [192,193]. Vajo et al. [194]
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Fig. 21. Thermal desorption spectra of LiBH4. The sample was heated after evac-
uation at room temperature with a heating rate of 2 K min−1. The gas flow was
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easured as a function of time and the desorbed hydrogen was computed from
he integrated gas flow. (a) Pure LiBH4 and (b) LiBH4 mixed with SiO2 as catalyst
Reprinted from Ref. [191] with permission from Elsevier].

eported that a mixture of LiH + 0.5MgB2 + 0.03TiCl3 could absorb
.84 wt% hydrogen at 350 ◦C under 100 bar H2 pressure, while it
ould desorb 6.96 wt% at 450 ◦C. They also calculated a reduction
n enthalpy of LiBH4 by 25 kJ/mol H2. Recently Au et al. [195] stud-
ed the effect of various oxides and chlorides on the decomposition
emperature of LiBH4 as shown in Fig. 22 and found a reduction of
00 ◦C in the decomposition temperature by adding V2O3.

Kojima et al. showed superiority of Pt dispersed LiCoO2 over a
ixture of Pt and LiCoO2 to evolute 100% hydrogen [196]. Zhang et

l. found a large dehydrogenation capacity (14 wt%) below 600 ◦C
nd a reversible capacity of 6.0 wt% H2 at 350 ◦C [197] by LiBH4
anoparticles supported by disordered meso porous carbon. A dif-

erent approach is adopted by Jin et al. [199] by mixing two complex
ydrides LiBH4 and LiAlH4 doped with transition metal halides and
hey observed a significant enhancement in the dehydrogenation
inetics by this method.

The effective method of hydrogen evolution from LiBH4 is based
n the hydrolysis reaction [162]:

iBH4 + 2H2O → LiBO2 + 4H2 (41)
The total amount of H2 generated in this reaction is 13.9 wt%
hen the weight of water is also considered.

ig. 22. Comparison of the modified LiBH4 materials with the commercial LiBH4

Reprinted from ref. [195] with kind permission of American Chemical Society].
Fig. 23. (a) Three-dimensional view of the proposed crystal structure for Mg(BH4)2

and (b) projection of the structure along [010]. Atoms are labeled on the illustrations.
The tetrahedral BH4 coordinations are emphasized in all illustrations [Reprinted
from ref. [205] with kind permission of American Institute of Physics].

3.3. Magnesium borohydride

3.3.1. Formation and structure
The first report on the synthesis of magnesium tetrahydroborate

existing in literature is by Wiberg and Bamer [98], but the product
formed in this report was with solvent, and they did not describe
any procedure to desolve it without decomposing. In the late 1950s
another synthesis route came into picture by the reaction of metal
hydride with N-alkylborazanes [200]. A direct synthesis route from
the corresponding elements was established in a German patent by
Goerrig [183]. About 10 years later, Konoplev et al. [201] reported
the synthesis of Mg(BH4)2 by the reaction of MgCl2 and NaBH4in
diethyl ether:

MgCl2 + 2NaBH4 → Mg(BH4)2 + 2NaCl (42)

Recently a synthesis by a mechanochemical method was
reported by ball milling of MgCl2 and LiBH4 under argon atmo-
sphere [202], however there was no separation mentioned in this
method.

A direct wet chemical synthesis method [203] has been devel-
oped on the basis of proposition made by Köster et al. [200], in
which Mg hydride reacts with an aminoborane as a BH3 donor was
found to be the only method capable of yielding the �-phase of
Mg(BH4)2 and other tetrahydroborates in high purity without any
solvents.

Earlier work suggested the existence of two crystalline modifi-
cations of Mg(BH4)2, a low temperature (LT) tetragonal phase and
high temperature (HT) cubic phase [204]. Vajeeston et al. [205] pre-
dicted the structure of Mg(BH4)2 on the basis of DFT calculations
and they found that Cd(AlCl4)2 type monoclinic structure proved
to have the lowest total energy, however, with a higher symmetry
of the orthorhombic space group Pmc21 (Fig. 23).

Nakamori et al. in another work with similar DFT calcula-
tions showed two different modifications, one having a novel ion
arrangement and monoclinic symmetry [202]. In contrast to these,
Cerny et al. [206] predicted the structure of Mg(BH4)2 as having

hexagonal symmetry with space group P61 which contains five
symmetry independent Mg2+ and [BH4]− ions connected into a
novel three dimensional framework. As shown in Fig. 24 each Mg2+

ion is surrounded by four [BH4]- tetrahedra arranged in a deformed
tetrahedron.
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ig. 24. Structures of Mg(BH4)2, Mg large, B medium, H small spheres [Reproduced
rom ref. [206] with permission from Wiley-VCH Verlag GmbH & Co.].

Recetly Her et al. [207] predicted the structure at different
emperatures as shown in Fig. 25 and found that as-synthesized un-

olvated Mg(BH4)2 adopts a hexagonal structure with space group
61, while it transformed to an orthorhombic structure with space
roup Fddd when heated at 453 K. These structures have a surpris-
ng level of complexity that is arguably unprecedented for this type
f material [206].

ig. 25. (a) Structure of the LT Mg(BH4)2 phase in space group P61 viewed along
he hexagonal a axis, showing two unit cells. The small opaque tetrahedra are BH4

nits; the larger (partially transparent) tetrahedra represent Mg and the four nearest
atoms. MgB4 tetrahedra are colored according to their projection along a; units

entered near 0, 1/4, 1/2, and 3/4 are colored red, green, blue and grey, respectively.
b) Structure of the HT Mg(BH4)2 phase in the space group Fddd viewed along the c
xis. This is an idealized view that omits the strong antisite disorder discussed in the
ext. Small opaque tetrahedra are BH4 units; MgB4 tetrahedra are colored according
o their position along c; units centered near 0, 1/4, 1/2, and 3/4 are colored red,
reen, blue and grey, respectively [Reprinted from ref. [207] with kind permission
rom IUCr]. (For interpretation of the color information in this figure legend, the
eader is referred to the web version of the article.)
mpounds 503 (2010) 303–339

Recently George et al. [208] tried to find the effect of high
pressure on the structure of Mg(BH4)2. They found an irreversible
structural transition in the structure at 3.35 GPa and this phase
was found to be stable under the studied pressure range i.e. upto
11 GPa. They could not solve the structure of this high pressure
phase because of low intensity of Mg(BH4)2 XRD patterns. However,
they confirmed that this is different from that of the high tempera-
ture orthorhombic (Fddd) phase [207], or the structures predicted
by first principle calculations such as trigonal P3m1, monoclinic
(P2/c) [202], orthorhombic (Pmc21) [205], or tetragonal I4m1 [209].

3.3.2. Thermodynamics and hydrogenation properties
Mg(BH4)2 has a high gravimetric hydrogen density (14.9 wt%).

While the structure of Mg(BH4)2 has been investigated by several
researchers, there are very little attempts to study its dehydriding
properties. Hydrogen desorption reaction from Mg(BH4)2 has been
proposed in two steps as follows [201,203]

Mg(BH4)2 → MgH2 + 2B + 3H2 (43)

MgH2 → Mg + H2 (44)

Li et al. [210] performed TG and DTA for the decomposition study
of Mg(BH4)2 and found that the dehydriding reaction initiating at
about 535 K with total hydrogen evolution of 13.7 wt% is confirmed
upto 800 K. The above reaction is confirmed with two endothermic
peaks at 574 and 645 K observed in a DTA experiment.

Matsunaga et al. [211] reported the hydrogen storage proper-
ties of Mg(BH4)2 in detail and confirmed a two step reaction from
two flat plateaus observed in the desorption isotherm. They also
calculated the enthalpy of the first decomposition, which is found
to be −39.3 kJ/mol H2. A different value of enthalpy change for
Mg(BH4)2 → MgH2 i.e. 57 ± 5 kJ/molH2 is reported by Li et al. [212]
in a later work, but it is not clarified what is the reason for such a
big difference in enthalpy for different measurements. They also
performed the rehydrogenation of this complex and found that
about 6.1 wt% hydrogen can be reversibly stored which is proba-
bly only due to the hydrogenation of Mg metal into MgH2. More
recently Soloveichik et al. [213] proposed a four-stage pathway for
the thermal decomposition with formation of intermediate magne-
sium polyboranes that eventually transformed to the most stable
magnesium dodecarbonate, and ultimately ends with formation of
MgB2 (Fig. 26).

3.4. Calcium borohydride

3.4.1. Formation and structure
The properties of calcium borohydride was reported in the

mid 1950s by making it in a reaction of calcium hydride [214]
or alkoxides [215] with a poisonous gas diborane. Later, a prepa-
ration method in THF [216] is proposed by Mikheeva et al. and
this technique has been adopted commercially for the produc-
tion of Ca(BH4)2.(THF)2. Aduct free Ca(BH4)2 is obtained by heating
Ca(BH4)2.(THF)2 at 433 K under vacuum [217]. Recently Barkhor-
darian et al. [218] proposed an easy way to produce calcium hydride
by the reaction of MgB2 with CaH2 at 400 ◦C under 350 bar of H2,
but they obtained MgH2 also as a byproduct. Nakamori et al. [219]
proposed direct synthesis route by ball milling of LiBH4 and CaCl2.
More recently Ronnebro et al. proposed a solid state synthesis route
by ball milling of CaB6 and CaH2 in molar ratio 1:2 followed by
heating this mixture at 700 bar of H2 pressure under 400–440 ◦C
[220]. On the basis of synthesis route and conditions, Ca(BH4)2 can

have different structural modifications namely �, �, and � Ca(BH4)2
[221–223].

The first report on the crystal structure of Ca(BH4)2 is given by
Kedrova et al. in the 1970s [224], although they have not given
any structural parameters. Miwa et al. [217] predicted and pro-
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ig. 26. TPD curve of the first decomposition of Mg(BH4)2 (a), and integral (b) and di
0 bar H2 (dash line) [Reprinted from Ref. [213] with permission from Elsevier].

osed the crystal structure of �-Ca(BH4)2 using Rietveld analysis
nd suggested it to be a face centred orthorhombic structure with
pace group Fddd as shown in Fig. 27.

Each Ca2+ ion is surrounded by six octahedrally coordinated
BH4

−] and each [BH4
−] has three Ca2+ neighbours. The above
xperimental results were verified by theoretical calculations by
ajeeston et al. [225] followed by other researchers using different

echniques [220,226]. Riktor et al. [223] found two modifications
-Ca(BH4)2 and �-Ca(BH4)2 having tetragonal and orthorhom-
ic unit cells, respectively. They also studied systematically the

ig. 27. Crystal structure of Ca(BH4)2. Red (large), green (middle), and blue (small) sphe
ermission of American Physical Society]. (For interpretation of the color information in t
tial (c) curves of Mg(BH4)2 TPD desorption started in vacuum (solid line) and under

effect of temperature on these modifications and found that
� phase transform to � phase upon heating to 330 ◦C while
it again changed to another unknown �-phase by heating at
500 ◦C.

A more detailed study on the structure of � phase is done

recently by Buchter et al. [221]. The refined structure is found to
be tetragonal with space group P42/m, which is very similar to that
of �-phase where Ca ions are coordinated by six (BD4) tetrahedral
as shown in Fig. 28. The BD4 geometry is slightly distorted with B–D
distances in the range 1.02–1.16 Å.

res represent Ca, B, and H atoms, respectively [Reprinted from ref. [217] with the
his figure legend, the reader is referred to the web version of the article.)
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ig. 28. Structure of experimental and theoretical Ca(BD4)2 � phase. (a) Experime
ind permission of American Chemical Society].

In contrast with the above findings, recently Filinchuk et al. [222]
howed the formation of an intermediate tetragonal �’ phase of
pace group I-42d. The space group of � and � modification calcu-
ated in this work are also different from those reported previously.
hey suggested space group F2dd and p-4 to best fit the structure
f the � phase and � phase.

.4.2. Thermodynamics and hydrogenation properties
As reported by Rönnebro et al [220], Ca(BH4)2 is formed through

he following reaction:

aB6 + 2CaH2 + 10H2 → 3Ca(BH4)2 (45)

The reaction enthalpy of the above reaction is found to be
53 kJ/mol H2 at T = 0K.

The decomposition of Ca(BH4)2 is first proposed by Miwa et al.
ccording to following reaction with enthalpy change of 32 kJ/mol
2 [217]:

a(BH4)2 → 2
3

CaH2 + 1
3

CaB6 + 10
3

H2 (46)

The total yield of hydrogen is 9.6 wt%. The above parameters are
n the range of low/medium temperature hydrides and correspond
o an equilibrium pressure of 1 bar at temperatures below 100 ◦C,
hich suggest this material to be suitable for practical applications

223].

The P–C isotherm along with a TG/DTA study was reported by

oki et al. [226] and they found 5.9 wt% hydrogen evolution at
93–650 K and rest 3.5% at around 720 K. Reversibility of Ca(BH4)2
ould be achieved under 90 bar H2 pressure at 623 K by catalyzing
a(BH4)2 by TiCl3, the hydrogen content of the sample was found to
efined structure. (b) Ab initio calculated structure [Reprinted from ref. [221] with

be about 3.8% [227]. In another work [228], they tried different cat-
alysts to enhance the hydrogenation properties of Ca(BH4)2. They
found NbF5 as the best performing catalyst for the rehydrogenation
upto 5 wt% of H2 at 693 K under 90 bar pressure.

3.5. Other borohydrides

There are several other borohydrides having a general formula
M(BH4)n (M = Mn, Zn, Al, Be, Y, Dy, Gd, Zr, Rb, Cs; n = 1, 2, 3, 4)
[229–245], but most of them were found to be unsuitable for on
board hydrogen storage due to either high decomposition temper-
ature or complete irreversibility. Zn(BH4)2 is considered a potential
candidate due to its highest hydrogen storage capacity of 8.5 wt%
and low decomposition temperature ∼85 ◦C.

Zinc tetrahydroborate can be synthesized by two reactions
[229–231]:

ZnCl2 + 2MBH4
(C2H5)2O−→ Zn(BH4)2 + 2MCl (47)

where M = Li, Na, K, or by

B2H6 + ZnH2 → Zn(BH4)2 (48)

The white solid decomposes above 50 ◦C with a total capac-
ity of 8.5 wt% [1,230,231] and hydrolyzes with water vigorously.
But unfortunately there was no further characterization made on
this material because it is very difficult to remove the solvent

without decomposition of Zn(BH4)2 itself. Recently mechanochem-
ical synthesis of Zn(BH4)2 was proposed by Jeon and Cho [232]
who used NaBH4 and ZnCl2 as a starting material, milled it for
30 min and found Zn(BH4)2 with NaCl as a byproduct. They sug-
gested the decomposition of Zn(BH4)2 as an endothermic reaction
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and amides has shown a new direction for utilization for these
materials for practical application and they are very welcome to the
ig. 29. Orthorhombic structure of space group Pmc21 of Zn(BH4)2 [Reprinted from
ef. [235] with the permission of American Physical Society].

ut it decomposes at room temperature, and so it is not suitable
or reversible hydrogen storage. This conclusion is supported by a
urther study made by Srinivasan et al. [233,234], in which they
ave studied the effect of various catalysts on the decomposition
ehaviour. They also suggest the decomposition of Zn(BH4)2 into
everal boranes (diborane, tetraborane, pentaborane, hexaborane)
nd H2, Zn metal as well, but they found the lack of reversibility
f this compound. A contradictory but a hoping claim is made by
houdhary et al. [235] on the basis of DFT calculations, in which
hey proposed an orthorhombic structure with Pmc21 symmetry
s the most stable structure of Zn(BH4)2 at finite temperature as
hown in Fig. 29.

They also calculated the formation enthalpy of Zn(BH4)2 as
66.003 kJ/mol H2 at 300 K and thus suggested a possibility to

ynthesize this phase. Except this, a number of studies have been
evoted in the literature to search for different borohydrides. The
ifferent properties of all the borohydrides are summarized in
able 2.

More recently, mixed alkali metal borohydrides came into pic-
ure, which are containing dual cations [243–245]. Nickels et al.
eported the synthesis of the first mixed borohydride LiK(BH4)2 by
illing LiBH4 and KBH4 under argon atmosphere followed by heat-

ng at 125 ◦C for 12 h. The structure of LiK(BH4)2 was identified as
aving space group Pnma which is very similar to that found in
rthorhombic LiBH4. The Li–B bond lengths are found to be greater
han in LiBH4 but with a narrower range of angles. These larger
i–B separations were considered due to the presence of potas-

−
ium cations in the structure. The arrangements of BH4 units in
iK(BH4)2 could be best described as monocapped trigonal prisms.
hese predictions were confirmed by a theoretical study made by
iao et al. [244] who proposed the structure as shown in Fig. 30.
Fig. 30. Crystal structure of LiK(BH4)2. Hydrogen atoms (small yellow spheres)
form tetrahedra around the boron atoms (blue spheres). The red (middle) spheres
and green (large) spheres denote lithium atoms and potassium atoms, respectively
[Reproduced from ref. [244] with permission from Institute of Physics].

The decomposition temperature of LiK(BH4)2 lies between those
of LiBH4 and KBH4 which offers the possibility to adjust the decom-
position temperature by an appropriate combination of cations
[243,244].

On the basis of the above proposed method, recently Seballos et
al. [245] tried to synthesize a new mixed borohydride NaK(BH4)2
from NaBH4 and KBH4. They found that unlike LiK(BH4)2 it crystal-
lizes in a completely different rhombohedral symmetry with space
group R3, which is different from its starting material NaBH4 and
KBH4.

4. Amides and imides

Amides & imides have attracted world wide research interest
because of their high hydrogen storage capacity and low opera-
tive temperature, but they suffer from poor absorption kinetics
limiting their practical use. Mechanical ball milling using catalyst
doping can overcome these problems. Hydrogen storage in light
weight materials specially Li-N-H systems having lithium imides
specifications of US DOE. Scientist world wide are working in the Li-
N-H system to make it useful for material applications. Important
parameters, viz. crystal structure, hydrogen capacity, dissociation
temperature and enthalpies are summarized in Table 3.
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Table 2
Crystal structure and hydrogenation/dehydrogenation properties of borohydrides.

S. no. Materials and their
formation/dissociation
reaction

Crystal structure;
space group; lattice
parameters (Å)

Hydrogen
capacity (wt%)

Dehydrogenation
temperature
(◦C)

Dissociation
enthalpy
(kJ mol−1H2)

Ref.

1. NaBH4 Cubic; Fm3m 10.8 400 −216.7 to
−272.4 for
different values
of x

[149,153,156,160,162,163,180]

4NaH + 2B2O3 →
NaBH4 + 2NaBO2

a = 6.1506

NaBO2 + 2MgH2 →
NaBH4 + 2MgO
NaBO2 + Mg2Si + 2H2 →
NaBH4 + 2MgO + Si
NaBH4 + (2 + x)H2O →
4H2 + NaBO2 · xH2O

2. LiBH4 Orthorhombic;
Pnma

13.4 380 −177.0 [181,184,186,187,189,190]

2LiH + B2H6 → 2LiBH4 a = 57.17858(4),
LiBH4 → LiH + B + 3

2 H2 b = 54.43686(2),
c = 6.80321(4)

3. Mg(BH4)2 Different structures
are suggested by
different authors.
See ref. [201–208]

13.7 260–400 −39.3 to −57.0 [201–211]

MgCl2 + 2NaBH4 →
Mg(BH4)2 + 2NaCl
Mg(BH4)2 →
MgH2 + 2B + 3H2

MgH2 → Mg + H2

4. Ca(BH4)2 � Ca(BH4)2 9.6 350 32 [214,217,218,221,223]
CaH2 + MgB2 + 4H2 →
Ca(BH4)2 + MgH2

Orthorhombic;
Fddd

CaH2 + B2H6 → Ca(BH4)2 a = 8.791
Ca(BH4)2 →
2
3 CaH2 + 1

3 CaB6 + 10
3 H2

b = 13.137

c = 7.500
� Ca(BH4)2

Tetragonal; P42/m
a = 6.9468
c = 4.3661
� Ca(BH4)2

4
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Orthorhombic;
a = 13.10
b = 7.52
c = 8.40

.1. Lithium amide/imide

.1.1. Formation and structure
The early efforts for the synthesis of amides and imides were

ade by Gay Lussac and Thernard [246], but these were limited to
nly NaNH2 and KNH2. The first report on the synthesis of LiNH2
ame in 1894 by Titherley [247]. Later on a number of people pro-
osed a more stabilized and reliable synthesis of LiNH2 by heating
i3N under hydrogen at 220–250 ◦C [248,249] and proposed fol-
owing reaction:

i3N + 2H2 → LiNH2 + 2LiH (49)

On heating this mixture up to 340–480 ◦C, this amide converted
o amide and ammonia first and then extra lithium hydride reacts
ith ammonia and form lithium amide again [250]. But no investi-

ation on the reversible reaction was done. Chen et al. [251] were
he first who proposed a detailed investigation on the above reac-
ion and gave the following path
i3N + 2H2 ↔ LiNH2 + 2LiH + H2 ↔ LiNH2 + 2LiH (50)

But the enthalpy change of step 1 is too high (148 kJ/mol H2)
nd thus impractical for reversible applications. Hence, emphasis
s given particularly to step 2. Recently, Shaw et al. [252] milled
LiNH2 and LiH in molar ratio 1:1.1 under different conditions to
prepare Li2NH.

4.1.1.1. Crystal structure of LiNH2. The crystal structure of LiNH2
was first demonstrated via XRD by Juza and Opp in 1951 [253]
and further reinvestigated by neutron diffraction in 1972 [254].
The compound has tetragonal structure with space group I4. Two
hydrogen atoms form an amide ion with a nitrogen atom, which
has a bent shape as shown in Fig. 31(a).

The lattice constants determined by Rietveld analysis of
the X-ray powder diffraction experiment are a = 0.5031 nm and
c = 1.0210 nm [254]. First principle calculations have been made by
different groups [255–257] to investigate the fundamental prop-
erties i.e structural, electronic, dielectric and vibration properties.
Results predict that the calculated structural parameters agree
well with the experimental data except for the hydrogen posi-
tions [255,256]. Miwa et al. [255] analyzed the electronic structure
and the Born effective charge tensor indicating an ionic feature

between L+ and (NH2)−. The internal bonding of (NH2)− anion is
primarily covalent. They also showed that the internal N-H binding
and stretching vibrations of (NH2)− anion yield �-phonon modes
around 1500 and 3000 cm−1, respectively. More recently, a careful
structural study on the protonated sample by neutron diffraction



I.P. Jain et al. / Journal of Alloys and Compounds 503 (2010) 303–339 325

Fig. 31. (a) Atomic Structure of LiNH2 [reprinted from ref. [256] with kind per-
mission from Springer Science]; (b) Raman mode assignments of the as-loaded
(∼0.2 GPa) LiNH2 sample. The lattice translational (T) and librational (L) are promi-
nent and as discussed in the text; the translational and librational motions may
be coupled. The internal torsional modes wagging (ö), rocking (F), and twisting (ô)
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ppear as unresolved broad peaks (beyond 800 cm−1); however, not much activ-
ty was observed in this region with increasing pressure, so the internal torsional
ssignment is tentative. The N-H stretching modes (îs and îas) are well-resolved
Reprinted from ref. [259] with kind permission of American Chemical Society].

onfirmed the earlier studies [258] Further, Chellappa et al. [259]
erformed high pressure in situ Raman spectroscopy of LiNH2
shown in Fig. 31(b)) to reveal a structural phase transition from
mbient pressure �-phase to �-phase at 298K and showed that
rientation ordering of (NH2)− ion occurs in the �-phase.

.1.1.2. Crystal structure of Li2NH. There have been several reports
260,261] on the structure of lithium imide. Noritake et al. [260]
sed X-ray diffraction to show that Li2NH is face-centered-cubic
ith Fm3m symmetry and lattice parameter 0.5074 nm (Fig. 32).

he Li, N, and H atoms occupy the 8c (0.25, 0.25, 0.25), 4a (0, 0, 0),
nd 48h (0.11, 0.11, 0.0) positions, respectively. In another report,
eutron powder diffraction showed that the symmetry of crys-
alline Li2NH is F43m, with a lattice parameter a = 0.507 69 nm. The
ositions 4c (0.25, 0.25, 0.25) and 4d (0.75, 0.75, 0.75) are occu-
ied by the Li atoms, and the 4a (0, 0, 0) position by the N atom.
he H atom prefers the 16e (0.093, 0.093, 0.093) position [261].
he common features of the models suggested for this phase are
hat it is cubic with lattice parameter 0.50742 nm and that the
ydrogen atoms are disordered. Song et al. [257] calculated the
otal energy for both the models and suggested F43m to be the sta-
le structure. However, early reports based on NMR investigation
y Forman [262] and more recently diffraction measurements by
alogh et al. [263] found an order-disorder structural phase transi-
ion in lithium imide that occurs above room temperature (360 K)

262] While the low-temperature structure can be described as a
ully ordered orthorhombic structure, the high temperature struc-
ure is still cubic (space group Fm3m) with D atoms randomized
ver the 192l sites [262]. Since the lattice parameters of both phases
n the ab plane are similar and the c direction in lithium amide
Fig. 32. Crystal structure of Li2NH [Reproduced from ref. [261] with kind permission
of Journal of the Physical Society of Japan].

is doubled, the strongest peaks from both phases appear at close
d-spacings, which add difficulty in identifying the phases.

4.1.2. Thermodynamics and reaction mechanism
The dehydrogenation reaction of lithium amide and hydride is

expressed as

LiNH2 + LiH → Li2NH + H2 (51)

This reaction can theoretical absorb/desorb 6.5 wt% hydrogen
and its reaction heat is 44.5 kJ/mol2 H2. Chen et al. [251,264] first
suggested that LiNH2 might directly react with LiH to generate
hydrogen as defined by reaction (51). However, based on the results
from a subsequent temperature programmed mass spectrome-
try study using two-layer materials consisting of LiNH2 and LiH
powders, it has been proposed by Hu and Ruckenstein [265] that
reaction (51) proceeds via two elementary reactions, namely,

LiNH2 → 1
2

Li2NH + 1
2

NH3 (52)

1
2

NH3 + 1
2

LiH → 1
2

LiNH2 + 1
2

H2 (53)

As shown in reactions (52) and (53), reaction (51) proceeds by
decomposition of LiNH2 to Li2NH and NH3 first, followed by reac-
tion of LiH with NH3 to form H2 and LiNH2. The newly formed LiNH2
decomposes again and repeats the cycle of reactions (52) and (53).
Such successive reactions continue until all LiNH2 and LiH com-
pletely transform to Li2NH and H2. It has been shown that reaction
(53) takes place very fast in the order of less than 25 ms. How-
ever, even with such high-reaction rates, escape of NH3 from the
hydrogen storage system has been reported [266–268] and used as
an indirect evidence to support the mechanism defined by reac-
tions (52) and (53) [255]. Several recent studies [269,270] have
also provided evidence supporting the two-step elementary reac-
tion mechanism. Recently, Hu et al. [271] investigated the reaction
mechanism of a LiNH2 + LiH mixture using variable temperature
in situ 1H NMR spectroscopy and observed NH3 release at a tem-
perature as low as 30 ◦C with the rapid reaction between NH3 and
LiH at 150 ◦C. The transition from NH3 release to H2 appearance
accompanied by disappearance of NH3 confirmed the 2-step reac-

tion pathway proposed earlier. Shaw et al. [252] proposed a model
describing the major steps of the dehydriding reaction of the mix-
ture and related them to the evidence obtained from the X-ray
diffraction and specific surface area measurements of the mixture
before and after 10 isothermal cycles at 285 ◦C. The study revealed
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Fig. 33. Schematic of the hydrogen release pathway of the LiNH2 + LiH mixture: (a)
the Li2NH product forms a continuous shell outside the LiNH2 shrinking core, leading
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o a reaction rate controlled by NH3 diffusion through the Li2NH product layer, and
b) the LiNH2 product flakes off continuously, resulting in direct reaction between
H3 and constantly regenerated new LiH surface [Reprinted from Ref. [252] with
ermission from Elsevier].

hat dehydrogenation of the mixture is diffusion controlled and the
ate limiting step is NH3 diffusion through the Li2NH product layer
utside the LiNH2 shrinking core as shown in Fig. 33.

.2. Magnesium amide/imide

.2.1. Formation and structure
Initially magnesium amide Mg(NH2)2 was synthesized by a

eaction of magnesium nitride Mg3N2 or Mg with ammonia and the
ime taken for the completion was of the order of ages [272,273].
ecently Nakamori et al. [274] prepared the Mg amide and imide by
gas–solid reaction of MgH2 with ammonia. The MgH2 was placed

n a Mo crucible, sealed and connected to the reaction tube for
H3 introduction at 0.5 MPa. The crucible was then heated upto
temperature of 603–653 K for 1 week. X-ray diffraction profile

t varying temperatures indicated the formation of single phase
g(NH2)2 upon heating the sample to 613 K by the following reac-

ion:

gH2 + 2NH3 → Mg(NH2)2 + 2H2 (54)

g + 2NH3 → Mg(NH2)2 + H2 (55)

Jacobs et al. [272] first reported the crystal structure of Mg
NH2)2 in 1969. Mg (NH2)2 is characterized by tetragonal unit cell
elonging to space group No. 142 I41/acd, a = 10.37 Å, c = 20.15 Å.
he unit cell contains three crystallographically different amide
NH2)− units and the H–N–H angle varies between 104.1◦ and
29.6◦. In a recent report, Sorby et al. [275] used neutron pow-
er diffraction (NPD) to demonstrate the same space group for
g (ND2)2 with little difference in lattice parameters, which are
= 10.3758 Å and c = 20.062 Å respectively. Wang et al. [276] used

oth the above experimental structures to compute the total energy
f Mg(NH2)2: (−1589.2606 eV/formula unit for the former and
1589.2866 eV/formula unit for the latter, respectively) and thus

oncluded that the latter structure is more likely to be the stable
tructure for Mg(NH2)2 as shown in Fig. 34.
Fig. 34. Unit cell of Mg(NH2)2 with green, blue and grey spheres representing Mg,
N and H [Reprinted from ref. [276] with kind permission of American Chemical
Society].

4.2.2. Thermodynamics and reaction mechanism
Magnesium amide Mg(NH2)2, a lightweight amide, decom-

poses to magnesium imide (MgNH) and ammonia at elevated
temperatures [277]. The generation of ammonia starts at about
200 ◦C. Nakamori et al. investigated the thermal behavior of the
mixture of Mg(NH2)2 with MgH2 by means of thermogravimetry-
differential thermal analysis (TG-DTA). Instead of the expected
interaction between amide and hydride, they only observed
the self-decomposition of Mg(NH2)2 [274]. However, Hu et al.
[278,279] showed that hydrogen desorption from Mg(NH2)2 and
MgH2 (at either a 1:1 or 1:2 molar ratio) can occur under a
mechanochemical reaction condition, i.e. energetic ball milling, as
shown by the reactions [278,279]:

Mg(NH2)2 + MgH2 → 2MgNH + H2 (56)

Mg(NH2)2 + 2MgH2 → Mg3N2 + 4H2 (57)

Hu et al. [279] showed that a total of 7.4 wt% of hydrogen was
released from the mixture of magnesium amide and magnesium
hydride at a molar ratio of 1:2 by mechanical ball milling. Fourier
Transform Infrared Spectroscopy (FTIR) and X-ray diffraction (XRD)
characterizations along with the amount of hydrogen released at
different stages of ball milling (shown in Fig. 35) reveal that magne-
sium imide was first formed in the reaction. The imide then reacted
continuously with magnesium hydride and was converted to mag-
nesium nitride and hydrogen.

Mg(NH2)2 + 2MgH2 → 2MgNH + MgH2 + 2H2 (58)

2MgNH + MgH2 → Mg3N2 + 2H2 (59)

The overall reaction is given by reaction (57).

Thermodynamic analysis revealed that the average heat of des-

orption is ∼3.5 kJ/mol H2 [279] for reaction (57), indicating that
Mg3N2 can hardly be converted to Mg(NH2)2 and MgH2 under
normal hydrogenation conditions. It took 72 h to complete the
hydrogen desorption even if the dehydrogenation was allowed
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Fig. 37. Thermal desorption mass spectra (TDMS) and thermogravimetry (TG) anal-
ysis for Ca(NH ) in the heating process up to 500 ◦C under a He gas flow atmosphere
ig. 35. Time dependence of the hydrogen pressure increase in the milling jar
Reprinted from ref. [279] with kind permission of American Chemical Society].

hermodynamically. Therefore, the overall kinetics for hydrogen
esorption should be rather slow, which might be the reason why

nvestigations by other researchers have failed to detect the reac-
ion between Mg(NH2)2 and MgH2 [274].

.3. Calcium amide/imide

.3.1. Formation and structure
Two different approaches for the preparation of calcium amide

ere used [280–284].

.3.1.1. Ball milled Ca3N2. Kojima et al. [281] performed a
echanochemical reaction by ball milling calcium nitrides Ca3N2 in
2 atmosphere at a pressure of 1 MPa and room temperature. The
RD pattern indicated the presence of orthorhombic CaH2 [282]
long with CaNH or Ca2NH because the unit cell of both the imides
s cubic and their diffraction patterns are similar.

The only difference is that the N-H bond is present in CaNH while
bsent in Ca2NH. The crystal structure of CaNH and Ca2NH is given
n Fig. 36 w.r.t. generation of a possible N–H bond.

It was shown by the infra red absorption spectra that ball milled

a3N2contains CaNH.

Thus, the reaction of Ca3N2 and H2 is expressed as:

a3N2 + 4H2 ↔ 2CaNH + CaH2 + 2H2 (60)

CaNH + CaH2 + H2 → Ca(NH2)2 + 2CaH2 (61)

Fig. 36. Crystal structures of CaNH and Ca2NH [Reprinte
2 2

at a heating rate of 5 ◦C/min. Here, the solid line indicates NH3 desorption, the dashed
line shows H2 desorption and the dotted line shows weight loss [Reprinted from Ref.
[284] with permission from Elsevier].

4.3.1.2. Ball milled CaH2. Leng et al. and coworkers [283,284] pre-
pared Ca amide by mechanical milling of CaH2 in NH3 atmosphere
for 18 h. The atmosphere was replaced to pure NH3 every 2 h milling
so as to realize the gas–solid reaction completely.

CaH2 + 2NH3 → Ca(NH2)2 + 2H2 (62)

4.3.2. Decomposition behavior of Ca (NH2)2
Juza and Schumacher [285] performed partial decomposition

studies of Ca(NH2)2 (up to 67.7%) and regarded the decomposed
phase as cubic calcium imide (CaNH) phase through XRD analysis.
Recently Leng and co-workers [283,284] investigated the thermal
decomposition behavior of calcium amide up to 500 ◦C. The thermal
decomposition mass spectroscopy (TDMS) profile indicated that
Ca(NH2)2 decomposed to CaNH in the heating process up to 500 ◦C.
The starting temperature of the decomposition is about 60 ◦C as
shown in Fig. 37.

The XRD profile shows that CaNH produced agrees with the
cubic CaNH phase up to 350 ◦C, but changes to an unknown phase
up to 500 ◦C. The H2 desorption process from the mixture of Ca
(NH ) and CaH with 1:3 molar ratio was carefully examined.
2 2 2

Hino et al. [284] indicated that the H2 desorption reaction can
be described by the following two reactions:

Ca(NH2)2 + CaH2 → 2CaNH + 2H2 (63)

d from Ref. [281] with permission from Elsevier].
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ig. 38. Schematic diagram for the synthesis and decomposition processes of Ca(N
xists in a core part. Decomposition: Ca(NH2)2 decomposes to CaNH by heating, the
rom Ref. [284] with permission from Elsevier].

nd

aNH + CaH2 → Ca2NH + H2 (64)

here the former and the latter reactions are exothermic and
ndothermic, respectively.

Hino et al. [284] explained the H2 desorption occurs due to a
irect solid–solid reaction [251] between CaNH and CaH2, where
aH2 still remains in the core part of Ca(NH2)2 after reaction (62)
Fig. 38).

.4. Other amides/imides

.4.1. Li-Mg-N-H
Among these systems, the Li-Mg-N-H system shows promising

haracteristics for onboard vehicular application as it significantly
ecreases the enthalpy of reaction and thus favors reversible hydro-
en storage near ambient conditions. Studies on various Mg:Li
atios have been reported in the literature [286–291] and can be
ummarized as:

Mg:Li = 1:2 (cf. Luo and Sickafoose [287,288], Xiong [289,290])

3Mg(NH2)2 + 6LiH ↔ 3Li2Mg(NH)2 + 6H2 (65)

Mg:Li = 3:8 (Luo and Ichikawa [287,291])

3Mg(NH2)2 + 8LiH ↔ 4Li2NH + Mg3N2 + 8H2 (66)

Mg:Li = 1:4 (cf. Orimo et al. [274,256])

3Mg(NH2)2 + 12LiH → 4Li3N + Mg3N2 + 12H2 (67)

The trend is that the reversible capacity increases when decreas-
ng the Mg content. The capacity reaches 7.0 and 9.2 wt% for
eactions (66) and (67), but a high temperature (up to 500 ◦C) is
equired to achieve full hydrogen desorption for these reactions,
ue to the stability of the transitory imide phases. Consequently,
he most promising material concerns Mg:Li = 1:2 ratio, with both a
igh capacity (5.6 wt%) and a relatively low operating temperature
about 200 ◦C).

.4.1.1. Formation and structure. Two methods have been
escribed for the formation of the dehydrided phase, Li2Mg(NH)2,
tarting from LiNH2 and MgH2 [289,292].

LiNH2 + MgH2 → 3Li2Mg(NH)2 + 6H2 (68)
One method involves direct dehydriding (at 300 ◦C) under vac-
um of a mechanically milled mixture of LiNH2 and MgH2 in a 2:1.1
olar ratio [289]. According to this method, removal of hydrogen

as through evacuation should presumably facilitate the forma-
ion of the dehydrided mixed imide phase, Li2Mg(NH)2. However,
ynthesis: CaH2 reacts with ammonia to produce Ca(NH2)2 during milling, but still
H reacts with CaH2 in the core part at high temperatures and desorbs H2 [Reprinted

a second competitive reaction can also occur under these condi-
tions, involving the decomposition of LiNH2 into NH3 and Li2NH
[253,265,269]:

2LiNH2 → Li2NH + NH3 ↑ (69)

Thus, when the milled mixture of LiNH2 and MgH2 is initially
heated under vacuum, it is possible for the decomposition reaction
(69), to occur prior to or in parallel with the reaction (68). The com-
petition between reactions (68) and (69) is important, since any
contribution of reaction (69) would result in a permanent decrease
in the reversible storage capacity for this system.

The second route suggested by Luo et al. [287,288] involves the
formation of the mixed imide phase is a two-step process, wherein
LiNH2 and MgH2 are initially transformed to Mg (NH2)2 and LiH

2LiNH2 + MgH2 → Mg(NH2)2 + 2LiH (70)

and these products are reversibly decomposed to form Li2Mg(NH)2
according to

Mg(NH2)2 + 2LiH → Li2Mg(NH)2 + H2 (71)

This second activation route is achieved under heat at static,
positive hydrogen or inert gas pressure to prevent decomposition
of LiNH2 according to reaction (69).

The crystal structure of mixed imide Li2Mg(NH)2 was first exam-
ined by Rijssenbeek et al. [293] using in situ X-ray diffraction. The
structure at ambient conditions is characterized by a tetragonal
unit cell with space group No. 45 (Iab2), and lattice parameters
a = 9.7871 Å, b = 4.9927 Å and c = 20.15 Å respectively. Their study
showed that Li2Mg(NH)2 undergoes progressive disordering of
the cations and the cation vacancies as temperature increases,
resulting in two disordering transitions at elevated temperatures.
The corresponding three phases at and above room temperature
are determined, via a combination of X-ray and neutron powder
diffraction, to be orthorhombic (�), primitive cubic (�) and face-
centered cubic fcc (�) phases. In all three phases, the N-atom lattice
resembles a slightly distorted fcc lattice similar to the arrangement
in lithium imide/amide and magnesium amide [263,275]. The Li/Mg
cations are located at the tetrahedral interstitial sites of this fcc
lattice. Not all of the tetrahedral interstitial sites are occupied. In
the room temperature (�) phase, 25% of the tetrahedral sites are
ordered vacancies, while Li and Mg occupy the remaining tetrahe-
dral sites in a disordered fashion (Fig. 39).

As temperature is raised above 350 ◦C, the (�) phase converts
into the (�) phase, where some of the tetrahedral sites (3c) are
disorderly occupied by Li and Mg, and some others (3d) are par-

tially occupied by Li, leading to disordered arrangement of both
cation and cation vacancy. A fraction of the tetrahedral sites is still
orderly occupied by either Li or vacancies. When temperature is
raised above 500 ◦C, the (�) phase converts into the (�) phase,
where all the tetrahedral sites are disorderly occupied by Li, Mg,
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Fig. 39. Ball and Stick models for �Li2Mg(NH2)2. The origin is set at a n atom. The
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Fig. 41. Desorption pressure-composition isotherms at 220 ◦C for first and third des-
orption of the (2LiNH2 + MgH2) sample. Desorption isotherm for (Mg(NH2)2 + 2LiH))
is included. Letters A, B, C and D mark hydrogen contents (weight percent) in the
solid: Hwt.% is 0 at point A; Hwt.% is 1.5 at point B (the beginning of plateau); Hwt.%
arge light spheres represent cation vacancies. The figure shows the specific cation
isordered figure of the Li-Mg mixed amide [Reprinted from ref. [296] with kind
ermission of American Institute of Physics].

nd vacancies. Wang et al. [294] used pseudo potential density
unctional calculations to identify important local orderings for the
xperimentally observed disordered phase at room temperature.
elikokhatnyi et al. [295] calculated the electronic structure and
ensity of states as well as vibrational properties of the mixed imide
nd showed that GGA approximation to the exchange correlation
otential allows obtaining the calculated structural parameters of
he material within the accuracy of ∼1.5–2%. Recently, Maa et al.
296] proposed an ordered structure at low temperature with Mg
toms placed at face-diagonal arrangements on the “cubes” formed
y tetrahedral interstitial sites of an fcc lattice, and arrange them-
elves in alternating face-diagonal directions on opposite faces of
wo adjacent cubes (Fig. 40).
.4.1.2. Thermodynamics and reaction mechanism. Luo [292] first
eported that the mixture 2LiNH2 + 1.1MgH2 desorbs hydrogen
t 30 bar H2 pressure at 200 ◦C with the hydrogen capacity

ig. 40. A low-energy crystal structure proposed for Li2Mg(NH)2 at low temperature
Reprinted from ref. [296] with kind permission of American Institute of Physics].
is 3.2 at point C (the mid-point of the plateau); Hwt.% is 5 at point D (the end of
plateau) [Reprinted from Ref. [288] with permission from Elsevier].

of 4.5 wt% and enthalpy of reaction 39 kJ/mol. It was sup-
posed that the reaction during the absorption/desorption for
the system is reversible between 2LiNH2 + MgH2 and Li2Mg
(NH)2 + 2LiH.

This assumption is partially correct since the rehydriding mate-
rial is not 2LiNH2 + MgH2 but Mg(NH2)2 + 2LiH. Gross and Luo [297]
further performed a cycle life test and showed that the system
looses only 11% capacity after 100 cycles. Based on the informa-
tion of pressure-composition isotherms, powder XRD and FTIR,
Luo et al. [288] proposed a mechanism for the sorption reactions
(Fig. 41).

There are two different processes, which take place in the
sorption isotherm. In the sloping part of the isotherm a single
solid-phase reaction takes place. In this step no more than one
hydrogen-atom is inserted into each formula unit of Li2MgN2H2,
forming Li2MgN2H3 with –NH2 bonded to Li. Upon the completion
of the single phase reaction, a multiple solid phase reaction takes
place which corresponds to the plateau region. In this reaction three
more hydrogen atoms are added to each formula unit of Li2MgN2H3
which leads to the formation of the new species, Mg(NH2)2 and LiH
as shown in Fig. 42.

Recently Yang et al. [298] suggested that although the hydro-
gen released temperature for the system is projected to be
90 ◦C at 1 bar but the reaction kinetics is quite slow (at 180 ◦C
absorbing <2 wt%). Thus additional work is required to develop
and incorporate an effective catalyst to overcome the cur-
rent kinetic barriers and decrease the hydriding/dehydriding
reaction temperature to there thermodynamically predicted
values.

Recently, Alapati et al. [299] predicted the LiNH2 and MgH2 in
1:1 molar ratio could be energetically favorable by first principles
density function theory (DFT) calculations.

LiNH2 + MgH2 ↔ LiMgN + 2H2 (72)

This reaction yields 8.19 wt% hydrogen at completion with a
calculated reaction enthalpy of 9.7 kJ/mol H2 at 0K using the ultra-

soft pseudo potential (USPP) approach. Furthermore, Akbarzadeh
et al. [300] inferred that the 1:1 mixture of LiNH2 and MgH2 would
decompose according to the following sequential reactions by the
modern first-principles calculations of total energies and vibra-
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s [Reprinted from Ref. [288] with permission from Elsevier].
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Fig. 43. XRD pattern of products at varios dehydrogenation/hydrogenation stages
of 2LiNH2 + CaH2. (a) Desorption during heating ramp to 300 ◦C, products: CaNH,
Li2NH, LiNH2, and CaH2; (b) desorption at 300 ◦C for 30 min, products: CaNH,
Li2NH, Li2Ca(NH)2, and small amount of LiNH2; (c) desorption at 300 ◦C for 5 h,
product:Li2Ca(NH)2; (d) hydrogenation of Li2Ca(NH)2 at 200 ◦C, products: LiNH2,
LiH and CaNH [Reprinted from ref. [304] with kind permission of American Chemical
Society].
Fig. 42. Proposed mechanism for the sorption reaction

ional free energies:

iNH2 + MgH2 → 1
2

Mg(NH2)2 + LiH + 1
2

MgH2 → 1
4

Mg(NH2)2

+ 1
4

Mg3N2 + LiH + H2 → 1
4

Li2MgN2H2

+ 1
4

Mg3N2 + 1
2

LiH + 3
2

H2 → LiMgN + 2H2 (73)

Interestingly enough, instead of the predicted reactions 1 and
of equation (73), Osborn et al. [301] found experimentally the

resence of a new product, Li2Mg2(NH)3, after dehydrogenation of
he LiNH2-MgH2 mixture at 210 ◦C as expressed in the following
eaction:

iNH2 + MgH2 → 1
3

Li2Mg2(NH)3 + 1
3

LiH + 1
3

MgH2 + H2 (74)

Thermodynamic analysis made by Liu et al. [302] showed that
he 1:1 molar ratio of LiNH2-MgH2 system desorbs 6.1 wt% hydro-
en in an endothermic reaction, and the overall heat of reaction
as calculated as 45.9 kJ/mol of H2.

.4.2. Li-Ca-N-H
Xiong et al. [289] first reported that the mixture of LiNH2 and

aH2 with a 2:1 molar ratio desorbs hydrogen from 70 ◦C and takes
hydrogen desorption peak at 206 ◦C at the heating rate of 2 ◦C/min

n the temperature programmed desorption (TPD) profile. Further-
ore, Hino et al. [284] have explained the thermal desorption mass

pectra (TDMS) of calcium amide Ca(NH2)2 in detail and clarified
hat Ca(NH2)2 decomposes into Ca(NH) and emits NH3 at a lower
emperature Tokoyoda et al. [303] proposed the reversible hydro-
en storage reaction for Li-Ca-N-H as:

aH2 + 2LiNH2 → CaNH + Li2NH + 2H2 ↔ Ca(NH2)2 (75)

According to this reaction equation the system possesses a the-
retical hydrogen storage capacity of 4.5 wt%. More recently, Wu
t al. [304] used X-ray diffraction to understand the intermedi-
te products formed at different dehydrogenation stages (shown
n Fig. 43) and proposed the structure for ternary compound
i2Ca(NH)2 using neutron powder diffraction. Rehydrogenation of
his product does not lead to the initial mixture (2LiNH2 + CaH2)
Fig. 44).

.4.3. Li-Al-N-H
Investigations on metal-N-H system reveals that mixtures of

mide and binary hydrides of alkali and alkaline earth metals
re capable of releasing hydrogen due to Coulombian attraction
etween H�+ in amide and H�- in hydrides. Based on this inter-
retation, studies have been made on the amide-complex hydride
ystems such as NaAlH4, LiAlH4 and LiBH4.

Attempts have been made by different groups for hydrogen
elease from LiNH2-LiAlH4 and NaNH2-LiAlH4 systems [305,306].

ast hydrogen release was observed by Xiong et al. [307] from the
ixture of NaNH2 and LiAlH4 upon ball milling, i.e; 4-H atoms per

1NaNH2-1LiAlH4) were detached from the mixture within 10 min.
nfortunately the reaction was exothermic which is irreversible for

he release process of hydrogen under practical conditions.

Fig. 44. TGA curves of 2LiAlH4 + LiNH2 under atmospheric argon and a heating rate
of 2 ◦C/min [Reprinted from ref. [309] with kind permission of American Chemical
Society].



I.P. Jain et al. / Journal of Alloys and Compounds 503 (2010) 303–339 331

Table 3
Crystal structure and hydrogenation/dehydrogenation properties of amides/imides.

S. no. Materials and their
formation/dissociation
reaction

Crystal structure; space
group; lattice parameters
(Å)

Hydrogen
capacity (wt%)

Dehydrogenation
temperature
(◦C)

Dissociation
enthalpy
(kJ mol−1 H2)

Ref.

1. Li imide/amide Li2NH: 5.4 148 [251]
Li3N + H2 →
Li2NH + LiH + H2

Cubic, Fm3m

Li2NH + LiN + H2 ↔
LiNH2 + LiH + H2

a = 5.046Å 6.5 280 45

LiNH2:
Tetragonal
a = 5.031Å
c = 10.210Å

2. Mg imide/amide I41/acd 7.4 200 ∼3.5 [275,279]
Mg(NH2)2 + 2MgH2 →
Mg3N2 + 2H2

a = 10.3779Å

c = 20.065Å

3. Ca imide/amide P21/a 3.5 350 [284,286]
Ca(NH2)2 + CaH2 →
2CaNH + 2H2

a = 6.30 Å 2.1 500

2CaNH + 2H2 →
Ca2NH + H2

b = 7.257 Å

c = 7.2434 Å

4. Li-Mg-N-H Li2Mg(NH)2: 4.5
2LiNH2 + MgH2 →
3Li2Mg(NH)2 + 6H2

Tetragonal, 45(Iab2)

Li2Mg(NH)2 + H2 ↔
Mg(NH2)2 + 2LiH

a = 9.7821 Å 200 39 [293]

b = 4.9927 Å
c = 20.15 Å
Mg(NH2)2:
Tetragonal,142 (I41/acd)
a = 10.37 Å
c = 20.15 Å

5. Li-Ca-N-H Li2Ca(NH)2: 5
2LiNH2 + CaH2 + H2 →
CaNH + Li2NH ↔
Li2Ca(NH)2

Trigonal, P3m1

Li2Ca(NH)2 + 2LiH →
4LiNH2 + Ca3N2 + 2H2

a = 3.5664 Å 300 102.6 [307]

c = 5.9540 Å

6. Li-Al-N-H
3LiAlH4 →
Li3AlH6 + 2Al + 3H2

4 85

3

2

2

m
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i
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t
a
(
i
b

3

L

2

M
r
c

Li3AlH6 → 3LiH + Al + 2 H2

2LiAlH4 + LiNH2 →
2Al + Li2NH + 4H2

−

The reaction between LiNH2-LiAlH4 (1:1 molar ratio) is a
ildly endothermic process liberating approximately 4H atoms per

1LiNH2-1LiAlH4) after 10 h of ball milling. However, the recharg-
ng of the dehydrogenated sample was unsuccessful at H2 pressures
pto 80 bar [308]. Recently, Jun and Fang [309] investigated a mix-
ure of LiNH2 and LiAlH4 in 1:2 molar ratios by thermo gravimetric
nalysis (TGA) and indicated that a large amount of hydrogen
∼8.1 wt%) can be released between 85 and 320 ◦C under the heat-
ng rate of 2 ◦C/min in three dehydrogenation reaction steps given
y:

LiAlH4 → Li3AlH6 + 2Al + 3H2 (76)

i3AlH6 → 3LiH + Al + 3
2

H2 (77)

LiAlH4 + LiNH2 → 2Al + Li2NH + LiH + 4H2 (78)
It was also reported that LiNH2 effectively destabilizes LiAlH4.
ore recently, Xiong et al. [310] performed nuclear magnetic

esonance (NMR) measurements along with XRD and FTIR to indi-
ate that a Li-Al-N-H intermediate with chemical composition
165

.1 200

Li3AlN2H4 forms after ball milling which reversibly store 5 wt%
hydrogen.

5. Amino borane

Amino boranes are compounds of borane groups having ammo-
nia addition as indicated from their name. Among all the known
amino boranes [311], ammonia borane is considered as promising
candidate for chemical hydrogen storage applications due to their
low molecular weight and high hydrogen content of 19.6 wt%. The
present section will explore detailed review on its synthesis, crystal
structure and their hydrogen uptake reaction.

5.1. Formation and structure
The first report on synthesis of NH3BH3 is given by Shore and
Parry [312] in 1955 using the following reactions:

LiBH4 + NH4Cl
DiethylEther−→ LiCl + NH3BH3 + H2 (79)
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Table 4
Comparative structural information of ammonia borane obtained by different groups [Reproduced from ref. [326] with permission from Institute of Physics].

Temperature (K) Structure Space group a (Å) b (Å) c (Å) Volume (Å3)

295 Tetragonal I4mm (C9
4V) 5.240 ± 0.005 5.028 ± 0.008 138.0 ± 0.2
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release upto 2.2 equivalent of H2 upto 453 K [339]. In organic sol-
vents, acid catalyzed [340] or transition metal complex catalyzed
[341–343] dehydrogenation can also control hydrogen release and
18 wt% of hydrogen is released at 333 K. Benedetto et al. [344]
have shown that mechanical milling with metal catalysts enhances

Fig. 45. Scaled exotherms (solid lines) from isothermal DSC experiments that show
the time-dependent release of H2 from AB and AB:SBA-15 (1:1 wt/wt). The area
110 Orthorhombic Pmn21 (C 2V)
RT Tetragonal I4mm (C9

4V)
RT Tetragonal I4mm (C9

4V)
Orthorhombic (face-centered)

LiBH4 + (NH4)2SO4
DiethylEther−→ Li2SO4 + 2NH3BH3 + 2H2 (80)

H2B(NH3)+
2 ][BH4

2−] + NH4Cl

Diethyl Ether,trace of NH3−→ [H2B(NH3)2
+][Cl2−] + NH3BH3 + H2 (81)

Later on Mayer [313] suggested that [H2B(NH3)2]BH4 may con-
ert to H3BNH3 without H2 evolution in polyether solution:

H2B(NH3)2][BH4]
Poly Ether,B2H6 small amount−→ 2NH3BH3 (82)

Except these, a number of studies has been performed for the
reparation of ammonia borane using ammonium salts such as
hloride [314], sulfate [315], carbonate [316] for salt metathesis.
irect reaction of ammonia with B2H6 [311,317,318], BH3.SMe2

319], or BH3.THF [320] gives satisfactory amount of ammonia
orane. Recently Ramachandran and Gagare [321] obtained high
ield ∼96% of ammonia borane and suggested that a low concen-
ration of the reaction medium is necessary for the purity and yield
f the product. More recently, Heldebrant et al. [322] proposed
hat ammonium borohydride, NH4BH4 can be induced to decom-
ose in an organic ether to yield AB in near quantitative yield. They
ound the purity of this AB is sufficient to meet the thermal stability
equirements for on board hydrogen storage.

Lippert and Lipscomb [323] were the first who proposed
etragonal structure of ammonia borane with lattice parameter
= 5.234 Å, c = 5.027 Å using XRD. This was supported by a theo-

etical study made by Hughes [324] in the same year. In a later
tudy by Sorokin et al. [325] the structure was suggested as face
entered orthorhombic. Thus a detailed structural information was
eeded for clarifying this difference in suggested structure, which
as attempted by Hoon and Reynhardt in 1983 [326]. They found
first order rotational order–disorder phase transition at 225 K.

he low temperature structure is orthorhombic, while in high tem-
erature tetragonal phase, the space group permits twelve-fold
eorientation of BH3 and NH3 groups. Table 4 shows comparative
tructural information obtained by different groups.

The solid state structure of ammonia borane exhibits short
H–HN contacts, the hydridic hydrogen atoms on boron are 2.02 Å
way from the protic hydrogen atoms on nitrogen of an adjacent
olecule, a distance lower than the Vander Waals distance of 2.4 Å,

n interaction constituting a dihydrogen bond [327–329], while B-
bond distance is 1.564(6) Å in solid state ammonia borane [330],

t is significant longer ∼1.6722(5) Å in gas phase structure as deter-
ined by microwave spectroscopy [331,332].

.2. Thermodynamics and hydrogenation properties

There are several methods of dehydrogenation of ammonia
orane in literature, which can be broadly divided in two categories

amely (1) thermolysis and (2) hydrolysis.

.2.1. Thermolysis
Thermolysis of ammonia borane has been widely studied

333–347]. The thermal dehydrogenation of ammonia borane
5.517 ± 0.001 4.742 ± 0.001 5.020 ± 0.001 131.33 ± 0.03
5.255 5.048 139.4
5.234 5.027 137.7
7.22 7.38 5.23 278.7

occurs in 3 steps [333,334] as follows:

NH3BH3(s) → (NH2BH2)n(s) + nH2(g) (83)

(NH2BH2)n(s) → (NHBH)n(s) + nH2(g) (84)

NHBH(s) → (BN)n(s) + nH2(g) (85)

The first step starts at ∼90 ◦C and reaches a maximum at
∼110 ◦C, which results in the release of one molar equivalent of
hydrogen gas, but at very slow rates because of the long induction
period prior to hydrogen release [333]. The second molar equiv-
alent of H2 is released at temperatures around 150 ◦C. The final
step can occur only at high temperature ∼500 ◦C, which gives the
third final molar equivalent H2. The reaction enthalpy for H2 release
from ammonia borane is found to be −21 kJ/mol [335], which is
suitable for onboard hydrogen storage application. The only disad-
vantage associated with the thermal dehydrogenation is the long
induction time∼200 min at 80 ◦C before the hydrogen release [336].
Number of methods have been suggested to overcome this prob-
lem using silica scaffolds [333], Metal catalyst [334], Ionic liquids
[337,338] etc. The use of a 1:1 mixture of ammonia borane and
mesoporous silica SBA-15, as a scaffold, enabled the release of 1
equivalent of hydrogen at 50 ◦C in only 85 min as reflected from
DSC results shown in Fig. 45.

The addition of ionic liquids to ammonia borane make the dehy-
drogenation possible at 95 ◦C [337,338] after 22 h heating. It was
reported that Ni0.88Pt0.12 hollow sphere catalyzed NH3BH3 can
under the curve for neat AB corresponds to �Hrxn = −21 kJ mol−1, and the area under
the curve for AB:SBA-15 corresponds to �Hrxn = −1 kJ mol−1. The release of hydro-
gen from AB proceeds at a more rapid rate and at lower temperatures in SBA-15. The
dashed line (–) is the integrated signal intensity; (�) is the point at which the reac-
tion is 50% complete [Reproduced from ref. [333] with permission from Wiley-VCH
Verlag GmbH & Co.].
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ig. 46. Crystal structure of �-AlD3. The unit cell is shown to the left, and the conn
ith one other octahedron, building a distorted primitive Al sublattice [Reprinted f

ydrogen release in solid state ammonia borane. Recently, the addi-
ion of trace quantities of diamoniate of diborane to ammonia
orane could also reduce the induction time and onset tempera-
ure of hydrogen release as well [345]. It is found that nanophase
oron nitride has also the same effect as above to reduce the onset
emperature [346,347].

.2.2. Hydrolysis
The second option for hydrogen generation from NH3BH3 is its

ydrolysis or alcoholysis, a name given to the reaction with water
nd alcohol, respectively. Amonnia borane is relatively stable in

eutral water and alcohol at room temperature [348]. Hydroly-
is of NH3BH3 releases hydrogen rapidly in the presence of metal
atalysts or solid acids via the reaction [339,349–352]:

H3BH3 + 2H2O → NH4
+ + BO2

− + 3H2 (86)

ig. 47. Crystal structure of �’-AlD3. The unit cell is shown to the left, and the pores throu
ind permission of American Chemical Society].
y of the octahedra is illustrated to the right. Each octahedron is sharing one corner
f. [360] with kind permission of American Chemical Society].

The reaction is exothermic with �H = −156 kJ/mol [350,351]
and provides 9.1 wt% hydrogen based on ammonia borane and
reacted H2O. The reaction rate significantly depends on the cat-
alysts used. Pt based catalysts were found to be best in this
category, by which the above reaction could be completed within
2 min [349,352]. Another important catalyst for the hydrolysis of
NH3BH3 is amorphous Fe nanoparticles, having a hydrogen release
H2/NH3BH3 of 3 in 8 min [353]. Other important catalysts are sum-
marized in a recent review article by Umegaki et al. [353].

6. Alane
6.1. Formation and structure

Al hydride was first synthesized by Finholt et al. by the ethereal
reaction of lithium aluminium hydride (LiAlH4) with aluminium

gh the whole structure are highlighted to the right [Reprinted from ref. [360] with
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Fig. 48. The atomic arrangement of �-AlD3 in the unit-c

hloride (AlCl3) [72]:

LiAlH4 + AlCl3
(C2H5)2O−→ 4AlH3 ↓ +3LiCl ↓ (87)

But the AlH3 formed was solvated in ether which could not be
emoved unless the decomposition to Al and H. Chizinsky et al.
354] reported the removal of ether from the solution by adding
entane or ligroin followed by the vacuum treatment of the pre-
ipitate. Apple and Frankel [355] reported the first method of non
olvated AlH3 by the bombardment of ultrapure aluminium tar-
et with hydrogen ions. However, AlH3 polymorphs have typically
een synthesized by organometallic methods. Recently it has been
ound that alane can be synthesized by cryomilling of LiAlD4 and
lCl3 without thermal decomposition [356,357]. Depending on the
ethod and conditions of preparation, alane can be synthesized in

ix different forms [358]. Bower et al. [358] reported that � and �
orms of aluminium hydride were first formed which converted to

ost stable �-phase upon heating. Other known phases were iden-
ified as �́, �, and �. Among the six polymorphic structure of AlH3,
he structure of � [359], �́ [360], � [361] and � [362] are known. The
ow stability of the � and � phases is a major difficulty to perform
heir structure analysis. However, �-AlH3 is the only structure of
nterest, particularly in the context of hydrogen storage materials
s it meets the storage criteria specified by DOE.

The first report on the structure of �-AlH3 and �-AlD3 was made
y Turley et al. [359] using XRD and neutron diffraction data. They
uggested that both compounds crystallize in the trigonal space
roup R3c with six molecules in a hexagonal unit cell. On the basis
f data proposed by Turley et al., recently Brinks et al. [360] re-
xamined a sample containing 2/3� and 1/3�́ phase by Rietveld
nalysis. They suggested �-AlD3 structure as a ReO3 type structure
ith corner sharing AlD6 rotated octahedra (Fig. 46).

In the same work [360] they discussed the structure of �́-AlD3.
t takes the �-AlF3 structure with space group Cmcm, built up of

orner sharing AlD6 octahedra in an open structure with hexagonal
oles of radius 3.9 Å (Fig. 47).

In a later study, Brinks et al. [361] reported the structure of �-
lD3 using PND and synchrotron XRD data. The structure was found

o be of the cubic pyrochlore type with space group Fd3m as shown
printed from Ref. [361] with permission from Elsevier].

in Fig. 48. It consists of corner sharing AlD6 octahedra where each
hydrogen is shared between 2 octahedra.

The structure of the � phase has recently been studied by Brinks
et al. [362] and Yartys et al. [363] using PND and synchrotron XRD.
Studies revealed that �-AlD3 crystallizes with an orthorhombic unit
cell in space group Pnnm. It consists of both corner and edge shar-
ing AlD6 octahedra where each hydrogen is shared between two
octahedra (Fig. 49).

6.2. Thermodynamics and hydrogenation properties

The decomposition of �-AlH3 occurs as follows [364]:

AlH3 → Al + 3
2

H2 (88)

The heat of decomposition of aluminium hydride samples was
measured using a bomb calorimeter accommodating a small sus-
pended heating oven containing the sample [365]. At 298 K, the
calculated average enthalpy of formation was −11.4 ± 0.8 kJ / mol,
absolute entropy was 30.0 ± 0.4 kJ/mol and Gibb’s energy of forma-
tion was 45.4 ± 1.0 kJ/mol.

The thermodynamics of the �, �, and � polymorphs were cal-
culated using DSC. The total heat of � → � transition and � → � is
found to be 1.5 ± 0.4 kJ/mol and 2.8 ± 0.4 kJ/mol AlH3. These trans-
formations are exothermic and so can occur spontaneously at room
temperature. The enthalpy of formation is found to be −10 kJ/mol
AlH3. It was demonstrated that a freshly synthesized nonsolvated
AlH3 desorbs about 10 wt% H2 at temperature below 100 ◦C [365].

However, the above reaction occurs readily, but the reverse
reaction is not easy to occur. About 2.5 GPa pressure of H2 is
required to rehydride it [366,367]. Another issue to use alane for
practical application is its slow desorption kinetics. It has been
shown that the kinetics is limited by nucleation and growth of the

aluminium particles and not by diffusion through a surface oxide
as was initially expected [368,369]. In addition, the decrease in the
desorption temperature was also investigated and some solutions
were proposed, by either utilizing additives such as alkali metal
hydride [370] or particle size reduction using ball milling [371]. It



I.P. Jain et al. / Journal of Alloys and Co

F
s
a
E

w
K
T
w

a
A
p

A

n
o
H
fi

7

i
p
c
c
l
b
h
H
f
a
t
l
s
1
t
p

In short many challenges are wide open in this field and
ig. 49. The atomic arrangement of �-AlD3 in the unit-cell. The two different Al
ites are illustrated by different colour of the octahedra. Al1D6 octahedra are blue
nd Al2D6 octahedra are yellow [Reprinted from Ref. [362] with permission from
lsevier].

as found that doping of AlH3 with small amount of LiH, NaH and
H results in accelerating H2 desorption rates at low temperatures.
his increase is explained due to the formation of alanate windows
hich provide a path for transport of H2 from the alane phase.

A alternate approach for the regeneration of AlH3 is adopted via
low temperature, low pressure, reversible reaction using Ti doped
l powder and triethylenediamine (TEDA) [368]. The reaction was
roposed as follows:

l(Ti) + TEDA + 1.5H2 ↔ Al(Ti)H3 − TEDA (89)

Recently an effort has been made to increase the thermody-
amic stability of AlH3 hydride by partial Al substitution by means
f MgH2 [372], but no effect on the alane stabilization was obserbed.
owever, the activation energy was found to be increased as con-
rmed by DSC experiment.

. Future prospects and challenges

Hydrogen storage in light weight complex hydride is an emerg-
ng and promising field of research for renewable energy, having
otential to come up to the expectations of DOE for mobile appli-
ations. These materials can have large gravimetric and volumetric
apacity to reversibly store a large amount of hydrogen, very light,
ow cost and simple to produce. Being a new field, there open
ig challenges to improve kinetics, low temperature release of
ydrogen and fast charge discharge rates for mobile applications.
aving a panoramic view on all the complex hydrides, alanates are

ound to be the most studied systems followed by borohydrides
nd amide. Among all alanates, NaAlH4 seems to have potential
o be a suitable hydrogen storage media but its comparatively

ow storage capacity ∼5 wt% limits its use for the transportation
ector, which requires the systems having capacities more than
0 wt%. But still it is good candidate for other mobile applica-
ions. NaBH4 and LiBH4, among the known borohydrides are most
romising candidates which can be used for transportation appli-
mpounds 503 (2010) 303–339 335

cations due to their high hydrogen content (∼10.8 and 13.4 wt%,
respectively) at moderate conditions, but low dynamics of hydro-
gen release, is still a major problem associated with these systems.
However, these materials have a good enough capacity margin
to be doped by kinetics enhancing dopants. Other important and
emerging hydrides are amides, i.e. M-N-H systems. There has been
tremendous development with these materials in a very short span
of time and considerable knowledge about their structure, ther-
modynamics and chemistry has been attained, but still they have
a problem of material stability and slow kinetics. Most of amides
are unstable upon heating at high temperature and release NH3
which may be crucial for fuel cells. AlH3 and Al(BH4)3 are very
new materials which are relatively less studied but have great
potential for creating a favorable position as to mobile storage
applications.

One thing is sure, the technology has to be used judiciously
for sample preparation so that maximum surface of materials
be available for hydrogen absorption–desorption. Lot of work is
under progress for sample preparation by ball milling in var-
ious atmospheres using various catalysts, but still this field is
wide open for finding good catalyst which is very important for
improving the hydrogen absorption–desorption kinetics. Surface
area can be increased by creating hollow nano spheres hav-
ing nano structured light weight hydride materials. Many other
opportunities open up also there by using thin film technology
under high and ultra high vacuum techniques. But both hollow
spheres and thin films are yet to be explored extensively. The
following listing summarizes challenges where work can be con-
centrated:

• Cost reduction and improvement in gravimetric hydrogen den-
sity whilst still operating at low temperatures (40–100 ◦C) and
pressures (4–10 bars).

• New cheap synthetic processing routes to avoid lengthy and
expensive solvent based synthesis and regeneration of novel light
metal complex hydrides.

• An atomic and molecular level understanding of the physical and
chemical processes involved in hydrogen storage and release.

• Understanding the effect of incorporated hydrogen on the elec-
tronic structure of the host lattice and the dynamics and
energetics of hydrogen and its interaction with lattice defects in
light weight complex hydrides.

• A fundamental understanding of the physical and chemical
properties of light weight hydrides, including crystal struc-
ture, homogeneity ranges, thermodynamics and kinetics of
hydrogenation–dehydrogenation processes and electronic struc-
ture.

• Understanding the critical role of dopants and the mechanisms
of destabilization reactions in altering the nature of hydrogen
bonding and achieving reasonable kinetics and reversibility of
complex hydrides at temperatures of 80–150 K.

• A systematic investigation of the effect of size and curvature
of nanomaterials on the thermodynamics of hydrogen storage.
Studies on the benefits of nano-scale versions of hydride materi-
als relative to their bulk counterparts, including shorter diffusion
distances, new phases with better capacity, reduced heats of
adsorption/desorption, faster kinetics, as well as new surface
states capable of catalyzing hydrogen dissociation.
much work has to be done to make light weight complex
hydrides useful for mobile applications, which will result in solv-
ing the greatest worldwide problem to reduce carbon emission
and the concomitant global warming for better life on Planet
Earth.
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132] A. Klaveness, P. Vajeeston, P. Ravindran, H. Fjellvåg, A. Kjekshus, J. Alloys

Comp. 433 (2007) 225–232.
133] M. Mamatha, C. Weidenthaler, A. Pommerin, M. Felderhoff, F. Schüth, J. Alloys

Comp. 416 (2006) 303–314.
134] V. Iosub, T. Matsunaga, K. Tange, M. Ishikiriyama, Int. J. Hydrogen Energy 34

(2009) 906–912.
135] Pierre Claudy, Bernard Bonnetot, Jean-Pierre Bastide, Létoffé Jean-Marie,

Mater. Res. Bull. 17 (1982) 499–150.
136] J. Huot, S. Boily, V. Güther, R. Schulz, J. Alloys Comp. 283 (1999) 304–330.
137] H.W. Brinks, B.C. Hauback, C.M. Jensen, R. Zidan, J. Alloys Comp. 392 (2005)

27–30.

138] O.M. Løvvik, O. Swang, Europhys. Lett. 67 (2004) 607–613.
139] J. Graetz, Y. Lee, J.J. Reilly, S. Park, T. Vogt, Phys. Rev. B 71 (2005) 184115.
140] X.Z. Ma, E. Martinez-Franco, M. Dornheim, T. Klassen, R. Bormann, J. Alloys

Comp. 404–406 (2005) 771–774.
141] A. Fossdal, H.W. Brinks, J.E. Fonneløp, B.C. Hauback, J. Alloys Comp. 397 (2005)

135–139.
mpounds 503 (2010) 303–339 337

[142] Y. Nakamura, A. Fossdal, H.W. Brinks, B.C. Hauback, J. Alloys Comp. 416 (2006)
274–278.

[143] J.P. Bastide, P. Claudy, J.M. Letoffe, Jilali El Hajri, Rev. Chim. Min. 24 (1987)
190–198.

[144] M.H. Sørby, H.W. Brinks, A. Fossdal, K. Thorshaug, B.C. Hauback, J. Alloys Comp.
415 (2006) 284–287.

[145] Ewa Ronnebro, Eric H. Majzoub, J. Phys. Chem. B110 (2006) 25686–25691.
[146] B.M. Bulychev, K.N. Semenenko, K.B. Bitsoev, Koord. Khim. 4 (1978) 374.
[147] H. Grove, H.W. Brinks, R.H. Heyn, F.-J. Wu, S.M. Opalka, X. Tang, B.L. Laube,

B.C. Hauback, J. Alloys Comp. 455 (2008) 249–254.
[148] Hilde Grove, Hendrik W. Brinks, Ole M. Løvvik, Richard H. Heyn, Bjørn C.

Hauback, J. Alloys Comp. 460 (2008) 64–68.
[149] B.D. James, M.G.H. Wallbridge, Prog. Inorg. Chem. 11 (1970) 99.
[150] U. Bilici, Second International Boron Symposium, vol. 23–25, 2004, pp.

119–125.
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200–205.
[187] Kazutoshi Miwa, Nobuko Ohba, Shin-ichi Towata, Yuko Nakamori, Shin-ichi

Orimo, Phys. Rev. B 69 (2004) 245120.
[188] E.M. Fedneva, V.L. Alpatova, V.I. Mikheeva, Russ. J. Inorg. Chem. 9 (1964) 826.
[189] A. Züttel, P. Wenger, S. Rentsch, P. Sudan, Ph. Mauron, Ch. Emmenegger, J.

Power Sources 118 (2003) 1–7.

[190] D.S. Stasinevich, G.A. Egorenko, Russ. J. Inorg. Chem. 13 (1968) 341–343.
[191] A. Züttel, S. Rentsch, P. Fischer, P. Wenger, P. Sudan, Ph. Mauron, Ch.

Emmenegger, J. Alloys Comp. 356–357 (2003) 515–520.
[192] Yuko Nakamori, Shin-ichi Orimo, J. Alloys Comp. 370 (2004) 271–275.
[193] K. Miwa, N. Ohba, S. Towata, Y. Nakamori, S. Orimo, J. Alloys Comp. 404–406

(2005) 140–143.



3 and Co
38 I.P. Jain et al. / Journal of Alloys

[194] John J. Vajo, Sky L. SkeithFlorian Mertens, J. Phys. Chem. B 109 (2005)
3719–3722.

[195] Ming Au, Arthur Jurgensen, J. Phys. Chem. B 110 (2006) 7062–7067.
[196] Yoshitsugu Kojima, Ken-ichirou Suzuki, Yasuaki Kawai, J. Power Sources 155

(2006) 325–328.
[197] Yao Zhang, Wan-Sheng Zhang, Ai-Qin Wang, Li-Xian Sun, Mei-Qiang

Fan, Hai-Liang Chu, Jun-Cai Sun, Tao Zhang, Int. J. Hydrogen Energy 32
(2007)3976–3980.

[198] Z.Z. Fang, X.D. Kang, H.B. Dai, M.J. Zhang, P. Wang, H.M. Cheng, Scripta Mater.
58 (2008) 922–925.

[199] Seon-Ah Jin, Jae-Hyeok Shim, Young Whan Cho, Kyung-Woo Yi, Oleg Zabara,
Scripta Mater. 58 (2008) 963–965.

[200] R. Köster, K. Ziegler, Angew. Chem. 69 (3) (1957) 94.
[201] (a) V.N. Konoplev, V.M. Bakulina, Izv. Akad. Nauk. SSR, Ser. Khim. 1 (1971)

159;
(b) V.N. Konoplev, Russ. J. Inorg. Chem. 25 (1980) 964.

[202] Yuko Nakamori, Kazutoshi Miwa, Akihito Ninomiya, Haiwen Li, Nobuko Ohba,
Shin-ichi Towata, Andreas Züttel, Shin-ichi Orimo, Phys. Rev. B 74 (2006)
045126.

[203] Krzysztof Chłopek, Christoph Frommen, Aline Léon, Oleg Zabara, Maximilian
Fichtner, J. Mater. Chem., 33 (2007) 3496–3503.

[204] V.N. Konoplev, V.M. Bakulina, Russ. Chem. Bull. 20 (1971) 136.
[205] P. Vajeeston, P. Ravindran, A. Kjekshus, H. Fjellvåg, Appl. Phys. Lett. 89 (2006)

071906.
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