Chem. Rev. 2007, 107, 4111-4132 4111

Complex Hydrides for Hydrogen Storage

Shin-ichi Orimo," Yuko Nakamori," Jennifer R. Eliseo,* Andreas Ziittel,* and Craig M. Jensen**!

Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan, Hawaii Hydrogen Carriers, LLC, Honolulu, Hawaii 96813, Department
of Mobility, Environment, and Energy, EMPA Materials Sciences and Technology, 8600 Diibendorf, Switzerland, and Department of Chemistry,
University of Hawalii, Honolulu, Hawaii 96822

Contents

1. Introduction
2. Alanates
2.1. Synthesis
2.2. Atomic Structure
2.2.1. NaAlH,
2.2.2. LiAlH,
2.2.3. KAIH,
2.2.5. Na3A|H6 and |_|3A|H6

2.3. Dehydrogenation and Rehydrogenation
Reactions

2.3.1. Undoped Alanate
2.3.2. Doped NaAlH4
2.3.3. Other Doped Alanates
2.4. Prospectus
2.4.1. Thermodynamic Considerations
2.4.2. Kinetic Considerations
2.4.3. Hydrogen Cycling Capacity Performance
2.4.4. Safety
2.4.5. General Outlook
3. Amides
3.1. Synthesis
3.2. Structure
3.2.1. LiNH;
3.2.2. Li,NH
3.2.4. LisBN3sHyg

3.3. Dehydrogenation and Rehydrogenation
Reactions

3.4. Prospectus
4. Borohydrides (Tetrahydroborate)
4.1. Synthesis

4.2. Structure

4.2.1. LiBH,

4.2.2. NaBH,

4.2.3. Other Borohydrides

4.3. Dehydrogenation and Rehydrogenation
Reactions

4.4. Electronegativity—Stability Correlation
4.5. Prospectus

* Corresponding e-mail: jensen@hawaii.edu.
T Tohoku University.

* Hawaii Hydrogen Carriers, LLC.

8 EMPA Materials Sciences and Technology.
' University of Hawaii.

10.1021/cr0501846 CCC: $65.00

4111
4113
4113
4113
4113
4113
4114
4115
4115
4116
4116

4116
4117
4119
4119
4119
4120
4120
4120
4120
4121
4121
4121
4121
4122
4122
4122
4123

4124
4125
4125
4125
4125
4126
4126
4126

4128
4128

Received June 7, 2007

5. Conclusion 4129
6. Acknowledgments 4129
7. Note Added after ASAP Publication 4129
8. References 4129

1. Introduction

A major obstacle to the conversion of the world to a
“hydrogen economy” is the problem of onboard hydrogen
storage. High-pressure and cryogenic hydrogen storage
systems are impractical for vehicular applications due to
safety concerns and volumetric constraints. This has prompted
an extensive effort to develop solid hydrogen storage systems
for vehicular application. Metal hydridég,activated char-
coal?* and advanced carbon$ have been investigated as
hydrogen carriers. Unfortunately, despite decades of exten-
sive effort, no material has been found which has the
combination of a high gravimetric hydrogen density, ad-
equate hydrogen-dissociation energetics, reliability, and low
cost required for commercial vehicular applicatfof?

Group | and Il salts of [AIH]~, [NH2]~, and [BH]~
(alanates, amides, and borohydrides) have recently received
considerable attention as potential hydrogen storage materi-
als. All of these materials are currently referred to as
“complex hydrides”, although only the alanates contain
anionic metal complexes. However, like the alanates, amides
and borohydrides are saline materials in which hydrogen is
covalently bonded to central atoms in “complex” anions (in
contrast to interstitial hydrides). [In this review, “amides”
refers to mixtures of amides and metal hydrides that undergo
reversible dehydrogenation, as opposed to amides alone.
Although it is technically imcomplete, the term “amide” has
been generally adopted for this group of hydrogen storage
materials by researchers working in the area of complex
hydrides. Accordingly, the commonly employed “amide”
label is used throughout the text.] These materials have high
hydrogen gravimetric densities (Table 1) and are, in some
cases, commercially available. Thus, a priori, they would
seem to be viable candidates for application as practical, on-
board hydrogen storage materials. Many of these “complex
hydrides” have, in fact, been utilized in “one-pass” hydrogen
storage systems in which hydrogen is evolved from the
hydride upon contact with water. However, the hydrolysis
reactions are highly irreversible and could not serve as the
basis for rechargeable hydrogen storage systems. The
thermodynamics of the direct, reversible dehydrogenation of
some complex hydrides lie within the limits that are required
for a practical, onboard hydrogen carrier. All of these
materials are, however, plagued by high kinetics barriers to
dehydrogenation and/or rehydrogenation in the solid state.
Traditionally, it was thought that it would be impossible to
reduce the barrier heights to an extent that would give
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hydrides could be kinetically enhanced and rendered revers-
ible under moderate conditions in the solid stét&his
breakthrough has led to a worldwide effort to develop doped
alanates as practical hydrogen storage materials that was
quickly expanded to include amides and borohydrides.

reaction rates that even approached those that would be Any effort to develop complex hydrides as practical

required for vehicular applications. Thus, until recently, hydrogen storage materials requires knowledge of their
complex hydrides were not considered as candidates foratomic structure and the thermodynamics of their funda-
application as rechargeable hydrogen carriers. This situationmental dehydrogenation and rehydrogenation reaction chem-

was changed by Bogdandvand Schwickardi. Their pio-

istry. This review provides a summary of information and

neering studies demonstrated that, upon doping with selectecan overview of the progress that has been made toward the
titanium compounds, the dehydriding of anionic aluminum utilization of alantes, amides, and borohydrides as onboard
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hydrogen carriers. We have focused on materials with high
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2.2. Atomic Structure
2.2.1. NaAlH,

Lauher et al® determined the atomic structure of NaAlH
through a single-crystal X-ray diffraction study in 1979.
Refinement of their data in space grolfa/a showed the
compound to consist of isolated [AJH tetrahedra in which
the Na atoms are surrounded by eight [AlHtetrahedra in
a distorted square antiprismatic geometry. Their results gave
an Al—H bond length of 1.532(0.07) A. These findings were
significantly shorter than the AlH bond distances that were
previously determined from a single-crystal X-ray study of
LiAIH 46 (average value of 1.548(0.17) A). Bel'skii et’al.
noted that this was inconsistent with the implications of the
infrared spectra of the compounds, as the-KAlstretching
frequency of NaAlH is observed at a lower frequency than
that of LiAIH4 (1680 and 1710 cn, respectively). A second
single crystal study generated data that converged to give
an Al—H distance of 1.61(0.04) & that was in agreement
with the IR data. However, it was noted that full resolution
of the issue of the AtH bond distance required neutron
diffraction data, as X-ray diffraction data tends to give
erroneously short metahydrogen distances and very large
uncertainties in the determination of hydrogen coordinates.

The structure of NaAllphas been determined by powder
neutron diffraction dafd at 8 and 295 K. Selected inter-
atomic distances and bond angles are given in Table 2. The
atomic structure was found to be made up of isolated JNID
tetrahedra surrounded by sodium atoms (Figure 1). The
shortest At-Al separations were 3.737(0.01) and 3.779(0.01)

practical potential and have excluded those with properties A at 8 and 295 K, respectively. The two unique-Na bond

that clearly preclude practicality, such as the high toxicity
of beryllium based compounds.

2. Alanates

2.1. Synthesis

One attractive feature of alanates is that lithium and sodium

salts are readily available commercially. Magnesium alanate
can be readily prepared with sodium alanate and magnesium

hydride via a metathesis reacti&tThe mixed metal alanate,
NaLiAlH 6, is prepared through ball milling of sodium
hydride, lithium hydride, and sodium alanatePotassium

distances were nearly equal, 2.403(0.02) and 2.405(0.02) A
at 8 K and 2.431(0.02) and 2.439(0.02) A at 295 K. The
Al—-D distances were found to be 1.626(0.02) and 1.627-
(0.02) A at 8 and 295 K, respectively. Previously, X-ray data
by Bel'skii et al!” reported a shorter and much more
uncertain At-D distance of 1.61(0.04) A. Upon cooling from
295 to 8 K, the AFD distances showed no significant
change. The two unigque PAI-D bond angles in the
[AID 4]~ tetrahedron were reported to be 107.a8d 113.86

at 295 K.

2.2.2. LiAlH,

The crystal structure of LiAlglwas originally determined

alanate can be prepared by the direct synthesis of potassiunby Sklar and Post through an X-ray diffraction study.

hydride and aluminum under high temperature and pre$$ure.

Table 1. Material Properties of Complex Hydrides>*

Hauback et al? carried out a more detailed atomic structure

material CAS no. density (g/mol) density (9/8m  hydrogen (wt %) hydrogen (kgfn Tm? (°C) AHs® (kd/mol)
LiAIH 4 16853-85-3 37.95 0.917 10.54 0 —119
NaAlH4 13770-96-2 54.00 1.28 7.41 178 —113
KAIH 4 70.11 5.71 53.2
Mg(AlH4) 2 17300-62-8 86.33 9.27 72.3
Ca(AlHz)2 16941-10-9 102.10 7.84 70.4 >230
LiNH 7782-89-0 22.96 1.18 8.78 103.6 37200 —179.6
NaNH, 7782-92-5 39.01 1.39 5.15 71.9 210 —123.8
KNH 17242-52-3 55.12 1.62 3.66 59.3 338 —128.9
Mg(NH>)2 7803-54-5 56.37 1.39 7.15 99.4 360
Ca(NHy) 23321-74-6 72.13 1.74 5.59 97.3 —383.4
LiBH4 16949-15-8 21.78 0.66 18.36 1225 268 —194
NaBH, 16940-66-2 37.83 1.07 10.57 113.1 505 —191
KBH4 13762-51-1 53.94 1.17 7.42 87.1 585 —229
Mg(BHa4)2 16903-37-0 53.99 0.989 14.82 146.5 820
Ca(BH)2 17068-95-0 69.76 11.47 260
Al(BH4)3 16962-07-5 71.51 0.7866 16.78 132 —64.544.8

ad and b represent decomposition and boiling temperatures, respectively.
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Table 2. Selected Interatomic Distances (A) and Angles (deg) in
Various Crystal Structures at 8 and 295 K

material/ref atoms 295 K 8K
NaAID4 Al=D (x4) 1.626(0.02) 1.627(0.02)
ref 18 Na-D (x4) 2.431(0.02) 2.403(0.02)
(x4) 2.439(0.01) 2.405(0.02)
Al—Na (x4) 3.544(0.01) 3.521(0.01)
x4 3.779(0.01) 3.737(0.01)
D—AI-D (x4) 107.32(1) 107.30(1)
(x2) 113.86(1) 113.90(1)
LIAID 4 Al-D1 1.605(0.06) 1.625(0.06)
ref 19 Al-D2 1.633(0.05) 1.621(0.05)
Al—-D3 1.623(0.05) 1.645(0.05)
Al—D4 1.603(0.07) 1.596(0.06)
Li—-D1 1.920(0.08) 1.896(0.12)
Li—D2 1.936(0.07) 1.932(0.09)
1.978(0.08) 1.978(0.12)
Li—D3 1.831(0.06) 1.841(0.09)
Li—D4 1.909(0.08) 1.870(0.10)
Li—Al 3.214(0.06) 3.200(0.09)
3.234(0.05) 3.232(0.12)
3.260(0.04) 3.265(0.11)
3.328(0.06) 3.285(0.10)
3.415(0.06) 3.401(0.12)
D1-Al-D2 110.1(3) 109.0(3)
D1-Al-D3 109.2(3) 108.2(3)
D1-Al-D4 110.8(3) 111.0(3)
D2—-Al-D3 108.7(3) 108.9(3)
D2—-Al-D4 107.1(3) 108.4(4)
D3—-Al-D4 111.0(3) 111.3(3)
KAID 4 Al—D1 (x1) 1.546(0.13) 1.589(0.07)
ref 20 Al-D2 (x1) 1.669(0.13) 1.659(0.07)
Al—D3 (x2) 1.629(0.08) 1.638(0.04)
K—D1 (x1) 2.596(0.14) 2.627(0.07)
K—D2 (x1) 2.833(0.15) 2.772(0.08)
K—D2 (x2) 3.182(0.06) 3.137(0.03)
K—D3 (x2) 2.840(0.10) 2.753(0.06)
K—D3 (x2) 2.883(0.11) 2.841(0.06)
K—D3 (x2) 2.980(0.12) 2.955(0.06)
D3—-Al-D3 106.7(23) 106.39(12)
D3—-Al-D2 106.5(18) 107.39(10)
D3—-Al-D1 111.2(18) 111.05(9)
D2—-Al-D1 114.56(72) 113.3(4)
NagAlD g Al-D1 1.746
ref 22 Al-D2 1.758
Al-D3 1.770
Nal-D1 2.268
Nal-D2 2.226
Nal-D3 2.261
Na2-D1 2.267
2.391
Na2—-D2 2.307
2.669
2.699
Na2-D3 2.299
2.627
2.766
D1-Al-D2 88.9
D1-Al-D3 89.0
D2—-AI-D3 89.4
LizAlDg All-D1 1.754(0.04)
ref 23 Al2—D2 1.734(0.04)
Li—-D1 1.892(0.10)
2.009(0.12)
2.120(0.12)
Li—D2 1.948(0.08)
1.987(0.09)
2.051(0.14)
D1-Al1-D1 86.98(15)
93.02(15)
180.00(22)
D2—-Al2—D2 87.36(13)
92.64(13)
180.00(22)
NaLiAIDs AlI-D 1.760(0.03)
ref 25 Li—D 1.933(0.03)
D—AI-D 90.00¢), 180.00¢)
Mg(AlH4),  Al—H1 1.561(0.12) 1.606(0.10)
ref 21 Al-H2 1.672(0.04) 1.634(0.04)
Mg—H2 1.833(0.07) 1.870(0.06)
Mg—Al 3.459(0.01) 3.482(0.04)
H1-Al—-H2 110.1(3) 113.5(2)
H2—Al-H2 108.79(15) 105.24(13)

a Estimated standard deviations are given in parentheses.

T
W |

Al

Figure 1. Crystal structure of NaAIR The complex AlH~ anions
are depicted as tetrahedra and the Na cations as black spheres.
Reprinted with permission from ref 18. Copyright 2003 Elsevier.

4?

Figure 2. Crystal structure of LIAIR. The complex AIlH~ anions
are depicted as tetrahedra and the Li cations as black spfieres.
Reprinted with permission from ref 19. Copyright 2002 Elsevier.

determination of LIAID based on combined powder neutron
and X-ray diffraction studies. The compound crystallized in
the space group2;/c. The atomic structure was found to
consist of isolated [AIG]~ tetrahedra surrounded by lithium
atoms (Figure 2). Selected interatomic distances and bond
angles are given in Table 2. The minimum-Adl distance
between tetrahedra was 3.754(0.01) A at 295 K. Thel
distances averaged 1.619(0.07) A at 295 K, which are longer
than the distances ranging from 1.516 to 1.578 A that were
deduced from the X-ray structure determinattériThe
D—AI—-D angles of LIAID, were found to vary by less than
1.5° from the angles of a perfect tetrahedron. The-Di
distances ranged from 1.831(0.06) to 1.978(0.08) A at 295
K and from 1.841(0.09) to 1.978(0.12) A at 8 K.

2.2.3. KAlH,

The crystal structure of KAIphas been determined by
Hauback et at® KAID 4 has a BaS@type structure with
space groupPnma The structure (Figure 3) consists of
isolated [AlIDy]~ tetrahedra in which potassium atoms are
surrounded by seven of the tetrahedra (ten D atoms total).
Selected interatomic distances and bond angles are given in
Table 2. The average AID distance was 1.631 A at 8 K
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Figure 3. Crystal structure of KAIQ. The complex AlH~ anions
are depicted as tetrahedra and the K cations as black spferes.
Reprinted with permission from ref 20. Copyright 2005 Elsevier.

and 1.618 A at 295 K. The minimum AlAl distance
between the tetrahedra was 4.052 A at 295 K. Also,
D—AI—-D bond angles were close to ideal and ranged from
106.4 to 113.3 at 8 K and 106.2114.6 at 295 K. In
addition, the minimum K-D distance was 2.596 A at 295
K (larger than the NaD distance of NaAIQ and the Li-D o
distance of LiAID).

It is noteworthy that variations in the crystal structures of
MAIH, compounds (M= Li, Na, K) arise from the
differences in the size of the alkali cations of'LNa", and
K*, which result in coordination numbers of 5, 8, and 10,
respectively.

2.2.4. Mg(AlHy);

The structure of magnesium alanate was determined by
Fossdal et at* through a combination of X-ray and neutron
diffraction. The space group was confirmed toR8m1. The
structure consists of a sheetlike arrangement consisting of
[AIH 4]~ tetrahedra surrounded by six Mg atoms in a distorted
MgHse octahedral geometry (Figure 4). Selected interatomic
distances and bond angles are shown in Table 2. TheHAl
distances ranged from 1.606(0.10) to 1.634(0.04) A at 8 K
and from 156.1(0.12) to 167.2(0.04) pm at 295 K. These
distances are in the same range as those found for lithium,

Figure 4. Crystal structure of Mg(Alk),. Views along (a) the
a-axis and (b) the-axis?! Reprinted with permission from ref 21.
Copyright 2005 Elsevier.

sodium, and potassium alanate. Figure 5. Crystal structure of IgAIDg. The complex [AIH]3~
anions are depicted as octahedra and the Li cations as spheres.
2.2.5. NasAlHg and LizAlHg Reprinted with permission from ref 23. Copyright 2003 Elsevier.

In 2002, Rminebro et at? explored the perovskite-related  \yas found to beR3, and the structure (Figure 5) consisted
structure of NgAlHe. These studies determined the positions ot jslated [AID]*~ octahedra connected by six-coordinated
of the hydrogen atoms from neutron diffraction data of a |; 5toms (each Li atom is coordinated to two corners and

?eutr(]arated salrnple. It was found/ th?_ththe best fit data wasy,, edges of the octahedral, six hydrogen atoms total). The
or the monoclinic space group2,/n. The structure was a structure is described as a distorted bcc of [4fD units

. E i : A
distorted fcc structure of [AIE” units with sodium in all i, "haif the tetrahedral sites filled with Bf. Selected
of the octahedral and tetrahedral sites. The complex anions.

were found to be distorted [Alff~ octahedron. Selected glrt]tzrz'a;?_rgc d(:'SSttaa:]nC%eSSV%g?ebgr;%znsrﬁsf ;%gl\;&env\'/?“-gﬁb;erez'
interatomic distances and bond angles are reported in Table j : '

: comparable to the 1.758 A (average) found for the sodium
2. The ARD distances were 1.746, 1.758, and 1.770 A, analoaué? The D-Al—D bond anales were in the range
which are longer than the AID distances for NaAlR 9 . _ang g
(1.626(0.02) A). The B-AI-D bond angles ranged from from 86.98 to 93.02 The Li—D d|staqces ranged from 1.892
88.9 to 89.4. The Na-D distances ranged from 2.226 to 10 2.120 A, and the shortest A distance was 4.757 A.
2.766 A. It is important to note that Li has a coordination number
The structure of LJAID s was determined by Brinks et al.  of only 6 in LizAlDg,while Na has coordination numbers of
through X-ray and neutron diffractic.The space group 6 and 8 in NgAlH .22 This is due to the differences in the
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Figure 6. Crystal structure of N&IAIDg at 22 °C showing
alternating AIQy (dark) and LiDy (bright) octahedra in all directions
with Na in interstitial 12-coordinated sité3.Reprinted with
permission from ref 25. Copyright 2005 Elsevier.

size of the alkali metal ions.

The structure of NgAID ¢ (Figure 6) was determined
by Brinks et aP® The structure was well defined in a cubic
unit cell with a space group ¢fm3m. The compound had a

Orimo et al.
3NaAlH, — Na,AlH  + 2Al + 3H, (2)
NasAlH; — 3NaH+ Al + %,H, (3)

The occurrence of these two distinct reactions during the
dehydrogenation process has been verified in subsequent
studies of the thermolysis of LiAllj NaAlH,, and KAIH,

by a variety of techniques including differential thermal
X-ray diffraction?8 thermal gravimetric analys#;** hydro-

gen pressurecomposition p—c) isotherm (PCT) studie®;*?

and, most recently, in situ X-ray diffraction stuéfy.

The thermal dehydrogenation of LiAlHvas studied by
Block and Gray in 1965 through differential scanning
calorimetry3* This study confirmed the multistep dehydro-
genation pathway and provided the first detailed information
about the thermodynamic parameters of this process. They
found that LiAlH, undergoes a phase transition at 3807
°C before undergoing an initial dehydrogenation reaction to
give LizAlHg, as seen in eq 4 at 18218 °C. This first
dehydrogenation process was determined to be exothermic
and with aAH of —10 kJ/(mol of H). Since the entropy of

(4)

hydrogenation must be negative, this is a honspontaneous
process under all conditions. A second dehydrogenation
reaction, seen in eq 5, was observed to occur at-232

LIAIH , — Y,Li,AlH g + 2/,Al + H,

perovskite-type structure best described as a distorted fcc of C- This reaction was found to be endothermic witild

[AID ¢]3~ units with Li in the octahedral sites and Na in the

tetrahedral sites. Selected interatomic distances are given in

Table 2. The AD bond distances were found to be 1.760-
(0.03) A. The AFD bond distances of the [Ag®~

octahedra were significantly shorter in size than the octahedra

of LisAlIDg (average of 1.774 A} and longer than the
octahedra of NaAID (1.756 A)22 The AlDs octahedra of
NaLiAID ¢ are ideal, having equal AID distances and ideal
angles. The shortest AlAl distance was 5.222 A.

2.3. Dehydrogenation and Rehydrogenation
Reactions

2.3.1. Undoped Alanate

Dehydrogenation Reactions Alkali metal alanates un-
dergo dehydrogenation in the 26800°C temperature range
(Li, 201 °C; Na, 265°C; K, 290°C) to give aluminum metal
and the corresponding alkali metal hydrides (see eq 1).

NaAlH, — NaH+ Al + */,H, 1)

®)

of 25 kJ/(mol of H). Finally, the dehydrogenation of LiH
was observed in the 373183 °C temperature range. The
enthalpy of the dehydrogenation of Lifthas subsequently
been determined to be 140 kJ/nfol.

The thermodynamics of the dehydrogenation of NaAlH
to NaH and Al was first studied by Dymova and Bakum in
1969 through differential thermal X-ray diffractich.This
was followed by more detailed thermal gravimetric and
differential scanning calometric studies by Claudy e¥4l.
The latter study revealed that, in addition to the chemical
transformations seen in eqgs 2 and 3, the thermal decomposi-
tion of the hydride also involves the melting of NaAleind
the conversion of pseudocuhicNasAlH s to face-centered
cubic B-NagAlHs. Consideration of the enthalpic values
determined in these studies for the Nl s phase change
(1.8 kd/mol), the dehydrogenation BfNasAlHs (13.8 kJ/
mol), and the direct dehydrogenation of NaAltd NaH and
Al (56.5 kd/mol) allows the calculation of AH of 40.9 kJ/
mol for the solid-state dehydrogenation of NaAlté Nas-

Li,AlH — 3LiH + Al + %,H,

Further dehydrogenation of the binary metal hydrides occurs AlHg. A similar value ofAH for this process (36.0 kJ/mol)

only at temperatures in excess of 4Q0. In 1952, Garner
and Haycock found that the dehydrogenation of LiAlh

the 106-150°C temperature range results in elimination of
only 50% of the hydrogen content of the hydride rather than
the 75% observed at 20C. They concluded that dehydro-
genation to LiH and aluminum must be a two-step process
involving an intermediate “LiAlH" phase. The dehydroge-
nation of NaAlH, was extensively studied by Ashby and
Kobetz?” They found that controlled heating at 24220

°C for 3 h evolved 3.7 wt % hydrogen to give HdHs.

can be derived for the solid-state dehydrogenation by
combining the heat of fusion of NaAlH(23.2 kJ/mol)
determined by Claudy et al. with th&H for the dehydro-
genation of liquid NaAlH to NaAlH (12.8 kJ/mol)?2 PCT
studies of sodium aluminum hydride were first carried out
by Dymova et af? The observation of two plateaus in these
studies clearly confirmed the occurrence of two independent
dehydrogenation reactions. At 2P, hydrogen plateau
pressures of 15.4 and 2.1 MPa were found for the first and
second reaction, respectively. The potential of solid NaAlH

This work established that the first step of the dehydroge- as a practical onboard hydrogen storage material was
nation proceeds according to eq 2 and that further elimination obscured for many years because of the high kinetic barriers
of hydrogen to give aluminum and NaH occurrs through a to the dehydrogenation reactions and their reverse. Also, pure
separate reaction (seen in eq 3) that takes placs80°C. sodium aluminum hydride melts at 188. Since dehydro-
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genation occurs at higher temperatures, only the unacceptablycontamination that must be overcome if the process is to be

high plateau pressures associated with the much lowerutilized as a practical method. The direct rehydrogenation

AHgenyq Of liquid NaAlH, could be observed. of adduct-free Mg(AlH), is also apparently precluded by
The initial dehydrogenation of KAllito the hexahydride  thermodynamic constraints.

occurs at a much higher temperature (3@) than the

analogous process for NaAlHVlorioka et a8 have pointed ~ 2.3.2. Doped NaAlH,

out that this might be the result of differing thermodynamic o

stabilities associated with the parent alanates, as the formation,_11tanium compounds have long been known to catalyze

energies of KH and NaH are nearly equab.3 and-56.3 the dehydrogenation of complex aluminum hydrides in

: solution. This effect was first reported by Wieberg et al. in
gﬂ/itnéotlj’iﬁtgfgricgvg? abnudt_trlms)z(.e?o; Jlfrgéﬁkd:gsdpgéliv;;@ 1951, who observed titanium catalyzed dehydrogenation of

In contrast to the alkali metals, studies of the dehydroge- LiAIH 4 in a diethyl ether suspensidhAlso, as discussed

nation of Mg(AlH,), by Fichtner et al? showed that, at 163  2POve, the commercial preparation of NaAll$ accom-
°C, the dehydrogenation of the hydride proceeds accordingp“Shed through the catalyzed reaction of sodium hydride and

to 29 wihout the involvement of[ARP_as an intermed!- SECEE MRS AR B, 08 BREECES,
ate phase. The resulting Mghindergoes further dehydro- for the dehydrogenation of MGlAIH  in solutiorf? prompted

Mg(AIH ), — MgH, + 2Al + 3H, (6) Bogdanovicand Schwickardi to begin a systematic study of
the catalytic effects of titanium in the reversible dehydro-

genation at 287C to produce magnesium metal that will genation of complex aluminum hydrides that was extended
react with aluminum at 400°C to give AkMg. The to the sol!d state. In 1995 they d|scl_0é‘é_that o_lop_lr_wg of
dehydrogenation of Mg(Alk), is apparently exothermic, and  NaAlH; with a few mole percent of titanium significantly
thus, its direct rehydrogenation is precluded by thermody- €nhanced the kinetics of the dehydrogenation and rehydro-
namic constraints. genation processes. Remarkably, NaAlias found to

Rehydrogenation Reactions The microreverse of the undergo dehydrogenation in tielid stateat 150°C.** The
dehydrogenation of NaAlHwas first accomplished by conditions required for rehydrogenation were also dramati-
Claser® who found that NaAl4 can be obtained in cally reducedd 5 h at 170°C and 15.2 MPa. Thus, this
quantitative yields from tetrahydrofuran solutions of sodium discovery provided a means of removing the “insurmount-
hydride and activated aluminum powder at P&and 13.6 able” kinetic obstac_le to harness thg long recognized favor-
MPa of hydrogen pressure in the presence of a catalytic @ble thermodynamics of the reversible dehydrogenation of
amount of triethylaluminum. The solvent mediated, direct NaAlHs in the solid state. These findings suggested that
synthesis was improved to the point of commercial viability Sodium aluminum hydride could function as a rechargeable
by Ashby et af® Later, Dymova et al* achieved the hydride .und_er moderate conditions and might be develop_ed
hydrogenation of the sodium system without solvent. Com- for application as an on-board hydrogen storage material.
plete conversion to product was achieved at 2zounder ~ However, the hydrogen capacities of their materials were
17.5 MPa of hydrogen pressure ir-2 h. The same group found to quickly diminish upon cycling. Following the !nltlal
also reported the direct synthesis of KAlbinder analogous ~ ¢ycle, only 4.2 wt % of the 5.6 wt % that was eliminated
conditions. However, it was recently discovered that KH/Al could be restored under the moderate conditions employed
can be hydrogenated to KAlHunder only 1.0 MPa of in these studies. The hydrogen capacity was further dimin-
hydrogen in the 250330 °C temperature rang?@_Appar_ ished to 3.8 wt % after the second dehydnd“’)g CyCle and
ently, the greater thermodynamic stability of KAjHtom-  reduced to only 3.1 wt % after 31 cycl&sAdditionally,
pared to NaAlH discussed above, makes the enthalpy of the dehydrogenatlon/rehydrogena_ltlon klnetlcs of these ma-
hydrogenation significantly more exothermic and thus lowers terials were inadequate for practical application as an on-
the pressure required for hydrogenation. board hydrogen storage material.

Unlike sodium and potassium alanate, the enthalpy of The original Bogdanovicmaterials were prepared by
hydrogenation of LgAIHg to LiAIH 4 is endothermic by 9  evaporation of suspensions of NaAlHh diethyl ether
kJ/(mol of H,). Since the entropy of hydrogenation must be solutions of the soluble titanium compounds, titanium tetra-
negative, this is a nonspontaneous process under all condin-butoxide, Ti(OBU)4, andf-titanium trichloride,3-TiCls.
tions and thus direct hydrogenation cannot be achieved.It was subsequently found that catalytic enhancement of
However, the hydrogenation of LiH/Al to §AIH ¢ is weakly NaAlH, also occurs upon mechanically mixing the titanium
exothermic and could, in principle, be accomplished under catalyst precursors with the aluminum hydride H8sthe
very high pressure or at moderate pressures while alsomaterials resulting from this method of preparation have
subjecting the material to some other means of overcomingkinetic and cycling properties that are much closer to those
the unfavorable entropic driving force. Recently, Wang et required for a practical hydrogen storage meditr§.The
al*! reported evidence of the cyclic dehydrogenation and kinetic improvement is illustrated in Figure 7, which
rehydrogenation between LIAFATHF and LgAIH, LiH, compares the thermal programmed desorption (TPD) spec-
and Al. The dehydrogenation of half-cycles evolved about trum of undoped NaAlwith that of hydride that was doped
4.0 wt % hydrogen below 13TC. The decomposed products by both methods. It can be seen that the onset of rapid
were rehydrogenated in tetrahydrofuran (THF). As Cl&en kinetics for the first dehydrogenation process occurski0
and Ashby et at? found for the sodium system, the formation °C for hydride that is doped by the original method of
of a THF adduct circumvents the unfavorable thermodynam- Bogdanovicand at a much lowery120°C, temperature for
ics associated with the formation of the pure alanate. NaAlH, that is doped by mechanical milling. The disconti-
However, the presence of the organic adduct introduces thenuity that occurs after elimination 6£3.5 wt % hydrogen
additional problems of (1) a requisite side process to removereflects the independence of the two dehydrogenation reac-
the adduct prior to dehydrogenation and (2) hydrogen tions. It is evident from Figure 7 that the two titanium-doped
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Figure 7. Thermal desorption (heating rate of°€/min) from 9 2 4 6 8 10 ’120 2 4 6 8 102
NaAlH,.2" Reprinted with permission from ref 267. Copyright 2001 Time, h
Springer. Figure 9. Comparison of the cycling dehydrogenation profiles

between NaH+ Al + 4 mol % Ti and NaAIH + 4 mol % Ti.
Both samples were prepared by mechanical milling under a H

2 atmosphere for 10 ¥ Reprinted with permission from ref 55.
18 180 °C Copyright 2004 American Chemical Society.
16 that even untreated, commercially available Ti powder can

act as an effective dopant precursor upon prolonged me-
chanical milling®®> However, in order to obtain a material

£ 12 with kinetics and stable hydrogen cycling capacities that
g match those of hydride doped with Ti(lll) or Ti(IV) precur-
@ sors, it is necessary to mill the Ti powder with mixtures of
£ 08 130°C NaH/Al rather than NaAlkl Figure 9 compares the cycling
06 dehydrogenation performance of materials that were both
prepared through milling with Ti powder under a; H
04 . atmosphere for 10 h. No signs of degradation in either
02 hydrogen capacity of dehydrogenation kinetics were seen for

the material prepared from NaH/Al. Unfortunately, the
potential for an improved hydrogen capacity upon elimination
of the doping byproducts resulting from the Ti(lll) precursors
Time, min was not realized, as only 3.3 wt % hydrogen was obtained
Figure 8. Progression of dehydrogenation upon heating from from dehydrogenation at 15@. The low hydrogen cycling
NaAlH, mechanically doped with 2 mol % Ti(OBl over the  capacity is, at least partly, due to the very slow kinetics of
Sourse of t"?ezg;c%”smn.t ﬁl‘irggg&ag@ﬁep“med with permis-  the second dehydrogenation step, which are inferior to those
sion irom ret £o7. “opyng pringer. of materials prepared from the Ti(lll) or Ti(IV) precursors.

. . o . . . . Outstanding kinetic enhancement of hydrogen cycling
materials differ primarily in their effectiveness in catalyzing inetics as well as hydrogen cycling capacities have been

the first dehyd_rogenat'ion rgaction. A more detailed kinetic gpcarved for NaAl doped with Ti0.5THF nanopar-
study was carried out in Wh_lch the rele_ase of hydrogen from 4cjeg56.57 However, the practical application of the nano-
samples of the homogenized material was monitored atc|ysters is precluded by the difficulty and cost of their
constant temperaturéSAs seen in Figure 8, the material reparation. Additionally, the kinetic enhancement of the
undergoes rapid dehydrogenation at 2@0and proceeds at  materials doped with the nanoparticles has been found to
an appreciable rate even at 80. _ steadily diminish upon hydrogen cyclifig.

Doping through mechanical milling of NaAlHwith Comparative studies of other metal halides as dopant
dopant precursors is not only a more effective means of precursors for treating NaAlthave shown that similar levels
charging the hydride with catalyst but also activates the of kinetic enhancement of the reversible dehydrogenation
material through reduction of the average particle $iZ8.  can be achieved upon doping with chlorides of zirconium,
It has, in fact, been demonstratédhat ball milling alone vanadium, and several lanthanideé4 Lower levels of
improves the dehydrogenating kinetics of undoped NaAlH  catalytic activity have been reported to occur in hydride that
However, the introduction of catalysts enhances the kinetics was charged with Fegand NiCh,*8 as well as with carboff.
far beyond those that are achieved by reducing the particlelt was recently reported that ball milling the hydride with 2
size. mol % ScC4, CeC}, or PrCk gives rise to a material with

A number of studies have compared the effectiveness of rehydrogenation kinetics and storage capacities that are
different titanium dopant precursot®°-52 In addition to significantly greater than those of the Ti-doped hydf#e.
TiCl3, Ti(OBU")4, TiCls, and TiBy; TiFs has been proposed In addition, the rehydrogenation of the scandium-doped
by several groups to be a highly effective, and perhaps asystem was found to require lower pressures than the
superior, dopant precursat Gross et al. have also shown titanium-doped material. Although these dopants were found
that kinetic effects matching those achieved with the Ti(lll) to reduce rehydrogenation times by a factor at 10.0
precursors are attained upon extended cycling of hydride MPa and a factor of~10 at 5.0 MPa, the high kinetic
doped with other titanium compounds that appear to be lessperformance upon cycling at the lower pressure was found
effective dopant precursors during the initial cycles of to persist only with the cerium-doped material. Wang éPal.
dehydrogenation/rehydrogenatigfRecently, it was found  studied Sc-doped NaAlHat higher dopant loadings and

o
(4.

10 15 20



Complex Hydrides for Hydrogen Storage Chemical Reviews, 2007, Vol. 107, No. 10 4119

Table 3. Hydrogen Storage Properties of Alanates

obs conditions: tempC)
hydrogen wt % (pressure (MPa))
hydrogen first first exp AHgenyd
reaction wt % (ideal) dehyd rehyd dehyd rehyd (kJ/(mole of H)) ref
LiAIH 4= LiH + Al + 3/,H; 8.0 8.0 201 5.8 26
LiAIH 4 = Y3Li3AIH 6 + %3Al + H, 5.3 5.3 187218 —-9.1 26, 34
LiAIH 4 = Y3Li3AIH6 + 2Al + Hp 5.3 5.3 25 255
(with Ti dopant)
LizAlHg = 3LiH + Al + %/;H, 5.6 5.6 228-282 27.0 26, 34
LisAlHg = 3LiH + Al + 3,H, 5.6 55 106-120 256
(with Ti dopant)
NaAlH; = NaH + Al + ¥/;H, 5.6 56 5.6 265 27.0 (17.5) 56.5 14, 27, 32, 36, 37
NaAlH; = NaH + Al + 3/;H, 5.6 50 3543 160 12.6-15.0 (11.5) 56.5 43, 48, 67, 257
(with Ti dopant)
NaAlH; = Y30-NagAlH s + %/3Al + Hy 3.7 3.7 216-220 36.0 27, 32
NaAlH,; = Y3a-NagAlHe + 2/5Al + H; 3.7 37 35 96-150 12.0(11.5) 37.0,40.9 48, 67, 257
(with Ti dopant)
B-NagAlHg = 3NaH+ Al + 3/,H, 3.0 3.0 250 46.8 27,32, 36, 37
B-NagAlHg = 3NaH+ Al + 3/,H, 3.0 30 29 106150 12.0(11.5) 47.0 43, 46, 48
(with Ti dopant)
NapLiAlH ¢ = 2NaH+ LiH + Al + 3/,H; 35 3.2 2832 170-250 53.0 60, 61
NaLiAIH ¢ = 2NaH+ LiH + Al + 3/,H, 35 3.0 2630 170-250 53.0 60, 61
(with Ti dopant)
KAIH ;= KH + Al + 3,H; 4.3 35 2637 290 25.6-33.0(0.10) ~86.0 38
Mg(AIH z). = MgH; + 2Al + 3H, 6.9 6.9 163-285 12
Mg(AIH4)2 = MgH- + 2Al + 3H; 6.9 6.9 146-200 12

(with Ti dopant)

observed fast hydrogenation kinetics and minimal hydrogen Chen et al. also reported XRD evidefitdor partial
capacity losses over cycling. rehydrogenation of the resulting mixture of LiH/Al to an

It has been found that titanium and zirconium catalysts uncharacterized “intermediate phase”. However, attempts to
are quite compatible and can exert their differing catalytic reproduce this result were unsuccessful. Recently, Ritter et
roles in concert to optimize the dehydrogenation/rehydro- al*! confirmed the findings of the earlier studies of Ti-doped
genation behavior of NaAlg*® Bogdanovicet al*® also lithium alanate. These investigators also reported that the
found that catalytic activity can be optimized through kinetics of the formation of the THF adduct of LiAlHrom
charging the hydride with dual dopants. They discovered a the ball milling of THF solutions of dehydrogenated material
synergistic effect in hydride that is doped with a combination were improved by the addition of 0.5 mol % of a titanium
of Ti(OBu")4 and Fe(OE#. The resulting materials exhibit ~ catalyst.
dehydrogenation and rehydrogenation kinetics that are Fichtner et a2 studied the kinetic effects of Mg(Albb
superior to those observed for the hydride that is chargeddoped with 2 mol % TiG and mechanically milled for up

with either of the dopants alone. to 100 min. The studies showed that the peak decomposition
temperature was reduced in the presence of the titanium
2.3.3. Other Doped Alanates dopant. The starting point of the first decomposition step

shifted to lower temperatures; however, complete dehydro-

Bogdanovic and Schwickardi found that the kinetic s_genation to MgH still requires heating t6-200 °C.

enhancement upon Ti-doping can be extended to the rever
ible dehydrogenation of LiN&IH ¢ to LiH, 2 NaH, and Al 2.4. Prospectus

They found the mixed alkali metal alanate to have signifi- Although there are instances of transition-metal-doped
cantly lower plateau pressure at Zmoand thus a higher alanates that have hydrogen cycling capacities, thermody-
AHeeny than NaAlHs. Fossdal et & conducted PCT namic properties, or kinetic performances that are suitable

measurements over the 17250°C temperature range and f : .

X . : ' for onboard vehicular hydrogen storage (Table 3), no material
from the van't Hoff plot of their data, determingtHaen, to meets all three criteria. Sodium alanate, however, has a
be 56 kJ/mol. Graetz et &llobserved that the undoped mixed combination that most closely approaches those that are

alanate will also undergo reversible dehydrogenation. They requisite of the long sought, “holy grail” material. Overall,

found that while doping 4 mol % Tiglresults in a highly  2"nyher of thermodynamic, kinetic, capacity, and safety

{ahronougced k_|net|c enthancefrphentﬁ '(; _r:jas no effect on the issues cloud the future practical application of this class of
ermodynamic properties of the hydride. materials.

Titanium has also been found to enhance the dehydroge- ) ) .
nation kinetics of LiAIH,.52 Balema et af? found that LiAlH, 2.4.1. Thermodynamic Considerations

could be transformed into tAIH¢ and Al at room temper- The dehydrogenations of both LiAlHand Mg(AlH,), are
ature upon the addition of 3 mol % TiCupon 5 min of irreversible. Thus, thermodynamic constraints would allow
mechanical milling. The dehydrogenation ofAiHg to LiH only NaAlH, to be utilized as an onboard hydrogen storage

and Al was found by Chen et &lto occur at temperatures material that could be recharged by direct hydrogenation.
as low as 100C upon doping the hydride with 2 mol %  However, LiAlH, and Mg(AlH,), might find application in
TiCls. Blanchard et & reported that addition of a few mole  a system in which they were utilized as “chemical hydrides”
percent VC§ can also reduce the thermal decomposition involving their regeneration through an off-board chemical
temperature of LiAIH by 60 °C. process.
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Figure 10. Van't Hoff plot of equilibrium pressures as a function

of temperature for the NaAlH< /3(a-NagAlHg) + 2/3Al + H,

and theo-NagAlH s <> 3NaH+ Al + 3/,H, reactions. Samples were

doped with 2 mol % each of Ti(OB), and Zr(OP¥),.25” Reprinted

with permission from ref 267. Copyright 2001 Springer.

A van't Hoff plot of the data obtained from PCT studies
of Ti-doped NaAlH, is presented in Figure 10. From this
data? the enthalpy of the dehydrogenation of NaA(§) to
NasAlHg and Al has been determined to be 37 kJ/(mol of
Hy). This value is in line with the predictions of the studies

discussed earlier. In accordance with this value, the temper-

ature required for an equilibrium hydrogen pressure of 0.1
MPa has been determirfécas 33°C and highly practical

hydrogen plateau pressures of 0.2 and 0.7 MPa have bee

found at 60 and 80C, respectively? Unfortunately, the
equilibrium hydrogen plateau pressures of theMld /NaH

+ Al + H; equilibrium in the 76-100°C temperature range
are insufficient for utilization in a PEM fuel cell system in

Orimo et al.

will be required to adequately remove the large amounts of
heat that would be discharged during the shefb (min)
time that is considered to be acceptable for practical onboard
refueling.

2.4.3. Hydrogen Cycling Capacity Performance

The long-term cycling of mixtures of NaH/Al that were
doped with 2 wt % Tik has been studied through 100 cycles
(hydrogenation 15CC, 11.4 MPa; dehydrogenation 160
°C)5” A release of 3.4 wt % of hydrogen was obtained in
the first dehydrogenation half-cycle. Upon cycling, the
storage capacity showed a steady increase to the 4.0 wt %
limit that was achieved by the fourth dehydrogenation half-
cycle. This capacity remained through 40 cycles before the
onset of a steady decrease resulting in a loss of capacity from
4.0 to 3.5 wt % by the end of the 100th cycle. Synchrotron
powder X-ray diffraction and Rietveld profile fitting analysis
of Ti-doped (NaH+ Al) after 100 cycles showed the
presence of additional phases, which are apparently linked
to the observed diminishing dehydrogenation characteristics.
Decreases in dehydrogenation kinetics and the total amount
of released hydrogen over a number of cycles parallel the
appearance of the intermediate phasegANds, in the
prolonged cycling samples. This indicates a reduction in the
effectiveness of the Ti-dopant for the hydrogenation of-Na
AlHg to NaAlH,. Clearly, development of methods for
stabilizing the hydrogen storage capacity upon long-term
cycling would be necessary before this material could be
used for practical applications. Moreover, the-3450 wt
% cycling capacity falls far short of the current U.S.
Department of Energy capacity target that is thought to be
necessary for a practically viable, onboard hydrogen storage
material.

n

2.4.4. Safety

The main safety concern associated with the alanates is
their high reactivity with water. The heat of the hydrolysis
reactions can drive the thermal decomposition of the hy-

which the heat of the steam exhaust would be used to driveqriges. However, the pressure rise associated with introduc-
hydrogen release for the storage material. As seen in Figureijon of small amounts of contaminant water into the system

10, a temperature of 11TC is required to attain a plateau

during recharging would not constitute a significant fraction

pressure of 0.1 MPa. Thus, unless a system has an additionghf the pressure rating of any credible container. However,
means of heating the storage material, the potential hydrogenconiact of this hydride system with a larger amount of water

storage capacity of sodium alanate is limited to 3.6 wt %.
As discussed in the previous sectionNAIH ¢ and KAIH,
have even lower plateau pressures thaAllds and thus
offer no storage potential in this type of system.

2.4.2. Kinetic Considerations
Ti-doped LiAlH;, NaAlH4, and Mg(AlHy), all undergo

upon accidental tank rupture in a wet environment is clearly
a safety concern. This hazard must be eliminated either
through system engineering or chemical modification of the
hydride.

2.4.5. General Outlook
In view of the thermal management issue associated with

dehydrogenation at appreciable rates at temperatures at oonboard recharging of Ti-doped sodium alanate and the

below 100 °C, suggesting their possible application as
hydrogen carries for onboard PEM fuel cells. The recent
finding of further kinetic enhancement of NaAjkhrough

irreversibility of the dehydrogenation of LiAlHand Mg-
(AlH 4),, it appears that a practical hydrogen storage system
based on alanates would most likely require off-board

Sc-doping demonstrates that even faster rates of dehydrorecharging. Currently, only sodium alanate can be directly
genation can be achieved. However, it should be noted thatcharged under hydrogen pressure and, thus, until new, highly
scandium is expensive and may not be the best option foreconomical chemical processes for the regeneration of

practical on board hydrogen storage.
The kinetics of rehydrogenation for Ti-doped NaAltthe

alanates are developed, it is the only member of this class
of materials which is a plausible candidate for practical

only candidate material for onboard recharging, are a muchhydrogen storage for vehicular applications. Despite the

more daunting challenge to any effort for its practical

problems discussed above, Ti-doped sodium alanate to date

development. As advances have been made in improving thestands asthe hydrogen storage material with the best

kinetics of rehydrogenation, the problem of managing the

combination of materials properties that are suited for

heat generated from this highly exothermic process has comevehicular hydrogen storage. However, its cycling hydrogen

to light.%¢ Clearly, a very high performance heat exchanger

capacity is only 3-4 wt %. Thus, barring the discovery of
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the “holy grail” hydrogen storage material, the practical
application of these materials will await a time when there

is public acceptance of vehicles that are lighter weight and/
or capable of cruise ranges that are significantly shorter than

300 miles.

3. Amides

3.1. Synthesis
The pioneering efforts of Chen et%lin 2002 motivated

extensive studies on the reversible hydrogen storage proper- c

ties of lithium amide®—91 Alkali-metal amides have tradi-

tionally been used as reagents in synthetic organic chemistry.

The original experiments for the synthesis of the wide variety

of amides and their basic reactions related to hydrogen were

systematically summarized by Bergstrom and Fernéfius.
Some amides, such as sodium amide (NgNtd potassium
amide (KNH), were prepared as early as the beginning of
the 1800s by Gay-Lussac and Taed® Lithium amide
(LINH) was synthesized in 1894 by Titherl&yA com-
pound with the formula “LiNH,” was reported to be
obtained in 1910 by Dafert and Miklauz upon the heating
(at 220-250°C) of lithium nitride, LizN, under hydrogef
The next year, this compound was identified by Ruff and
Georges to be a mixture, or possibly a solid solution, of
lithium amide and lithium hydride, i.e., LiNgH LiH.%6 On
heating this mixture to 340480°C, the amide is converted

into imide and ammonia, and the latter immediately combines

with the hydride, forming lithium imide and hydrogen.
Hence, the total reaction is given by ed?7:

LiNH,, + LiH <> Li,NH + H, @)

Chemical Reviews, 2007, Vol. 107, No. 10 4121

o,

Figure 11. Crystal structure of LiNKH121:122_arge (black), medium
(white), and small (gray) spheres indicate nitrogen, hydrogen, and
lithium, respectively.

quently by neutron diffraction in 19722 These structures
are peculiar because the distance between the nearest nitrogen
and hydrogen atomsly_n, is only 0.70 A, which is much
shorter thandy—y = 1.022 A for monomeric/unsolvated
LiNH, recently reported?® The crystal structure of LiNK
was reinvestigated using powder neutron diffraction with
high sensitivity. The compound was seen to crystallize in
the tetragonal space groug with lattice constants o0& =
5.03442(24) A andt = 10.25558(52) A. Hydrogen atoms
occupy the 8g site. The two values df—4 are 0.986 and
0.942 A, respectively, and the-HN—H bond angle [[H—
N—H) is about 99.97.124 A deuterated sample, LiNDwas
also found to crystallize in the same space group with lattice

The investigators supported their hypothesis by the known constants of = 5.03164(8) A anct = 10.2560(2) A. The

decomposition of lithium amide into lithium imide at 240
450°C and by the fact that at a slightly higher temperature
lithium hydride reacts with ammonia to form lithium amide.
Other amides have also been repoffetg(NH,), was
synthesized by the reactions of M\ or Mg with ammonia
(gas and liquid). However, the time required for reaction
completion was on the order of years. The soligs reaction
of MgH, with ammonia was recently employed to prepare
the single phases Mg(N§3 and MgNH?"%8 Also, the
following amides have been reported: Rb\BsNH, Ca—
N_H,68,99,1OO Li —Ca—N—H,lOl Li—Al _N_H’102—105 Na—
Mg—N—H,'%Na—Ca—N—H,°” Mg—Ca—N—H,108" 110 j—
Mg—Ca—N—H,!**and hydrides of variable nitridé&? Li—
Mg—N—H7274.97.9810L1131145  described in detail in the
following section. A quaternary hydride having the ap-
proximate composition LBN,Hs (LiBH 4 together with 2 mol
of LiNH ) has been synthesized by mechanical milling and/
or by heating the mixed powdef&:115118 Furthermore, the
combination of LiBH, and LiNH, by mechanical milling also
forms the other new series of quaternary hydrideS8NiHg
(together with 1 mole of LiNE) and Li,BN3H;1, (together
with 3 mol of LiNHy), depending on the combination ratios.
In addition, (LiINH)«(LiBH,)1-x was synthesized for the
compositionsx = 0.33-0.8011%-120

3.2. Structure

3.2.1. LiNH,

The crystal structure of LiNE shown in Figure 11, was
first determined by X-ray diffraction in 1933 and subse-

two determined values afN—D are similar (0.967(5) and
0.978(6) A), and thelD—N—D is 104.0(7J. These structural
parameters are close to those of the isoelectronic water
moleculet?®

First-principles calculations for LiNHwere performed
using the ultrasoft pseudopotential method based on density
functional theont!3126.127 As indicated in Figure 12, the
partial density of states for LiNpHshows little contribution
of the Li orbitals to the occupied states and, therefore, it is
likely that the Li atom is ionized as tiion. The occupied
states consist of N-2s, N-2p, and H-1s orbitals that are
strongly localized around the complex anion [NIH The
lowest-energy state is composed of the N-2s and H-1s
orbitals. In the middle-energy region, the N-2p orbital
hybridizes with the H-1s orbital. In the higher occupied
states, the N-2p orbital is dominant and has a nonbonding
charactef!3126127 The electronic structure based on the
refined structure of the LiNKHwas also calculated. The total
density of states (DOS) shows a band gap of 3.48 eV between
the valence and conduction bands, which indicates a non-
metallic nature. The band gap is larger than that of 3.2 eV
shown by Miwa et at?® Charge density analysis shows a
strong degree of ionicity, and the average valence state of
Li is about 0.86.12* It was also reported that the N atom
bonds unequally with the two H atoms in LiNHAS a result,
LiINH, can dissociate in two almost equivalent transient
steps: (1) Li + [NH5]~ and (2) [LiINH]™ + H*. The reaction
of the relevant species may evolve Néb a transient gas in
the (LiNH; + LiH) system?!?8
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Figure 12. Total and partial densities of states for LijH3126
The origin of the energy is set to be the top of the valence states.
Reprinted with permission from ref 113. Copyright 2004 Springer.

3.2.2. LixNH

The crystal structure of bNH has also been reinvestigated.
Synchrotron X-ray diffraction data indicates thatNH has
the cubic (anti-fluorite-type) space groep3mwith a lattice
constant ofa = 5.0742(2) A at 22°C. Hydrogen atoms

Orimo et al.

Figure 13. Crystal structure of Mg(Nk)..268 Large (black),
medium (white), and small (gray) spheres indicate nitrogen,
hydrogen, and magnesium, respectively.

The structure for Mg(NDB), determined by neutron dif-
fraction is seen in Figure 13. The data refinement proceeded
smoothly in the tetragonal space groldid/acd with lattice
constants ofi = 10.3758(6) and = 20.062(1) A. However,

randomly occupy the 48h site around the N atoms, and thepowder synchrotron X-ray diffraction data indicates that the

value ofdy_ is 0.80(16) A. The charge density distribution
around [NHF~ in Li,NH is almost sphericak® From the
neutron diffraction data, two models have been proposed:
model “I” with Fm3m, 48h-site occupation for hydrogen,
and dy-p of 0.79(2) A; model “II” with F43m 16e-site
occupation for hydrogen, amfi_ = 0.82(6) A. Both models
have a lattice constant af = 5.0769(1) A Combined
analyses of X-ray and neutron diffractions found that an
order—disorder transition occurs in iNH(D) near 87°C.
Below that temperature, $NlD can be described to the same
level of accuracy as a disordered cubic space gfedgm
with a lattice constant of = 10.09-10.13 A. Refinement
of the data collected at173°C gives ady-p of 0.977 A.
Both the N and H atoms fully occupy the 32e sites. The H

symmetry may be lower. The valuesdyf_ are in the range
of 0.95(1)-1.07(1) A, andOH—N—H is about 101(1}
107(2y.1%

3.2.4. LisBN3Hzo

Mechanical milling of LiINH and LiBH, in varying
combination ratios results in the formation of a series of new
quaternary hydrides: EBNHe, LisBN2Hg, and LiyBN3H1o.
The crystal structure of LBN3H;o is cubic (BCC) space
group 1213 with lattice constants af = 10.673(2) A7 a
= 10.66445(1) A8 anda = 10.679(1)-10.672(1) Al36 |t
should be emphasized that,BNzHo is an ionic crystal
which is composed of L'i and both [NH]~ and [BHj]~
complex anions in the molar ratio 1:3. The crystal structure

atoms are tetrahedrally coordinated to vacant 8b sites, andS shown in Figure 14. [Nb} ~ has a nearly tetrahedral bond
the N atoms are tetrahedrally coordinated to Li atoms on @nglé JH=N—H = 106’), while [BH,]~ has an almost ideal
the 8a and 48f sites. The high-temperature structure has thdetrahedral geometry[({fH—B—H = 108-11#). Three

cubic (anti-fluorite-type) space grougm3m with a lattice
constant ofa = 5.0919 A at 127°C. Deuterium atoms
randomly occupy the 192l sites withdg_y of 0.904 Al3!

The electronic structure of $\lH at room temperature was
studied using synchrotron X-ray diffraction and the maximum
entropy method (MEM}2° The number of electrons within
the sphere around the Land [NHF is estimated from the
obtained charge density distribution. As a result, the ionic
charge is expressed as [E¥],[NH]1?*". Therefore, it is
confirmed that LiNH is also an ionic compound? The
ground-state (low-energy) electronic structures, closely re-
lated to quantum effects, of hydrides with [NH]are
important matters for investigation, and experimental and
theoretical studies have been carried §at*®

symmetry-independent Li atom sites are surrounded by
[NH;]~ and [BH,] ™ in various distorted tetrahedral configu-
rations, one by two N atoms and two B atoms, another by
four N atoms, and the third by three N atoms and one B
atoms. The Li configuration around N resembles a distorted
saddlelike configuration, while that around B is nearly
tetrahedral, similar to those in LiBtand LiNH,, respectively
(8a+ 24c-sites for H, NH = 0.83-0.86 A, B-H = 1.08-
1.11 A)13%6 The other quaternary hydrides ;BNHg and Lis-
BN,Hs, are also predicted to have similar structures com-
posed of Li and mixtures of [NH]~ and [BH,]~.*"

The calculation of the total and partial density of states
for LisBN3Hi indicates that an approximately 4 eV gap
separates the valence and conduction bands with primarily
ionic bonding among L, [NH;]~, and [BH;]~ species®’
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Figure 14. Crystal structure of LBNsH;0.117 Large (black),
medium (white), and small (gray) spheres indicate nitrogen,
hydrogen, and lithium, respectively. Boron is centered in /JBH
tetrahedra.

3.3. Dehydrogenation and Rehydrogenation
Reactions

The sequential dehydrogenation and rehydrogenation reac-

tions of LiNH, proceed according to eq®82The first and
second reactions release 5.5 and 5.2 wt % hydrogen
respectively. It was propos&d“that partial substitution of

LiNH,, + 2LiH < Li,NH + LiH + H, <> Li_N + 2H,
(8)

Li with more electronegative elements would weaken the
bonding between thiand [NH] . Lithium amide with partial
Mg substitution was synthesized from the-1\Mg alloys,
and the dehydrogenation reactions were investigéfethe
dehydrogenation reaction from LiNH+LiH) without the
partial Mg substitution begins at approximately ZZ7upon
heating at the rate of 18C/min under argon. However, the
temperature is drastically lowered to around 2@ with
increasing Mg concentratioA& Thus, cation substitution is
an effective method for decreasing the dehydrogenation
temperatures of LiNkl(and also of LiBH).13®

A theoretical approach to reducing the dehydrogenation
temperature of LiNH by partial element substitution was
investigated. Results of the (Li, Mg)NHstudy showed that
the bonding nature of LN and N—H is the same as that in
LiNH», but the bond strength of NH was reduced. The

difference can be used to explain the experimental observa-
tion that the dehydrogenation temperature was reduced by

Mg substitution'3® The relative strength of the metal ionic
bonding has been found to be a key factor to explain the
effects of the substitute4?

The optimization of composites of amide and hydride, for
example, the composite of Mg(NM and LiH *#*151js also
important for enhancing the dehydrogenation reaction. The
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Figure 15. Hydrogen pressurecomposition p—c) isotherms of
the composite of Mg(Nk), + nLiH (n = 2, 83, and 4) during the

'dehydrogenation reaction at 28G. Points A, B, and C mark the

beginning of the plateau region, the end of the plateau region, and
the end of the sloping region on the isotherms, respectivély.
Reprinted with permission from ref 157. Copyright 2007 Elsevier.

N~ and LP* combine to form LiN. The mechanism of the
dehydrogenation reaction is still under discussion.

Considering the ammonia-mediated process mentioned
above, the composite of Mg(N} and LiH has been selected
as one of the appropriate combinations for decreasing the
dehydrogenation temperatl#e® The complex Mg(NH)2
decomposes at a lower temperature compared to that of
LiNH ,, and also LiH reacts rapidly with ammonia from Mg-
(NHy).. For example, the following overall reaction (eq 9)
has been proposé@i>*

Mg(NH,), + 4LiH < Y;Mg.N, + /,Li,N + 4H, (9)

According to eq 9, the calculated hydrogen capacity of the
system is 9.1 wt %. In the heating process, the main weight
loss in the composite of Mg(Nbt and 4LiH was observed
below 230°C, which is lower than that of the composite of
LiNH, and 2LiH. The weight loss in the composite of Mg-
(NH,), and 4LiH at 527°C was at approximately 7 wt %,
which is 77% of the calculated value. The dehydrogenation
reaction of eq 9 was precisely investigated by hydrogen
pressure-compaosition p—c) isotherm (PCT) and X-ray
diffraction measurements®

The dehydrogenation reactions of composites of Mg{hH

dehydrogenation mechanism (ammonia mediated mecha_and LiH were reported for other CompOSition ratios of LiH.

nism) was proposed by Hu and Ruckenst&iand Ichikawa
et al’8 First, amide (LiNH in eq 8) decomposes into imide
(or even into nitride) continuously with increasing temper-

ature, at which only ammonia can be desorbed. Second,

ammonia reacts with the coexisting hydride (LiH in eq 8),
resulting in dehydrogenation. Chen etfdlnd Lu et al>3

These reactions proceed as seen in eqs 10 arf§'14:*
Mg(NH,), + %/,LiH < Y/;Mg,N, + “/,Li NH + ¥/;H,
(10)

Mg(NH,), + 2LiH < Li,Mg(NH), + 2H, (11)

have reported another dehydrogenation mechanism (redox
or acid—base mechanism). In this mechanism, the hydrogen According to eqs 10 and 11, a total of 6.9 and 5.6 wt %

in LiINH is positively charged (Bf), but it is negatively
charged (M) in LiH. The pair of H* and H~ combines to
easily form molecular hydrogen g{ and simultaneously,

hydrogen are predicted to be released.
The dehydrogenation and rehydrogenation reactions of the
composite shown in eqs-941 were systematically investi-
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Figure 16. Thermal desorption (thermogravimetry) from the
composites of Mg(Nk), + nLiH (n = 2, &3, and 4) under helium
flow at 0.1 MPa. The inset shows the powder X-ray diffraction
profiles (Cu ko) of the samples heated to 24Q (after the main
dehydrogenation reaction around 1%7).156 Reprinted with permis-
sion from ref 156. Copyright 2005 Japan Institute of Metals.

gated by thermogravimetry, PCT, and X-ray diffraction mea-
surementd®6:15’ The features of th@—c isotherms at 250

Orimo et al.

°C were found to be similar. In addition, the amounts of
hydrogen desorbed increase with decreasing composition
ratios of LiH in the composites: 4.5, 5.1, and 5.4 wt % of
hydrogen for eqs 911, respectively (Figure 15). However,
the mass spectroscopy profiles around i8¢learly indicate

an increase in production of gas-phase ammonia with
decreasing composition ratios of LiH. The composition ratios
obviously affect the suppression of the ammonia release at
temperatures higher than 330 (Figure 16).°515"Therefore,

the practical composition ratios of the composites of
Mg(NH), and LiH can be suitabljunedon the basis of the
actual application conditions (Figure 17).

3.4. Prospectus

The hydrogen storage properties of amides and their related
materials are summarized in Table 4. Additional information
is also availablé®® Studie$®®160of the cyclic dehydrogena-
tion and rehydrogenation of composites of Mg(hiHand
LiH through 270 cycles of the reaction in eq 11 revealed a
25% reduction of the hydrogen storage capacity. Ammonia
formation accounts for only 7% of the capacity loss. The
cause of additional capacity loss is unclear at present. For
the composites of Mg(NE, and LiH, the temperature
needed to form appreciable amounts of ammonia was
reported to be much higher than that required for hydrogen
release. The ammonia concentration in the desorbed hydro-

Table 4. Hydrogen Storage Properties of Amides and Their Related Materials

conditions: tempC)

hydrogen wt % (pressure (MPa)) theor/exp
obs obs first AHdehyd
reaction ideal (first dehyd) (rehyd) dehyd rehyd (kJ/(mole of H)) ref
LiNH + 2LiH = Li3N + 2H, 10 9 5-5.5 170-400 195-285 T 80.5-99
(0.01-1.0) 6870, 73,77, 79,
LioNH + LiH = Li3sN + H; 5.5 ~5.5 350-400 T 148-165 80, 82, 83, 86-89,
LiNH, + LiH = Li,NH + H, 6.5(-6.85) 5.5 3-6.8 170-300 195-285 T40.9-74.8 126-128, 134
(0.01-1.0) E 60-65.6
CaNH+ CaH, = CaNH + H, 21 35 1.9 500550 E 88.7
(0.001-0.1)
Ca(NHy), + CaH, = 2CaNH+ 2H, 35 T57
2CaNH+ CaH, = CaN, + 2H, 2.7 24 ~1.1 500-600 T 115 68. 99
(=0.68) 100, 107, 112
Ca(NH), + 2LiH = CaNH+ LioNH + 2H, 45 4.5 25 126:300 180 ' '
(3.0
2Ca(NH), + 2NaH= 2NaNH, + Ca—Na—H + H, 1.1 1 120-270 ~200 E 55
(7.0)
Mg(NHy), + 2MgH, = MgsN, + 4H; 7.4 ~7 RT—-450 T2-35 97, 108,
Mg(NH,); + MgH, = 2MgNH + 2H, 4.9 4.8 65-310 T43 112, 145
Mg(NH,); + nLiH = Li,Mg(NH), +
(n—2)LiH + 2H;,
n=2 5.6 5.4 146-280 250 E 38.9-44.1 98,114, 141,
(0.1-8.0) 146, 148, 150,
n=2%3 5.2 5.1 151, 154,
n=4 4.6 45 156, 157
Mg(NHz)z + 8/3|_|H = 1/3Mg3N2 + 4/3|_i2NH + 8/3H2 6.9 ~7 140-280
Mg(NHy), + 4LiH = Y3Mg3N, + #/3LisN + 4H, 9.1 ~7 140-520
Mg(NHy), + 1.5NaH 2.2 2.2 R¥160 166-200 E 80
(0.3 psi to 3 psi)
2Mg(NHy), + 4CaH, = CaMgN; + CaNH + 5 4.9 ~1 60-510 206-250 106. 108
CaNH+ 7H, (10.0) 110, 111
Mg(NH,), + CaH, = MgCa(NH), + 2H, 4.1 0.5-3.9 80-400 '
Mg(NHy), + Ca(NH), + 4LiH = 5 2.7-3.0 27 220
Li;MgCa(NH), + 4H, (0.1-50)
2LiNH; + LiAIH 4 = Li3AIN, + 4H; 9.6 4.1 RT-600
2LiNH; + 2LiAIH 4 = 2Li,AINH + 5H, ~8 50-350
LiNH 2 + 2LiAIH ; = 2Al + Lio,NH + LiH + 4H, 8.2 8.1 85-320 102-105
6LINH + 2LizAlH¢ = 6Li,NH + 2Al + 9H, 7.4 7.1 7.1 156-300 300 (13.6)
8LINH + 4LizAlH¢ = 4Li,NH + 6LiH + 7.6 6.9 34 100-500 200-300 T23
2LisAIN, + 2Al + 15H, (0.004-10.0) E 29
2LINH; + LiBH4 = LisBN; + 4H, 11.9 >10 14 256-380 RT—150 (8.4) T23 102, 115, 116, 13820
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Hydriding Partial Dehydriding Dehydriding | Direct synthesis from the metal, boron, and hydrogen (eq
13) at 556-700°C and 3-15 MPa H has been reported to
Mg(NH,), + | (Li,Mg(NH), + (1/3-Mg;N, + 1/3-Mg;N, + M+B+ 2H2 B MBH4,
4-LiH 2-LiH+2-Hy)* | 4/3-Li,NH + 4/3:LiN + 4-H, _ L
4/3-LiH + 8/3-H,)* where M= Li, Na, K, /,Mg, etc. (13)
9.1:mass%
6.1 mass% yield the lithium salt, and this method is generally applicable
4.6 trassh to group IA and IIA metalg5
<—Tr--——> Transition, lanthanide, and actinide metal borohydride
Y P complexes have been prepared by substitution of,[Blfbr
p(utta); * 4/3~Li§§H2++s/3-H2 a halide ion. The use of an excess of the alkali borohydride

is often necessary to achieve complete substitution. In a

6.9 massd number of cases, substitution of a halide ligand by a
borohydride has been accompanied by a corresponding
Mg(NH,), + | Li,Mg(NH), + reduction in the oxidation state of the metal ion. For
2-LiH 2°H, examplel®>166the reaction of MgGl with an alkali metal
< BBmasskh o borohydride results in the metathesis reaction seen in eq 14.

Figure 17. Summary of the dehydrogenation and rehydrogenation MgCl, + 2MBH, — Mg(BH,), + 2MCl,
reactions of the composite of Mg(NJ + nLiH (n = 2, %3, and where M= Li or Na (14)
4). *Some intermediate phases are now being investigated.
Reprinted with permission from ref 156. Copyright 2005 Japan The solid-state metathesis reaction of various borohydrides
Institute of Metals. has been demonstratétiby mechanical milling of metal
halides with an alkali borohydride in an inert gas atmosphere
based on the above reactions. For example, zinc borohydride,
gen increased with the temperature from 180 ppm at 180 Zn(BH.)., has been synthesiZétlby the reaction of ZnGl
°C to 720 ppm at 240C 159160 and NaBH.
The direct synthesis of borohydride comple’®®kas been
It was recently reported that the dehydrogenation reaction accomplished by the reaction of an alkali or alkaline earth
closely relates to the diffusion of Liinto the cation sites of  hydride with a triethylamine borane complex under argon
Mg(NH,),.11 The reaction process in the Mg(N—LiH atmosphere. The mixture is heated while stirring, and the
system is showed schematically in Figure 18 Hiffuses triethylamine adduct of the borohydride is formed. This direct
from LiH to Mg(NH), crystal and then decomposes [NH method was applied for the synthesis of Mg
into [NH]?>~ and H". The created Hin Mg(NH,), is attracted
to LiH and combined with H, resulting in formation of i 4.2. Structure

gas. The hydrogenation probably proceeds by the reverse of The structure of borohydrides is a subject of controversy,
this process. Furthermore, it seems plausible that the low as different structures have been determined from X-ray and
temperature, reversible dehydrogenation and rehydrogenatiorheutron diffraction studies. Detailed descriptions of the

of the Mg(NH,).—LiH system is facilitated by the similarity ~ crystal and electronic structures of the-B systems are

of the imide and amide structures. available?#17+198

Suitable tuning of composition ratios and creating novel 4.2.1. LiBH,
micro-/nanostructures are needed to reduce the amount of

T . i ) The ph f LiB determined b f
ammonia, increase the cyclic durability, and promote the Li e phases of LiByl were determined by means o

synchrotron X-ray diffraction at low and high temperature.

diffusion. An endothermic (4.18 kJ/mol) structural transition from the
orthorhombic to the hexagonal structure is observed at 118
i °C. The hexagonal structure melts at 287 with a latent
4. Borohydndes (Tetrahydroborate) heat of 7.56 kJ/mol. This structure is still under discussion,
4.1. Synthesis since the theoretical calculation of the phonon density of

states has shown unusual featf€43'Both phase transitions

. . . are reversible, although a small temperature hysteresis is
The first report of a pure alkali metal borohydride psaryved. g P y

(tetrahydroborate) appeared in 1940 by Schlesinger and Tne crystal structure of LiBiiwas originally determined
Brown,'%2who synthesized lithium borohydride (LiBHby by Harris and Meibohm”” They found that the unit cell
the reaction of ethyl lithium with diborane ¢B¢). The direct  contains four molecules and has the dimensmrs7.1730
reaction (eq 12) of the corresponding metal hydride with A, b= 4.4340 A, andt = 6.7976 A at 258C and calculated
a density of 0.669 g/ctn Each Li" ion was seen to be
. surrounded by four [Bl]~ ions in a tetrahedral configuration.
2MH + BHg — 2MBH,, The [BHy]~ is strongly deformed: two hydrogen atoms are
where M= Li, Na, K, /,Mg, etc. (12)  at a bond length ofls_ = 1.30 A, one is at 1.28 A, and
one is at 1.44 A (4¢8d-sites for H}:* The crystal structure
of LiBH, has been recently redetermined by synchrotron
diborane in etheral solvents under suitable conditions pro- X-ray diffraction at room temperature and at 135, as
duces high yields of the borohydrid&s. shown in Figure 19. At room temperature the hydride
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Mg(NH,),

Figure 18. Schematic view of the reaction process in the composite of Mg(\H LiH. 161

LiBH, AT 293K (20°C)
Orthorhombic symmetry p l
space group: Pnma (#62)
a=7.17858(4) A ‘

b =4.43686(2) A
c =6.80321(4) A
Vol: 216.685 A3 Z=4

Orimo et al.
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H
°o°°°°°°0
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09 o° °O°
diffusion °o°°g°°°O
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LiBH, AT 408K (135°C)

Hexagonal symmetry
space group: P6,mc (#186)

24
e

a=427631(5) A ,'

b=a o

© =6.94844(8) A .
Vol: 110.041 A3, Z=2 [ |

Atom X Atom X y z
Li 0.1568 0.250 0.1015 Li 0.3333 0.6666 0.0000
B 0.3040 0.250 0.4305 B 0.3333 0.6666 0.5530
H, 0.900 0.250 0.956 H, 0.3333 0.6666 0.3700
H, 0.404 0.250 0.280 H, 0.1720 0.3440 0.6240
H, 0172 0.054 0.428

Figure 19. Low- and high-temperature structures of LiB#etermined from X-ray diffraction. Large, medium, and small spheres indicate
boron, lithium, and hydrogen, respectivél§:179-203Reprinted with permission from ref 203. Copyright 2007 Elsevier.

crystallizes in the orthorhombic space groBpma(a = A, and the crystal is face-centered cubic at room tempera-
7.17858(4) Ab = 4.43686(2) Ac = 6.80321(4) A)78170 ture18 Mg(BH,), is predicted to crystallize in the orthor-
The complex [BH]~ anions were found to be aligned along hombic space groulPm@1 with a fascinating two-
two orthogonal directions and are strongly distorted with dimensional arrangement of Nfg and [BHy~.2%° The
respect to bond lengthsl{ 1 = 1.04(2)-1.28(1) A) and Rietveld analysis of the diffraction pattern of Ca(Bfican
bond angles [[H—B—H = 85.1(9)-120.1(9}). As the be interpreted as space grdegidd and the calculated pattern
temperature is increased, the structure undergoes a phaselosely reproduces the measured one. The intensity of the
transition and becomes hexagonal (space grR&mc a = unassigned peaks is very weak; thus, the studied sample is
4.27631(5) Ac = 6.94844(8) A aff = 135°C).1®1"The  thought to be almost a single phase of CagBHThe B—H
[BH4] ™ tetrahedra align along, become more symmetric  pond lengths and the+B—H bond angles arés 1 = 1.11—
(ds—n = 1.27(2)-1.29(2) A,DH-B—H = 106.4(2)-112.4- 113 A andIH—B—H = 102-11%, respectively. Each Ca

(9)°) and show displacement amplitudes that are consistentjs surrounded by six octahedrally coordinated jBH and

with dynamic disorder about their trigonal axis. each [BH]~ has three C& neighbors.

4.2.2. NaBH,

Davis and Kennard* performed neutron powder diffrac-
tion studies at room temperature on NaBDhe Na cation
and [BHy]~ anion were found to crystallize with a NaCl- Overall dehydrogenation of alkali metal borohydrides
type structure. Although only the lattice parameters had beenproceeds as follows:
obtained in an earlier X-ray diffraction stud$? these early
investigators mentioned that the sodium and boron atoms

4.3. Dehydrogenation and Rehydrogenation
Reactions

—_— 3 -
may form a body-centered tetragonal array and that the M(BH,) = MH +B +/;H, (15-1)
hydrogen atoms could lie on a primitive tetragonal lattice. or A(BH,) — AB + 2H, (15-2)

The structure of NaBPwas recently found to belong to
space grouP421c.186

4.2.3. Other Borohydrides

Neutron diffractio®” of KBD4 shows a tetrahedral array
of hydrogen atoms about the boron atom wdgh of 1.219

Alkaline earth borohydrides dehydrogenate according to eqs
16-1 to 16-3.

M(BH,),— MH, + 2B + 3H, (16-1)
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. + - TIK
or M(BH,), — MB, + 4H, (16-2) 400 500 600 700
: : : - 4
or M(BH,), — %;MH, + Y/;MB¢ +'%,H, (16-3) g, [\“LiBH,"
151 2 UE L I LiH
LiBH, liberates three of the four hydrogen atoms from M1 r3

the compound upon melting at 28C and decomposes into
LiH and boron?®! The thermal desorption spectrum exhibits
four endothermic peaks. The peaks are attributed to a

T ;.%‘-ex “ “LiBH,"|| |
¥ 3] |I T
104 : /\j ﬁ/ e
T
polymorphic transformation around 12C, melting at 280 / &

°C, the hydrogen desorption (50% of the hydrogen was = s; "LiBH, 5/ \

-1
desorbed (“LiBH”) around 490°C), and the desorption of W %
three of the four hydrogen atoms at 68D. Only the third

———

m(H,) [mass%]

peak (hydrogen desorption) is pressure dependent. The g = ———-—,-“:‘// _ lo
calculated enthalpyAH = —177.4 kJ/(mol of H)) and 100 200 300 400 500
entropy AS= 238.7 J/(kmol of Hy)) of decomposition are Trel

not in agreement with the values deduced from indirect Figure 20. Integrated thermal desorption (heating rate of-®5

measurements of the stabilf§2 The value of the entropy is ~ “C/min) from LiBH, measured at various heating rates shown in

too high and cannot be explained because the standardhe figure. The differential curve for the lowest heating rate of 0.5
. e C/min is given together with the hypothetical compositions at the

entropy for hydrogen Is 130 J/(K]gol of Hy). Additives to peak maxim&% The structure of an intermediate ph#4&% is

the borohydride (such as Si¥° lower the hydrogen  ghown as the inset. Reprinted with permission from ref 203.

desorption temperature for LiBHy approximately 100 K. Copyright 2007 Elsevier. Inset reprinted with permission from ref
Although LiBH, is well-known to react with glass at elevated 204. Copyright 2006 American Physical Society.

temperatures, recent studies of the isotherms have suggested X
that the effect of Si@is a catalytic effect and not a sn{ Li B, 2H, Li, B, 2H,
destabilization of the comple®s

A

As shown in Figure 20, the dehydrogenation process of
LiBH, at a low heat ramping rate (0°&/min) exhibits three 4 5073k
distinct desorption peaké? This is an indication that the L'H/ﬂ '
desorption mechanism involves several intermediate steps. H 5 fsso=rezui |[LIH+ B+, H,
This was recently explained by the formation of a borohy- s | 7 A
dride cluster as an intermediate ph&¥eand Raman LH  BH, aH
spectroscopy and XRD have delivered some evidiéhimr " 756k |iBH, o168k ey
the existence of LLB1;H;, as an intermediate phase of the 4180 LiBH,,\y==—= ‘
hydrogen desorption reaction of LiBH v LiBH4\T P6,me

Figure 21 summarizes the energy levels for the hydrogen Tt
desorption reaction of LiBldconsidering the enthalpy of the >
reactants. The most stable state is LiBkh the low- Figure 21. Schematic enthalpy diagram of the phases and

temperature structur@nma which is transformed into the intermediate products of LiBEF°® Reprinted with permission from

high-temperature modificatiofP6smc) at 118°C, followed ref 203. Copyright 2007 Elsevier.

by melting around 28C0°C. Subsequently, desorption of _ i

hydrogen is observed, via the intermediate phase(s) discussed 'n€ counterargument for the latter reaction path is that

in the previous paragraph, resulting in LiH and solid boron. the reaction of hydrogen with boron is endothermidi

Due to the high stability of LiH AH.n = —181.4 kJ/(mol = 35.6 kJ/(mol of H), AS* = —79.2 J/(kmol of H,))*’

of Hp)), its dehydrogenation proceeds at temperatures abovend Will, therefore, only proceed at high temperatures and

727°C and is, therefore, usually not accessible in technical Pressures (driven by entropy). The diborane in the gas-phase

applications. reacts upon cooling of the sample with the s_olld LiH and
Alkali metal borohydrides are usually prepared by chemi- the LiH transfers an Hto the BH to exothermically form

cal methods, e.g., by the reaction of the metal hydride with LiBH4 following egs 17 and 18.

diborane in a solvent (2LiH- BoHg — LiBH 4 in THF). The

dehydrogenation reaction from LiBHbk reversible, and the 3H, +2B— (BHy),

end products lithium hydride (LiH) and boron absorb at high temperature and high pressure (17)

hydrogen at “600C under 35 MPa” or at “690C under 20

MPa” to form LiBH,.1382%3The result is in agreement with ~ 2Li "H™ + (BHy), — 2Li"[BH,]~

the claim in Goerrig's patetft* about the direct formation upon cooling of the reactor (18)

of LiBH 4 from the elements. The mechanism of the absorp-

tion of hydrogen by LiH and B to form LiBkis under  The release of diborane during dehydrogenation of borohy-

investigation, and the two following reaction paths have been drides is observef® probably as a concurrent reaction to

proposed: the liberation of hydrogen. To form diborane during desorp-
(1) LiH and B react with each other, forming an interme- tion, an H atom is transferred from the borohydride complex

diate state, which is “filled up” with hydrogen, finally to the positively charged Li, leaving LiH and a neutral 8H

resulting in LiBH,. molecule, which is the basic element of diborane (shown in
(2) Boron and hydrogen react to form diborane, which is eq 16). Diborane evolution during desorption is thus likely

known to spontaneously react with alkali hydrides, delivering to occur, but this does not provide evidence for its formation

alkali metal borohydridé$® (e.g., in the case of NaBj from the elements. Apart from the unfavorable thermody-
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100 v y y y T entific understanding of the mechanism of the thermal
50 | ] hydrogen.desorptio_n from LiBHand the hydrogen absqrp-
Zn(BH), tion reaction remains a challenge and requires additional
F 0 studies.
2 sl HiBH): &7 aH ] - - :
g SC{‘Bi“) ) 4.4. Electronegativity —Stability Correlation
2 -100 ” ] It was reported that° there is a correlation between the
T 150 | NaBH.e { ] electronegativity of the cation and the frequency of the
LiBH, bending and stretching modes of hydrogen in the anion, as
-200 KBH, 1 well as the melting temperature of the complex. The
250 . : . . , . thermodynamic stabilities for the series of metal borohydrides
06 08 1.0 12 14 16 18 20 M(BH4), (M = Li, Na, K, Mg, Sc, Cu, Zn, Zr, and Hfn =

xXe 1-4) have been systematically investigated by first-principles
Figure 22. Correlation between the heats of formation of metal calculationg!'?1?The results indicated that the bond between
borohydrides M(BH)n, AHnore, and the Pauling electronegativities  M™ and [BHy]~ in M(BHJ), is ionic, and the charge transfer
of M, xp. The estimation ofAHper is based on the following  from M to [BH4]~ is responsible for the stability of
reaction: (MM + B + 2H, — (1/M(BH.),. Zero-pointenergy g ) - As shown in Figure 22, the heat of formation of

contributions toAHpoo are approximately taken into consider- . .
ation?! Reprinted with permission from ref 211 (http://link.aps.org/ "€ M(BH:), depends linearly on the Pauling electronega-

abstract/PRB/V74/p45126). Copyright 2006 by the American Physi- tivity yp of M:

cal Society.
AHpo0 = 248.%, — 390.8

namics to form diborane, a kinetic barrier contributes to the in the units of kJ/(mol of BK) (19)
general inert behavior of boron. It is not clear whether this 4
behavior originates from the particular modification of boron
(passivation by oxides, etc.) or from intrinsic properties of
the material. Support for the first point is given by the fact
that the formation of LiBH occurs if one starts from LiH
and nanodispersed B obtained from dehydrogenation of
borohydride!®

In the concurrent desorption reaction (second reaction),
neutral H is removed from the complex, leaving charged
[BH3]~, and 2H are recombined to,HHowever, [BH] is
highly unstable according to recent calculatiéi¥S herefore,
Ohba et af** calculated the stability of complexes consisting
of several boron and hydrogen atoms. It was found that the
influence of the charge is weakened by its “distribution” over

several atoms and the complex is stabilized. data for decomposed products, which correlates with ob-
A mechanism of the total rehydrogenation process could servedTs. The same correlation between obserdadand

not be given until now, and the discussion above makes clear, ' o .
: ! . o the averaged electronegativity of the metal cation Mdsts

the importance of this knowledge. If formation of Ligks in the dogble cation MgN{BHz;n systenr!4 Therefore, the

|n|_t|ated t_)y the formation of diborane, catalysts promoting lectronegativity of the metal cation might be é good

this reaction have to be found. On the other hand, the seconalﬁndicator for estimations of th&, of M(BH.)

reaction is catalyzed by additives promoting the interaction d 4/

between LiH and B. Recently, it was discovered that the

kinetic barrier for the formation of borohydrides is drastically 4.5. Prospectus

reduced if metatboron compounds (e.g., MgBare used The alkali metal and alkaline-earth metal borohydrides

instead of pure boron as starting materf@l#\n investigation belong to a class of materials with gravimetric hydrogen

of the interaction among these borates, hydrogen, and lithiumdensities that are among the highest known today (Tables 1

hydride might provide us with further information to unravel and 5). Although these complex hydrides have been known

the rehydrogenation mechanism of borohydrides. The sci-to exist for more than 50 years, only limited data on their

The thermal desorption analy$&g!lindicate that LiBH,
NaBH;,, and KBH, desorb hydrogen to the elemental hydride
of the cation. Multistep hydrogen desorption reactions are
observed for Mg(BH),, Sc(BHy)s, and Zr(BH,),. On the
other hand, Zn(Bk), desorbs hydrogen and borane to
elemental zinc due to the instabilities of zinc hydride and
boride.

Quite interestingly, the thermal desorption temperatures,
Ta, of M(BH.), decrease with increasing. Tq is not related
to the enthalpy formation of M(BE), (AHporo) but rather to
the enthalpy decomposition (enthalpy difference between the
elementary metal hydride and the complex hydridéT.he
values can be estimated by usifiti,oro (€9 19) and reported

Table 5. Hydrogen Storage Properties of Borohydrides

conditions: tempC)

hydrogen wt % (pressure (MPa)) theor/exp
obs obs first AHdehyd
reaction ideal (first dehyd) (rehyd) dehyd rehyd  (kJ/(mole of b)) ref
LiBH4 = LiH + B + 3/,H, 13.9 135 510 180-500 606-650 T52-76 138, 179, 181, 199,
(7.0—-35.0) 211, 212, 258, 259,
260, 261, 262
LiBH 4 = Y12LioB1sH12 + S/6LiH + 13/15H, 10 ~11 430-460 T 56 204, 205, 263
LiBH4 + Y,MgH, = LiH + ¥,MgB, + 2H, 11.4 6-10 8-10 300-585 315-450 T 46/E 40.5 260, 261, 264, 265
(0.5-2.0)
LiBH4 + 2LINH2 = Li3sBN; + 4H, 11.9 >10 14 256-380 RT-150 T23 102, 115, 116, 118,
(8.4) 119, 120, 262
Ca(BHy), = %3CaH, + Y3CaBs + 1%3H, 9.6 T32 266
M(BHJ)n: M = variable alkali, alkaline-earth, see each ref 167, 200, 211,

and transition metals 214, 253
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