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The development of a viable hydrogen storage system is
of significant importance for the implementation of hy-
drogen fuel cell technology.Research effortsmainly focus
on materials composed of light elements and with high
hydrogen content.1-3 Ammonia borane (NH3BH3, AB
for short), with 19.6 wt % hydrogen capacity, has att-
racted considerable attention recently.4-17 However, the
thermal decomposition of neat AB occurs at relatively
high temperature (100 �C and above) and gives volatile
byproducts, such as aminoborane and borazine.4 In the
past several years, a few approaches including the uses of
transition metal5 or acid catalysts,6 hexagonal boron
nitride,7 nanoscaffolds8 and carbon cryogels,9 and hydro-
lysis,10,11 and so forth, have been employed to improve
the dehydrogenation performance of this substance.
More recently, efforts have been given to the chemical

modification of AB through replacing one of its H with
alkali or alkali earth element to form metal amido-
borane (MAB).12-17 Xiong et al.12 reported that alkali-
metal amidoboranes, such as LiNH2BH3 (LiAB) and
NaNH2BH3 (NaAB) crystallizing in orthorhombic space
groupPbca, release large amount of hydrogen (10.9 wt%
for LiNH2BH3 and 7.5 wt % for NaNH2BH3) without
borazine formation at 91 �C. Alkali earth metal amido-
borane, that is, Ca(NH2BH3)2 (CaAB) synthesized by
Diyabalanage et al.13 via wet-chemical route and Wu
et al.15 via mechanical ball milling of CaH2 and AB,
dehydrogenates at temperatures above∼120 �Cand gives
∼4 equiv of of H2 upon heated to 250 �C.13 Apart from
the variation in the dehydrogenation properties, the
replacement of one H by alkali or alkali earth in AB leads
to the transfer of molecular crystal (AB) stabilized by
dihydrogen bond to ionic crystal (MAB).12,15 In this
study, a new AB derivative, namely lithium amidoborane-
ammonia borane in a chemical composition of
LiNH2BH3 3NH3BH3 (LiAB 3AB for short) was synthe-
sized by reacting equiv LiAB andAB or reacting LiH and
2 equiv of AB. LiAB 3AB is composed of alternative
layers of LiAB and AB and contains both dihydrogen
bond and ionic bond in the crystal lattice. Experimental
results show that this new compound releases 14.0 wt %
of hydrogen in a stepwisemanner with peak temperatures
at ca. 80 and 140 �C, respectively. Borazine and amino-
borane are undetectable.
A gradual H2 pressure increase in the milling vial was

observed when ball milling LiH and NH3BH3 mixture
in a LiH/AB molar ratio of 1:2.18 Calculated from the
pressure increase, the amount of H2 evolved was about
1.0 equiv permol of LiH upon the completion of reaction.
In contrast, ball milling LiNH2BH3 and NH3BH3 in 1:1
molar ratio did not come out with any detectable
gaseous product. X-ray powder diffraction measure-
ments on the fresh samples collected immediately after
ball-milling show that the patterns of the postmilled LiH-
2AB and LiAB-AB samples are similar and present a new
set of diffractions. Starting chemicals were undetect-
able (see Figure S1 in the Supporting Information). The
information gathered above suggests that LiNH2-
BH3 3NH3BH3 (or LiAB 3AB) is formed through the
reactions 1 and 2.

LiNH2BH3ðsÞþNH3BH3ðsÞ f LiNH2BH3 3NH3BH3ðsÞ
ð1Þ
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LiHðsÞþ 2NH3BH3ðsÞ f LiNH2BH3 3NH3BH3ðsÞþH2ðgÞ
ð2Þ

11B NMR measurements show that BH3 groups in
LiAB 3AB have two chemical environments, that is, at
δ=-20.9 and-26.5 ppm, close to that in LiAB (δ=-22
ppm) andAB (δ=-26.2 ppm),16 respectively (see Figure
S2 in Supporting Information). The diffraction pattern of
the compound recorded on high resolution synchrotron
radiation XRD (SR-XRD) can be indexed using a mono-
clinic space group P21/c cell with a=7.0536(9) Å, b=
14.8127(20) Å, c=5.1315(7)Å, β=97.491(5)�, and V=
531.58(12) Å3 (see Figure S1 in Supporting Information).
Since the powder SR-XRD is of low sensitivity toHatom,
it is necessary to use first-principles calculations to iden-
tify the atomic positions in the structure. The crystal
structure of this new compound was then solved using
the combined direct space simulated annealing method
and first-principles calculations (see method in Support-
ing Information). The calculated lattice constants, that
is, a = 6.83065 Å, b =15.10986 Å, c =5.19075 Å, β=
97.0638�, and V = 531.7 Å3, are in consistent with the
experimental data. As shown in Figure 1, the structure
model of LiAB 3AB is composed of alternative LiAB and
AB layers, which agrees well with the NMR observations
of two -BH3 species resembling to LiAB and AB. Each
Liþ bonds with one [NH2BH3]

- ion and is also coordi-
nated with H atoms in BH3 groups of AB and LiAB
nearby with the Li-H distance in the range of
1.953-2.165 Å. Such a Li-H coordination will likely
lead to the weakened dihydrogen bond in the AB layer.
In fact, the distance between NH 3 3 3HB (1.902 Å) in
AB layer is a little longer than that in pristine AB
(1.897 Å) (Supporting Information, Table S1).15,19 As the

dihydrogen bond is one of the main components in
stabilizing the crystal of LiAB 3AB, the lattice of
LiAB 3AB, may be subject to deform comparatively
easily. Our DSC measurements show that the onset
melting temperature of LiAB 3AB is 58 �C, considerably
lower than that of LiAB (82 �C) and AB (95 �C)
(Figure S3, Supporting Information).
In a previous investigation on the interaction of LiH

and AB at varied molar ratio, the formation of LiAB 3AB
(Cmc21 cell, with a = 13.992 Å, b = 10.742 Å, and c =
10.110 Å) was proposed when ball milling LiH with
2 equiv of AB.15 It should be noted that the structure
determined by us is significantly different from that
structure reported previously. Our experimental observa-
tions reveal that LiAB 3AB decomposes slowly at temp-
eratures above 25 �C. The diffraction peaks of self-
decomposed sample (Figure S4, Supporting Information,
there are threemain diffraction peaks at 2θ=10.3�, 2θ=
22.7�, and 2θ = 31.4�) can be found in the LiAB 3AB
pattern reported15 and also resembles to the R-phase
described in a published patent.20

Thermal deorption mass spectrometer (TDMS) pro-
files of the LiAB 3AB, LiAB, and pristine AB samples are
shown in Figure 2. LiAB 3ABdecomposes exothermically
to hydrogen in a stepwisemanner with peak temperatures
at ∼80 �C and ∼140 �C, respectively. In addition, a
relatively weak desorption appears at∼ 160 �C. The over-
all feature exhibits remarkable differences from those of
LiAB and neat AB in that the first desorption peak
appears at lower temperature (80 �C vs ca. 91 �C for
LiAB and ca. 110 �C for AB) and the sum of peak areas of
the second and third peaks is larger than that of the first
peak showing more hydrogen desorption at higher tem-
peratures. Moreover, aminoborane and borazine are
undetectable. We tentatively ascribe the lowered dehy-
drogenation temperature to the reduced melting point of
LiAB 3AB. Moreover, the dehydrogenation of LiAB or
AB is likely through intermolecular interaction.12,21

Figure 1. (Top) Schematic diagram of the crystal structure of LiAB 3AB
at room temperature. Li, B, N and H atoms are represented by purple,
brown, blue and gray spheres, respectively. (Bottom) Coordination
environment of Liþ. Each Liþ is directly bonded with one [NH2BH3]

-

ion and also coordinated with H atoms in -BH3 group of one NH3BH3

and two LiNH2BH3.

Figure 2. Thermal desorption mass spectra of LiAB 3AB (solid line),
LiAB (dotted line) and pristineAB (dashed line). The heating rate is 2 �C/
min.There areborazine (m/z=81) andaminoborane (m/z=29) detected
in the gaseous phase of AB. Slight amount of ammonia was also detected
in all three samples.18
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The chance of reaction will be considerably enhanced
when reacting molecular species are mobile.
To quantitatively measure hydrogen desorption from

LiAB 3AB, a volumetric release test was performed at
100 and 228 �C, respectively. As shown in Figure 3,
LiAB 3AB starts to release hydrogen at 57 �C, ca. 6.0 wt %
or 2 equiv of H2 is released in the first step.18 Further
increasing temperature to 228 �C leads to the release of
additional ca. 8.0 wt % or about 2.7 equiv of H2. There-
fore, nearly 5 equiv of H2 can be released from LiAB 3AB
at 228 �C. In both steps, LiAB 3AB releases more hydro-
gen at faster rates than pristine AB. It is important to note
that there are maximum 4 equiv of “releasable” H atoms
in LiAB,12 so that nearly all hydrogen (ca. 6 equiv. Hs) of
AB in LiAB 3AB can be detached in the temperature
range of 50 to 228 �C, which is significantly lower than
the temperature required to release the same amount of
H2 from neat AB (above 500 �C).22 The compositional
change in the material, that is, replacing 1/6 of H bonded
withNby Li, induces significant variations in the thermo-
dynamic and kinetic properties of AB. Simulation work
on the dehydrogenation of LiAB revealed that the re-
moval ofH from-BH3 is through a transition statewhere
that H bents over to Li nearby and establishes a H-Li
bond. In other words, the presence of Li creates an energy
favored pathway in the dehydrogenation.21 The enhanced
hydrogen desorption in LiAB 3AB should also own to the
presence of Li in the system. More detailed investigation
is needed. As ca. 2 and ca. 3 equiv of H2 desorbed in the
lower (50-100 �C) and higher (120-228 �C) temperature
ranges, respectively, the reactions 3 and 4 can be used to
describe this stepwise dehydrogenation. H may be de-
tached from LiAB and AB layers simultaneously in the
first step.

LiNH2BH3 3NH3BH3ðsÞ f ½LiN2B2H7�ðsÞþ 2H2ðgÞ
ð3Þ

½LiN2B2H7�ðsÞ f ½LiN2B2H�ðsÞþ 3H2ðgÞ ð4Þ
XRD characterizations reveal that [LiN2B2H7] exhi-

bits identical pattern as that of the self-decomposed

LiAB 3AB (Figure S4, Supporting Information), while
[LiN2B2H] is amorphous in nature. From stoichiometric
point of view, [LiN2B2H7]may beLiNHBH2 3NH2BH2or
LiNH2BHdNHBH3. NMR characterizations show that
B species at δ = -24.1 ppm and at around δ = 20 ppm
were present in [LiN2B2H7] (Figure S5, Supporting
Information), which resembles to that of raw polyamino-
borane (PAB) reported by Kim et al.23 and Gervais
et al.,24 showing the likelihood of the formation of
PAB-like product, i.e., LiNHBH2 3NH2BH2. However,
we can not rule out the existence of LiNH2BHdNHBH3

because the signals at -24 and 20 ppm can also be
assigned to the terminal -BH3 and the sp2 -BH species,
respectively. Detailed structural investigation is neces-
sary. After dehydrogenated to 228 �C, the sample pos-
sesses stronger resonance centered at ca. 20 ppm.A-BH4

species at ca. -40 ppm appears which is probably due to
the formation of minor LiBH4. Noted that -BH4 reso-
nance is very week in the first step (see Figure S5,
Supporting Information), the majority of the species
should be formed in the follow-up dehydrogenation at
higher temperatures. Similar phenomenon was also ob-
served in the solid-state dehydrogenation of LiAB to
elevated temperatures.11 To clarify this, 1H f 11B cross-
polarization was performed on the postdehydrogenated
(to 228 �C) sample. As shown in the Figure S5
(Supporting Information), B species having chemical
shift in the range of 10-40 ppm carries little hydrogen,
while the majority of hydrogen is bared by B at-41 ppm.
We suggest that [LiN2B2H] is made of BN, Li3BN2

and LiBH4 according to 4[LiN2B2H](s) f Li3BN2(s) þ
6BN(s) þ LiBH4(s). LiBH4, BN and Li3BN2 can hardly
crystallize under the dehydrogenation condition, so that
little information was obtained from the XRD character-
ization. Further investigation is needed.
In summary, a new AB derivative, namely lithium

amidoborane-ammonia borane, has been synthesized
successfully. The release of 14.0 wt % of hydrogen at
reduced temperatures from LiAB 3AB enables it to be a
promising candidate for hydrogen storage. Further in-
vestigations are needed to understand the reaction me-
chanism and to enhance the dehydrogenation kinetics.
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Figure 3. Time dependence of hydrogen desorption from LiAB 3AB and
pristine AB. Both samples were first heated to 100 �C at a ramping rate of
0.5 �C/min and kept at 100 �C for 4 h, then further heated to 228 �C and
kept for 10 h.
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