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A new class of hydrogen storage materials, borohydride hydrazi-
nates, was successfully synthesized. In particular, the bidentate
NH,NH, coordinates with LiBH, in molar ratios of 1 : 1 and 1: 2
giving rise to a monoclinic LiBH,-NH,NH, and orthorhombic
LiBH4-2NH,NH,, respectively. Around 13.0 wt% H, can be
released from LiBH,-NH,NH, at 140 °C in the presence of Fe-B
catalysts.

Development of safe and energy efficient hydrogen storage materials
is one of the technical challenges towards the large scale utilization of
hydrogen energy.! In the past, tremendous efforts have been given to
light-weight complex/chemical hydrides, including borohydrides,
alanates,® amides,* ammonia borane,® metal amidoboranes® etc.
Among them, LiBH4 has received close attention due to its high
hydrogen content (18.4 wt%); however, its potential use in automo-
tive applications is compromised by the unfavorable thermodynamics
for dehydrogenation, i.e., with an enthalpy of ca. 67 kJ mol~! LiBH,
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can only decompose to H, in a stepwise manner at temperatures
above 300 °C.” Thermodynamic alterations via compositing LiBH,
with MgH,,® LiNH,? or NH;" ezc. have been investigated, among
which LiBH4 has been found to form complexes with LiNH, or NH;
forming Li,BNHg," LisBN3H;('? or LiBH,- xXNH3,'%"3 respectively,
leading to the remarkable changes in the dehydrogenation thermo-
dynamics, ie., from a highly endothermic to a mild exothermic
nature. The co-existence of H** (in NH; or NH, ") and H°~ (in BH;")
in these systems has been proven to effectively facilitate hydrogen
release.’® Tt is, therefore, of particular interest to probe the
combination of other H** rich compounds such as hydrazine with
borohydrides, and thus, to improve dehydrogenation properties.
Hydrazine (NH,NH,), a commonly used spacecraft propellant,
contains 12.5 wt% of hydrogen and decomposes via two competing
pathways giving rise to H,, N, and NH; under mild conditions with
the help of noble or noble metal-like catalysts.'* Recent results from
Singh and Xu showed that the decomposition of hydrazine hydrate
catalyzed by bimetallic nanoparticles achieved nearly 100% selectivity
to hydrogen and nitrogen at room temperature.'® Hydrazine can also
complex with borane forming N>H,- BH3'” and N,H,-2BH3, where
N,H,4- BH; decomposes to H, at a temperature range of 100-150 °C.
As there are two lone pair electrons at N’s, N>,H, is capable of
binding the metal cation of borohydrides through two donor sites,
and forming hydrazinates. Meanwhile, the co-existence of H** and
H?" is expected to facilitate dehydrogenation from the system. In the
present study several hydrazinates of LiBH,, NaBH,, and Mg(BHy),,
were synthesized successfully. In particular, NH,NH, adducts
strongly to LiBHy in 1/1 or 1/2 molar ratios, resulting in monoclinic
LiBH,4- NH,NH; and orthorhombic LiBH,- 2NH,NH,, respectively.

Broader context

dehydrogenation of borohydride hydrazinates.

Lack of safe and efficient hydrogen storage materials is one of the pending issues in the implementation of hydrogen fuel cell
technology. Tremendous efforts have been given to the development of materials with high hydrogen content. Herein, a new type of
hydrogen storage material, namely lithium borohydride hydrazinate, was successfully synthesized by ball milling LiBH, and
NH,NH,. In particular, NH,NH, complexes with LiBH, in molar ratios of 1/1 and 2/1 giving rise to a monoclinic LiBH4- NH,NH,
and an orthorhombic LiBH,;-2NH,NH,, respectively. Importantly, around 13.0 wt% hydrogen can be released from
LiBH4-NH,NH, at 140 °C with the assistance of an Fe-based catalyst. Spectroscopic analyses (Mossbauer and XAFS) evidence that
an Fe-B amorphous alloy is the functional catalytic species. To the best of our knowledge, this is the first report on the synthesis and
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More importantly, around 13.0 wt% hydrogen can be released from
the Fe-catalyzed LiBH4-NH,NH, at 140 °C. To the best of our
knowledge, this is the first report on the synthesis and direct dehy-
drogenation of borohydride hydrazinates.

The reaction of hydrazine with LiBH, in various molar ratios (2/1,
1/1 and 1/2), yields a series of new phases (shown in Fig. S1t).
Similarly, treating NaBH, and Mg(BHy), with hydrazine can also
result in the corresponding new hydrazinate compounds (Fig. S2 and
S3+). The Fourier transform infrared (FTIR) and Raman spectra
show the presence of a vibration at around 1120 cm~! (Fig. S4 and
S57) assignable to the N-N stretching,'® which evidences the reten-
tion of the N-N bonding in the hydrazinates. The X-ray diffraction
(XRD) patterns of LiBH,- NH,NH, and LiBH,4-2NH,NH, samples
were indexed using, respectively, a monoclinic Cc cell and an
orthorhombic Pca2; cell with lattice parameters of a = 12.1423 A,
b=67217TA, c=10.3680 A, = 104.79°, and a = 12.0638 A, b =
6.5219 A, ¢ = 7.6983 A. The crystal structures are shown in Fig. 1,
and the Rietveld fits to the diffraction patterns are shown in Fig. S6
and S87. In LiBH4-NH,NH, each Li* is surrounded by two BH4~
ions and two NH,NH, molecules with the Li-B distances of

L a

structures  of
LiBH4-2NH,NH, (bottom). The N-H---H-B dihydrogen bonds are
highlighted in orange dash lines. Li, B, N and H atoms are represented by
purple, yellow, blue and gray spheres, respectively.

Fig. 1 Crystal LiBH4-NH,NH, (top) and

2.322-2.600 A and the Li-N distances of 2.131-2.427 A, leading to
a distorted tetrahedral coordination (Fig. S71). In the structure of
LiBH4-2NH,NH,, each Li* is tetrahedrally coordinated by four
NH,NH, molecules forming a tetrahydrazinelithium [Li(N,Hy)4](1)
complex cation with Li-N distances of 1.962-2.248 A. Having lone
pairs on two N’s, N,H, is a bidentate ligand and can act as a bridge to
link the neighboring [Li(N,Hy)4]" tetrahedra through edge-sharing,
forming a chain-like cationic complex of [Li(NH,NH,),]". Such
[LitNH,NH,),]* chains are then separated by the free BH,~ anions
(Fig. 1), as in the structure of [Li;(H,N-NHMe)s](BH,),."

Both LiBH4- NH,NH, and LiBH,4-2NH,NH, contain oppositely
charged H** (in N,H,) and H*" (in BH,"), hence the interactions
between these H’s result in the elongated N-H and B-H distances
compared to those in the neat LiBH4* and NH,NH,.** From the
crystal structures, the H’s in N,H, have short distances to their
neighboring H in BHj4, ranging from 2.066 to 2.323 A in
LiBH,-NH,NH,, and from 1.926 to 2.397 A in LiBH,-2NH,NH.,,
respectively, which indicates the establishment of dihydrogen
bonding (see Tables 1, S1 and S2t). In particular, the shortest H®
*...H’" distance (1.926 A) in LiBH;-2NH,NH, system is even less
than those in any other B-N containing hydrogenous com-
pounds.>** Similar to the dihydrogen bonding in ammonia bor-
ane,*?* which is primarily responsible for the stability of this
molecular crystal at room temperature, the entire network of the
intermolecular dihydrogen bonding in the hydrazinates, together with
the interactions between Li* and NH,NH,/BH,~ (Fig. 1), is thus the
main driving force for the structural stabilization and is expected to
have a profound impact on their thermal decomposition.

Dehydrogenation  properties of  LiBH4-NH,NH, and
LiBH,4-2NH,NH, were analyzed by volumetric release and mass
spectrometry (MS) measurements (Fig. 2). Decomposition of
hydrazine follows two competing routes: ie., to N, and H; (reaction
1, denoted hereafter as eqn (1)) and to N, and NHj; (reaction 2,
eqn (2)).15<

N,H, —» N, + 2H, (1)

3N2H4 i N2 + 4NH3 (2)

Volumetric release and MS measurements show that (Fig. 2) neat
hydrazine releases 0.1 equiv. gas per hydrazine at 140 °C in 17 h,
which is mainly composed of NH; and N, (see MS signals in
Fig. S91), following eqn (2).'* Neat LiBH, hardly releases H, under
this condition. However, the LiBH4- NH,NH, sample decomposes at
temperatures right above 110 °C and releases ca. 0.55 equiv. gas
comprised of N,, NH; and a significant amount of H, (molar ratio of
H,/N, = 0.94) at 140 °C (shown in Fig. 2). LiBH,-2NH,NHj starts
to decompose at about 75 °C and evolves more than 1.5 equiv. gas
per LiBH, under the same condition. The gaseous product is also
a mixture of N,, NH; and H, (Fig. S10%). The presence of significant
amount of N, and NHj; in both hydrazinates in comparison with neat
N,H, indicates the “catalytic role” of LiBH,4 in eqn (2), which
manifests in the elongated N-H and N-N bonds in NH,NH, units of
the hydrazinates. The formation of H,, on the other hand, may not
be via the self-decomposition of the “activated” hydrazine following
eqn (1), which is evidenced by the observation of B-N species in the
solid residue by "B magic angle spinning nuclear magnetic resonance
(MAS NMR) (Fig. S11t). Moreover, only H,, no N, (Fig. S137), can
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Table 1 Interatomic distances (A) in LiBH4-NH,NH,; and LiBH,4-2NH,NH, compared with pristine hydrazine and LiBH, at room temperature”

LiBH,-NH,NH, LiBH,-2NH,NH, NH,NH, LiBH,
B---H 1.217-1.231¢ 1.225-1.234 — 1.208-1.225
N---H 1.025-1.036 1.030 1.021 —
N---N 1.447-1.452 1.452 1.449 —
Li---B 2.322-2.600 3.735-4.426 — 2.475-2.542
Li---N 2.131-2.427 1.962-2.248 — —
Shortest H**---H? 2.066 1.926 — —

“ Close contacts around the Li* center in LiBH4-NH,NH, and interatomic distances can be found in the ESIT.
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Fig. 2 Volumetric release measurements (top) on neat LiBH, (a),
hydrazine (b), LiBH4-NH,NH; (c), LiBH4-2NH,NH, (d), and 5.0 mol%
FeCls-doped LiBH4-NH,NH, (e) at 140 °C. The gas evolution from
hydrazine is quantified by equiv. gas/hydrazine. MS profiles (bottom) of
the gaseous products of LiBH4-NH,NHj; (c) and 5.0 mol% FeCls-doped
LiBH4-NH,;NH, (e) upon heating them at 140 °C.

be released from LiBH4- 1/3NH,NH; at 140 °C (Fig. S121), further
excluding the occurrence of the self-decomposition of NH,NH,
(eqn (1)) We propose that the formation of H, is more likely via the
interaction of LiBH, and N,H,. Note that the dissociation of the
N-N bond is easier than that of the N-H bond in hydrazine;®
NH,NH, may first dissociate homogeneously into two neutral
[-NH,] radicals, which, then, abstract electrons from H~ of BH4~
giving rise to LiNH,BH; and H,. LiNH,BHj; can readily decompose
to H, under the same condition mentioned above.** Another possible
pathway proposed here resembles the “hydride-transfer” mechanism
in the decomposition of amidoboranes, in which one hydride in
BH,~ transfers to Li* giving rise to the intermediates LiH and BH3;,
which further interact with hydrazine to form LiH/BH;NH,NH,. It
was reported that BH;NH,NH, or LiH/BH3;NH,NH, released
hydrogen easily under mild conditions.” More detailed investigation
on this aspect is underway.

The primary objective of the present study is to convert both H in
BH;~ and NH,NH, to H,. The limited decomposition of

hydrazinates shown above evidences the presence of a kinetic barrier.
We, thus, introduced 5 mol% of FeCl; to LiBH;-NH,NH, to
examine its catalytic effect.?® As shown in Fig. 2, gas evolution was
observed at ~60 °C, which is much lower than that of pristine
LiBH,4- NH,NH,. More than 3.8 equiv. gaseous products/LiBH, can
be released at 140 °C, which contain mainly H, and N, (Fig. 2) with
a molar ratio of 12/1 (GC result). Therefore 13.0 wt% hydrogen
(~88% of the hydrogen content) is released from the Fe-catalyzed
LiBH4-NH,NH, sample. Heating the sample to 250 °C results in
more than 4 equiv. total gas per LiBHy (corresponding to 13.8 wt%
H,) (Fig. S14+). Notably, the concentration of NHj is lower than
0.1 mol% in the gaseous phase detected by a conductivity meter.
XRD patterns of the post-dehydrogenated FeCls-doped
LiBH,- NH,NH, sample reveal the formation of BN (Fig. S167). In
addition, FTIR and Raman spectra show the disappearance of B-H
and N-H vibrational modes and the appearance of BN,*~ and B-N
modes instead (Fig. S17 and S187). Summarizing the above infor-
mation, the overall decomposition of LiBH4- NH,NH, in the pres-
ence of the Fe-based catalyst may follow eqn (3).

3(LiBH4-N,H4) — LisBN, + 2BN + N, + 12H, ?3)

It is reported that Fe, Co and Ni are efficient catalysts for the
decomposition of B-N-H compounds.”” Ferric or ferrous salts can be
easily reduced by BH; or BH;  to form an amorphous Fe-B
alloy.?>? In this work, the formation of an Fe-B alloy is evidenced
by the X-ray absorption fine structure (XAFS) and ¥Fe M0ossbauer
analyses (ESI7). Fe in both samples is essentially in the reduced state
(XANES spectra shown in Fig. S191) with a broad peak to the first
shell atoms (Fourier transform structure shown in Fig. S207), which
is in good agreement with the feature of the amorphous Fe-B alloy
reported previously.?” The ¥Fe Mdssbauer spectrum on the FeCls-
doped LiBH,- NH,NH, sample clearly shows an isomer shift (IS) at
0.17 mm s, which is close to those of Fe44Co,9B37, Feg:Bsg and Fe—
B alloys reported in the literature*®2® and is similar to the ball milled
5 mol% FeCl;-LiBH, sample (Fig. S21 and Table S37). It is likely
that the Fe-B alloy is the functional species catalyzing the dehydro-
genation of LiBH,4- N,H,.

The presence of the catalyst may significantly alter the dehydroge-
nation pathway. For instance, transition metals of the first row of the
periodic table were found to be highly effective in catalyzing eqn (2)
under the condition applied here. It is likely that hydrazine first
decomposes to N, and NH3, and NH; molecules derived then coor-
dinate with LiBH, to form LiBH, ammoniate, which was observed in
the solid residue (Fig. S22t). Our recent work showed that in the
presence of the Co-B alloy, LiBH,- (4/3)NHj; can directly dehydro-
genate in the temperature range of 140-250 °C and form Li;BN, and
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BN.™ It was found that the Fe-B alloy exhibits a similar catalytic
performance. In this context, N, and NH; should be the main
components in the gaseous phase in the initial stage of decomposition.
Another possibility is that the dehydrogenation is via the direct
combination of H** (in N,H,) and H®~ (in BH, ") with the aid of the
Fe-B alloy, where H, and N, could evolve simultaneously. To inves-
tigate the exact dehydrogenation pathway, gaseous products collected
in the initial stage of decomposition (from 59 to 90 °C) were analyzed
by mass spectrometry (Fig. S23+). It was found that although H, was
the dominant species, the signal intensities of H,, N,, and NH;3
increased simultaneously with temperature, indicating the likelihood
of concurrence of both dehydrogenation paths mentioned above.

Conclusions

The coordination of the bidentate ligand hydrazine to the metal
centers in borohydrides leads to the formation of a series of new
borohydride hydrazinate compounds. The binding between metals
and hydrazine and the interactions between the protonic H in
NH,NH, and hydridic H in the BH4~ ions “catalyze” the decom-
position of hydrazine. With the aid of the Fe-B catalyst, ~13.0 wt%
hydrogen was evolved from LiBH4-NH,NH, at a temperature as
low as 140 °C, which makes the borohydride hydrazinate a compel-
ling candidate for hydrogen storage. However, the formation of
LizBN, and BN in the final products indicates the direct rehy-
drogenation is impossible.* Thus, regeneration of hydrazinates off-
board from the spent fuel is, thus, a subject of further study. More
investigations are also needed to elucidate dehydrogenation mecha-
nisms and to optimize the dehydrogenation property of the
hydrazinates.
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