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Synthesis, Structure and Dehydrogenation Mechanism of Calcium
Amidoborane Hydrazinates

Zhao Li*?, Teng He*°, Guotao Wu’, Weidong Chen®’, Yong Shen Chua’, Jianping Guo”, Dong Xie®,
Xiaohua Ju®, Ping Chen***

The calcium amidoborane hydrazinates, Ca(NH,BHs),'nN,H,4, were firstly synthesized by reacting different molar ratios of
Ca(NH;BHs), and NH,. In particular, Ca(NH,BHs), and N,H, with molar ratio of 1:2 crystallizes into orthorhombic symmetry
6.6239(4) A, b = 13.7932(6) A, ¢ = 4.7909(2) A. The
dehydrogenations of calcium amidoborane hydrazinates are two-step reactions, exhibiting superior dehydrogenation

P2,2,2; space group with the lattice parameters of a =

properties compared with that of pristine Ca(NH,BHs),. For Ca(NH,BHs),-1/2N;H,, approximately 4.6 equiv. hydrogen (or
7.9 wt% hydrogen) can be released at 150 °C. Kinetic analysis shows that the activation energies for the two steps of
hydrogen desorption from Ca(NH,BHs;),-2N,H, are much lower than those of pristine Ca(NH,BHs),, suggesting
improvement in the dehydrogenation kinetics of Ca(NH,BH3), after coordinating with N,H,. Isotopic labeling results show
that the driving force for the dehydrogenation of calcium amidoborane hydrazinates is the combination of protonic
hydrogen and hydridic hydrogen (H'5+ and HE'). In addition, the initial H, releasing from calcium amidoborane hydrazinates

originates from the interaction of [-BHs] and N,H,, rather than [-BH;] and [-NH,] (in [-NH,BH3]).

1. Introduction

Due to the increasingly serious global energy crisis, searching and
utilizing efficient alternative energy sources are inevitable, among
which hydrogen can be viewed as a clean and promising energy
carrier.”® However, lack of efficient hydrogen storage material on
board is one of the most difficult challenges for the coming “hydro-
gen economy”. In the past decade, much efforts have been given to
ammonia borane (AB, NH;BHj3), which has a high hydrogen capacity
(ca. 19.6 wt%) and moderate dehydrogenation properties.‘"6 How-
ever, its drawbacks such as severe dehydrogenation kinetic barrier,
emission of poisonous by-products and sample foaming limit its
direct application.7’8 To solve the problems, one of the most im-
portant options is to replace H in [-NHs] group from AB with metals
forming metal amidoborane (MAB), which is implemented by react-
ing AB with metal hydrides including LiH9, NaHg, KHm, CaHzn’ 12,
MgHZB, Ser”. Besides MABs derived from AB-hydride interactions,
metal amidoborane ammoniates can be obtained through the in-
teractions between amidesls, imides or nitrides'® with AB. Alterna-
tively, a straight-forward method, which is the absorption of stoi-
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chiometric NH; by metal amidoboranes, can also give rise to metal
amidoborane ammoniates. The ligand of NH; in metal amidoborane
ammoniates not only improves the hydrogen capacity, but also
moderates the dehydrogenation kinetics. For instance, although
Ca(NH,BH3),-2NH; desorbs NH3; in  open system forming
Ca(NH,BHs),, it releases H, directly in close system at 150°c.*” '
Other metal amidoborane ammoniates, such as LiNH,BH;:NH;, can
reversibly desorb/adsorb NH; at room temperature. However, the
decomposition of LiNH,BH;-NH;3 can produce 3.0 equiv. H, under
ammonia at low temperature.19 The examples above have revealed
that the cation properties including electronegativity, charge and
ionic radius may significantly affect its coordination capability to a
ligand, which will alter the activity of the ligand and further lead to
different dehydrogenation performance.20 For example, Li* and
Mg2+ have similar ionic radius but Mg bears more positive charges
and thus executes stronger coordination with NH;. As a result,
Mg(NH,BHs),:NH; releases H, rather than NH; under dynamic Ar
flow different from those of LiNHzBH3-NH3.21 In addition, coordina-
tion strength is affected by the number of ligands attaching to the
metal center as well. Mg(NH,BHs),-3NH; releases NH; and H, under
dynamic flow, whereas Mg(NH,BHs),-NH; prefers to give off only H,
under the same conditions.” In general, the ligand, like ammonia,
plays a vital role not only in stabilizing amidoboranes and increasing
the hydrogen capacity, but also in altering the dehydrogenation
behavior. Therefore, it is of great interest to explore other ligands
with high hydrogen content and optimize the dehydrogenation
properties of metal amidoboranes.

Recently, hydrazine (NH,NH,) has attracted much attention in hy-
drogen production. Hydrazine hydrate can release hydrogen at
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room temperature with the presence of catalysts.B‘ * Since there is
lone pair electrons on N, hydrazine can coordinate with [-BH;] form-
ing hydrazine borane (N,H;BHs3) which show improved dehydro-
genation properties after being modified by metal hydrides (NaH,
LiH and KH etc.).zs"27 Additionally, hydrazine can be used as the
reductants to regenerate spent fuels of AB and lithium am-
idoborane to their original state in ammonia solution, achieving a
complete hydrogen cycle.zs’ 2 Considering the combination of pro-
tonic H** and hydridic H® to form hydrogen, hydrazine with H® can
coordinate with H* containing compounds and modify their dehy-
drogenation properties. Recently, several borohydride hydrazinates
were synthesized and they have been demonstrated the improved
dehydrogenation kinetics with different dehydrogenation route.”
3 Similarly, hydrazinate of lithium amidoborane (LiNH,BH;-NH,NH)
has also been synthesized. Although it exhibited an improved dehy-
drogenation properties as compared with pristine LiNHzBH3,32 the
underlying dehydrogenation mechanism was not well understood.
Since interaction of cations and ligands can obviously affect the
properties, more efforts should be spent to synthesize other am-
idoborane hydrazinates, which alter the hydrogen storage perfor-
mances. In the present study, we have successfully prepared calci-
um amidoborane hydrazinates (Ca(NH,BH3),-nN,H,),  with
Ca(NH,BH;),-2N,H, exhibited a new compound crystallizes in an
orthorhombic cell with the space group of P2;2;2 and the lattice
parameters of a = 6.6239(4) A, b = 13.7932(6) A, ¢ = 4.7909(2) A.
Improved dehydrogenation properties was reported as compared
with pristine Ca(NH,BHs),. More importantly, isotope-labelling
method was employed to investigate its dehydrogenation mecha-
nism.

2. Experimental section
2.1 Sample preparation

Ca powders (99%, Alfa Aesar), (NH;),CO3(99%, Acros), NaBH,(98%,
Aldrich), NaBD4(98%, Aldrich) and D,0(99%, Aldrich) were used
without further purification. NH3;BH; was homemade by the me-
tathesis of (NH,4),CO; and NaBHthrough ball-milling according to
R1. NaBH, and pre-ball milled (NH,4),CO; were dissolved into tetra-
hydrofuran (THF) with a 2:1 molar ratio and ball-milled for 4h at
40°C. Then the filtrate was concentrated under vacuum to obtain
AB® NH3;BD; was prepared by the same procedure but with NaBD,
instead of NaBH,. ND3BH; was synthesized by repeating dissolution
of AB in D,0 and evaporation under vacuum at room temperature
three times.>* Ca(NH,), was prepared by the reaction of Ca powder
and liquid NH; (R2). Ca(NH,BH3), was made by dissolving the mix-
ture of NH3BH; and Ca(NH,), in THF according to R3. The solvent
was then removed via rotor evaporation under reduced pressure,
yielding powdery Ca(NH,BHj3),. Similarly, Ca(NH,BDs), were synthe-
sized via the same methods but with NH3BD; instead of NH3;BH;.
Ca(ND,BH3), were synthesized by using the deuterium complexes
like ND3BH; and Ca(ND,), according to R4.

(NH,),C0; + 2NaBH, — 2NH3BH; + Na,COs + 2H, R1
Ca + 2NH; — Ca(NH,), + H, R2

Ca(NH,), + 2NH3BH; —» Ca(NH,BH3), + 2NHs R3

2| J. Name., 2012, 00, 1-3

Ca(ND,), + 2ND3BHs — Ca(ND,BH3), + 2NDs R4

All experiments were performed under strictly anaerobic and anhy-
drous conditions in the MBRAUN glovebox filled with purified ar-
gon. To synthesize calcium amidoborane hydrazinate samples with
ratios of 1/0.5, 1/1, 1/2, 1/3, around 300 mg Ca(NH,BHs),and calcu-
lated hydrazine were placed separately into a sealed bottle at room
temperature. Due to the vapour pressure, hydrazine can automati-
cally absorb into Ca(NH,BH3), overnight. The samples were then
ball milled on a Retsch PM 400 planetary mill at 150 rpm under an
inert atmosphere for 2 h.

2.2 Dehydrogenation and characterizations

To examine the new structures and the mechanism of hydrogen
evolution from the Ca(NH,BH;),-nN,H, system, the samples before
and after dehydrogenation were characterized by Fourier transform
infrared (FTIR), X-ray diffraction (XRD), solid-state g magic angle
spinning nuclear magnetic resonance (MAS NMR). FTIR spectra
were recorded by a Varian 3100 FTIR spectrometer at room tem-
perature. XRD data were collected on a PANalytical X’'pert diffrac-
tometer equipped with Cu Ka radiation (40kV and 40mA). NMR
experiments were implemented at room temperature on a Bruke
AVANCE 500 MHz NMR spectrometer (11.7 T). All of those solid
samples were spun at 10 kHz with 4 mm ZrO, rotor in diameter, in
which the powders were fully loaded. In homemade temperature
programmed desorption(TPD) system combined with mass spec-
trometer (MS, Hiden HPR-20) measurements, a dynamic flow mode
was applied, in which purified argon was used as carrier gas and the
heating rate was set at 2°C/min. Volumetric release experiments
were performed on a homemade Sieverts-type apparatus to quanti-
fy the hydrogen evolution. 50~60 mg sample was heated to a given
temperature at a ramping rate of 2 °C/min.

2.3 First-principles calculations method:

First-principles calculations were performed using the Vienna ab
initio simulation package (VASP), which is based on DFT and the
pseudopotential plane wave method. 3% 38 The projector aug-
mented wave (PAW) potentials were used with a cut-off energy of
500 eV.”” The generalized gradient approximation (GGA) due to
Perdew and Wang (GGA-PW91) was used to treat the electronic
exchange-correlation energy.38 According to their lattice constants,
different k-points meshes generated by the Monkhorst-Pack meth-
od were selected. In geometry optimizations, experimental atomic
positions and cell parameters were used as starting models for the
relaxations. Full ionic and volumetric relaxations were carried out
until the self-consistency was achieved within a tolerance of the
total energy of 0.01 meV and atomic forces of 0.01 eV/A.

3. Results and discussions
3.1 Syntheses and structures

The as-prepared calcium amidoborane hydrazinates were examined
by XRD as shown in Fig. S1. As the amount of hydrazine absorbed
on Ca(NH,BHj3), increases, the phase of Ca(NH,BH3), disappears
gradually, accompanying with the appearance of new phases. From
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FTIR in Fig. S2, Ca(NH,BHs),-nN,H, (n = 1/2, 1, 2) samples exhibit
different spectra to that of Ca(NH,BH;),. The B-H stretching bands
ranging from 2150 to 2270 em™tin Ca(NH,BH3),-nN,H, show a red
shift compared with that of Ca(NH,BH;),, indicating the weakened
B-H bonds. However, the N-H vibration bands of Ca(NH,BH3),:nN,H,
split into several peaks due to the complicated coordination envi-
ronments. From "B MAS NMR results in Fig. S3, the chemical shift
at -17.9 ppm that belongs to sp3 hybridized [-BH3] in Ca(NH,BH3),
shifts to -24.3 ppm as the increasing of hydrazine gradually, indicat-
ing the change of B environment and the formation of new species.
The high field shift to -24.3 ppm of Ca(NH,BH3),:nN,H, indicates a
higher electron density surrounds B compared with pristine
Ca(NHZBH3)2,17 which may be attributed to the electron donation of
N,H4 when it coordinates with Ca(NH,BH3);, and results in elongat-
ed B-H bonds.

To explore and solve the crystal structures of calcium amidoborane
hydrazinates, the XRD pattern and the Rietveld fits of newly synthe-
sized Ca(NH,BH3),:2N,H, are shown in Fig. 1. The crystal structure is
then partially solved by using direct space methods under this space
group. Due to the uncertainty of H positions, first-principles mo-
lecular dynamics simulated annealing are then performed to con-
firm the Ca(NH,BH;), and NH,NH, configuration with the lowest
energy. Rietveld structural refinement on the optimal structural
candidate is performed using the GSAS package on the XRD data.
The Ca(NH,BH;), and NH,NH, are kept as rigid bodies with common
refined bond lengths and bond angles constrained as reasonable
values due to the inadequate number of observations. One
Ca(NH,BH3), and one NH,NH, group together with lattice parame-
ters are refined, yielding the agreement factors of Rwp = 5.95%, Rp
=4.45%.

Intencity (a.u.)
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Fig.1 Experimental (dots), fitted (line) of XRD profiles for
Ca(NH,BH3),:2N,H, at 298 K (Cu Ka radiation). Vertical bars indicate
the calculated positions of Bragg peaks of Ca(NH,BH3),-2N,H,.

The new sets of diffraction peaks emerging in Ca(NH,BH3),:2N,H,
can be well indexed by an orthorhombic P2,2,2 space group with a
= 6.6239(4) A, b = 13.7932(6) A, ¢ = 4.7909(2) A. The crystal struc-
ture of Ca(NH,BHs),-2N,H, and local coordination of Ca®* cation are
shown in Fig. 2. And the interatomic distances in Ca(NH,BH3),-2N,H,
as compared with pristine Ca(NH,BHs), and pristine hydrazine can
be found in Table 1. Each Ca’* coordinates with two [NH,BH;]

This journal is © The Royal Society of Chemistry 20xx

groups and four NH,NH, groups, leading to distorted octahedral
environment, which is preferred in the commonly observed Ca (VI)
complex hydrides, e.g., Ca(NH2)239 , CaNHAO, and Ca(BH4)241.

Fig.2 (left) Crystal structure of Ca(NH,BHs),-2N,H,. Calcium is repre-
sented by blue spheres, boron by green spheres, nitrogen by purple
spheres, hydrogen by pink spheres.(right) Coordination environ-
ment of Ca”*. Each Ca”' coordinates with four N,H,4 groups and two
[BH,NH;] groups.

The distances between Ca”* and N in the adjacent NH,NH, are 2.563
and 2.579 A, similar to the Ca-N distances in coordinate bond, such
as Ca(BH,4),2N,H, (2.540 A)sl. At the same time, the ca® directly
bonds with two NH,BH; ions giving the closest Ca-N distance of
2.486 A, similar to Ca-N distances in ionic bonds, such as
Ca(NH,BHs),-2NH; (2.5214)" and Ca(NH,), (2.411-2.573 A)*. Since
the coordination of NH,NH, to Ca(NH,BH), is through the donation
of a lone pair electrons, Ca”* will bear higher electron density than
that in pristine Ca(NH,BHs),, resulting in the elongated Ca-N dis-
tance (Ca-[NH,BHs]) in Ca(NH,BH;),-2N,H, as shown in Table 1.
Similarly, due to the lower electron density of N, N-H (in NH,NH,
ligand) distances in Ca(NH,BH3),:2N,H, are longer than that of the
pristine hydrazine, indicating the activation of N-H bond in hydrazi-
nate. Furthermore, each N atoms in one hydrazine molecule is co-
ordinated by a Ca®* from opposite direction, which may lead to the
elongated distance between N-N. Moreover, the B-H and N-H bond
distances in amidoborane anion, NH,BH;™ have lengthened, agree-
ing with FTIR and NMR results. From the crystal structure, it was
found that the H** (in NH,NH, or NH,BH3) has a short distance with
its neighbouring H® in [-BH;], ranging from 2.00~2.37 A (less than
2.4 A), which indicates the establishment of dihydrogen bonding
network. Such interaction of the oppositely charged H* (in NH,NH,
and NH,) and HE (in BH3) may consequently contribute to the
elongated N-H and B-H bonds in Ca(NH,BHj3),:2N,H,. It is reported
that the dihydrogen bonding network in ammonia borane is primar-
ily responsible for the stability of the molecular crystal at room
temperature.5 The dihydrogen bonding network and the ion-
ic/electrostatic interactions between Ca and NH,BH;/N,H, ligands in
Ca(NH,BHs),-2N,H, are thus responsible for the structural stabiliza-
tion and are likely to have positive impacts on their dehydrogena-
tion. Although Ca(NH,BH;),-3N,H, also shows new diffraction peaks
in XRD pattern, the structure was not resolved due to poor crystal-
linity.

J. Name., 2013, 00, 1-3 | 3
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Table 1 Interatomic distances (A) in Ca(NH,BHs),-2N,H, compared with pristine Ca(NH,BHs), and hydrazine at room temperature.

° Ca(NHzBH3)2'2N2H4 ca(NHzBHg)z NHzNHz
. 2.486(Ca-[NH,BHs])
Ca-N bonds(A 2.466 -
a-N bonds(A) 2.563~2.579 (Ca- [NH,NH,])
N 1.022([NH,BH
N-H bonds(A) (INH,BH;]) 1.020 1.021
1.025~1.030(NH,NH,)
B-N bonds(A) 1.558 1.546 -
B-H bonds(A) 1.242~1.246 1.230~1.250 -
N-N bonds(A) 1.452 - 1.449
3.2 Dehydrogenation of Ca(NH,BH;),:-nN,H,(n=1/2, 1, 2)
TPD-MS measurement is employed to investigate the dehydrogena- —MSH,
tion properties of Ca(NH,BH;),-nN,H, compared with the pristine gy LSLLl e.Ca(AB),-3N H/

Ca(NH,BH3),. As shown in Fig. 3, pristine Ca(NH,BH;), releases hy-
drogen with a broad peak centered at around 150 °C identical to
that in literature.’ Obviously, the decomposition of
Ca(NH,BH3),-nN,H, (n = 1/2, 1, 2) can be viewed as a two-step pro-
cess: the first dehydrogenation process occurs in the temperature
range of 100~125°C and the second is between 160~185°C. It is
known that the number of ligands coordinating with the metal cen-
ter contributes to the different decomposition behaviours. Similar-
ly, the more ligands coordinate with a metal center, the easier they
would be detached.” However, a different phenomenon is ob-
served in the case of Ca(NH,BH;),-nN,H,. The signal of ligand N,H, is
undetectable during TPD-MS experiments, indicating that the coor-
dinated N,H, prefers to react with Ca(NH,BH;), instead of self-
detachment. For Ca(NH,BHs),-2N,H, sample mentioned above (Fig.
3d), it starts to release hydrogen at around 98 °C with a peak cen-
tered at 118°C, accompanying with evolution of NH; in the first
step. The evolution of NH; should be attributed to the excess of N
from N,H, in the system which results in the side reaction (i.e., de-
ammonization) that occurs simultaneously with dehydrogenation.
Therefore, in order to suppress the ammonia evolution, the content
of hydrazine is reduced to 1:1 (Ca(NH,BH;),:N,H,) (Fig. 3c). It can be
found that the first dehydrogenation peak of Ca(NH,BH;),-N,H,
centered at 113°C is still companied with trace mount of ammonia.
Further decreasing the amount of N,H, to 0.5 resulted in no NH;
release(Fig. 3b). This is likely due to the complete conversion of H*
in N,H, to H, when equal amount of H® and H® coexists in the
sample. It was reported that the decomposition of hydrazine fol-
lows two competitive routes (R5 and R6) giving rise to H, and N, or
N, and NH; under mild conditions even with the presence of noble
or noble metal-like catalysts.za’ 2 However, no N, can be observed
during the dehydrogenation/decomposition of Ca(NH,BHs),-nN,H,.
Therefore, the evolution of NH; during the decomposition of
Ca(NH,BH3),'nN,H,  (n=1/2, 1, 2) are not from the self-
decomposition of hydrazine, which means the hydrogen is derived
from the interaction of Ca(NH,BHs), and hydrazine.

NH,NH, - N, + 2H, RS

3NH,NH, - N, + 4NH; R6

4| J. Name., 2012, 00, 1-3

d.Ca(AB),s2NH,

c.Ca(AB).-N.H

21°2) 4

Intencity (a.u.)

b.Ca(AB),-1/2NH,

Temperature (°C)

Fig.3TPD-MS results of Ca(NH,BH3),-nN,H, complexes. The solid
lines represent the signal of H, and the dotted lines represent the
signal of NH3.

Quantitative measurements on hydrogen desorption from the sam-
ples were subsequently investigated using a Sievert-type apparatus.
It is known that the thermal decomposition pathway of LiBH,-NH;
can be altered by “locking” NH; in the vicinity of LiBH, to increase
the chance of dehydrogenation rather than deammonization.*
Similar approach was adopted to retain NH; in this study. As shown
in Fig. 4, the pristine Ca(NH,BHs), releases 2.6 equiv. H, (5.2 wt%) at
150 °C, identical to the literature.” Under the same condition,
Ca(NH,BHs),-2N,H, can release more than 5.8 equiv. gas, which is
composed of hydrogen and ammonia as detected by MS (Fig. S4).
Approximately 4.6 equiv. of H, was evolved from both
Ca(NH,BH;),-1/2N,H, and Ca(NH,BH;),-N,H, at 150°C within 12
hours, equivalent to 7.9 wt% and 7.0 wt% of hydrogen, respectively.
Interestingly, no NH; was detected in the gaseous product (Fig. S4).
Obviously, under the same condition, more H, can be released from
Ca(NH;BH3),-nN,H, than that from Ca(NH,BH3),.which indicates
that the addition of N,H, enhanced the dehydrogenation properties
of Ca(NH,BHj3),. Overall, Ca(NH,BH;),-1/2N,H, with equal amount of
H% and Hﬁ'produced more hydrogen (7.9 wt%) than other samples,
which is worth of further investigation.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 Volumetric release measurements of (a) Ca(NH,BH;),, (b)
Ca(NH,BHs),-1/2N,H,, (c) Ca(NH,BHs),-N,H,, (d) Ca(NH,BHs),2N,H,
at 150°C.

[B-N] (BH]
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Fig. 5 "B MAS NMR spectra of Ca(NH,BHs),-1/2N,H, and
Ca(NH,BHj3),-1/2N,H, dehydrogenated at different temperatures.

In order to gain insight into the reaction process, the dehydrogen-
ated products of Ca(NH,BH;),-1/2N,H, at different dehydrogena-
tion temperatures, i.e., 80°C, 100°C, 150 °C, 250°C were collected to
be characterized by XRD, FTIR and NMR. Due to the amorphous
nature of the intermediates, no structural information can be ob-
tained by XRD. As shown in the FTIR characterizations (Fig. S5) the
B-H and N-H vibrations in the range of 3150 em™ to 3400 cm™ and
at 2200 cm™ are weakened and broadened, respectively, as dehy-
drogenation progressing. A new vibration centered at 1600 em™,
which can be assigned to the [N=B=N] bond (Fig. SS),43 gradually
emerges upon increasing the temperatures. Agreeing with decreas-
ing intensity of N-H and B-H vibrations, the relative intensity of sp3
hybridized BH; resonance (-30 to -20 ppm) also decreases as dehy-
drogenation progressed. On the other hand, the resonances at ~3
ppm and 20~30ppm, which can be assigned to spz-hybridized B
species (i.e., N,BH and BN3) become more obvious. This result sug-
gests that B-N bond was formed concomitantly with the release of
H,. Therefore, it is clear that B-N formation and the strong combi-
nation potential of the oppositely charged hydrogen atoms are the
driving forces for the dehydrogenation process.

This journal is © The Royal Society of Chemistry 20xx

3.3 The kinetics of dehydrogenation

As mentioned above, the addition of N,H, to Ca(NH,BHs), enhanced
the dehydrogenation kinetics as compared with pristine
Ca(NH,BHs),. Therefore, the Kissinger method [Eqg.1] was employed
to determine the energy barrier in hydrogen desorption from
Ca(NH,BHs3), and Ca(NH;BH3),-2N,H,.

Ea AR

In (Ti;z) = _R_Tp+ in (E_a)
According to Eq.1, T, is the peak temperature at which the maxi-
mum reaction rate is, 8 is the heating rate, E, is the activation ener-
gy, A is the pre-exponential factor, and R is the gas constant. The
maximum reaction-rate temperatures at different heating rates
were collected by means of TPD measurements. The TPD profiles of
hydrogen desorption from the Ca(NH,BH;),-2N,H, and Ca(NH,BH,),
samples at different ramping rates are shown in Fig. S6 and S7. It is
observed that the peak temperatures shift monotonically to higher
values when the ramping rate is increased from 2 to 8 K-min™. The
dependence of /n(Ea/sz) to 1/T, is linear (Fig. 6). The slopes of the
fitted lines are used to determine the values of E,. The results of £,
in the first and second dehydrogenation step for Ca(NH,BH;),-2N,H,
and Ca(NH,BH;), are shown in Table 2. The activation energies E,
for hydrogen desorption from Ca(NH,BH;),-2N,H, are around 98+5
kJ/mol in the first step and 10244 kJ/mol in the second step, respec-
tively. Both of them are lower than those of Ca(NH,BH;),, ca. 1105
kJ/mol and 13916 kJ/mol, suggesting the enhancement in dehydro-
genation kinetics of Ca(NH,BHs), when coordinates with N,H,.

Eq.1

Table 2 Values of E, (the first and second step) determined
by Kissinger plots.

E,(ki/mol) 1**

Sample E,(kl/mol) 2™ Step
Step
Ca(NH,BH;3), 11045 13916
Ca(NH,BH;),-2N,H, 9845 102+4
First step Second step
g Ca(NH BH). Ca(NH BH)) «2N H, :g
Ca(NH BH. Ca(NH.BH ) 2N H|
2“0 2‘15 2‘20 225 2‘30 2'35 2150 2'45 21’)0 255

1000/Tp (K ) 1000/Tp (K')

Fig. 6 The Kissinger’s plots, which give the activation energy of
hydrogen release from the Ca(NH,BH3), and Ca(NH,BH3),-2N,H,
samples.

3.4 The dehydrogenation mechanism
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As mentioned in the section 3.2, the decomposition of hydrazine
follows two competitive ways (R5 and R6). In this study, however,
no nitrogen was released during the decomposition of
Ca(NH,BH3),:nN,H,, indicating that hydrogen release is not from the
self-decomposition of hydrazine. Furthermore, the onset
dehydrogenation temperature of Ca(NH,BH;),'nN,H, is lower than
that of pristine Ca(NH,BH3),, which confirms that the hydrogen is
released via the interaction of Ca(NH,BH;), and N,H,. Considering
that the dissociation energy of N-N bond is lower than that of N-H
bond in hydrazine, the “homogeneous dissociation” of N-N bond
forming [-NH,] radicals may occur.* The produced [-NH,] then
reacts with Ca(NH,BH3), to release H,. In our previous work on
LiNH,BH;-nN,H,, two possible  dehydrogenation  reaction
mechanism were proposed, i.e. LiN,H;BH; intermediate pathway
and combination of protonic hydrogen and hydridic hydrogen (H‘S+
and Hé') pathway. 32 More specifically, a [-NH,] from “homogeneous
dissociation” of N,H, may attack the [-NH,] group or the [-BH;]
group in Ca(NH,BH;), alternatively to evolve H,. However, it is still
unable to figure out which group is attacked at the first step. Here-
in, to confirm the dehydrogenation mechanism, deuterium labeling
experiments were conducted. Since three kinds of hydrogen atoms
exist in Ca(NH,BH5),-1/2N,H,, i.e., H®* in [-NH,BHs], H®* in N,H,, and
H® in [-NH,BH3], two deuterium substituted complexes
Ca(NH,BD3),-1/2N,H, and Ca(ND,BH;),-1/2N,H, were synthesized
and characterized by FTIR and XRD ( Fig. S8 and S9) .

From the TPD-MS of Ca(ND,BH;),-1/2N,H, shown in Fig. 7a, alt-
hough the desorbed gas is a mixture of H,, HD and D,, H, is the
main gaseous product in the first stage. As mentioned above, the
formation of H, should not derive from self-decomposition of hy-
drazine, therefore, the combination of H® and H® mechanism in
the amidoborane hydrazinate should have taken place. Due to the
fact that H* on Ca(ND,BHs),-1/2N,H, should only come from N,H,
ligand, the strong H, signal as compared with HD and D, (Fig. 7a and
inset) suggests that the first step dehydrogenation should be a re-
sult of the combination of H® on N,H, and H> on BH; of
Ca(ND,BH3),. Moreover, the appearance of HD and D, may be aris-
ing from the exchange of H-D at elevated temperature.20 Addition-
ally, the onset temperature of H, evolution from Ca(ND,BH;),-
1/2N,H, occurs at 74 °C, which is prior to those of HD and D, (Fig.
7a inserted), further confirming the H* (NH,NH,) and HE (BH;)
combination mechanism.

3.Ca(ND,BH)) -12NH]

HDf
H

—_—
HD) H

b.Ca(NH,BD,) - 172N H,

40 60 ‘80 100
T(0)

_,/\M
D.

T T T T T T T T
0 50 100 150 200 250 300 50 100 150 200 250 0
Temperature (‘C)

Intencity (a.u)
Intencity (a.u)

Temperature (°C)
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Fig.7 TPD-MS curves of Ca(ND,BH;),-1/2N,H, and Ca(NH,BD3),"
1/2N,H,.

In addition, the onset temperature of HD evolution from
Ca(NH,BD3),"1/2N,H, advances 15 °C compared to that of H,, which
matches well with the phenomenon of Ca(ND,BHs),-1/2N,H, and
provides the another proof for the protonic hydrogen-hydridic hy-
drogen( H% and Hﬁ') combination mechanism (Fig. 7b). As reported
in the literature, “metal assisted hydride transfer ” path via trans-
ferring a hydridic hydrogen atom from [-BH;] to get close to [-NH,]
happened in the first-step dehydrogenation of LiNH,BH; on the
basis of gas-phase simulations.*> % A bridged H could form through
the hydride transfer in the form of Li---H--B,*** which may be an
active H in the transition state. This bridged H may also exist in the
other metal amidoboanes and their derivatives during heat treat-
ment, for example, LiNH,BH;-NH;BH; and Ca(NH,BH3),-2NH;. There-
fore, during the thermal decomposition of these compounds, the
combination of a Hé'(B) atom from metal amidoborane part and a
H6+(N) atom from the adjacent molecule (NH;BH; or NH;) could be
observed.'®* This may also happen in Ca(NH,BH;),-nN,H, material,
which is confirmed by our isotopic labelling experiment. Therefore,
we propose that the process of dehydrogenation goes through the
following steps: 1. The “homogeneous dissociation” of N,H, to form
the [-NH,] species; 2. The [:NH,] attacks [-BHs] in Ca(NH,BH;), with
releasing H, by the ways of protonic hydrogen-hydridic hydrogen
(H6+ and H6') combination, excluding the metal hydrazine borane
intermediate pathway27’ 0, During the dehydrogenation, the H-D
exchange will inevitably happen leading to complicated gaseous
products. Therefore, we tentatively believe that the protonic hy-
drogen-hydridic hydrogen (H6+ and H6') interaction is the main driv-
ing force in the whole dehydrogenation process.

The regeneration of the dehydrogenated products is also a vital
important aspect for hydrogen storage materials. However, the
dehydrogenation of NH3;BH; and its derivatives are usually exo-
thermic, indicating the irreversibility of those compounds. Recently,
it was reported that NH;BH; or lithium amidoborane can be regen-
erated by using hydrazine in NH; solution?® 21, Our recent result
on the regeneration of lithium amidoborane hydrazinate by em-
ploying the same method also realized the partial regeneration of
BH; species, indicating the feasibility of this method for hydrazi-
nate.? Therefore, it is of great interest to apply the hydrazine re-
duction method to regenerate calcium amidoborane hydrazinates
in the following investigation.

4. Conclusions

The calcium amidoborane hydrazinates with superior dehydrogena-
tion properties were successfully synthesized, among which
Ca(NH,BHs),-2N,H, crystallizes into orthorhombic symmetry P2,2,2;
space group with the lattice parmeters of a = 6.6239(4) A, b =
13.7932(6) A, ¢ = 4.7909(2) A. Isotopic labelling experiment re-
vealed that the protonic hydrogen from NH,NH, would attack hy-
dridic hydrogen from [-BH;] to form H, through the combination of
H® and H% at the initial stage of the dehydrogenation for
Ca(NH,BHs),'nN,H,. However, more work is still needed in the fu-

This journal is © The Royal Society of Chemistry 20xx
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ture to develop more materials with superior dehydrogenation
properties and explore the dehydrogenation mechanism.
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