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A new metal borohydride ammoniate (MBA), Zr(BH,),-8NH;
was synthesized via ammoniation of Zr(BH,), crystal. The
Zr(BH,)4-8NH; has a distinctive structure and the highest
coordination number of NH;3 groups among all the known
MBAs. This compound could quickly dehydrogenate at
130 °C, enabling it a potential hydrogen storage material.

Hydrogen is considered as a clean and renewable energy carrier
owing to its high energy density, lightweight and environmentally
benign products of oxidation, making it a potential candidate to be
used as a replacement for fossil fuels.:® However, in order to utilize
hydrogen for automotive applications, the greatest challenge is to
develop safe, inexpensive, lightweight and high hydrogen content
hydrogen storage materials that operate at moderate temperatures.* °
Alkali and alkali-earth metal borohydrides, e.g., LiBH,;, Mg(BH,),
and Ca(BHy,),, have received a lot of attention as potential candidates
hydrogen storage materials due to their high gravimetric and
volumetric hydrogen capacity.>*® Unfortunately, these candidates
are unsuitable for proton exchange membrane fuel cell (PEMFC)
applications, owing to their high hydrogen desorption temperatures
and slow dehydrogenation kinetics.** Thus, new types of material
with favorable dehydrogenation properties are in demand for
promoting the development of current hydrogen storage technology.

Recently, first-principle calculations and experiments have
demonstrated that the dehydrogenation temperature of metal
borohydrides, M(BH,4), (M = Li, Na, K, Cu, Mg, Zn, Sc, Zr, Hf, and
so on), decreases with the increasing electronegativity (y,) of the
metal cations.”"" The transition metal borohydrides contain metals
with high values of y,. However, most of them are unstable or highly
volatile at ambient conditions, such as Ti(BH,);, V(BH,); and
Fe(BHJ)3.® ° Furthermore, diborane is released upon the
dehydrogenation process, which hinders the application of these
metal borohydrides as solid hydrogen storage materials. Recent
studies demonstrated that the unstable or highly volatile metal
borohydrides can be turned into the stable metal borohydride
ammoniates (MBAs) by interaction with ammonia.?>? Moreover,
the protic N-H and hydridic B-H co-exist in their structures, which
promotes the MBAs to dehydrogenate through a simple
recombination of the N-H®".--B—H™, resulting in suppressing the
release of diborane.?*

This journal is © The Royal Society of Chemistry 2012

In addition, our recent work has confirmed that the relationship
between the y, of the central metal and the dehydrogenation
properties is also applicable in MBAs. 2 2 26 27 3 Therefore, the
Pauling electronegativity, yx,, of the metal cation serves as a good
indicator to estimate the dehydrogenation behaviors of MBAs.
According to this rule, zirconium borohydride ammoniates should
have a low dehydrogenation temperature due to the high
electronegativity of Zr (y, = 1.4). However, Zr(BH,), is unstable and
volatile under ambient conditions, which is not beneficial for
collection and conservation. 8 % 38

In this work, a facile ball-milling approach was applied to
synthesize the solid-state Zr(BH,), crystal. The Zr(BH,); was
ammoniated at once to form its octaammoniate, Zr(BHg),-8NHs,
which has a theoretical hydrogen capacity of 14.8 wt. %. Moreover,
the structure of Zr(BH,),4-8NH3 was determined for the first time and
shows a big difference of other reported metal borohydride
ammoniates. This compound shows favorable dehydrogenation
performance, enabling it to be a potential hydrogen storage material.

NH,

Zr(BH,), 8NH,

Scheme 1. A schematic
Zr(BH,);-8NHs,

As illustrated in Scheme 1, a mixture of LiBH4 and ZrCl, powders
were ball milled using a conventional ball mill pot and operated at
relative ambient temperature (< 20 °C), then the solvent-free
Zr(BH,), crystals were synthesized through a cation exchange
reaction in the solid-phase. Due to the volatility of Zr(BH,),, the
sublimated Zr(BH,4), would separate with LiCl and deposit on the lid
of ball mill pot directly during the ball milling process, then the
target product Zr(BH,),-8NH3 was easily fabricated by exposing the

illustration of the preparation of
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Zr(BH,)4 crystal to an atmosphere of anhydrous ammonia in an ice-
water bath. The as-obtained products were confirmed by elemental
analysis, which gave a ratio of Zr:B:N = 1:4:8, and was measured
using high-resolution XRD. In the XRD patterns (Fig. S1), new
peaks were detected along with the disappearance of the peaks
corresponding to the starting materials LiBH, and ZrCl,, indicating
that the metathesis and ammoniation reactions proceeded
successfully and a new substance was obtained.

The XRD pattern at room temperature can be indexed with an
orthorhombic unit cell using DICVOL06.¥” The structure solution
was started using the charge-flipping algorithm implemented in the
program TOPAS v4.2. One Zr atom was easily located in the
electron density maps. The structure was subsequently solved in the
space group of Pbca (No. 61) by global optimization in direct space
with BH; and NH;z groups as rigid bodies, using the program
TOPAS v4.2 *® and FOX * independently. Rietveld refinement was
performed using TOPAS v4.2, and the refined lattice parameters are
a =16.76181(28) A, b = 14.26414(26) A, ¢ = 13.65708(24) A, V =
3265.309(98) A°. The diffraction profile fit by Rietveld refinement
using these parameters is shown in Fig. S1, with the agreement
factors Rwp = 6.62%, Rg = 4.41%, and GoF =1.329. Furthermore,
due to XRD not being sensitive to H atoms, the most stable structure
and favorable positions of the hydrogen atoms in Zr(BH,),-8NH;
were identified using first-principle calculations. The details of the
structure determination and crystallographic data are presented in
Table S1 and Table S2. The optimized crystal structure of
Zr(BH,)4-8NHjz is shown in Fig. 1
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Fig. 1 Crystal structure of Zr(BH,)4-8NH; as optimized by DFT and
viewed along the (a) a-axis and (b) b-axis, showing the packing of
Zr(NHz)g side-bicapped trigonal prisms and BH, tetrahedra. (c)
Local coordination of Zr with eight NH; molecules in the form of
side-bicapped trigonal prism.

Zr(BH,)4-8NH;3 has a distinctive structure from other reported
MBAs and the highest coordination number of NH; groups among
all known MBAs. There is one symmetry independent Zr atom in the
unit cell coordinated with eight NH; molecules forming Zr[NHz]s
side-bicapped trigonal prism with a Zr-N bond distances of 2.15-
2.67 A (Fig. 1). Such coordination can be found in some fluorides of
Zr such as Ba,ZrFg “° and telurides of Zr such as ZrTes.*! The
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Zr[NH;]g side-bicapped trigonal prism are packed in ab-layers in a
hexagonal pattern which are then stacked along the c-axis (Fig. 1a,
b). The BH, tetrahedra fill the empty space between the prisms in
and between the ab-layers. A dense network of di-hydrogen
contacts shorter than 2.1 A between NH; and BH, groups stabilizes
the structure.
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Fig. 2. (a) MS and TG profiles of Zr(BH,)4-8NHj; (b) TPD results
for Zr(BH,),-8NHs. All these measurements were performed with a
heating rate of 5 °C min™ under an atmosphere of argon.

The dehydrogenation properties of the Zr(BH,);-8NH3 system
were investigated by TG-MS (Fig. 2a) and TPD (Fig. 2b). A single
hydrogen desorption process peaked at 130 °C was observed,
accompanied with an emission of a small amount of ammonia. No
B,H¢ evolution was detected over the measured temperature range.
The emission of ammonia can be ascribed to the surplus NH; groups
related to the BH, groups in Zr(BH,)4-8NH;. A total weight loss of
22.8 wt. % at 300 °C was attributed to the combined release of H,
and NHa, as shown in the TG curve. The quantitative gas desorption
of this system was determined using TPD measurements, which
show that only a single hydrogen desorption step occurs, which is in
accordance with the MS results. After heating Zr(BH,4),-8NH; to
300 °C, 0.051 mol g™ of gas was released. The purity of the
hydrogen released was calculated to be 83.7 mol. %, according the
equation combining the TG and volumetric desorbed gas results. The
dehydrogenation  kinetic properties of Zr(BH,),-8NH3; were
determined by investigating the isothermal hydrogen desorption
curves (Fig. S2a). At 90 °C and 110 °C, around 4.8 wt. % and 6.1
wt. % hydrogen were released in 360 min. Upon elevating the
heating temperature to 130 °C and 150 °C, 7.6 wt. % and 8.5 wt. %
hydrogen were released within 360 min. The dehydrogenation
capacity and purity at different temperatures are summarized and
shown in Fig. S2b. Moreover, the gas release showed no change
after 3 days and only a little decrease from 0.051 to 0.046 mol g™
after 9 days of exposure to air at room temperature (Fig. 2b),
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indicating its impressive air stability. In addition, it is noteworthy
that no material expansion and foaming were observed, which is a
problem suffered by many other B-N-H systems upon
decomposition (Fig. S3).

To clarify the reaction mechanism for the as-obtained compounds,
high-resolution synchrotron in-situ XRD, and Fourier transform
infrared (FT-IR) and B NMR spectroscopy were conducted. The
high-resolution in-situ XRD results of Zr(BH4),-8NH; at
temperatures ranging from 40 to 260 °C are shown in Fig. S4. It can
be observed that the intensity of the diffraction peaks gradually
increases with the decrease of full width at half maximum (FWHM)
for the Zr(BH,4),-8NH; phase upon heating the sample to 60 °C
under an atmosphere of argon, indicating that the crystallinity of the
sample increases as the temperature increased. Upon increasing the
temperature further, the intensity of the peaks gradually reduces, and
the sample transformed into an amorphous structure at 130 °C,
which resulted from the decomposition of Zr(BH,);-8NHs. The
temperature for complete phase transformation in the in-situ XRD
results is lower than that in the TG-MS results (Fig. 2). This was
attributed to the slower heating rate and the long holding period (8
min for each pattern) during the in-situ measurements.

The FT-IR results shown in Fig. 3a reveals that the stretching and
bending bands of the B-H bonds in the regions between 2180-2470
cm ! and 1000-1280 cm* are present in Zr(BH,),-8NH; at room
temperature. In addition, the vibrations assigned to the stretching of
N—-H bonds in a broad region ranging from 2950-3330 cm* and the
bending of N-H bonds at 1405 cm™ are observed. The bending of
B—N bonds at 704 cm* is also observed, which may be due to the
decomposition of a small amount of Zr(BH4)4-8NH; during the
measurement, resulting from the low onset dehydrogenation
temperature of this compound. After heating to 130 °C, the intensity
of the N-H and B-H absorptions is reduced equally while the
vibrations that are attributed to B-N absorptions become stronger.
This suggests that hydrogen release originates from a combination of
the B-H and N-H species, resulting in the generation of B-N
containing solid residues. Upon heating to 300 °C, the vibrations
corresponding to the N-H and B-H absorptions completely
disappear and only those associated with the B-N absorptions
remain, which implies that the dehydrogenation reaction of
Zr(BH,)4-8NH;3 was complete at this temperature, as verified by the
previous TG-MS results (Fig. 2).

The ™B NMR spectra of Zr(BH,)s-8NHs are presented in Fig. 3b.
The peak centered at 8 = —32.5 ppm corresponds to BH, and the
weak peak centered at 8 = -21.9 ppm attributed to BH;, which may
be due to the decomposition of a small quantity of Zr(BH)4-8NH3
during the NMR acquisition. As the dehydrogenation temperature
was increased to 130 °C, the peak corresponding to BH, is reduced
while the peak attributed to BHj increases, accompanied with the
appearance of new peaks at § = -14.9, 1.4, 13.7 and 25.0 ppm,
indicating the partial decomposition of the BH, group and the
formation of BH,, BH and B-N bonds upon the dehydrogenation
process. After dehydrogenation at 300 °C, all the peaks assigned to
BH,;, BH;, BH, and BH bonds disappear and only the peaks
corresponding to B-N bonds are observed, confirming the analysis
of the FT-IR spectra. Due to the dehydrogenation of Zr(BH,),-8NH;
is based on the combination of the N-H*---B-H>, the
dehydrogenated products could not be recharged with hydrogen
directly.

This journal is © The Royal Society of Chemistry 2012
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Fig. 3. (a) FT-IR spectra and (b) B NMR spectra for
Zr(BH,)4-8NHz acquired at various temperatures.

Conclusions

In summary, Zr(BH,); was successfully synthesized using a
facile solvent-free ball milling approach, and a subsequent
ammoniation process was used to prepare its octaammoniate
Zr(BH4)4-8NHs. The structure of Zr(BH,),-8NH;3 shows that Zr
is coordinated by eight NH3; molecules in the form of side-
bicapped trigonal prism which are packed in a,b-layers of the
orthorhombic structure. The BH, tetrahedra fill the empty space
between the prisms in and between the a,b-layers. This
compound starts to release hydrogen at 60 °C with a
dehydrogenation peak centered at 130 °C. Further improvement
on the hydrogen release purity and kinetic can be achieved via
combination of metal borohydrides or nanoconfinemnt in
scaffold, which are underway and will be reported in our latter
work.
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