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With global warming and environmental pollution worsening,
the search for alternative fuels is a matter of great importance.
Hydrogen is an excellent energy-storage medium because of
its abundance, high chemical energy, and low-emission
combustion. However, hydrogen remains underutilized as
a fuel source because of a lack of storage capacity.!! Recently,
considerable efforts have been directed towards light-weight
metal hydrides®” and chemical hydrides” Among them,
metal borohydrides (M(BH,),,, MBs) have attracted signifi-
cant interest because of their high theoretical hydrogen
content. Unfortunately, the use of MBs in portable power
sources is limited by the poor thermodynamic and kinetic
properties of hydrogen release.! Recently, we have adopted
an efficient strategy that introduces H>* to MBs by NH,
coordination and results in the formation of metal borohy-
dride ammoniates (MBAs, M(BH,),-#» NH,)."’! Thus, interac-
tions between H®" and H®" become feasible, and hydrogen
release is promoted at much lower temperatures. Among the
known MBAs, Al(BH,);:6 NH; features a comparatively high
hydrogen capacity (17.4 wt % ), high stability in air, and other
properties that favor dehydrogenation.’ Nevertheless, this
process is hampered by slow dehydrogenation kinetics at
moderate temperatures, simultaneous release of ammonia
upon thermolysis, and poor reversibility of dehydrogenation
reactions; these challenges markedly limit portable power
applications of this MBA.

General methods for enhancing hydrogen-storage proper-
ties of chemical hydrides include the addition of additives!® or
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catalysts”! to modify their dehydrogenation thermodynamics,
improve the kinetics, and depress the release of undesirable
gases. Thus far, these approaches have led to significant
advances of many attractive hydrides.’! Recently, nanocon-
finement has offered new insights and solutions to current
hydrogen-storage technology.” Theoretical calculations and
preliminary experiments have shown that nanoconfined
hydrides feature a significantly improved hydrogen-storage
performance with respect to their bulk counterparts.'” Two
routes have been widely used to encapsulate hydrogen-
storage materials into nanoscaffolds: solution impregnation
and melt infiltration.""! However, most MBAs, including
Al(BH,);6 NH;, have neither a melting point that is lower
than the decomposition temperature, nor solubility in
a common organic solvent; thus it is difficult to achieve
size-confinement of this class of materials with either of these
known approaches. Therefore, a new two-step procedure is
proposed in which the stabilization of the MB is first realized
within a nanosupport; this is followed by a treatment with
gaseous ammonia to produce the targeted MBA/support
nanocomposite.

Herein, we report the successful synthesis of nanocon-
fined AI(BH,);6NH;. As Al(BH,); is volatile and unstable
under ambient conditions, its capture in a nanosupport is
difficult to achieve by commonly used approaches. The
poly(styrene-co-divinylbenzene) (PSDB) resin, a hyper-
cross-linked porous polymer, was employed as the nano-
support in this study. The phenyl ring of the PSDB resin
(Supporting Information, Figure S1) can interact with the
Lewis acidic metal cations,['”! such as AP* in Al(BH,),, which
leads to the anchoring of the cations. Subsequent treatment
with ammonia yields well-distributed Al(BH,);6NH;
(Figure 1).

The immobilization process was monitored by NMR
spectroscopy. Interaction of Al(BH,); with the PSDB resin is
indicated by solid-state NMR measurements (Figure 1b;
Supporting Information, Figures S2 and S3). The Al NMR
spectrum shows a sharp peak at 5.7 ppm, which is similar to
that of Al(BH,);*NMe; (Supporting Information, Figure S2).
These peaks suggest that the phenyl rings of PSDB play a role
in stabilizing the AI(BH,); molecules by coordinating to the
aluminum atoms, similar to the formation of the adduct
Al(BH,);<NMe;, which contains a seven-coordinate alumi-
num center (one NMe; ligand and six bridging hydrogen
atoms).™ Density functional theory (DFT) calculations
further illustrate the interactions between the initially intro-
duced Al(BH,); molecules and the phenyl rings in Al(BH,),/
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Figure 1. a) Formation of the Al(BH,);-6 NH;/PSDB composite (iii)
from the Al(BH,);/PSDB composite (ii), which was obtained from

a PSDB resin (i). b) Solid-state 2’Al NMR spectra of (i) and (iii).

c) HRXRD patterns of (ii) and (iii); inset: zoom-in image of the
regional XRD patterns of Al(BH,);:6 NH;/PSDB compared with that of
bulk Al(BH,);-6 NH;. d) UV absorption spectra of (i), (ii), and (iii).

e) Photograph showing samples of (i), (ii), and (iii).

PSDB, which guarantee a uniform dispersion of Al(BH,); in
the PSDB resin (Supporting Information, Figure S4).
Although validation of successful loading with Al(BH,); is
difficult because of the amorphous state of Al(BH,);/PSDB,
which was observed by high-resolution X-ray diffraction
(HRXRD; Figure 1c), the formation of the A1(BH,);-6 NH,/
PSDB composite was confirmed by the detection of peaks
characteristic of A1(BH,);:6 NH;. This was further affirmed by
the "B NMR (Supporting Information, Figure S3) and (Fig-
ure 1b) of Al(BH,);:6 NH,/PSDB; for this composite, a peak
at 9.3 ppm in the A1NMR spectrum was assigned to the
aluminum atom that is coordinated by six nitrogen atoms,
which is consistent with that of bulk Al(BH,);:6 NH;.F%

The UV absorption of the PSDB resin varied during the
procedure (Figure 1d). The absorption band centered at
251 nm is attributed to the phenyl m—mt* electron transitions of
PSDB.Y Once AI(BH,); had been incorporated, the inten-
sity of that absorption band notably decreased, while a new
peak was observed at 212 nm; this peak is due to the
interaction of AIP’" with the phenyl ring. This interaction
also led to an apparent color change of PSDB (Figure 1e).
After the coordination of the NH; ligands to the aluminum
center, which led to the formation of AI(BH,);-6 NH;, the UV
absorption spectrum of the Al(BH,);:6 NH5/PSDB composite
showed a similar absorption band as the PSDB resin, which
indicates that there were no further interactions between A’
and the PSDB resin. As a result, the colorless PSDB
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composite ((iii), Figure 1e) now reflects the loading of
Al(BH,);6 NH;. This process was further elucidated by
DFT calculations (Supporting Information, Figure S5),
which revealed a decrease in the binding energy between
Al(BH,);-6 NH; and PSDB compared to that of Al(BH,); and
PSDB.

Elemental analysis (Al, B, N, H) of the Al(BH,);-6 NH/
PSDB composite demonstrated that Al(BH,); was fully
transformed into its hexammoniate, and also revealed the
amount of Al(BH,);6NH; in the composite (up to
37.3 wt%). This value is much higher than that for other
scaffolds, including porous carbon, that were loaded with
Al(BH,);6NH; by the same route, which indicates the
obvious advantage of the PSDB resin in facilitating this
process. By combining the measured densities and the pore
volume of the composites (Supporting Information, Fig-
ure S6), the loading capacity of Al(BH,);;6NH; inside the
pores of the PSDB was calculated to be 30.7 wt% (for
detailed calculations, see the Supporting Information).

A scanning electron microscope (SEM) image of the
PSDB resin reveals a typical nanoporous structure (Fig-
ure 2a), whereas a significant decrease in porosity is seen for
both the Al(BH,),/PSDB and Al(BH,);:6 NH,;/PSDB compo-
sites (Figure 2b, c). Further morphological examination of the
nanosupport by transmission electron microscopy (TEM)
clearly showed the cross-linked porous network of the PSDB
resin (Figure 2d); a pore-diameter distribution of 10-100 nm
is visible. A1(BH,); and Al(BH,);:6 NHj; that were embedded
within the matrix are shown in Figure 2e,f. In the energy-
dispersive spectroscopic (EDS) analysis of the two compo-
sites (Supporting Information, Figure S7), the detection of

Figure 2. SEM (a—c) and TEM micrographs (d—f) of the PSDB resin
and the Al(BH,);/PSDB and Al(BH,);6 NH;/PSDB composites, respec-
tively; the insets show the corresponding HRTEM micrographs.
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aluminum also implied the successful encapsulation of the
two hydrides into the PSDB resin. Even though the compo-
sites had a high loading of hydrides, a uniform distribution of
the nanoparticles (which resulted from subsequent aggrega-
tion of multiple Al(BH,);/Al(BH,);;6NH; molecules) with
average diameters of approximately 4 and 7 nm is observed
by high-resolution TEM (HRTEM) of Al(BH,);/PSDB (Fig-
ure 2e, inset) and Al(BH,);;6NH3/PSDB (Figure 2 f, inset;
the corresponding zoom-in images are shown in Figure S8).
These results all suggest a superior size-controlling effect of
the PSDB resin on MB and MBA materials.

The onset of dehydrogenation and the peak temperature
of Al(BH,);;6NHj; are lowered from 140 to 67°C, and from
175 to 121°C, respectively, after encapsulation within the
PSDB resin (Figure 3a). Moreover, the NH; signals in the
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Figure 3. a) MS and TG profiles of Al(BH,);-6 NH;/PSDB and bulk
Al(BH,);-6 NH; with a heating rate of 5°Cmin~". Isothermal TPD
results of hydrogen released from Al(BH,);-6NH;/PSDB (b) and bulk
Al(BH,);-6 NH; (c) at 100, 110, 120, and 130°C (PSDB was not
considered as a gravimetric component in the measurements).

mass spectrum (MS), and the calculated purity of H, that was
obtained from thermal gravimetry (TG) and volumetric
temperature-programmed desorption (TPD; Supporting
Information, Figure S9) tests reveal a satisfactory depression
of ammonia liberation from the nanocomposite compared to
that of the bulk material (Supporting Information, Table S1).

The advanced dehydrogenation performance of PSDB-
confined Al(BH,);:6 NHj; is further demonstrated by isother-
mal desorption, which was measured at various temperatures.
PSDB-confined Al(BH,);6NH; (Figure 3b) can release
more than 10 wt % of hydrogen in less than 30 min, and the
maximum hydrogen-release capacity (ca. 14 wt%, corre-
sponding to 5.2 wt% relative to the whole system) was
reached within two hours at 130°C. Even at 120 °C, more than
10 wt % of hydrogen can be evolved within 1 h. When heating
at 100°C, hydrogen evolution of about 7.2 wt % is achieved
within 3 h with AI(BH,);-6 NH,/PSDB, whereas only 4.9 wt %
of hydrogen is released from bulk Al(BH,);-6 NH; in the same
period of time, even at 130°C (Figure 3¢). After incorpora-
tion within the PSDB resin, the apparent activation energy of
H, liberation from Al(BH,);-6 NH; was decreased from 118.1
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to 53.2kJmol™' (Supporting Information, Figure S10). To
verify the possible templating effect that results from the
randomly distributed phenyl rings in PSDB, a sample of
Al(BH,);6 NH; (37 wt % ) was prepared by ball milling with
PSDB. The TPD result (Supporting Information, Figure S11)
indicated a positive effect of templating on the solid-state
dehydrogenation process. Therefore, significantly enhanced
dehydrogenation of Al(BH,);-6 NH; incorporated into PSDB
can be attributed to both size control and a templating effect
from the randomly distributed phenyl rings.

The FTIR spectrum of Al(BH,);6 NH,/PSDB includes
peaks that are due to Al(BH,);;6NH; and the PSDB resin.
Whereas the peak intensities change, there are no obvious
changes in the wavenumbers of the B—H and N—H stretches
of Al(BH,);;6NH; (Figure 4a). This suggests that no inter-
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Figure 4. a) FTIR spectra of the PSDB resin, bulk Al(BH,);-6 NH;, and
the Al(BH,);-6 NH;/PSDB composite, as well as of bulk and PSDB-
confined Al(BH,);-6 NH; that were heated at 160°C. b) Solid-state

"B NMR spectra of bulk and PSDB-confined Al(BH,);-6 NH; that was
heated at 160°C.

action exists between Al(BH,);;6NH; and the support; this
result is in accordance with the UV measurements (Fig-
ure 1d) and our calculations. After heating at 160°C, the
signals that correspond to the BH and NH groups almost
disappear in the spectrum of the AI(BH,);-6 NH;/PSDB
composite, while the formation of B—N bonds is observed,
which is indicative of B—H/N—H reactions. In contrast, the
BH and NH groups can still be detected in bulk
Al(BH,);6NH; at the same temperature. Furthermore,
solid-state ''B NMR measurements of the samples obtained
at 160°C (Figure 4b) show that a resonance corresponding to
BH, was recorded for bulk Al(BH,);-6 NH;, whereas only the
products derived from dihydrogen combination (signals
corresponding to BN; or BHN, and BHN; or BN, are
observable at 19.6 and —0.2 ppm, respectively) are detected in
the PSDB-confined material. All of these results confirm
a fast consumption of the BH groups of AI(BH,);-6 NH; when
it is heated within the PSDB resin; dihydrogen interactions
were reinforced during the thermolysis process when
Al(BH,);6 NH; was incorporated into the PSDB resin. The
conversion of BH, into a sp? boron species in PSDB-confined
Al(BH,);*6 NH; occurred at lower temperatures than for
other MBAs; for those, a temperature greater than 300°C is
required to completely consume the BH groups.!'¥
Motivated by recent examples of the use of hydrazine for
the regeneration of dehydrogenated residues of B—N based
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hydrides (such as ammonia-borane!™” and lithium amidobor-
anel),  we implemented the same approach for
Al(BH,);6 NH;. After treatment with hydrazine in liquid
ammonia, the "B NMR signals of decomposed residues of
Al(BH,);-6 NH4/PSDB diminished; this was accompanied by
the appearance of a broad resonance at 0-30 ppm that
corresponds to the superimposition of the BH, BH,, and BH;
signals (Figure 5a).l”l This confirms the scission of the B-N
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Figure 5. a) Solid-state "B NMR spectra of the dehydrogenation prod-
ucts of bulk and PSDB-confined Al(BH,);-6 NH; before and after the
hydrazine-regeneration process; both samples were heated to 225°C
for complete dehydrogenation. b) TPD-TG and c) MS profiles for the
samples of bulk Al(BH,);-6 NH; and PSDB-confined Al(BH,);-6 NH;
that were regenerated several times, with a heating rate of 5°Cmin~
(PSDB was not considered as a gravimetric component in the
measurements). d) Solid-state ’Al NMR spectra of the dehydrogenated
products of PSDB-confined Al(BH,);-6 NH;, before and after the
regeneration process.

1

bonds; subsequently, more hydrogen atoms are attached to
the sp? boron centers upon the regeneration process, which is
in agreement with the FTIR results (Supporting Information,
Figure S12). Similar products to those of the bulk material are
also observed in the "B NMR spectra of Al(BH,);-6NH,/
PSDB before and after the regeneration process.

Calculations with the TPD/TG results (Figure 5b) indi-
cated that the materials that were obtained by the first
regeneration of the bulk sample can liberate 3.6 wt% of
hydrogen, with a H, purity of 90.1 mol % before heating to
225°C, whereas 6.0 wt % of hydrogen (2.2 wt % relative to the
whole system) with a H, purity of 99.0 mol % is released from
the PSDB-confined material after the first regeneration.
Subsequent MS tests (Figure 5¢) further demonstrated that
ammonia emission is significantly suppressed in the PSDB-
confined regenerated material compared with the bulk
material. This confirms that the PSDB resin continues to
play an important role in enhancing the dehydrogenation
performance of the regenerated materials because of its
durable size-controlling effect during the regeneration pro-
cess (Supporting Information, Figure S13).

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Elemental analysis of the dehydrogenated product of
PSDB-confined AIl(BH,);;6NH; gives a composition of
AlB;N¢Hg; this corresponds to an approximate H, liberation
of 14.0 wt% from Al(BH,);-6 NH;, which is consistent with
the TPD result (Supporting Information, Table S1 and Fig-
ure S9). Elemental analysis of the product of the first
regeneration of PSDB-confined Al(BH,);6NH; gives the
formula AIB;NyH,,. The increased nitrogen content in
AlIB;NyH,, may be due to the coordination NH; ligands to
the aluminum cation during the treatment with liquid
ammonia, which results in an excess of NH groups compared
to BH groups. This process was further verified by 2 Al NMR
spectroscopy (Figure 5d). Dehydrogenated Al(BH,);-6 NHs/
PSDB shows a principal signal at 106.9 ppm, along with two
signals at 32.8 and 9.4 ppm, which correspond to three-, four-,
and six-coordinate Al atoms and are similar to those obtained
for dehydrogenated AlI(BH,);6NH;.5 This observation
suggests the cleavage of some AI-N bonds during the
dehydrogenation. After regeneration, an enhanced signal
that corresponds to a six-coordinate aluminum center is
observed," which implies an increase in the number of AI-N
bonds. During the thermal decomposition process of
Al(BH,);-6NH; incorporated in PSDB, AI-N bond cleavage
and formation of N—B networks occurred to yield AlIB;NHs.
When the regeneration reaction was conducted in liquid
ammonia, the aluminum atoms in AIB;N¢H¢ can coordinate
to NH; to produce more AI-N coordinate bonds, thus
yielding AIB;NyH,,.

Although more than half of the amount of hydride was not
regenerated from dehydrogenated Al(BH,);-6 NH;/PSDB,
PSDB-confined Al(BH,);;6NH; that had been regenerated
twice also had a composition of AIB;NoH,,, as determined by
elemental analysis. The capacity (5.7 wt %, corresponding to
2.1 wt% for the system) and purity (98.9 mol %) of the third
dehydrogenation from Al(BH,);-6 NH;/PSDB (Figure 5b) is
close to that of the second dehydrogenation (6.0 wt% and
99.0 mol %, respectively). Specifically, 42% and 40% of the
initial H, release capacity were achieved with the products of
the first and the second regeneration, respectively (Support-
ing Information, Figure S14). This suggests that the new
material (AIB;NyH,,) that was obtained by the first dehydro-
genation of Al(BH,);:6 NH5/PSDB is a potentially recyclable
hydrogen-storage medium.

In summary, the immobilization of a volatile metal
borohydrides by using the phenyl rings of a polymer scaffold
to absorb the MB into its porous nanostructure with a good
distribution was demonstrated for the first time. We then
showed the in situ formation of a metal borohydride ammoni-
ate by treatment with ammonia. The nanosized MBA
featured an advanced hydrogen-storage performance well
beyond that of its bulk counterpart, PSDB-confined
Al(BH,);6 NH;. With this material, dehydrogenation with
high purity (> 99 mol %) and superior kinetics was achieved.
More importantly, dehydrogenated Al(BH,);;6NH5;/PSDB
can be at least partly regenerated, and the rehydrogenated
material showed recyclable hydrogen-storage properties.
However, to realize full chemical regeneration of
Al(BH,);6 NH; from its decomposition products, consider-
able efforts are still required to overcome inevitable issues,
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including a low yield of regeneration and the energetically
demanding hydrazine-based process. Further studies are
underway to develop new reductants and optimized regener-
ation schemes, so that a highly efficient regeneration of MBAs
and other B—N-based hydrogen-storage materials may be
achieved.
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