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ABSTRACT: The promotion for hydrogen release from
ammonia−borane (AB) was observed in the presence of
ZIF-8. Even at concentrations of ZIF-8 as low as 0.25 mol
%, a reduction of the onset temperature for dehydrogen-
ation accompanies an increase in both the rate and amount
of hydrogen released from AB.

One of the critical issues in the increasing worldwide
demand for clean energy sources is the development of

new hydrogen-storage materials that can be used in automotive
applications.1 U.S. Department of Energy (DOE) 2015 targets
for onboard hydrogen-storage systems are 90 g kg−1 gravimetric
density and 81 g L−1 volumetric density of deliverable
hydrogen.2 In particular, hydrogen should be released at
sufficient rates near 85 °C, as defined by current polymer
electrolyte membrane fuel operating conditions. Ammonia−
borane (AB; NH3BH3) is a promising potential candidate
owing to its high stoichiometric hydrogen content3 moderate
dehydrogenation temperature, and stability at room temper-
ature.4 However, currently there are limits to the practical fuel-
cell application of AB including slow kinetics, irreversible
hydrogen loss, and formation of volatile impurities.5 Great
efforts have been devoted to addressi these roadblocks
including the use of catalysts,4b,6 ionic liquids,7 additives,8

base-metal substitutions,9 and Lewis and Brønsted acid
catalysts.10

In 2005, Autrey et al. reported an enhanced hydrogen release
of AB at the surface of mesoporous silica.11 This report
provided a new approach by using nanoscaffolds to improve the
dehydrogenation of AB.12 Since then, metal−organic frame-
works (MOFs), a family of nanoporous crystalline material
constructed of metal centers and organic ligands,13 were
explored for the nanoconfinement of AB and showed improved
kinetics or impurity reduction of AB dehydrogenation.14 The
MOF-confined AB composites were prepared via complex
methods either in organic solvents or by a vapor-phase-
infiltration method. They addressed the function of “nano-
confinement” or MOF-confined AB as the catalytic seeds and
suggested that the synergistic effect of nanoconfinement and
metal catalyst centers of MOFs contributes to the enhanced AB
dehydrogenation kinetics. However, there is still a lack of
evidence to confirm the hypothesis that “nanoconfinement” is
the key contributing factor. In addition, previous reports

focused on experimental methods and qualitative investigation
rather than the issues of low overall gravimetric storage
capacity.11−14 However, solving these issues is important to
further developing MOFs as candidates and improving its
performance for AB dehydrogenation for practical applications.
ZIF-8 [Zn(2-methylimidazolate)2], a sodalite zeolite-type

structure with nanopore structural features reflected by a large
surface area (1947 m2 g−1), large cavities (11.6 Å), and small
pore apertures (3.4 Å),15 is one of the most popular MOFs
because it is chemically robust, thermally stable (over 500 °C),
and commercially available. Thanks to these properties, ZIF-8
has been extensively investigated in many areas including gas-
storage materials,15 catalysts for the transesterification,16 and
supports for preparing nanoparticulate gold catalysts.17

Recently, ZIF-8 was reported to catalyze the dehydrocoupling
of H3B·NMe2H to yield (H2B·NMe2)2.

18 The crucial factors
were thought to be size-confinement effects and the polar and
Lewis acid/base properties of the porous matrix.
Herein we employ ZIF-8 to catalyze the dehydrogenation of

AB through solid-state mixing and compare the results to those
obtained from the nanoconfined composite analogue prepared
using solvent-based impregnation techniques.
A homogeneous physical mixture of AB and ZIF-8 was

prepared by hand milling in a mortar and pestle in a glovebox at
room temperature for 2−3 min. Solid-state 11B NMR spectra of
the milled mixtures show only BH3 (Figure S1 in the
Supporting Information), thus indicating that no chemical
reaction has occurred between ZIF-8 and AB during the milling
process. The powder X-ray diffraction (PXRD) patterns
(Figure S2 in the Supporting Information) show an intact
framework of ZIF-8 and crystalline AB, which is identified by
the strong diffraction peaks at 2θ = 24° and 34°.
Differential scanning calorimetry (DSC) was measured from

25 to 200 °C heating at 1 °C min−1 (Figure 1). Neat AB has an
exothermic peak centered at 111 °C, following an endothermic
melting peak centered at 109 °C, and a second broad
exothermic peak centered at approximately 160 °C. In contrast
to neat AB, AB/ZIF-8 samples decomposed in several steps
within a temperature range of 60−160 °C. As the concentration
of AB in a mixture of AB/ZIF-8 increased from 6 to 75 wt %,
no significant peak position changes were observed in the DSC
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traces. In general, the first strong exothermic peak, correspond-
ing to hydrogen release, occurred at 85−88 °C and two other
minor exothermic peaks were observed above 114 °C. The
broad peaks in the ZIF-8 samples, compared to the
nanoconfined sample, are due to the latter having more
homogeneous AB domains relative to the coarsely hand-milled
AB/ZIF-8 materials, leading to more rapid dehydrogenation
kinetics.
It was not until the concentration of AB was increased to 90

wt % (0.25 mol %) that the first exothermic peak was shifted to
higher temperatures (92 °C), but it is still much lower than that
of neat AB. The absence of the endothermic melting peak is
due to solid-state interaction between AB and ZIF-8, which
results in lower dehydrogenation temperatures than the melting
temperature of neat AB.14a We expected that zinc was acting as
a catalyst, so we prepared a mixture of AB and zinc chloride.
The milled mixture of AB/ZnCl2, which contains the same zinc
concentration (1.5 mol % Zn) as that in 90 wt % AB/ZIF-8,
was used for DSC measurements. The DSC curve of AB/ZnCl2
shows one endothermic melt transition at 92 °C and two
exothermic peaks with maxima at 98 and 149 °C. It is deduced
that Zn ions can promote hydrogen release from AB.
The main point of looking at ZIF-8 was to determine if

nanoconfinement was useful in enhancing the hydrogen release
kinetics of AB. A 40 wt % AB/ZIF-8-MeOH sample was
prepared by immersing the mixture of ZIF-8 and AB in an
anhydrous methanol solvent and stirring for 3 h in a glovebox
at room temperature and then removing the solvent by high
vacuum for 24 h. Brunauer−Emmett−Teller (BET) measure-
ments show that the ZIF-8 surface area was reduced from 1253
m2 g−1 before loading to <66 m2 g−1 after loading, which
indicates that the pores of ZIF-8 have been impregnated with
AB. This sharply reduced surface area measured by BET was
also previously reported as evidence of AB confinement.11,14c

For comparison, the hand-mixed 50 wt % AB/ZIF-8 exhibited a
surface area of 1148 m2 g−1 for ZIF-8, showing that AB not
migrate into the pores of ZIF-8. The DSC curve of the AB/
ZIF-8-MeOH showed exothermic peaks centered at 87 °C and
two minor exothermic peaks at 116 and 129 °C, similar to that
of the milled AB/ZIF-8 samples. It is therefore unlikely that
nanoconfinement is a key factor in this case.
Hydrogen release from the 75 and 90 wt % AB/ZIF-8

samples was quantified using a pressure−composition−temper-
ature (PCT) instrument and Sieverts’ method from 25 to 195
°C heating at 1 °C min−1 (Figure 2). It was observed that 75 wt
% AB/ZIF-8 released 0.05 equiv of hydrogen as low as 71 °C,

and two maximum rates were observed at 82 and 133 °C. Up to
195 °C, 2.66 equiv of hydrogen was released. Compared with
75 wt % AB/ZIF-8, 90 wt % AB/ZIF-8 released 0.05 equiv of
hydrogen at a higher temperature of 80 °C and reached two
maximum rates at 89 and 140 °C. A total of 2.57 equiv of
hydrogen was released up to 195 °C. Compared with neat AB,
which begins dehydrogenation above 100 °C and releases 2.35
equiv of hydrogen up to 195 °C, the performance of 90 wt %
AB/ZIF-8 is still improved over neat AB.
Isothermal kinetics of AB/ZIF-8, AB/ZnCl2, and AB/ZIF-8-

MeOH were evaluated by volumetric gas buret measurement at
90 °C. For comparison, AB/ZnCl2, AB/ZIF-8-MeOH, and neat
AB have also been measured under the same conditions. All
four composites have better results on both the rate and
volume of hydrogen released compared to neat AB. In the first
10 min, approximately 0.91 and 0.65 equiv of hydrogen were
released from the 75 and 90 wt % AB/ZIF-8 samples,
respectively (Figure 33). After 2 h of hydrogen generation,

1.18 and 1 equiv of hydrogen were evolved, respectively. The
rate of hydrogen release from AB/ZIF-8-MeOH is similar to
that from 75 and 90 wt % AB/ZIF-8 samples, but the amount
of hydrogen released is much less than that of those two
samples. It is likely that, during the preparation of AB/ZIF-8-
MeOH, some hydrogen has been released because upon careful
examination bubbles can be observed. This is consistent with
previous catalyst solution studies.19 Although the amount of
hydrogen released from AB/ZnCl2 is a little less than 90 wt %
AB/ZIF-8, the rate is much lower. The induction period
typically required for neat AB, which is related to the disruption

Figure 1. DSC curves: (above) AB/ZIF-8 samples; (below) AB/ZnCl2
and AB/ZIF-MeOH samples and neat AB.

Figure 2. Equivalents of hydrogen and intensities of evolved hydrogen
from (left) 75 wt % AB/ZIF-8 and (right) 90 wt % AB/ZIF-8.

Figure 3. Hydrogen evolved over time at 90 °C.
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of dihydrogen-bonding networks, has been bypassed by the
AB/ZIF-8 samples.20 PXRD patterns of AB/ZIF-8 after this
measurement show no major changes in the ZIF-8 framework,
indicating that ZIF-8 is stable during dehydrogenation and
potentially reusable as a catalyst.
While ZnCl2 acts as a catalyst for AB dehydrogenation, it is

clear that the catalytic activity of ZIF-8 is greater. Considering
the crystalline porous nature of ZIF-8, we speculate that the
advantage of ZIF-8 is due to the Zn ions being homogeneously
disperse on the surface of ZIF-8. In addition, it is possible that
the hydrogen bonding formed between organic ligands of ZIF-8
and AB disturbs the dihydrogen-bonding network among AB.
One further advantage of the ZIF-8 catalyst is that the

impurities (borazine, diborane, and ammonia) released from
AB/ZIF-8 have been dramatically reduced (Figure S3 in the
Supporting Information).
In summary, our research provides a simple but highly

efficient method to promote the dehydrogenation of AB by
employing MOF as a catalyst. Notably, though the concen-
tration of ZIF-8 is as low as 0.25 mol %, the onset temperature
for hydrogen evolution is remarkably reduced, and both the
rate and amount of hydrogen released from AB are promoted.
Moreover, the data indicate that nanoconfinement may not be a
key factor for the promotion of AB dehydrogenation in this
case.
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