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In view of its high chemical energy density and no emissions if
derived from recyclable resources, hydrogen is expected to be
an essential energy carrier of the future, fixing the gap
between intermissive recyclables and rapidly dwindling fossil
fuels.l"! Light, safe, and compact storage of hydrogen for on-
board applications remains the largest challenge in its
implementation.[z] As a result, there has been great motiva-
tion to pursue chemical materials that comprise light elements
and have a high hydrogen content suitable for on-board
applications.’! Ammonia borane (NH;BH;, AB) is consid-
ered as one of the most promising chemical hydrogen storage
materials, attributed to its high material storage density, low
thermolysis temperature,”! and recently realized regenerabil-
ity.! Nevertheless, poor recyclability, slow kinetics below
100°C, and simultaneous liberation of excessive deleterious
gases upon thermolysis (i.e., borazine, ammonia, and dibor-
ane)’ are main challenges that need to be addressed before
this material can be utilized in practical systems.

Initial advances have demonstrated that the promoted
rate, extent and purity of H, delivery required could be
achieved from AB by using a variety of catalytic strategies,
such as nanoscaffolds,””! acids,”! bases,'” metal catalysts,"!
among others”” Among them, metal catalysts showed
superior performances in stimulating AB dehydrogenation.
Unfortunately, the presence of metallic catalysts in the
decomposed products would lead to a significant negative
effect on AB regeneration by the hydrazine route (Supporting
Information, Table S1). To overcome the drawbacks above, it
seems that an ideal solution is to seek alternative metal-free
nanosupports with more accessible surfaces and efficient
acidic or basic catalytic sites that could increase AB loading
capacity as well as the contact area between the decomposed
products (polyborazylene, PB) and the reductants, and could
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also facilitate the targeted transformation from AB to PB
upon dehydrogenation./®!

Graphitic carbon nitride (g-C;N,, GCN) is an appealing
material in which the incorporation of nitrogen atoms into the
graphitic-like carbon, can improve the mechanical, chemical
inertness, thermal stability, energy applications properties,
and especially give rise to basic catalytic function.™® The
introduction of porosity into the bulk GCN by using silica
nanoparticles as a template to yield mesoporous GCN
(MGCN) gives the as-obtained material more active catalytic
sites because of its accessible porous framework with
increased surface area.'¥ Thus, with the accessible nano-
porous structure and basic catalytic activity, MGCN has the
potential for achieving the catalysis of AB toward high-
performance hydrogen storage. The DFT calculations were
conducted to theoretically demonstrate the above assump-
tion. The density of states (DoS) of N atoms of MGCN after
incorporating AB molecules showed differences in the p and
s orbitals of N atoms near the Fermi level (Supporting
Information Figure S1), which indicates a strong interaction
between the basic sites of MGCN and the AB molecule
introduced, suggesting a potential basis for dispersion of AB
nanoparticles on the MGCN. To our knowledge, however,
there are no reports on carbon nitride-based materials applied
in chemical hydrogen storage. Herein we employ these
materials for hydrogen storage.

A MGCN material with high nitrogen content (an average
value of 0.72 was determined for the C/N ratio from the
elemental analyses, which is comparable to the theoretical
value of C;N,) and large surface area of 442 m?g~! (higher
than most of currently reported carbon nitride-based materi-
als)"* ) was applied to load AB through a solution-impreg-
nation route. After being incorporated with AB, the specific
surface area of MGCN is lessened to 29 m?g~" (Figure S2),
which indicates the occupation of AB within the porous
structure of MGCN. An average loading capacity of 47 wt %
AB in the prepared composite (denoted as AB/MGCN) was
calculated by elemental analyses performed several times on
different batches. AB/MGCN showed a very high AB content
which far-exceeds that of most of the reported size-confined
systems (Table S2), a uniform distribution and no agglomer-
ation of impregnated AB particles throughout the mesopo-
rous configuration of MGCN was realized (Figure 1a,b).
Further observation using high-resolution transmission elec-
tronic microscopy (inset of Figure 1b) reveals that AB
nanoparticles are highly monodisperse with an average
diameter of 5 nm, showing a prominent size-controlling role
of this MGCN material. This effect is also clarified by X-ray
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Figure 1. Transmission electronic microscopy images of a) MGCN and
b) AB/MGCN (inset: corresponding high-resolution micrograph).

c) Proposed mechanism of AB anchoring on the MGCN, supported by
the DFT calculations. d) Solid-state "B NMR spectra of the as-prepared
AB/MGCN and neat AB.

diffraction, in which AB is shown to form with an amorphous
state in the AB/MGCN (Figure S3). It experimentally illus-
trates that in addition to the nanoporous architecture of
MGOCYN, its active reaction sites play another crucial role in
determining the dispersion and stabilization of AB particles.
A possible mechanism of AB incorporation in
MGCN, supported by DFT calculations, is pro-
posed and illustrated in Figure 1¢ (a triazine-

NNNNN

basic sites of MGCN on AB molecule. Depending on the
intermolecular dihydrogen bonding network among AB
molecules, some other introduced ones are then drawn
together. As a consequence, the stabilization of highly
dispersed AB particles can be accomplished in MGCN,
similar to the observations of MGCN materials firmly
anchoring metal nanoparticles."”

To compare the thermolysis behaviors of AB/MGCN and
neat AB, mass spectrometry (MS), thermogravimetry (TG),
and volumetric temperature-programmed desorption (TPD)
characterizations were performed. Neat AB starts to dehy-
drogenate above 100°C with two peaks centered at 112.8 and
151.5°C, while AB/MGCN shows a one-step dehydrogen-
ation peaking at around 93.7°C (Figure 2a), with a complete
depression of borazine, ammonia, and diborane emissions.
This is also verified by the TG measurements (Figure 2b), in
which the weight loss in AB/MGCN is significantly decreased
compared to that of neat AB. As shown in Figure 2¢, in the
AB/MGCN nanocomposite AB generates 2.15 equivalents of
H, within 120 min at 85°C. In contrast, little hydrogen
evolution from the neat AB is observable under the same
conditions. At lower temperatures of 80°C and 75°C,
respectively, the AB/MGCN composite can release
1.93 equivalents and 1.58 equivalents H, in 120 min. The
long-time thermostatic TPD results (inset of Figure 2c¢)
showed that an approaching 2.50 equivalent (corresponding
to 16.3wt% in AB) H, desorption is exhibited for AB/
MGCN in the selected temperatures from 75 to 85°C. The
results for AB/MGCN far-exceed AB/graphene oxide
(GO)® (Figure S5) and the other size-confined systems
(Table S2), and some ionic-liquid-based catalytic sys-
tems'®1? with regard to the rate and extent of AB
dehydrogenation. This result further clarifies that the hybrid
effect of size-confinement and basic functionality afforded by
MGCN enormously facilitates the H, generation from AB.

Solid-state ''B NMR spectra obtained from different
degree thermolysis of AB/MGCN (Figure S6) present a typ-
ical base-initiated AB dehydropolymerization route.!'® The

based motif was employed to simplify the com- ) M ﬁgg\tﬂfg NI () BMGCH @t ’0
putations. The other motif, heptazine-based C;N, f H 2 85 °C puaat
will be used in an addition theoretical study). The | Hydrogen} 3¢ 151. ] ,& e e |
nitrogen functionalities on the surface of MGCN 2 03675, 27ine K10+

acting as strong Lewis base sites!'®! can strongly 200 2 N
attract protonic hydrogen atoms (H atoms on N) gﬁ?gl Ammonia d :k 28 5
of some of the introduced AB molecules. The ol T § N 0z
attraction will induce migration of the charges 8;8§M E | &
from AB molecules to MGCN, which is demon- 50 75 %%pegg o (1%‘; 175200 8 4|

strated by the charge distribution computation < 1004 re— e o B
(Figure S4). The subtle downfield shift of the "B g sof  ,5yoch e Time (n)

NMR spectroscopy resonance to 0 = —21.3 ppm £ 60 (b) Neat ABN 58.2% 0_‘ ® Neat AB at 85 °C 00
(1p line W}th its DFT-calculated value) compgred E 4050 IS0 B 200 T 3 b e 80 1ho 120
with that in AB (6 = —23.2 ppm) further confirms < Temperature (°C) Time (min)

the reaction of initially introduced AB molecules
with MGCN (Figure 1d). This shift is also con-
sistent with that of AB reacting with a base,'*
indicating the catalytic effect arising from the
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Figure 2. a) MS and b) TG profiles of AB/MGCN and neat AB with a heating rate of
5°Cmin". c) Thermostatic TPD results of hydrogen released from AB in AB/MGCN
at 75, 80, and 85°C (inset: time-extended thermostatic TPD results. Note that the

MGCN was not considered as a gravimetric component during the measurements).
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Figure 3. a) Solid-state ''B NMR spectra of AB/MGCN after the first dehydrogen-
ation (1), the first regeneration (2), the sixth de-hydrogenation (3), and the sixth
regeneration (4). b) H, release results from the starting composite (1st; upper most
trace) and multiple-regenerated AB/MGCN (from 2nd to 7th; lowest trace) with

a heating rate of 5°Cmin~". c) Cyclic dehydrogenation results of AB/MGCN, AB/GO,
AB/MC, and neat AB (Note that the MGCN was not considered as the gravimetric

component during the measurements).

final decomposition products, derived from AB losing more
than 2.0 equivalents H,, give rise to a broad resonance
centered near 6 =26.2 ppm (Figure 3a(1)) that is character-
istic of PB species."® It exemplifies that PB is realizable as the
signal product of AB dehydrogenation by the basic catalysis
of MGCN. After regeneration by hydrogenation with hydra-
zine, the resonance signal arising from PB species nearly
disappears with the regeneration of AB (Figure 3a(2)),
implying a efficient regeneration. Moreover, signals of AB
and the B species (0 =-21.1 ppm) arising from the inter-
action between AB and MGCN are still detectable in the
products of the sixth regeneration (Figure 3a(4)). This
verifies the sustainably catalytic effect of MGCN on AB
during its de-/re-hydrogenation cycles. MS studies on each
regenerated AB/MGCN composite show identical dehydro-
genation performance to that of the pristine material (Fig-
ure S7). The high-conversion AB regenerations in MGCN are
further demonstrated through the H, evolution investigations
of the regenerated composites (Figure 3b). It gives that 86 %
and 74% of AB is converted back for the first and sixth
regeneration, respectively, which remarkably outclass that in
AB/GO, AB/mesoporous carbon (MC), and neat AB systems
with respect to the conversion rates and cycle numbers
(Figure 3¢ and Table S1). Given the high loading capacity of
AB in the AB/MGCN composite, a more than 5.7 wt%
recyclable dehydrogenation is found for the whole material
system, demonstrating an outstanding cycling performance
among the chemical hydrogen-storage systems, which encour-
agingly establishes the basis toward its underlying practic-
ability.
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7 ence of MGCN. On the basis of the degree of
complication of overall reaction sequence (no less
than a hundred reactions), only the initial steps in
the reaction were considered. The computational
results indicate that these initial reactions are
more exothermic (Figure 4) and thus thermody-
namically more favorable than those of without
MGCN, which is ascribed to the nitrogen
functionalities of MGCN modifying the charge
distribution of borazine (Figure S9) and then
influencing the reactions between borazine and hydrazine.
It confirms the feasibility of room-temperature regeneration
of AB with the help of MGCN.

Besides the highly production- and energy-efficient
regeneration route at ambient temperature, highly activated
as well as recyclable hydrogen generation was established in
a MGCN-supported AB system, attributed to the combined
activity of size-controlling effect and basic functionality in
MGCN. It endows AB with superior hydrogen-storage
performances that surpass most of currently reported solid-

B;N,Hq B,NgH,o BaNgH,o

:ﬁ 1202 100

NH,
X\Ar‘f\“ s,
;5‘6

BoN;H,, ByN/H,, BoN H14
%& —2332 456
BaNH.s BNH,, -502 B,Ny H“3
o S, T %

Figure 4. Calculated energies AH (kJmol™' N,H,) of possible reactions
yielding intermediates and products for the |n|t|a| introduction of N,H,
molecules to borazine in the presence of MGCN.
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state hydrogen-storage systems. In spite of the potential
advantages, when considering this system to target a realistic
application, more intensive research must be devoted toward
further improvements, for example, optimizing the synthesis
of the composite system or functionalizing the support to
promote the guest capacity and the contactable area between
dehydrogenated product and reducer, and/or for an improved
regeneration means to highly efficiently recharge the spent
fuel at lower cost and with less energy-consumption.
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