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Abstract

Ammonia borane NH3BH3 (AB), a material for solid-state hydrogen storage, can be nanosized
by confinement into the porosity of a scaffold like mesoporous silica, carbon cryogel,
graphene oxide, ZIF-8 as a metal organic framework, poly(methyl acrylate), boron nitride and
manganese oxide. In doing so, nanosized AB is destabilized and shows better
dehydrogenation properties than bulk AB in terms of temperature, activation energy, enthalpy
and kinetics. Such improvements are due to the confinement-driven nanosizing effect, but not
only. A catalytic effect may also have a contribution and, in some cases, it even overpasses
the nanosizing effect. These effects are explained in detail herein. The present review aims at
reporting the outcomes of the AB confinement strategy to help understand the advantages and
to identify the limitations which are still not adequately defined. Based on this analysis, the
challenges ahead are listed and discussed, and it appears that there are new opportunities to
explore. Though nanosized AB is not mature enough for implementation, it has the potential

to be developed further. Avenues worth exploring are given.
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B-N(-H) compounds
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ADB
BN
BNM
BNNP
BZ
DADB
DB
hBN
PB
PAB
PIB

Ammonia Borane NH3BH3
AminoDiBorane NH>B>Hj5
Boron Nitride

Boron Nitride Monolith
Boron Nitride NanoPolyhedra
BoraZine B3N3Hg
DiAmmoniate of DiBorane [(NH3).BH>]|*[BH4]~
DiBorane B2Hs
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Carbonaceous scaffolds

AC
BNCC
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CMK-3
CMK-5
GO
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Manganese oxide
MOHC
MOHS

Activated Carbon

Boron- and Nitrogen-modified Carbon Cryogel
Carbon Cryogel

Coherent Carbon Cryogel

Carbon Mesostructured from Korea No. 3
Carbon Mesostructured from Korea No. 3
Graphene Oxide

Microporous Carbon

Porous Aromatic Framework No. 1

Manganese Oxide Hollow Cube
Manganese Oxide Hollow Sphere

Metal organic frameworks and few of the related organic linkers

BDC
BTC
IRMOF
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MIL
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1,4-BenzeneDiCarboxylate
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Jilin University China
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Fourier Transform InfraRed
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1. Introduction

Molecular hydrogen H> is a very promising energy carrier because it has a high gravimetric
energy density with 120-142 MJ kg™!, and its oxidation (or combustion) is straightforward
resulting in the formation of water only:

Hz (g) +%2 02 (g) —» H20 (g) (1)
This is an attractive feature. This makes H> position itself as a key alternative to fossil fuels
(e.g. methane CHy) that generate carbon dioxide CO; (together with H2O) on combustion. The
big picture is much more complex, that is why, the deployment of the so-called hydrogen
economy has been until recently slow [1,2]. For example, there are still technical and

technological challenges touching, among others, production [3] and storage [4].

Storage of H», the lightest gas, is particularly problematic. A first approach, called physical
storage, is to compress (200-800 bar) or to liquefy (=253 °C) H,. Compression is the most
mature technology [5]. A second approach is to focus on materials [6,7]. Sorbents (porous
scaffolds) have allowed cryo-adsorbing H> (i.e. physisorption) at temperatures (e.g. =196 °C)
higher than the aforementioned temperature [8]. Hydrides (metallic, complex, and chemical)
have been developed. They are made of elements like magnesium, aluminum and boron that
chemically bind atomic hydrogen [9,10]. This is solid-state hydrogen storage (also called

chemical hydrogen storage).

As solid-state hydrogen storage materials, B-N-H compounds have shown attractive features,
especially high gravimetric and volumetric hydrogen densities [11]. A typical representative
is ammonia borane NH3BH3 (AB). Long sought by Schlesinger and co-workers [12] but
discovered by Shore and Parry in the mid-1950s [13], AB was re-discovered in the mid-2000s
as a promising hydrogen storage material. AB has a gravimetric H density of 19.5 wt. %,
making it one of the most hydrogen dense molecules. It is stable at ambient conditions and
under inert atmosphere. Put in water, and in the presence of a catalyst, it hydrolyzes
generating Ho [14]:

NH3BH3 (aq) + 4 H2O (1) — NHy4" (aq) + B(OH)4™ (aq) + 3 Ha (g) (2)
Presented as an alternative to the hydrolysis of sodium borohydride NaBH4, the hydrolysis of
AB has been widely investigated while almost exclusively focusing on the development of

active and efficient metal-based catalysts [15].



Another appealing property of AB is that it carries two types of H atoms, three protic
hydrogens H% through the NH3 moiety and three hydridic hydrogens H> by the BH3 group,
and all of these hydrogens are involved in dihydrogen H®'[IIH® interactions [16]. Under
heating, they react together and form H,. In fact, bulk AB decomposes rather than it
dehydrogenates: it melts at about 100 °C and concomitantly decomposes through a two-step
process over the temperature range 100-200 °C (Figure 1). Gaseous products mainly
consisting of H> and borazine B3N3Hs (BZ) are produced [17], and a solid polymeric residue
of complex composition forms [18]. Heated at isothermal conditions, i.e. at a constant
temperature below the melting point like 88 °C, bulk AB dehydrogenates via the formation of
diammoniate of diborane [(NH3)BH2]*[BH4]~ (DADB) and through a mechanistic pathway
implying three successive steps of induction, nucleation and growth [19]; accordingly, AB
releases one equivalent of Ho (Figure 2). In reality, the overall decomposition process is more
complex. First, aside from the aforementioned dihydrogen H®'[IH?® interactions, homopolar
HO [TH® and H3*[IH%" interactions have significant contribution in the release of Ha [20-23].
This leads to B-B and N—-N coupling reactions and thus to polymeric residues with B—B and
N-N bonds in addition to the expected B—N bonds. Second, with bulk AB, the process is
heterogeneous [24]. All of the AB molecules do not decompose simultaneously, conducing to
a mixture of AB, DADB and various polymeric species. In conclusion, AB as a bulk material
is not suitable for solid-state hydrogen storage. Efforts have then focused on finding strategies
to destabilize AB in order to make it release pure H> at temperatures below 100 °C. With the
discovery of an effective re-hydrogenation process [25] that was applied to polyborazylene
(PB) (Figure 3), another goal has been to dehydrogenate AB to form PB as single solid

residue in a selective way.

To date, five major destabilization strategies have been developed, such as: solubilization of
AB in an anhydrous organic solvent like tetrahydrofuran and in the presence of a metal-based
homogenous catalyst [26] like iridium pincer complex [27], palladium pincer complex [28]
and N-heterocyclic carbene nickel [29]; addition of an excess of AB into an ionic liquid like
1-butyl-3-methylimidazolium chloride [30]; addition of a solid-state dopant like
hexachloroplatinic acid HoPtCls [31] or ammonium chloride NH4ClI [32] to solid-state AB;
nanosizing AB by confining it into the porosity of a porous material (also called scaffold or

host material) like mesoporous silica SBA-15 [33]; and, chemical modification of AB by



substitution of one H®" of the NH3; moiety by a metal cation to obtain amidoborane derivatives

like lithium amidoborane LiNH>BH3 [34].
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Figure 1. Schematic representation of the thermolytic decomposition of AB under
heating at constant heating rate, from 0 to 1000 °C.
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Figure 2. Dehydrogenation of bulk AB via the formation of DADB [(NH3)2BH2]*[BH4]~ and

through a mechanistic pathway implying three successive steps of induction, nucleation
and growth
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Figure 3. Hydrogen cycle with AB and PB (BNH<2): dehydrogenation of AB under heating
resulting in PB, and chemical recycling of PB into AB in the presence of N2H4 in liquid NHs.

The confinement strategy is particularly appealing [35-38]. There are several reasons for
claiming this. A priori, the used scaffold is inert towards AB. Infiltrated and confined AB is in
the form of nanoparticles, having improved thermodynamics and kinetics of decomposition
while dehydrogenation is favored. Solvents like ionic liquids, with high boiling points and
that are difficult to evaporate, are not used. Unanchored catalysts or doping agents that may
be difficult to separate from dehydrogenated AB are not used. No other element than B, N,
and H is involved, unlike for amidoboranes. Since the seminal study using mesoporous silica
SBA-15 [33], a number of scaffolds, of different natures, have been investigated for
nanosizing AB by confinement [39]. All improve the dehydrogenation properties of AB.
However, all are not so inert towards AB. In fact, the role of the scaffold has proven that it is

more complicated than that which is mentioned above.

The present review scans 15 years of research dedicated to the AB confinement in order to
bring the most important achievements out, highlight the role (or the roles) of the scaffolds
used so far, discuss the main challenges ahead, and put the strategy aiming at nanosizing AB
in perspective. The next section focuses firstly on silica as it was the first scaffold reported in
the field. Then follows the other scaffolds: carbonaceous materials, metal organic frameworks
(MOFs), polymers, boron nitride structures and manganese oxide hollow particles. Hereafter
AB confined into the porosity of a scaffold is denoted AB@scaffold and is also called

composite.



2. The scaffolds reported so far

The AB@scaffold composites presented herein all have better dehydrogenation properties
than bulk AB. This applies in terms of e.g. onset temperature of dehydrogenation, enthalpy of
dehydrogenation, and apparent activation energy. For bulk AB, the values generally reported
are comparable to 100 °C, —21 kJ mol™', and =160 kJ mol™', respectively. Though some
examples of values and performance are given hereafter for illustration, it does not appear
opportune and relevant to propose an extensive comparison of the aforementioned
temperature and energies. The rationale behind this is that there are discrepancies in the
experimental conditions, making any comparison risky; indeed, scaffolds with different
surface properties were used, the AB @scaffold preparation conditions were different, and the
dehydrogenation experiments were performed in different experimental conditions and using
different methods and/or apparatuses. For example, the decomposition behavior of bulk AB
was reported to be different for a series of AB samples synthesized through different
pathways as well as for a same sample but analyzed with different analyzers [40,41]. Hence,

the following sections essentially focus on the factors behind the improvements.

2.1. Silica

Gutowska et al. [33] demonstrated that a saturated methanolic solution of AB could be
infiltrated by capillary action into the mesoporosity of silica SBA-15, precisely into
nanochannels of 7.5 nm in diameter parallelly and hexagonally aligned (Figure 4). In doing
so, AB@SBA-15 was produced. The specific surface area of AB@SBA-15 was measured as
<50 m? g7! (versus 900 m? g~!' before infiltration) and the amount of infiltrated AB was
determined as 50 wt. %. These two features indicated a successful confinement of AB into the
scaffold. Elsewhere, the infiltration of AB was successfully performed by using
tetrahydrofuran instead of methanol. For instance, Zhang et al. [42] worked with porous silica
hollow nanospheres (SHNS; pore diameter of about 200 nm, specific surface area of 263 m?
g”!, and total pore volume of 0.56 m?> g!') as scaffolds, and after infiltration of AB using
tetrahydrofuran as a solvent, AB@SHNS had modified textural properties, with a specific
surface area of <15 m? g™!' and a total pore volume of <0.2 m?® g~!. Sullivan et al. [43] also
used tetrahydrofuran as a solvent of AB while aiming at comparing three mesoporous silicas,

i.e. MCM-41 (668 m?> g”! and pore size of 3.4 nm), SBA-15 (497 m? g™! and pore size of 4.3



nm), and MCF (217 m? g™! and pore size of 18 nm). The best destabilization effect was
obtained with MCF, namely the scaffold having the bigger pores and the lower specific
surface area, followed by SBA-15 and MCM-41. This was explained by the role played by the
solvent: AB dissolved in tetrahydrofuran forms extended linked (polymeric) species that

cannot effectively diffuse inside the small pores of e.g. MCM-41.
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Figure 4. Schematic representation of the infiltration into the hexagonally arranged
nanochannels of mesoporous silica SBA-15 while using a methanolic solution of ammonia
borane NH3BHs.

Whatever the solvent used or the infiltration approach considered, AB must be completely
confined. AB that is not confined, also called excess of AB, forms aggregates outside the
scaffold porosity and, under heating, it is very similar to bulk AB. Wang et al. [44] showed
that when the loading of AB exceeded the 50 wt. %, AB made aggregates outside the meso-

channels of MCM-41. For loadings of <50 wt. %, AB uniformly coated on meso-channels.

All of the AB@scaffold composites showed improved thermolytic dehydrogenation
properties in comparison with bulk AB. For example, the seminal AB@SBA-15, when heated
at 1 °C min™!, started to dehydrogenate from 50 °C [33]. In another study where SBA-15 and
MCM-41 were used, comparable onset temperatures of dehydrogenation were measured [45].
A lower onset temperature of dehydrogenation (38 °C) was seen for AB (60 wt. %) confined
into the porosity of a silica aerogel (887 m? g™! and 1.94 cm® g™') [46]. Confined AB has
modified thermodynamic properties. With AB@SBA-15, the enthalpy of H> loss was almost
neutral, namely of —1 kJ mol™' [33]. An enthalpy of —11 kJ mol™' was measured for AB
confined into silica aerogel, which had some AB outside the porosity behaving then as bulk
AB [46]. The value —11 kJ mol™! would be an average value between —21 kJ mol™" for bulk
AB and e.g. —1 kJ mol™! for confined AB. With AB@SBA-15, the apparent activation energy
of dehydrogenation was calculated as being 67 kJ mol™! [33]. For AB@SNHS, the apparent
activation energy was found to be 97.6 kJ mol™! [42]. An energy of 104-109 kJ mol™' was



calculated for AB confined into the porosity of silica MCM-41 nanospheres (diameter of 200

nm, and specific surface area of 726 m? g™') [47].

The purity of the released H» is controversial. On the one hand, released H> was found to be
pure [48,49]. On the other hand, gaseous by-products were detected. Gutowska et al. [33]
noticed, for AB@SBA-15, that the amount of released BZ was mitigated, but not avoided.
Similar observation was reported by Lai et al. [45] for AB confined into SBA-15 or MCM-41.
Further mitigation of BZ was achieved by doping the scaffold with Pd, Ni or Pt nanoparticles
[50]. Some diborane BoHs (DB), notably at around 100°C, and significant amounts of NH3
were also detected. Worst of all, the amount of NH3 was found to be greater than for bulk AB.
This was explained by the breaking of the B—N bond of AB driven by O of surface Si—O-Si
and SiO-H (Figure 5ab). For AB confined into three different mesoporous silicas (SBA-15,
MCM-41 and MCF), Sullivan et al. [43] did not detect, in the gas stream, BZ nor any other
volatile product. Instead they detected gaseous AB. It was suggested that BZ may decompose
when in contact with the surface of silica to form the observed gaseous AB. Focusing more in
detail on AB@MCEF, Sullivan et al. concluded that the surface SiO—H groups play a more
important role than the surface Si—O-Si in disrupting the AB lattice through interactions

between SiO—H and NH3 of AB (Figure 5¢).

The better dehydrogenation properties of AB@scaffold can be explained by different positive
effects. The first one is related to nanosizing, in other words, to the reduction of the AB
particles size [47,48]. The as-formed AB nanoparticles have more defect sites initiating
dehydropolymerization at lower temperatures [33]. Furthermore, the diffusion distances are

reduced, facilitating the formation and release of H> [51].

The second positive effect has been attributed to the role of H®" of the SiO—H groups. This
effect is generally discussed in terms of catalytic activation [52]. Zhang et al. [42], by using
vibrational spectroscopy techniques and doing density functional theory calculations, showed
that dihydrogen O—H® IIH®-B interactions between the surface SiO—H groups and the BH3
groups of AB exist, and that they are stronger than the dihydrogen H®'[IH? interactions
between the AB molecules. Hence, initial H» is released by acid-base reaction between SiO—H
and BHj, leading to surface SiO-B bonds (Figure 6). Further H, is formed by
dehydropolymerization of the as-formed surface SIO-BH>—NH3 and BHj3 of another AB.
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Figure 5. (a, b) Lewis base-acid reaction between O of Si-0O-Si or SiO-H (of silica Si0O2)
and BHs of AB, resulting in the liberation of NHs. (c) Example of H-bonding interaction
between O of SiO-H and NHs of AB.
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Figure 6. SiO-H group-catalyzed dehydropolymerization of AB.

The third positive effect was evidenced by a series of studies where MCM-41 was used as
scaffold [53,54]. Bulk AB and AB@MCM-41 were studied with atomic PDF analysis of
synchrotron powder XRD data, anelastic spectroscopy and DSC, over a wide range of

temperature (from —193 to 27 °C). The structural evolution of confined AB was compared to

11



that of bulk AB (Figure 7). Upon warming, bulk AB underwent an order-to-disorder phase
transition, from orthorhombic (s.g. Pmn2:) to tetragonal (s.g. [4mm) at —48 °C. In contrast,
confined AB was tetragonal in structure between —163 to —33 °C and, a structural change
from tetragonal to amorphous occurred between —33 °C and -3 °C. Another study using
MCM-41 (as porous nanospheres) also stressed on the amorphous nature of the confined AB
at ambient temperature [47]. In amorphous state, AB has altered, i.e. weakened, dihydrogen
H®[IH? interactions [55], and the AB molecules are more mobile and active [19]. The
consequence is modified, greatly improved dehydrogenation properties for AB @scaffold in

comparison with bulk AB.

H, release H, release
100°C H, release R
,5/\ disordered disordered Y
) hase hase =
[\ dmorphous B P g

phase tetragonal tetragonal
transition (s.g. 14mm) (s.g. 1Amm)
disordered ordered ordered
4 phase phase phase
tetragonal orthorombic orthorombic
(s.g. fAmm) (s.0. Pmn2,) (s.9. Pmn2,)
nano- AB neat
confined aggre- (bulk)
AB gates AB

Figure 7. Phase transformation of confined AB, aggregates of AB (i.e. outside the
porosity of the scaffold), and bulk AB, from -193 to 150 °C.

2.2. Carbonaceous materials

Feaver et al. [56] proposed carbon as a lighter scaffold than silica and as having better thermal
conduction properties. Coherent carbon cryogel (CCC), with a specific surface area of 300 m?
g7!, a total pore volume of 0.75 cm® g™!, and pores of 2-20 nm, was used. Infiltration was
done by soaking CCC in a tetrahydrofuran solution of AB. The aggregates of AB deposited
on the external surface of the scaffold were washed off. Sepehri et al. [57,58] also used carbon
cryogel (CC; 446 m? g! and 1.06 cm® g™!) as well as boron- and nitrogen-modified CC
(BNCC; 285 m? g™! and 0.89 cm® g™'), both scaffolds having similar pore size distribution (ca.

12



16 nm). Infiltration of AB was performed as described above. These studies showed, well
before Sullivan et al.’s report [43], that the pore size has a more important role in
destabilizing AB than the specific surface area. Controlling the pore size may help in tuning
the dehydrogenation temperature of confined AB in such a way that the narrower the pore size
is, the lower the peak temperature of H» release [59]. In other words, microporosity (pore size
of <2 nm) should be favored [60]. For size comparison, it is worth mentioning that the

dimensions of the AB molecule are 0.33 X 0.15 nm?.

Moussa et al. [61] used activated carbon (AC; 716 m? g™! and 0.36 cm® g™!) and prepared
three different samples, either by infiltrating AB while using a solvent (tetrahydrofuran and
methanol) or by ball-milling AB and AC. The best decomposition results were measured for
AB@AC using tetrahydrofuran as a solvent. The least attractive destabilization was achieved
when methanol was used. This was justified by a less efficient confinement of AB because of
a possible repulsion between the surface COO-H groups of AC and the O—H group of
methanol. With respect to the ball-milling approach, the as-obtained AB@AC composite
showed intermediate performance. Ball-milling could have decreased the size of the AB
particles, carbon acting as lubricant during milling, and it could also have favored some
confinement of AB. Comparable results were reported by Bravo Diaz et al. [62]. However,
the released H, was found to be polluted by several by-products including BZ, DB and NHs.

Impregnation of AB in solution was then preferred owing to purer Ho.

In comparison with bulk AB, AB@CCC [56] showed improved dehydrogenation properties,
with a one-step release of pure H> between 75 and 110 °C. The enthalpy of dehydrogenation
was —120 kJ mol™!, which is much more exothermic than that of bulk AB (21 kJ mol™).
With respect to the AB@CC and AB@BNCC composites [57], comparable decomposition
profiles with decreased peak temperatures of dehydrogenation (of 10-15 °C) were observed.
However, BZ was still released. The apparent activation energies were lowered, but in a
limited extent (150 and 115 kJ mol™" respectively versus 160 kJ mol™! for bulk AB). Li et al.
[63] used mesoporous carbon CMK-3 as scaffold (specific surface area of 1150 m? g~!, pore
volume of 1.29 cm?® g7!, and pore diameter of 4.5 nm). AB@CMK-3 decomposed into H> and
NH;3 from about 75 °C and up to 150 °C. The weight loss was as high as 27 wt. % because of
the release of NHs. No BZ was detected. The enthalpy of decomposition was —2.1 kJ mol™,

indicating significantly modified thermodynamics. Comparable results (release of NH3, no

13



BZ, enthalpy of —1.6 kJ mol™!, apparent activation energy of 64 kJ mol™') were reported for
AB@AC [61]. Yang et al. [64] used a microporous carbon (MC) with a narrow pore size
distribution such as 1-1.5 nm. After infusion of AB by using methanol as a solvent, the
specific surface area as well as the pore volume drastically decreased (from 1652 to 56 m? g!,
and from 0.87 to 0.04 cm® g7'). The resulting AB@MC composite was able to purely
dehydrogenate at <50 °C and the dehydrogenation process peaked at 85 °C. The apparent

activation energy was 75 kJ mol~!. Similar performance was reported for AB confined into N-

containing carbon (i.e. polypyrrole) nanotubes [65].

It is worth mentioning that AB@CCC investigated by Feaver et al. [56] was found to lose
some H» during the sample preparation. This H> formed by reaction of H% from a surface
COO-H group and H® of the BH3 moiety of AB. Such a catalytic activation was also
observed with silica as scaffold, but the evolution of H, at room conditions had not been
reported until AB@CCC. Moussa et al. [61] faced H» release at 3-4 °C, which posed safety
issues. Because of surface COO-H® [H® -B interactions, the dihydrogen H*[IH® network
of AB is disrupted and the consequences are a lowered induction period for the
dehydrogenation and a lowered barrier to the H, formation. Li et al. [63] used XPS to analyze
the dehydrogenated form of AB@CMK-3. A binding energy at about 192 eV, typical of B-O
bonds, emerged and maintained at high temperatures, indicating the formation of CO-B and
COO-B bonds and thus the immobilization of B on the CMK-3 surface (Figure 8). Similar
XPS results and conclusions were reported by Cao et al. [66] for AB@CMK-5. Moussa et al.
[61] observed the B-O bonds by !'"B MAS NMR spectroscopy. Acid catalysis, owing to
CO-H and COO-H proton donors, leads to changed dehydrogenation thermodynamics.
According to Li et al. [63] and Bravo Diaz et al. [62], acid catalysis cannot hinder — it rather
favors — the formation and release of NH3; in contrast, it hampers the formation and release of

BZ. In any case, the acid catalysis effect is believed to overpass the nanosizing effect [67].

Besides the aforementioned acid catalysis effect, the nanosizing effect was reported to also
take place. It explains the better dehydrogenation properties of AB confined into the porosity
of a carbonaceous scaffold. Nanosizing results in smaller AB crystals with higher surface
energy which favors the breaking of B—H and N—H bonds whilst the breaking of the B-N
bonds is prevented [64]. In addition, the diffusion path for emitting H> is shorter, and the

reaction frequency is enhanced, thereby leading to accelerated dehydrogenation [57,63]. A
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particularly interesting study showing the positive effect of the nano scale is the one that uses
graphene oxide (GO) as host material [68]. By using a tetrahydrofuran solution, 30 and 50 wt.
% AB were loaded in the form of nanoparticles and located between the GO sheets to act as
spacers. The nanoparticles had a diameter of 4 and 10 nm, respectively. The former ones
dehydrogenated starting from 50 °C whereas the latter ones dehydrogenated from 67 °C. The
nanoparticles were suggested to form from cationic AB, i.e. [NH3BH2]", as a result of the
reaction between H®" of surface CO-H and H® of AB, and subsequent H%-driven
agglomeration of AB molecules around [NH3BH:]*. The key role of surface CO—H groups
and of their H® in AB dehydrogenation was confirmed by theoretical calculations [69]. In
another study using GO [70], the evolution of some NH3 was noticed for AB@GO. The GO
scaffold was partially reduced and was used for AB infiltration. The as-formed composite

released, this time, pure Ho. The evolution of NH3 with AB@GO was attributed to surface

CO-H groups.
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Figure 8. Interactions and reactions between (a) surface CO-H and AB, and (b) surface
COO-H and AB, resulting in the formation of surface CO-B and COO-B bonds, the release
of H2 and the generation of NHs.

The pure confinement effect was demonstrated for a porous aromatic framework (PAF)
containing only C and H atoms. Peng et al. [71] focused on PAF-1 which is made of aromatic
rings arranged according to the diamond topology and resulting in a light material (0.3 g
cm™) with attractive textural properties (specific surface area of 4657 m? g~!, pore volume of
2.55 cm® g7!, and pore size of 1.4 nm). AB@QPAF-1 dehydrogenated starting from 50 °C,
without releasing any gaseous by-product, showing an apparent activation energy of 116 kJ

mol~! (184 kJ mol™" for bulk AB in the same experimental conditions).
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For AB@CMK-3, Li et al. [63] dug deeper to further improve the dehydrogenation properties
in terms of kinetics and purity of the released H». The scaffold, prior to the infiltration of AB,
was functionalized with 5 wt. % Li*. The AB@Li*-CMK-3 composite was then prepared and
studied. It showed better dehydrogenation kinetics than the Li*-free composite (onset
temperature of dehydrogenation of 55 °C versus 75 °C) and it released H> without NHz. A
synergistic interaction between Li* and the surface of CMK-3, featured by CO-Li, was
believed to occur, and Li* was proposed to play a crucial role in immobilizing the NH3 group
of AB via Li*[IN interactions (Figure 9). Starting from both CO-Li and CO-H as surface
groups as well as from one AB, it was suggested the formation of the surface complex
CO-H®[MH%>-BH,-H3;NILi—OC, as intermediate, for which the B-H and N-H bonds are
weakened. Elsewhere, loading Ni** and Co" in the form of nanoparticles on the surface of
graphene nanosheets were found to improve the dehydrogenation properties of the AB

nanophase [72].
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Figure 9. Functionalization of the surface of the carbon CMK-3 by Li* and role of Li* in
the destabilization of AB by immobilization of the NH3 group via the formation of a doubly
anchored AB molecule: CO-H®*IH>-BH2-H3NILi-OC.

2.3. MOFs

Metal organic frameworks (MOFs) are polymeric materials made of metal cations as
coordination sites and organic linkers. They form a wide range of crystalline porous structures

and have been considered as potential scaffolds for the AB confinement [73].

The first MOF reported as scaffold is JUC-32-Y [74]. It is made of Y3+ sites and 1,3,5-
benzentricarloxylate rigid linkers. JUC-32-Y is stable up to 525°C, and by heating below this
temperature, water of JUC-32-Y can be removed. Water removal results in the formation of
unsaturated Y>* metal sites, expected to strongly interact with AB. A similar process was
applied to Mg-MOF-74 (2,5-dioxido-1,4-benzenedicarboxylate linkers), MIL-101 (1,4-
benzenedicarboxylate (BDC) linkers), and Zn-MOF-74 (2,5-dihydroxybenzene-1,4-
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dicarboxylate linkers) to obtain unsaturated Mg?*, Cr**, and Zn?* sites respectively [75-77].
Infiltration of AB inside the MOF porosity was done by capillary effect, which was verified
by decreased specific surface areas and pore volumes. With a MOF having flexible pores, as
is the case for Fe-MIL-53 (Fe’* sites and BDC linkers) [78], the successful confinement of
AB was verified by XRD, specifically by determining the unit cell volume before and after

infiltration; typically, an increase from 900 to 925 A3 was noticed after infiltration of AB.

AB@JUC-32-Y dehydrogenated from 50 °C, the dehydrogenation process peaking at 84 °C
[74]. AB@Mg-MOF-74 showed an onset temperature of dehydrogenation of <70 °C [75].
With AB@Zn-MOF-74, the temperature was 60 °C [77]. Such positive results were justified
by the confinement effect, namely, the considerably increased surface area of nanosized AB
and the decreased diffusion path lengths. Besides this, Srinivas et al. [78] stressed on the
occurrence of reduced intermolecular interactions between the AB molecules into the porosity
of the scaffold. Chung et al. [79] found that there is a linear relationship between the
temperature of H> desorption and the reciprocal of the AB size (i.e. of the MOF pore size): the
narrower the pore size is, the lower the peak temperature of H» release. Zhong et al. [80]
called this effect into question. By using the chemically and thermally robust ZIF-8 (Zn>" sites
and 2-methylimidazolate linkers; 1253 m? g™'), they prepared a physical mixture of AB (hand
milling using a mortar and a pestle) and ZIF-8, as well as AB@ZIF-8 by infusion using
methanol as a solvent. The former showed a specific surface area of 1148 m? g”!, and the
latter of <66 m? g~'. Slightly better dehydrogenation profiles were found with the former
sample, allowing the authors to suggest that the confinement may not be the factor promoting
AB dehydrogenation. They alternatively suggest a catalytic role of ZIF-8. Contradictory
trends were reported for AB@Tm(BTC) (with Tm(BTC) a MOF based on Tm>* sites and
1,3,5-benzenetricarboxylate linkers) prepared by using methanol as AB solvent and another

AB@Tm(BTC) elaborated by hand milling [81].

With the AB@MOF composites, an interesting result to discuss is that of the gases released
under heating. On the one hand, the released H> was found to be pure, especially exempt from
NH;. The absence of NH3; was attributed to the unsaturated metal sites [82]. These sites act as
Lewis acid sites interacting with the electron donor NH3 moiety of AB and binding to it under
heating [83]. Srinivas et al. [78] demonstrated the formation of Fe—NH> groups for AB @Fe-
MIL-53 upon heating, thereby confirming the role of the metal sites in the AB
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dehydrogenation (Figure 10). Partial reduction of Fe** to Fe?* was observed, but there was no
evidence of a complete reduction into Fe’. With AB@Cu(BDC), the unsaturated Cu?* sites
were found to hinder the release of NH3 also, but Cu** reduced because of Ha, resulting in
partial degradation of the long-range-ordered structure of the MOF (disconnection by broken
Cu-0 bonds) and weakened confinement effect [84]. On the other hand, some NH3 was found
to be released together with Ha. This was the case for AB@MIL-101 where the Cr’* sites
were originally unsaturated [76]. In fact, UV-Vis spectroscopy and XPS results, combined
with theoretical calculations, showed that Cr** was saturated during the preparation of
AB@MIL-101, because of the dehydrogenation of AB in some extent, resulting in surface
complexes made of NH>BH> and surface CO—Cr (Figure 11). Li et al. [83] investigated
AB@MOF-5 (MOF-5 with BDC linkers), knowing that the Zn>* sites were saturated (i.e.
fully and tetrahedrally coordinated with carboxylate groups). NH3 evolved. Similar results
were reported for AB@IRMOF-1 (the MOF having Zn** sites and BDC linkers),
AB@IRMOF-10 (the MOF having Zn?* sites and biphenyl-4,4'-dicarboxylate linkers),
AB@Ui0-66 (the MOF having Zr** sites and BDC linkers), AB@UiO-67 (the MOF having
Zr* sites and biphenyl-4,4'-dicarboxylate linkers), and AB@MIL-53(Al) (the MOF having
Al’* sites and BDC linkers) [79].
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Figure 10. Interaction of AB with the Fe-MIL-53 pore surface, via OIIBH3 and FelllNHs3,
resulting in CO-BH2 and Fe-NH2 groups upon reaction with 2 AB molecules.

For dehydrogenated AB@Zn-MOF-74 and AB@Fe-MIL-53 [77,78], FTIR spectroscopy and
XPS analyses revealed B-O bonds. These bonds formed by reaction of BH3 of AB with the
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O-functional groups (of the linkers) present inside the pores, suggesting that the
destabilization of AB is related to the destabilization of its B-H and B—-N bonds. The O-
functional groups and the Fe sites have a combined effect for destabilizing AB (Figure 10). Li
et al. [83] extrapolated by claiming that the aforementioned O atoms help in avoiding the
formation of B2Hg by trapping the BH3 groups. Similar observation was reported by Wu et al.
[84] for the MOF Cu(BDC) used as scaffold.
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Figure 11. Saturation of the coordination of Cr3* of MIL-101 by reaction with AB during
the preparation of AB@MIL-101 and resulting in the formation of NH2BH2 bound to the
MOF surface via Cr-N and B-O bonds.

Jeong et al. [85] focused on the absence of BZ when AB@MOF-5 was heated. AB@MOF5
released pure Hp, with no detectable volatile by-products. Dehydrogenated AB@MOFS5 was
analyzed by ''B MAS NMR spectroscopy and no signal suggesting the formation of PB was
noticed. They concluded in the formation of polyiminoborane (PIB; structural unit [NHBH]),
the linearly linked polymer of AB forming upon the release of 2 equivalents of Hz, which
would be favored by the small pores of MOF-5. In other words, the formation of BZ was
prevented by the geometric hindrance caused by the small pores. Large surface area and

porosity seem to be the key factors to prevent BZ formation.

There is one study for which an unexpected by-product evolved. Si et al. [76] studied
AB@MIL-101 which decomposed into aminodiborane NH>B>Hs (ADB) together with NHa.
The formation of ADB was explained as follows:

2 NH3BH; (s) — NH2B2Hs (g) + NHs (g) + Ha (9) 3)
Furthermore, keeping in mind the surface adsorbed NH>BH: intermediate (Figure 11), ADB
could form as follows:

NH3BH3 (s) + NH2BH> (ads) — NH2B2Hs (g) + NH3 (g) 4)
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Surface functionalization of MOFs has proven to improve the dehydrogenation properties of
confined AB. Si et al. [76] supported Ni on the inner surface of MIL-101 and the resulting
AB@Ni/MIL-101, unlike AB@MIL-101, generated pure H,. The Ni sites hindered the
formation of NH3 and ADB, and they further improved the dehydrogenation kinetics. Gao et
al. [86] considered the same MOF but functionalization was done on an ortho carbon of the
phenyl group of the organic linker. Functionalization by an amine NH> or an amide
NHCOCH;3 group was done. With (unfunctionalized) AB@MIL-101, the volatile by-products
NH;3, DB and BZ formed. After functionalization, some NH3 was still present. The surface

amine groups were suggested to act as chemical immobilizers of AB [87,88].

2.4. Organic polymers

A number of polymers were used (Figure 12). The first polymer reported in the field is
poly(methyl acrylate) (PMA) [89]. Dissolved in acetonitrile, it was blended with a solution of
AB, resulting in a soft solid that is semi-transparent for 17 wt. % AB and white for 44 wt. %
AB. The presence of AB impacted the glass transition temperature of the polymer that
decreased from +16.3 °C to —24.5 and —7.4 °C, respectively. The difference was explained by
the presence of crystalline AB aggregates. Under heating, AB@PMA showed better
decomposition properties than bulk AB. The onset temperature of dehydrogenation was 70 °C
for the sample with 17 wt. % AB. Nevertheless, AB@PMA, irrespective to the content of AB,
decomposed into H» and NH3. Comparable results were reported for AB@PAM (PAM as
polyacrylamide) prepared by blending [90]. For this last study and in ref. [91], water was used

as a solvent and interestingly no hydrolysis of AB took place.

With hyper-cross-linked porous polymers (resins) like poly(styrene-co-divinylbenzene)
(PSDB), AB dissolved in methanol was loaded by infusion, namely capillary effect. Tang et
al. [92] prepared AB@PSDB in this way. The specific surface area and the pore volume of
the resin decreased from 757 m? g™! and 0.88 cm® g!' to 215 m? ¢! and 0.51 cm® g7
Confined AB was in the form of nanoparticles with a diameter of 4 nm, which was favored by
the cross-linked porous structure of PSDB. Pure H> was liberated from 50 °C, the reaction

enthalpy being —4.7 kJ mol™! and the apparent activation energy 64 kJ mol™".
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Figure 12. Polymers used as scaffolds for confining AB, with PMA poly(methyl
acrylate), PMMA as poly(methyl methacrylate), PAM as polyacrylamide, PVP as
polyvinylpyrrolidone, PS as polystyrene, PEO as polyethylene oxide, and PSDB as
poly(styrene-co-divinylbenzene).

Another approach for confining AB, precisely in the form of (nano)fibers, is electrospinning
where a spinnable polymer plays the role of the scaffold. Kurban et al. [93] reported porous
fibers of polystyrene (PS) and AB. The most optimized synthesis produced AB@PS fibers
dehydrogenating from 60 °C. Tang et al. [94] electrospun a methanolic solution of
polyvinylpyrrolidone (PVP) and AB. AB@PVP fibers with a diameter of 80-100 nm were
obtained. They started to dehydrogenate at 60 °C, liberating H, contaminated by NH3. The
enthalpy of H, release was determined by DSC as being about —4 kJ mol~!. Alipour et al. [95]
investigated poly(methyl methacrylate) (PMMA) as polymer for electrospinning
AB@PMMA. In comparison to the previous studies, PMMA was not as effective. Formation
and release of DB, BZ and NH3 were observed. By adding a catalyst like carbon nanotubes,
pure H> formed [96]. With polyethylene oxide (PEO) [97], confined AB released some DB
and NH3, as well as BZ in higher extent than bulk AB. Nevertheless, the dehydrogenation
properties of AB@PEO were better than those of bulk AB. This was attributed to the role
played by the ethereal O of PEO: the interactions between O and H®" of NH3 of AB replace
the dihydrogen H®'[IH? interactions, resulting in more mobile AB molecules prone to

liberate H> at low temperatures [98].
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____________________________________________

Figure 13. The two decomposition pathways of AB@PAM. The outer shell of the AB
nanoparticles decomposes via the formation of surface B-O bonds and rationalizes the
evolution of the unwanted NHs. The core of the AB nanoparticles dehydrogenates
according to the DADB initiation pathway, resulting in the formation of linear and cross-
linked polymeric residues.

H ~_ 0 ¥ o~
[

H s i H |
: o S

H | f
— —< — = — Sy

H—B—H H—N-B—H N —BH i B
\ \ \ H | ‘@ |
H H H H H

Figure 14. Chemical immobilization of NHs of AB via OIH-N hydrogen interactions, and
subsequent reaction with another AB molecule resulting in the formation of immobilized
DADB.

The improved dehydrogenation properties of AB@PMA, AB@PVP, AB@PMA and
AB@PAM can be explained by the formation of C=OlIIBH3 bonds and weakened B—H, N-H
and B—N bonds. The formation of DB and BZ is hindered due to the formation of B—O bonds,
and the B—N bond of AB is weakened resulting in the loss of some NHs. Li et al. [90] studied
AB@PAM by !'B MAS NMR spectroscopy before, during, and after dehydrogenation. The
fresh sample showed two BH3 resonances: the first one was due to the interactions of some
BH3 with the surface C=0 groups, and the other one was due to the BH3 moiety of the AB
molecules not interacting with the scaffold surface. Accordingly, the AB nanoparticles were
schematized as core@shell systems for which the shell refers to the surface C=OUIBHj3
entities and the core to AB (Figure 13). Partially dehydrogenated AB@PAM showed

resonances suggesting the presence of AB and DADB, and also the resonance ascribed to the
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B-O bond. This supposed the occurrence of the DADB initiation pathway for the core of the
AB nanoparticles. Upon complete dehydrogenation, the solid consisted of a mixture of PIB
and PB, with a surface made of B—O bonds. Ploszajski et al. [99] also showed the importance
of the DADB initiation pathway (Figure 14), in their case for AB@PEO. Upon
dehydrogenation (up to 200 °C), AB@PEO led to surface B—O bonds and PB.

2.5. A few other scaffolds

Boron nitride (BN) is the final product of pyrolytic decomposition of AB [100]. It is thermally
and chemically stable, and it is made of B and N only, which a priori excludes any risk of
contamination of AB because of other elements. It was used for destabilizing AB. For the first
studies focusing on BN, a dense material was employed as promoter, not as scaffold. Neiner
et al. [101,102] used bulk hexagonal boron nitride (hBN; specific surface area of 12 m? g™
that was mechanically activated to obtain nanocrystallites (ca. 10 nm) developing higher
specific surface area (251 m? g™!). The hBN nanocrystallites were ball-milled with AB to
obtain a mixture denoted AB/hBN. In comparison to bulk AB, AB/hBN showed better
decomposition properties. For example, the mixture consisting of 50 wt. % AB and 50 wt. %
hBN showed an onset temperature of 90 °C and an enthalpy of 15.1 kJ mol™" (for the first
decomposition step). The beneficial effect of hBN was explained by the role it played in
disrupting the dihydrogen H®[ITH?" interactions of AB, thereby facilitating the isomerization
of AB into DADB. The presence of the hBN nanocrystallites had however a negative impact.
AB/hBN generated more BZ than bulk AB did. The BN promoter acted as template and BZ
was favorably formed by a surface-enhanced mechanism [103]. Typically, trimers of AB
([AB]3) physically adsorb on the surface of BN through BIIN and NIIB interactions between
the B-N bonds of [AB]z and those of BN; then the trimers chemically dissociate while

liberating H» and cyclizing into BZ.

In our group, we focused on porous BN as scaffold [104]. A first example is porous boron
nitride nanopolyhedra (BNNP), with a mean diameter of 70 nm (with a wall thickness of 5
nm), a specific surface area of 200.5 m? g' and a total pore volume of 0.424 cm?® g7
Confinement of AB was done by infiltrating a tetrahydrofuran solution of the borane at 0 °C.
The as-obtained composite AB@BNNP, with a core@shell structure, showed a specific
surface area of 6.7 m? g~! and a total pore volume of 0.023 cm?® g~!. It was stable below 40 °C.

Above this temperature, it dehydrogenated while releasing 1.7 wt. % of pure H> up to 80°C.
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This was explained by a pure confinement effect. Release of some NHs was however
observed when the sample was heated above 80 °C. No BZ was detected. A second example
is porous hBN in monolithic form (BNM), showing interconnected mesoporous network with
a specific surface area of 584 m? g~! and a total pore volume of 0.75 cm?® g! [105]. Unlike for

BNNP, pure H> was generated thanks to a pure confinement effect.

Yang et al. [106] considered porous manganese oxide MnO> hollow cubes (MOHC; 400 nm
and a wall thickness of 40 nm) with a specific surface area of 298 m? g~!, a porous volume of
1.05 cm® g7, and an average pore diameter of 1.64 nm. AB dissolved in tetrahydrofuran was
infiltrated, resulting in decreased specific surface area and pore volume (27.6 m?> g™}, and 0.27
cm® g!). In comparison with bulk AB, AB@MOHC showed improved dehydrogenation
properties such as an onset temperature of 60 °C, the release of pure H», and an enthalpy of
dehydrogenation of —6 kJ mol™'. More recently, Yang et al. [107] focused once more on
porous manganese oxide but in the form of hollow spheres (MOHS). They consisted of
porous balls (257 m? g™! and 0.47 cm® g') of 1-2 um with a wall thickness of 80 nm.
AB@MOHS showed dehydrogenation results that are quite similar to those reported for
AB@MCHS. For both scaffolds, the improved dehydrogenation properties were attributed to

the nanosizing effect.

3. Comprehensive discussion

3.1. Current understandings

The understanding of the AB confinement strategy as well as of its benefits is rather good.

This is discussed hereafter.

Insertion of AB into the porosity of a scaffold is not an issue. There are three approaches that
have proven to be effective. The first one uses a solvent of AB like methanol or
tetrahydrofuran. The AB solution fills the porosity of the scaffold by capillary effect. It might
nonetheless be mentioned that, in tetrahydrofuran, AB would be able to
oligomerize/polymerize and the as-formed species could then not effectively diffuse inside
the smallest pores. The second approach has been applied to organic polymers, and it also

uses solvents. This is the blending method where AB is dissolved in one solvent, the polymer
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in the same solvent or in another, and the two solutions are blended. The third approach is
solvent free. Typically, the AB and the scaffold are ball-milled. The ball-milling method
allows to decrease the size of the AB particles and to partially fill the scaffold porosity with
AB. A complete infiltration of AB is unattainable as of yet, at least under the current
optimization levels. It is worth repeating that any AB outside the porosity, i.e. AB aggregates,

behaves like bulk AB.

Confinement means nanosizing, which is favorable for AB dehydrogenation. This may be
conceptualized as follows: the narrower the scaffold pore size is, the smaller the AB
nanoparticles, and thus the higher the specific surface area of AB. It follows that, with
nanosized AB, the surface energy is higher, there are more defect sites, the intermolecular
interactions between the AB molecules are reduced, the AB molecules are more mobile and
active, and the diffusion distances are shorter. In other words, the B—H and N-H are
weakened, and dehydrogenation is facilitated and accelerated. Concomitantly, the B—N bond
is, in some way, reinforced and its breaking prevented. The dehydropolymerization of AB is
finally promoted. From the point of the scaffold, microporosity should be favored. Pure

confinement effect has been notably shown with BN as a scaffold.

With scaffolds carrying protic hydrogens H®" like silica and carbon, AB is destabilized by
catalytic activation, namely by interaction of surface H® (from e.g. SiO—H or COO-H) and
H% of confined AB. The dihydrogen H®[IH?® interactions of AB are then disrupted, the
induction period for dehydrogenation is considerably shortened, and the barrier to the H»
formation is lowered. Loss of H> was indeed observed during the preparation of the
AB@scaffold composite, even at temperatures as low as 3-4 °C. Such catalytic activation

outweighs the confinement effect.

The O atoms of scaffolds like silica, carbon, MOF, polymer and manganese oxide also play
an important role in destabilizing AB through the formation of O[IBH3;—NH;3 and/or
OIM-NH,-BH3 interactions. The OIIBH3—NH3 interactions weaken the B—N bond of AB,
leading to its breaking and the release of NH3. Concomitantly, the BH3 group binds to O, and
the as-formed B—O bonds go against the formation of DB and/or BZ. With respect to the
O[MM-NH,-BH3 interactions, they replace the dihydrogen H®*[IH® interactions of the AB

molecules. AB is destabilized and liberates H> at lower temperatures.
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With AB @scaffold, the main volatile by-product is NH3. The release of NH3, a Lewis base,
can be avoided when unsaturated metal sites acting as Lewis acids are present on the scaffold
surface. This may be achieved by supporting a metal cation (e.g. Li*) onto mesoporous silica
or carbon, or by using a thermally activated MOF (e.g. MIL-101 with unsaturated Cr**). In
both cases, the unsaturated metal sites immobilize the NH3 groups of AB via Li*[INH3 or
Cr’*[INH; interactions. In contrast, the release of NH3 cannot be hindered when the metal

sites are saturated.

3.2. Limitations and challenges
The confinement strategy has also shortcomings and there are still challenges to be overcome.
They are all the more critical because the AB @scaffold composite is intended to be cyclically

used.

Scaffolds with surface O—H are problematic. An acid-base reaction between H® and H% of
BHj3 of AB may take place, resulting in uncontrolled release of H>. This precludes any storage
of AB@scaffold, even for short time, and for safety reasons. Otherwise, this uncontrolled
release of H> has two direct consequences. Strong B—O bonds form between the scaffold and
the dehydrogenated AB. This is awkward in terms of recyclability (cf. below). Uncontrolled
formation of H> means wasted H», namely, H» that is not available for feeding a fuel cell. This
results in decreased effective gravimetric hydrogen storage capacities (GHSC). One may
wonder whether or not scaffolds carrying surface O—H should be avoided. It is worth
mentioning here that a possible alternative could be a N-containing scaffold as predicted by
first-principles calculations. Chen et al. [108] predicted that the lone pair of N of the N-
containing scaffold would destabilize AB by accepting one of its H%, this key initial step
being followed by the release of Hz such as:

N*-H + [NH,BH3]™ - N + NH.BH: + H» (5)

MOFs as scaffolds, in comparison with the other ones, have been much studied, and it is quite
clear that the best results have been achieved with unsaturated metal sites (e.g. Cr’*, Fe*t,
Cu?*). Such sites can be offered for other scaffolds by loading metal cations (e.g. Li*) into
their structure. Yet, two issues have been identified, because of AB. Regarding the first one,

AB may coordinate to the electron deficient metal center, saturating it via formation of a
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surface complex, and causing the loss of its ability to trap NH3. The second issue is about the
reducing ability of AB [109]. Under heating, AB is able to reduce a metal cation, the
reduction being partial (e.g. Fe** — Fe?*) or total (e.g. Cu?>* — Cu). This may deteriorate the
MOF effectiveness in driving the release of pure H», and even lead to the collapse of the MOF
(because of the breaking of metal-oxygen bonds). The chemical stability of MOFs is thus

crucial.

By reaction with AB, the formation of B—O bonds has been evidenced for the O-containing
scaffolds. For example, B 1s binding energies of 2191.8 eV were measured by XPS, and these
energies are typical of B—O bonds in borate species (e.g. BO>~, B4O7>~, B(OH)3, B203) [110].
The B-O bond is strong (dissociation energy of 806 kJ mol™"), roughly as strong as the C—O
(1076 kJ mol™) and C=0 (749 kJ mol™') bonds [111]. Transforming B—O bonds into B-H
bonds is in fact as challenging as converting C=0O bonds (of CO;) into C—H bonds. It is
therefore reasonable to assume that the formation of B—O bonds after dehydrogenation of
AB @scaffold is a complicating factor in terms of recyclability and regenerability of AB. To
date, no effort has been made regarding this. Future computational and experimental works
may shed light on, among others, the dissociation energies of the C—O and B—O bonds of
surface C—O-B, the energy barrier to transform the B—O bonds into B-H and N-B bonds,
and the conditions allowing the total regeneration of AB. It is also important to know which
surface species/complexes may form (C—O—-BH:> and/or C—O-BH>—NH3) if the B—O bonds
cannot be broken towards the formation of B—H bonds, and how stable they may be. Beyond
this, it should be kept in mind that stable B—O bonds mean less B—H bonds after regeneration
and thus decreased effective GHSCs.

The aforementioned limitations may act against the cyclic use of AB@scaffold. The
limitation regarding the metal sites is particularly acute. Cycle after cycle, extending
deconstruction of the MOF scaffold and increasing NH3 release could be expected. With
respect to the limitation due to surface B—O bonds, its impact will be more or less serious:
more if the stability and the effective GHSCs of the regenerated AB@scaffold are
jeopardized, less if the effective GHSCs are decreased in a negligible or acceptable extent
(e.g. <0.5 wt. %). Nevertheless, one thing that should not be overlooked is that the most
critical limitation against cyclic use of AB@scaffold is the solid residue forming upon

dehydrogenation of confined AB.
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Though the exact nature of the solid residues forming upon the dehydrogenation of nanosized
AB is not well known, there are three major learnings. B—O bonds form when scaffolds with
reactive surface O atoms are used. Upon the release of 1 equivalent of H», nanosized AB
transforms into various products such as DADB-like intermediates, polyaminoborane (PAB)-,
PIB- and PB-like oligomers/polymers; the as-formed solid is thus of complex composition.
Upon the release of 2 equivalents of Hz, nanosized AB transforms into PB and/or PIB, but the
formation of the latter polymer is favored with scaffolds having pores small enough to prevent

dehydrocyclization.

The conclusion emerging from the third point above is that selective formation of pure PB as
solid residue seems to be tricky for now. PIB also forms, partially or exclusively. This is a
source of concern for the regeneration and cyclic use of AB, since there is no effective
chemical route that converts PIB back into AB. When PB forms, the polymer can be re-
hydrogenated. For example, Tang et al. [68] attempted to regenerate the solid residue
recovered after the dehydrogenation of AB@GO (upon the release of 2 equivalents of H>) by
following the procedure shown in Figure 3. 71% of the starting AB was recovered after a first
cycle of regeneration. The percentage decreased to 65% for an extra cycle. To explain these
percentages lower than 100%, the authors assumed that some PB was encapsulated and was
not accessed by the reducing agent. In our opinion, this might have another prevailing cause,
the presence of B—O bonds. As already discussed above, B—O bonds cannot be easily
converted into B—H bonds, and it is even thermodynamically impossible in the conditions
Tang et al. applied. Another problem not to be overlooked is the risk of draining some PB
and/or regenerated AB outside the porosity of the scaffold. Indeed, NH3 is an excellent
solvent of AB and it may promote some AB deconfinement. Against this background, it turns
out that it is premature to envision effective dehydrogenation/re-hydrogenation processes over
tens/hundreds of cycles. There has been insufficient effort directed toward the cyclability of

AB @scaffold.

Another issue is the weight penalty induced by the scaffold. The presence of the scaffold
adversely impacts the hydrogen storage capacities of AB. When discussing about GHSCs (as
well as volumetric hydrogen storage capacities (VHSCs)), one must be cautious and fair.

Prior to any discussion, it is worth well defining what is meant by GHSC. The capacity has to
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be seen either from the material level (e.g. AB, AB@scaffold) or from the system level (the
system referring to the whole storage system, including tanks, heaters, pipes, valves,
electronics, and so forth). At the material level, one has to distinguish between the theoretical
GHSC, which is the weight percentage of the H atoms in AB or AB@scaffold, and the
effective GHSC, which is the weight percentage of H» that is effectively released as Hz in
operating conditions. At the system level, one has to discuss in terms of netr GHSC, which is
the weight percentage of H» effectively released as H> on the basis of the weight of the whole
storage system. As a first approximation, the net GHSC may be seen as half of the effective
GHSC; this assumes that the weight of AB or AB@scaffold is half of the weight of the

storage system.

To illustrate the point above, AB has a theoretical GHSC of 19.6 wt. % H. If it is assumed the
release of 2.7 equivalents of H» (i.e. 90% of AB converted into [BNHoe¢].), the effective
GHSC is 17.6 wt. % H and the ner GHSC is 8.8 wt. % H. If it is assumed the formation of
[BNH:], (upon the release of 2 equivalents of Hy), the effective GHSC is 13.1 wt. % H and the
net GHSC is 6.55 wt. % H. However, all of these capacities are for bulk AB.

With AB @scaffold, the weight of the scaffold has to be considered. The GHSCs (theoretical,
effective, and net) mentioned above have to be revised (Figures 15 and 16) by assuming 10 to
90 wt. % of AB in the composite, and the release of 2.7 equivalents of H> (i.e. 90% of AB
converted into [BNHo¢],) or of 2 equivalents of H» (i.e. 67% of AB converted into [BNH>],).
For example, AB@scaffold with 50 wt. % of AB and dehydrogenating at 90% has a
theoretical GHSC of 9.8 wt. % H, an effective GHSC of 8.8 wt. % H and a net GHSC of 4.4
wt. % H. Higher loadings (=260%) should be targeted in order to exceed a net GHSC of e.g. 5
wt. % H.
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Figure 15. Effective (Eff.) GHSCs for AB@scaffold with a loading of AB varying from 10

to 90 wt. %. The theoretical GHSCs are given. The GHSCs for bulk AB (100 wt. %) are

given. The effective GHSCs are for dehydrogenation extents of 67% (with formation of
[BNH2]n) and 90% (with formation of [BNHo.s]n).

The solid residues [BNHo¢]» and [BNH:], represent PB and PIB respectively. The formation
of PIB is clearly detrimental in terms of GHSC (Figures 15 and 16). With this polymer, the
GHSC:s for a conversion of 67% have to be considered which means a net GHSC of 3.7 wt. %
H. Loadings higher than 80% are then required to exceed a net GHSC of 5 wt. % H. It is
therefore of importance to identify the dehydrogenated form of AB in order to optimize the

dehydropolymerization process and thus the GHSCs.
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Figure 16. Net GHSCs for AB@scaffold with a loading of AB varying from 10 to 90 wt.
%. The theoretical GHSCs are given. The GHSCs for bulk AB (100 wt. %) are given. The
net GHSCs are for dehydrogenation extents of 67% (with formation of [BNH2]n) and 90%

(with formation of [BNHo.6]n). The dashed line indicates the GHSC of 5 wt. %.

The effective and net GHSCs discussed above are valid for a fresh or a fully re-hydrogenated
AB @scaffold composite. In the current state, our knowledge of AB cyclability is limited to
one report where about 70% of the starting AB was re-hydrogenated. Assuming that 70% of
AB is regenerable cycle after cycle, the net GHSCs have to be revised downwards (Figure
17). Except for one point, none then reach the level of 5 wt. % H. This is confirmation that

AB has to be regenerated while targeting a conversion as close to 100% as possible.

The last but not least challenge is scaling up. Currently, the technological readiness level
(TRL) is 3, that is, the concept has been demonstrated experimentally. The next TRL, the 4
one, refers to small scale (or “ugly”) prototype built in a laboratory environment. We however
have not reached this level yet. It is thus difficult to go further into the discussion without
getting into speculation. Only higher TRLs can be proof of the technological relevance and
sustainability of the AB confinement strategy. Any prototype should give consolidated net
GHSCs, and thus a more accurate and more realistic idea of the capacities of the whole

storage system.
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As a conclusion of the present section, and because the advantages and drawbacks of the
scaffolds have been summarized above, a short discussion about the ‘good scaffold’ candidate
might be expected. Comparing the scaffolds reported so far is however tricky because of two
main reasons. Firstly, the experimental data (e.g. onset temperature of dehydrogenation,
apparent activation energy, enthalpy of dehydrogenation, purity of the released H>) cannot be
relevantly compared because of discrepancies in the experimental conditions (e.g. infiltration
procedure, isothermal conditions versus constant heating rate). Secondly, the destabilization
of AB by a scaffold carrying surface H%" like silica is different, in fact greater, than the
destabilization of AB by a MOF that is free of surface H®. With the former scaffold, H
should be released at a lower temperature than the latter scaffold. However, a new questions
raises: is it preferable to release H> below 50 °C? Actually, here also, it is difficult to go
further into the discussion without getting into speculation. One may however wonder
whether silica and carbonaceous materials, for instance the aforementioned SBA-15 and MC,
would be the ‘good scaffold’ candidates based on criteria like abundancy, cost of production,

and commercial availability.

3.3. Opportunities

Nanosizing by confinement greatly improves the dehydrogenation properties of AB, but the
scaffold causes a weight penalty detrimental in terms of GHSCs. There is thus another avenue

to explore. It is to nanosize AB without the use of a scaffold.

Song et al. [112] synthesized, by reaction of DB and NHj3, agglomerated nanoparticles of AB
(around 50 nm) together with microsized aggregates of AB. The mixture of these nano- and
micro-phases of AB showed slightly better dehydrogenation properties than bulk AB. The
sample started to dehydrogenate at 86 °C, and less volatile by-products formed (weight loss of
24.9 wt. % at 200 °C).

32



20
] Theor. GHSC in NH;BH,

Net GHSC if [BNH,], forms
Net GHSC if [BNH, ], forms

T T T T T T T T T T T T T T T T T

—
100 90 80 70 60 50 40 30 20 10
AB loading (wt. %)

Figure 17. Net GHSCs for AB@scaffold with a loading of AB varying from 10 to 90 wt. %
and assuming that the residue is re-hydrogenated so that about 70% of the starting AB
is recovered. The theoretical GHSCs are given. The GHSCs for bulk AB (100 wt. %) are

given. The net GHSCs are for dehydrogenation extents of 67% (with formation of

[BNHz]n) and 90% (with formation of [BNHo.6]n). The dashed line indicates the GHSC of 5

wt. %.

Recently, we reported nanospheres of AB with an average diameter of 110 nm (Figure 18)
[113]. They were obtained by adding dropwise an alkaline aqueous solution of AB and cetyl
trimethylammonium bromide Ci9H3oNH3Br as a surfactant into dodecane CioHas used as
antisolvent. Nanosized AB started to dehydrogenate from 80 °C. The improved
dehydrogenation properties were attributed to the nanosizing effect. However, above 104 °C,
AB melted and the melted samples showed a decomposition pathway that was roughly
comparable to that of bulk AB (up to 200 °C). In another attempt [114], nanospheres of AB
with an average diameter of 50 nm were synthesized via anti-precipitation method.
Tetrahydrofuran was used as a solvent of AB, cyclohexane as antisolvent, and oleic acid
C17H33CO2H as surfactant. However, the AB nanoparticles showed a decomposition profile

comparable to that of bulk AB because they melted, and with melting, nanosizing was lost.

To keep the nanosizing effect observed with the scaffold-free nanoparticles of AB, the
solution we proposed was to discreetly encapsulate the 50-nm nanospheres of AB with 1-7-
nm nanoparticles of metallic Ni [114,115]. The as-obtained composite denoted Ni/AB can be

seen as Ni nanoparticles supported on bigger nanoparticles of AB. The approach proved to be
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successful since the dehydrogenation started at 50 °C, the melting was suppressed and pure
H> was released up to 100 °C. These positive results were attributed to the nanosizing effect
as well as the catalytic effect of Ni. At higher temperatures, some NH3 and BZ were however

detected. This was explained because the size of the nanoparticles was not small enough.

$-4800 x25.0k

Figure 18. SEM micrographs of AB nanospheres. They were synthesized by adding
dropwise 1 mL of AB (0.17 mL min™!) in an aqueous alkaline solution to 1 mL of CTAB in
aqueous solution, the as-obtained solution being added dropwise to dodecane (2 mL).
The molar ratio AB/CTAB was set at 5060/1. Reprinted with permission from ref. [113];
Copyright (2019) American Chemical Society.

Such achievements open up new opportunities. Further efforts should allow, on the one hand,
to further decrease the size of the AB nanoparticles and, on the other hand, to better
encapsulate them. Encapsulation can be done by following two strategies. The first one is to
optimize the loading and the nature of the catalytic metal nanoparticles. The second one is to
elaborate porous metallic shells, made of one metal or bi-/tri-metallic alloys. By optimizing

the loading (e.g. <20 wt. %), the GHSCs could be kept high.

4. Conclusion

Discovered in the 1950s, AB was re-discovered in the 2000s to be developed as a solid-state
hydrogen storage material and specifically as a solid-state hydrogen storage nano-material.
Bulk AB can be nanosized by confinement into the porosity of a scaffold like the seminal
mesoporous silica SBA-15. Various scaffolds have been considered to date. Examples are
mesoporous silica MCM-41, carbon cryogel, graphene oxide, ZIF-8 and MIL-101 as metal

organic frameworks, poly(methyl acrylate) and polystyrene as polymers, boron nitride and
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manganese oxide in the form of hollow spheres. In all cases, confined AB shows better
dehydrogenation properties than bulk AB. For instance, when the temperatures of
dehydrogenation are reduced, H> is released in a faster way, much less volatile by-products
are formed, and the apparent activation energies are lowered. The better dehydrogenation
properties can be explained in terms of a nanosizing effect, but not exclusively. Catalysis
effects also contribute in improving the dehydrogenation properties and, in some cases, such
an effect overpasses the nanosizing effect. Different catalysis effects take place depending on
the nature of the scaffold: namely, a Brgnsted acid-base reaction between HS% of a surface
O-H and H% of AB in the case of silica and carbonaceous scaffolds; a Lewis acid-base
reaction between a surface O and B of AB in the case of MOFs and polymer scaffolds; and,
Lewis acid-base reaction between an unsaturated metal cation like Cr** and N of AB in the

case of MOFs. The understanding of the destabilization of nanosized AB is thus quite good.

The use of a scaffold has also a number of drawbacks and shortcomings. There are four. (i)
With a scaffold carrying surface H%, Brgnsted acid-base reactions take place resulting in
uncontrolled H» release, related safety issues, and lowered effective GHSCs. (ii) With a
scaffold constituted of surface O, Lewis acid-base reactions lead to the formation of surface
B-O bonds that cannot be re-hydrogenated to regenerate B—H bonds and thus AB; this is
detrimental in terms of effective GHSCs. (ii7) With a scaffold having unsaturated metal
cations, reduction may take place, thereby jeopardizing the beneficial Lewis acid-base
reaction between the metal cation and N of AB; another consequence may be the collapse of
the scaffold. (iv) With any scaffold, there is a weight penalty because of the scaffold weight
and the consequence is a decreased effective GHSC. These shortcomings are none other than
the challenges ahead to still address. As it stands, nanosized AB is not mature enough to

envision technological implementation.

For nanosizing AB, to date, preference has been given to hard-templating, i.e. the use of a
scaffold. As discussed above, there is room for improvement, especially with regard to
lighter, H- and/or O-free scaffolds. Recently, soft-templating has been suggested to be an
alternative approach for nanosizing AB. The attractive feature of this approach is that no
scaffold is used and accordingly the effective GHSCs can be kept high. This is a new sub-

field, little studied before. Whether it is hard-templating or soft-templating, there are new
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opportunities to explore. Nanosized AB has the potential to be developed further in order to

be mature enough for implementation.
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