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Abstract

Following the seminal B-N-H compound ammonia borane NH3BH3, a series of derivatives have
been developed as possible chemical hydrogen carriers. First, alkali and alkaline earth derivatives
of ammonia borane, i.e. amidoboranes M(NH2BH3), with n = 1 or 2, emerged. Then, hydrazine
borane, which is actually a derivative of ammonia borane, was re-discovered and considered as a
precursor of alkali and alkaline earth derivatives, i.e. hydrazinidoboranes M(N:H3BH3),.. A
number of B-N-H ionic salts were, in this way, synthesized and reported. The present review
provides the general background (e.g. syntheses, crystallographic structures, thermal stability,
dehydrogenation properties, and decomposition mechanisms) relating to these alkali and alkaline
earth amidoboranes and hydrazinidoboranes, and carries on two objectives. The first objective is
to discuss the potential of these materials (for the application for which they have been primarily
developed over the past decades, namely hydrogen storage) and the challenges they are facing. It
is concluded that the light alkali amidoboranes, namely the lithium, sodium and potassium
amidoboranes) should be further developed owing to better dehydrogenation properties in terms
of the onset temperature of dehydrogenation, the extent of dehydrogenation, and the purity of the
hydrogen released. They should, however, be further developed with the aim of upscaling,
something that has not yet been achieved. Achieving high technological readiness levels is
thereby the main challenge ahead. The second objective of the present review is to explore
alternative uses because, as things stand, none of the developed materials have the expected
features for hydrogen storage. We suggest that any of the discussed derivatives are potentially
solid-state reducing agents, energetic materials, and/or precursors of boron nitride-based
ceramics, bearing in mind that for this last use, if the targeted material is porous, it could be
regarded as a reversible hydrogen sorbent. It is thus important to maintain efforts in the

development of the current derivatives as well as in the discovery of novel ones.
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1. Introduction

Dihydrogen Hb is highly energetic, at least gravimetrically (142 MJ kg™!). It could have been an
excellent alternative to oil (more broadly to fossil fuels) if it was extensively available in
accessible natural reserves and if it was a gas. This is not the case. Dihydrogen has to be
produced from sources carrying elemental hydrogen, and it has to be stored to improve its
volumetric energy capacity (>>12.7 kJ L=3). Accordingly, a great deal of effort has gone into
developing efficient and cost-effective methods for producing, storing, and converting (i.e. fuel

cell technology) Hz [1-3].

Storing H> is not an easy task. Beyond the conventional methods that are pressurization and
liquefaction in cryogenic conditions [4-6], a number of new approaches have emerged and been
developed within the past twenty years. These approaches are based on storing H within a liquid
and/or a solid [7-9]. In the solid state, two strategies have been developed. The first one is based
on the physical interactions between H> and the surface of a porous material (e.g. carbonaceous,
metal organic frameworks, polymers) [10]. The second, is based on the binding properties
(chemical or physicochemical interactions) between H and a heteroelement like an alkaline earth
metal (e.g. Mg) [11], a metal (e.g. Ni) [12], a metalloid (e.g. B) [13], and a non-metal (e.g. the p-
block element N) [14].

In the metalloid B category, whether combined or not with the element N, a great number of B-
(N-)H compounds, showing high gravimetric and volumetric H densities, have been synthesized
and studied as chemical hydrogen storage materials [15]. However, these H carriers offer limited
or no reversibility in terms of Ho storage. With this regard, the challenge with such materials is to

find the best and most efficient paths for high-extent dehydrogenation.

The first example belonging to the borohydrides family (i.e. B-H compounds) is sodium
borohydride NaBHs which carries 10.65 wt. % H [16]. At ambient conditions, the hydridic
hydrogens H%~ of the anion BH4™ are able to react spontaneously and exothermically with protic
hydrogens H®* of water. Hydrolysis takes place [17]. Via such a reaction, half of the evolving H,
is due to BH4™ and the other half to four equivalents of H>O:

NaBH4 + 4H,O — NaBO»-2H>0 + 4H> (D)



A metal-based heterogeneous catalyst accelerates the reaction [18]. Alternatively, NaBH4 can be
dehydrogenated by thermolysis, but the reaction has sluggish kinetics and requires high
temperatures (>500 °C) [19]. Better dehydrogenation properties can be achieved through

chemical modification implying e.g. a second cation like Zn>* [20].

The second example belonging to the family of amine-boranes (i.e. B-N-H compounds) is
ammonia borane NH3BH3 (AB). It is isoelectronic with ethane C>Hs, and carries six hydrogen
elements that account for a gravimetric H density of 19.6 wt. % [21]. Precisely, it carries three
H% in the NH3 group and three H*~ in the BH3 moiety. The existence of these two types of H, and
implicitly of intermolecular dihydrogen H>*[ITH?®~ interactions [22], rationalizes the solid state of
the compound [23] and its ability to dehydrogenate under moderate conditions starting around
100 °C [24]. Consequently, thermal dehydrogenation of AB has been widely investigated [25].
However, pristine AB does not only dehydrogenate, it decomposes into gaseous species like
ammonia NHj3, diborane B>He and borazine B3N3Hg and into a B-N-H residue of complex
composition (Figure 1). This paved the way to the development of destabilization strategies
allowing pure dehydrogenation [26]. Among the strategies envisaged so far, is the synthesis of
derivatives via substitution of one H® by a metal cation, for instance lithium amidoborane
LiNH2BH3 [27]. AB has also been investigated for H> release by hydrolysis [28] despite the
drawbacks connected with the NHj3 group (i.e. pollution of the H> stream by evolution of some

NHs, and impossible dehydrogenation of NH3 in hydrolysis conditions) [29].

Another B-N-H compound of interest is hydrazine borane NoH4BH3 (HB; 15.4 wt. % H) [30], a
derivative of AB where the N2H4 group replaces NH3. On the one hand, HB has been studied for
dehydrogenation in hydrolytic medium [31]. More attractive than AB, it is able to dehydrogenate,
not only by hydrolysis of the BH3 moiety but also by dehydrogenation of the NoHa group [32]:
N2H4BH; + 4H20 — B(OH); + N2 + 5H: 2)

In the presence of an active and selective nickel-based catalyst, a total dehydrogenation of
aqueous HB (with co-formation of N> and B(OH)3) was achieved [33]. On the other hand, HB
has been investigated for dehydrocoupling in thermolysis conditions [30], even though it is not
suitable: it predominantly decomposes into the unwanted NoH4 and generates a shock-sensitive

solid when the temperature exceeds 300 °C (Figure 1). Alternatively, like for AB, substitution of



H% by an alkali cation has also been explored leading to metal hydrazinidoboranes, for instance

lithium hydrazinidoborane LiN>H3BHj3 [34].

— H2
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_H2
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— NH,
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Figure 1. Schematized representation of thermal decomposition of pristine AB and pristine HB within the
temperature range 0-400 °C. Because the thermolysis residues forming after each decomposition are of complex
(rather unknown) composition, they are represented by BNH, (with x = <2, 2, <3, <4, 4, <7). The pictograms

represent the volatile by-products as well as, for decomposed HB, a shock-sensitive solid.

Both AB and HB have spawned new B-N-H compounds, specifically amidoboranes and
hydrazinidoboranes. These derivatives have better dehydrogenation properties than the parent
boranes. Interestingly, amidoboranes and hydrazinidoboranes are comparable in some aspects but
different in others. The present article focuses on such alkali and alkaline earth derivatives. It
aims at making a survey of the similarities as well as of the main differences. It is concluded that
we do not know amidoboranes and hydrazinidoboranes well enough and that further efforts,
particularly focusing on upscaling, are required to better understand them. It is also concluded
that the most suitable compounds for hydrogen storage appear to be the lithium, sodium and

potassium amidoboranes. Amidoboranes should be preferred to hydrazinidoboranes because the



latter derivatives decompose into ammonia and/or hydrazine. The present article also aims at
putting their application potential into perspective. The current knowledge and understanding of
amidoboranes and hydrazinidoboranes have made three other utilizations emerge. These
materials have prerequisites to be used as solid-state reducing agents, energetic materials, and/or

precursors of boron nitride-based ceramics. This is discussed in detail herein.

2. Preamble about amidoboranes

The first report about an amidoborane dates from the 1940s. The sodium compound NaNH>BH3
was synthesized through a two-step process [35,36]:

(CH3),0OBH3 + 2NH3 — [BH3NH2] [NH4]* + (CH3).0 (3a)
[BH3NH2] [NH4]* + Na(Hg) — NaNH:BHs + NH3 + 1/2H: (3b)
About sixty years later, the lithium counterpart LiINH>BH3 was reported [37]. It was successfully
synthesized by using AB as precursor and THF as solvent:

NH;3;BH;3 + C4HoLi — LiNH2BH3 + C4Hio 4)
LiNH>BH3 is a highly nucleophilic reducing agent used for the transformation of tertiary amides
into primary alcohols. However, it was not until 10 years later, in the second half of the 2000s,

that amidoboranes began to flourish.

The first metal amidoborane of the third millennium, also the first proposed as a potential
hydrogen storage material, is calcium amidoborane Ca(NH2BH3),. It was synthesized according
to a two-step process [38]. AB and calcium hydride CaH; were reacted in THF resulting in a
bis(thf) adduct:

2NH3BH3 + CaH; + 2THF — Ca(thf)>(NH2BH3): + 2H> (5)
Most of the coordinated THF molecules, but not all, were removed under vacuum. Upon heating,
the remaining THF desorbed at about 70 °C. Like the parent AB, Ca(NH2BH3)> dehydrogenates
above 100 °C, but unlike AB, it offers some advantages. The amidoborane releases cleaner H
(polluted by less than 0.1 wt. % of NH3; and B3N3Hg); it does not show an induction period in
isothermal conditions; it does not foam; its dehydrogenation extent is higher than 2 equiv Hy;

and, the dehydrogenation process is less exothermic [38,39].



The re-discovery of both LiNH:BH3; and NaNH:BHs primarily confirmed the potential of
amidoboranes [27]. They, together with other alkali (K, Rb, Cs) and alkaline earth (Be, Mg, Ca,
Sr, Ba) derivatives, are discussed in detail in the next sections. Particularly, they are compared to
hydrazinidoboranes based on the same cations. Figure 2 shows all of these B-N-H compounds,

and their respective gravimetric hydrogen density (in wt. % H) is given.
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Figure 2. Gravimetric hydrogen densities (in wt. % H) for AB and HB, MAB and MHB (with M = Li, Na, K, Rb,
Cs; top figure), and M(AB), and M(HB), (with M = Be, Mg, Ca, Sr, Ba; bottom figure). The bars and the black
numbers on the top of each bar represent the theoretical values. The circles inside the bars and the white numbers

inside each bar represent the effective gravimetric hydrogen storage capacities.



The demonstrated potential of both LiINH>BH3 and NaNH>BH3 gave a glimpse of the potential of
new amidoboranes. A first example is LINH.BH3[NH3BH3 prepared by reacting LiNH>BH3 and
NH3BHj3 in a molar ratio 1:1 or LiH and NH3BH3 in a ratio 1:2 [40]. LINH2BH3[EBH3 melts at 58
°C (vs 82 °C for LiNH2BH;3 and 95 °C for AB) and concomitantly starts to release Ho.
Theoretical calculations showed that the lower stability of LiNH>BH3[NH3BH3 as compared to
LiNH>BHj3 is due to weakened B—H®~[H>—N interactions [41]. Ammonia NH3 is also a possible
ligand giving then, LiNH.BH3[INH3 [42]. Two other ammoniate amidoboranes are Mg(NH>BH3)
GINH3 (x = 1, 2) and Ca(NH2BH3) 2NHj3 [43-45]. Another ligand is hydrazine NoHy, giving the
derivatives LINH2BH3M,H4 and Ca(NH2BH3) N>H4 (x = 0.5, 1, 2) [46,47].

Heavy cations like Y3* were also considered. Yttrium amidoborane Y(NH2BH3)3 was obtained by
milling LiNH>BH3 and yttrium chloride YClz [48]. It is unstable at ambient conditions and
decomposes. Two other examples are: aluminum amidoborane AI(NH2BH3)3 which, however,
was contaminated with some MCI (M = Li, Na, K) [49,50], and zinc amidoborane Zn(NH2BH3)2

which was synthesized at temperatures lower than —30 °C because of its instability [51,52].

Efforts were dedicated to other amidoboranes. In comparison with what was done before with
mixed-cation borohydrides [53], bimetallic amidoboranes were synthesized [54-69]:
LiAI(NH2BH3)s, Li2Mg(NH2BH3)s, NaLi(NH2BH3)2, NaMg(NH;BH3);, Na:Mg(NH>BH3)a4,
NaAl(NH>BH3)s, KMg(NH2BH3)3, KAI(NH2BH3)4, KoMg(NH2BH3)4, and RbMg(NH2BH3)s.
Otherwise, methyl-substituted amidoboranes like LiN(CH3):BH3; [70], and organometallic-
complexed amidoboranes like (’-CsHs)2Zr(H)NH2BH3 were considered [71]. Details about these

other amidoboranes can be found in several review articles [72-77].

3. Alkali amidoboranes and hydrazinidoboranes
3.1. About AB and HB

AB (tetragonal, s.g. I4mm [78]) and HB (orthorhombic, s.g. Pbcn [79]) have several features in

common. First, they are synthesized following a similar pathway (metathesis followed by



dehydrogenation) using NaBH4 and an ammonium/hydrazinium salt in an organic solvent like
THF or dioxane, at 30-40 °C [79,80]. For instance:

NaBH4 + NH4+Cl — NH3BH3 + H> + NaCl (6)
NaBH4 + N2H41/2H2SO4 — NoH4BH3 + Hz + 1/2Na2SOg4 (7)
Second, AB and HB are solid at ambient conditions. Third, they show comparable stability under
argon atmosphere, under air and in organic/protic solution [24-26,34]. Fourth, both of them are
unsuitable for solid-state hydrogen storage in pristine state, because of inappropriate thermal
dehydrogenation properties (Figure 1). This is due to the occurrence of melting and subsequent
foaming, dehydrogenation mainly taking place from about 100 °C, high extent decomposition
with release of unwanted by-products over the temperature range 100-200 °C, and formation of

polymeric residues of complex composition [81-83].

As a consequence, alkali amidoboranes MAB (with M = Li, Na, K, Rb, Cs) and alkali
hydrazinidoboranes MHB emerged (Figure 2).

3.2. Syntheses

Substitution of H** of NH3 or NoHa by M* is relatively easy. In HB, the substituted H** is one on
the central N, and the terminal NH> moiety remains undisturbed, giving then the formula
NH,NH(M)BH3; the middle N retains a tetrahedral sp? hybridization. Two main routes, as
discussed hereafter, were developed for the syntheses of MAB and MHB (Tables 1 and 2) [27,84-
102].

Syntheses of MAB and MHB must be performed under inert atmosphere (He, Ar or N2). The
reactants (MH or M) as well as the products (MAB and MHB) are not stable under air, especially
when air is humid (occurrence of spontaneous hydrolysis). For instance, NaAB evolves under air
(mass increase of 48.7%) towards the formation of e.g. sodium carbonate NaxCO3 [90] and
generates H> by solvolysis when put into contact with water or methanol [92]. Two other
examples are RbAB and CsAB. They decompose in air within minutes [94] and are moisture

sensitive [95].



The light MAB or MHB compounds, i.e. with M as Li and Na, are usually prepared by mechano-
chemistry, milling AB or HB with the alkali hydride MH:

MH + NH3:BH3 — MNH2BH3 + Hz 3)

MH + NoH4BH3 — MN:H3BH3 + H» )
Generally, MAB and MHB are synthesized in mild milling conditions (200 rpm) in order to avoid
unwanted decomposition induced by mechanical heating of the powder. For LiAB and LiHB,
extensive milling time (< 1h) induces phase transition into metastable polymorphs [84,97]. With
respect to NaAB, the milling conditions are softer because NaH is more reactive than LiH [103].
Mixing equimolar amounts of NaH and NH3;BH; with a spatula in a mortar under argon
atmosphere for 15 min is for example enough to get pure NaAB [92]. The trend is similar for
LiHB and NaHB, because LiH is relatively inert towards HB (enthalpy of reaction <0.1 kJ mol~!)
[104], LiHB is formed by ball milling only [96-99]. With respect to NaHB, it has to be
synthesized at —30 °C [100], otherwise the reactivity is too high leading to its decomposition
(enthalpy of reaction —27.8 kJ mol~") [98,104]. Another approach is to make large AB particles
react with small NaH particles in order to restrict the reaction to the interface of these particles

and better control the reaction system [105].

LiAB [87], NaAB [87,91] and NaHB [98] may also be prepared by wet chemistry in aprotic
solvent, using THF as anhydrous solvent. As for milling, LiH and NaH are mainly used as
sources of M*. Alternatively, LiNH>, NaNH> and Li3N can be used [86-88]:

MNH: + NH3BH3; — MNH:BH3 + NH3 (10)
LisN + 3NH3;BH; — 3LiNH>BH;3 + NHs (11)
The reaction of NaNH> and NH3BH3 in THF is however less efficient than the process involving

NaH, because of slower kinetics (20 h at 25 °C vs 10 min at =3 °C) [91].

Wet chemistry in aprotic solvent is the privileged method for the heavy MAB and MHB
compounds (M = K, Rb, Cs). Both KAB (Eq. 8) and KHB (Eq. 9) can be prepared from KH in
anhydrous THF [93,98]. For KHB, the use of an autoclave is recommended for safety issues.
Solid-solid mixtures have to be avoided because of high reactivity of KH with the borane (shock-
sensitive mixture leading to explosive reaction) [98]. In comparison to e.g. NaH, KH has a

stronger basicity [103]. In fact, the enthalpy of reaction was found to be —70.3 kJ mol~! for the
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solid-solid reaction between KH and HB at 25 °C (under argon); the enthalpy is thrice that of the
reaction between NaH and HB [104]. With respect to the Rb and Cs compounds, syntheses are
done using metallic alkali elements in anhydrous THF, because RbH and CsH are not
commercially available and the reactivity of Rb and Cs are lower which is better from a safety
point of view [94,95,101,102]:

M + NH3;BH3 — MNH2BH3 + 1/2H> (12)

M + NoH4BH3 — MN2>H3BH3 + 1/2H> (13)

As these amidoborane and hydrazinidoborane compounds are not soluble in THF, they can be

isolated by filtration.

Table 1. Syntheses of MAB with M = Li, Na, K, Rb and Cs. Details about the nature of the source of M* (Prec.),
molar ratio AB:M*, synthesis method, milling/stirring conditions, temperature of reaction (Temp.), and atmosphere

(Atm.; when available) are given.

Prec. AB:M*  Method Conditions Temp. Atm. Ref.
LiH 1:1 Ball milling 250 rpm / 3 h/ Graphite Room Ar [27,84]
LiH 1:1 Ball milling 250rpm/1h Room He [85]
LiH 1:1 Disc milling 3 min milling + 5 min break * Room Ar [86]
LiH 1:1.5 Wet chemistry ®  THF/ Stirring 75 min Room [87]
LiNH, 1:1 Disc milling 3 min milling + 5 min break * Room Ar [86]
LizN 4.2:1 Wet chemistry ®  THF / Stirring 60 min 30 °C Ar [88]
NaH 1:1 Ball milling 250 rpm / 3 h / Graphite Room Ar [27]
NaH 1:1 Ball milling 1h Room H; (10 bar) [89]
NaH 1:1 Disc milling 3 min milling + 5 min break * Room Ar [86]
NaH 1:1 Disc milling Room [90]
NaH 1:1.2 Wet chemistry ®  THF / Stirring 10 min Room [87]
NaH 1:1 Wet chemistry ®  THF/ Stirring 10 min -3°C [91]
NaH 1:1 Simple mixing 15 min Room Ar [92]
NaNH, 1:1 Wet chemistry ®  THF / Stirring 20 min 25°C [87]
KH 1:1 Wet chemistry® THF/4h Room No/Ar [93]
KH 1:1 Wet chemistry®  Benzene /48 h Room No/Ar [93]
Rb 1:0.93 Wet chemistry ®  THF / Overnight 0°C Ar [94]
Rb 1:1 Wet chemistry® THF/24 h Room Ar [95]
Cs 1:1.03 Wet chemistry ®  THF / Overnight 0°C Ar [94]
Cs 1:1 Wet chemistry® THF Room Ar [95]

* The number of cycles has not been mentioned
® In aprotic solvent

3.3. Cirystalline solids
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Like AB and HB [96,106], MAB and MHB are crystalline (Table 3). The lightest MAB has two
allotropes: a-LiAB and fS-LiAB [27,84,85]. During the mechano-synthesis, the o phase forms
first, and transforms to the f phase as the milling progresses [84]. The reverse transition, f-LiAB
— a-LiAB, takes place upon extended ball milling or by recrystallization after the dissolution of
the f phase. Both polymorphs crystallize in the orthorhombic space group Pbca. The unit cell of
the f phase is twice that of the a phase (with Z = 16 and 8, and for comparable volumes per
formula unit such as 67.7 and 63.7 A3 respectively). The crystal structure of f-LiAB consists of
2D layers of LiAB molecules stacked along the a axis. This phase has a lower symmetry than the
o phase, and it is seen as a metastable phase arising from energetic milling. Four [NH.BH3]~
anions surround each Li* cation (Figure 3), via one Li—N bond and three Li[llH-BH> interactions.

The tetrahedral coordination is more distorted for S-LiAB than for a-LiAB.

Table 2. Syntheses of MHB with M = Li, Na, K, Rb and Cs. Details about the nature of the source of M* (Prec.),
molar ratio HB:M*, synthesis method, milling/stirring conditions, temperature of reaction (Temp.), atmosphere

(Atm.) are given.

Prec. HB:M* Method Conditions Temp. Atm. Ref.
LiH 1:1 Ball milling 200rpm/1-3h Room He (1 bar)  [96]
LiH 1:1 Ball milling 200 rpm / 10 min + 20 min * Room Ar [97]
LiH 1:1 Ball milling 150 rpm /16 h® Room He [98]
LiH 1:1 Ball milling 300 rpm/ 6 h Room Ar [99]
NaH 1:1 Wet chemistry ¢ THEF / 300 rpm 0°C Ar [98]
NaH 1:1 Ball milling 250 rpm / 10 min -30°C Ar [100]
KH 1:1 Wet chemistry © THEF / 300 rpm 25 °C Ar [98]
Rb 1.15:1 Wet chemistry © THF /30 h Room Ar [101]
Cs 1.15:1 Wet chemistry ¢ THF/6h Room Ar [102]

*10 min milling followed by 20 min break, 18 times
1 min milling in one direction + 15 s break + 1 min in the other direction, for 16 h
¢ In aprotic solvent

LiHB also has two polymorphs, crystallizing, however, in different space groups. Interestingly,
as for LiAB, the metastable phase, which was originally discovered (hereafter denoted a-LiHB),
can be stabilized at ambient conditions through energetic ball milling. However, contrary to
LiAB, the stable phase, published later, named f-LiHB (orthorhombic, s.g. Pbca), transforms
into a-LiHB (monoclinic, s.g. P21/c) upon heating [96-100,107]. The phase transition f-LiHB —
a-LiHB occurs when the f phase is heated at 95 °C for 2 h or at 90-91 °C while heated at 5 °C

min~! from room temperature. For each phase, the Li* cation has a tetrahedral environment

12



(Figure 4), interacting with four [NoH3BH3]™ anions. There is a first Li-N bond NH,NH(Li)BH3,
a second Li—N bond with the lone electron pair of the terminal N atom of another anion, and two
LilllH>—BH interactions. The better stability of f-LiHB can be rationalized by a longer distance
between two Lit* cations (3.49 A vs 3.31 A for o-LiHB), higher density (1.061 vs 1.047 for o-

LiHB) and a more distorted tetrahedral environment.

Table 3. Summary of crystallographic properties of MAB and MHB compounds (Comp.) with M = Li, Na, K, Rb
and Cs. Information that is provided is as follows: unit cell, space group (s.g.), cell parameters (a, b, ¢, [; for the

clarity of the comparison, the parameters are given with three digits), and number of formula unit per unit cell (Z).

Comp. Unit cell *  s.g. a(A) b (A) c(A) J1Q) y/ Ref.
AB Tetrag. I4mm 5.263 5.263 5.050 90 2 [106]
o-LiAB  Orthor. Pbca 7.113 13.949 5.150 90 8 [27]
o-LiAB  Orthor. Pbca 7.105 13.930 5.148 90 8 [85]
B-LiAB Orthor. Pbca 15.146 7.721 9.268 90 16 [84]
NaAB Orthor. Pbca 7.469 14.655 5.653 90 8 [27]
NaAB Orthor. Pbca 7.464 14.635 5.648 90 8 [91]
NaAB Orthor. Pbca 7.474 14.645 5.674 90 8 [91]
KAB Orthor. Pbca 9.430 8.261 17.340 90 16 [93]
o-RbAB  Monocl.  P2j/c 6.931 5.015 11.074 101.688 4 [95]
B-RbAB  Cubic Fm3m 7.328 7.328 7.328 90 4 [95]
a-CsAB  Orthor. Pnam 9.119 7.345 5.969 90 4 [95]
B-CsAB  Cubic Fm3m 7.596 7.596 7.596 90 4 [95]
HB Orthor. Pben 13.123 5.100 9.581 90 8 [96]
o-LiHB  Monocl.  P2i/c 5.852 7.466 8.897 122381 4 [96]
B-LiHB Orthor. Pbca 10.252 8.479 7.469 90 8 [97]
NaHB Monocl.  P2i/n 4.974 7.958 9.292 93.814 4 [100]
KHB Monocl. P2, 6.709 5.882 5.767 108.268 2 [98]
RbHB Monocl. P2, 5.813 6.701 5.814 108.915 2 [101]
CsHB Monocl. P2, 5916 7.009 6.002 108.389 2 [102]

* Tetrag. for tetragonal; Orthor. for orthorhombic; Monocl. for monoclinic.

NaAB and KAB are isostructural to LiAB [27,91,93]. Like for Li*, Na* has a tetrahedral
coordination via one Na—N bond and three NalllH.—BH interactions (Figure 3). The K* cation is
larger and can accommodate more ligands. It is octahedrally coordinated (Figure 3), with six
[NH>BH3]~ anions, i.e. in mer symmetry involving two K—N bonds, two KIIH-BH> and two
K[H,—-BH interactions.
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Unlike the aforementioned amidoboranes, f-LiHB, NaHB and KHB crystallize in different

monoclinic cells (Pbca, P2i/n, P2, respectively) [96,98,100]. For NaHB, there is one more anion

(a) (b)

Figure 3. Cation environment of: (a) LiAB, (b) NaAB, (c) KAB, (d) RbAB, (e) CsAB. The green, blue and grey

spheres represent the B, N and H atoms respectively. The other colored spheres show the alkali elements.
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Figure 4. Cation environment of: (a) a-LiHB, (b) -LiHB, (c) NaHB, (d) KHB, (e) RbHB, (f) CsHB. The green, blue

and grey spheres represent the B, N and H atoms respectively. The other colored spheres show the alkali elements.

15



around the cation; five [N2H3:BH3]™ anions surround Na*, suggesting trigonal bipyramidal
geometry (Figure 4). As for LiHB, there are two Li—N bonds, one with the central N and one
with the terminal N, at the apical positions. At the equatorial positions, the coordination is made
through two NallH,—BH and one NalllHHl-BH> interactions. As for K* in KHB, the number of
surrounding anions is four (Figure 4). It interacts more intimately with the surrounding anions
than Na* does. One of the [N2H3BH3]™ anions is coordinating K* through both of its N, one K-N
bonds with internal N atoms, and another with the lone pair of electrons on the terminal N.
Among the three remaining coordinating anions; one is forming the K—N bond with the central N

and the other two are forming K[ITH>—BH interactions.

The amidoboranes of heavier alkali elements, i.e. RbAB and CsAB [94,95], do not share the
Pbca symmetry of LiAB, NaAB, and KAB. RbAB crystallizes in a monoclinic system (space
group P2i/c) where each Rb* cation coordinates six [NH2BH3]™ anions according to a pseudo-
octahedron (Figure 3). On the other hand, each [NH>BH3]~ anion has a distorted octahedral
environment, being surrounded by six Rb* cations. With respect to CsAB, it has a primitive
orthorhombic structure, the space group being Pnam. Seven [NH2BHs]™ anions surround each
Cs* (Figure 3). Both amidoboranes, denoted a-RbAB and a-CsAB, undergo, upon heating, a
reversible phase transition. At 50 and 60°C form respectively f-RbAB and f-CsAB. Both of

these £ phases have a cubic Fm3m unit cell.

As for KHB, RbHB and CsHB crystallize in a monoclinic P2; space group [101,102]. The
cations Rb* and Cs* have an octahedral coordination, with six surrounding [N2H3BH3]~ anions

(Figure 4).

With MAB [27,93,95], the volume of the unit cell per formula unit increases with the size of the
metal cation (Figure 5). It has a pseudo-linear evolution consistently with the increase of the ionic
radius of M* from Li* to Cs*. However, the situation is different with MHB [96,98,100-102].
Unlike stated elsewhere [108], the volume of the unit cell per formula unit does not follow a
constant evolution (Figure 5): it decreases from LiHB to NaHB, increases from NaHB to KHB,
decreases from KHB to RbHB, and increases from RbHB to CsHB. Two factors may explain

this. The first one may be the non-linear evolution of the number of coordinating [N2H3BH3]~
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anions, since it is 4 for Li*, it increases to 5 for Na*, it decreases to 4 for K*, and it increases to 6
for Rb* and Cs*. The second one may be related to the presence of two N atoms (versus one for
MAB) which may enhance the number of interactions resulting in compacter cation

environments.

130 Li* Na* [ K J{RrRb [ Cs' |
10 -
i
X 90
> »HB
70 " AB
50 &
80 100 120 140 160 180

lonicradius (pm)

Figure 5. Evolution of the cell volume normalized by the number of formula unit per unit cell (V/Z in A%) as a
function of the ionic radius of the alkali cations (Li*, Na*, K*, Rb*, Cs*), for MAB and MHB. The V/Z value for both
AB and HB are indicated by diamonds on the y axis.

3.4. Ionic salts and Lewis bases

Substitution of H* in AB or in HB by M* (Figure 6) results in M—N bonds with ionic character
[109]. Another consequence of the substitution of H* by M* is a change of the length of the B-N
bond (Figure 7) [27,93,95,96,98,100-102]. It is slightly shorter for MAB and MHB in
comparison to the bond in AB and HB. For example, in a-LiAB, NaAB and a-RbAB, the bond
lengths are 1.56, 1.53, and 1.54 A respectively, whereas it is 1.6 A for AB. Regarding
hydrazinidoboranes, for both LiHB and RbHB, the bond length is 1.55 A and, for both NaHB and
KHB, it is 1.54 A, versus 1.59 A for HB. It is worth mentioning that the B—N bond shortening in
MAB and MHB is featured by a downfield shift of the ''B resonance (Figure 8) [89,94,98,101],
which evidences a strong electronic rearrangement in the [NH2BH3]~ and [NoH3:BH3]™ entities
[110]. More electronic density is attracted by N from M* than from H®", the Lewis basicity of the

N-containing group is reinforced, the B-N bond becomes stronger, the ionic character of H®~ on
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B is increased, and as consequence, H%" is a stronger Lewis base (i.e. more reactive than in AB or

HB) [27,45,85,98].
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Figure 6. Evolution of the M—N bond lengths of MAB and MHB. The H-N bonds lengths for both AB and HB are
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Figure 7. Evolution of the B-N bond lengths of MAB and MHB (except for CsHB for which it has not been
determined yet). The bonds lengths for both AB and HB are also indicated.

For MHB, the N-N bond is negligibly impacted by M* that may also interact with the lone

electron pair of the terminal N of the [NoH3BH3]™ anion, as discussed in the previous section. The
N-N bond distance is comparable for HB (1.46 A) [96], o-LiHB (1.47 A) [96], NaHB (1.46 A)
[100], and KHB (1.46 A) [98]. There are exceptions. With f-LiHB, the N-N bond (1.50 A) is
slightly longer [97]. RbHB has a slightly shorter bond (1.43 A) [101] and, for CsHB, the bond is
much shorter at 1.30 A [102].
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Figure 8. llustration of the downfield shift of the !'B signal (from magic angle spinning nuclear magnetic resonance

spectrum; & in ppm) from AB to MAB and from HB to MHB.

3.5. Dihydrogen bonding

One of the peculiarities of fundamental interest with B-N-H compounds is the existence of an
intermolecular dihydrogen network owing to H*[ITH®" interactions. The intermolecular H>*[TH*-
distance is 2.02 A in AB [111] and 2.01 A in HB [79]. These distances are shorter than the sum
of the van der Waals radii for two H atoms (2.4 A), due to dihydrogen H*[IH® bonding.

Weakened intermolecular dihydrogen bonding characterizes MAB and MHB [93]. The H3*[ITH®*-
distances are longer than those determined for AB or HB, but they remain less than the van der
Waals distance, confirming weaker dihydrogen interactions [95]. For instance, the H¥*IH%
distance is 2.25 A in the case of a-LiAB and of A-LiHB [85,98]. Dihydrogen H3*[H?®
interactions are also present within each [NH2BH3]™ or [N2H3BH3]™ anion. They have distances

0f 2.00-2.10 A in [N2H3BH3]™ of a-LiHB for example [96].

Head-to-tail H**[IH®" interactions take part in the stabilization of the solid state. In fact, not only
these interactions play a role. Homopolar H*[ITH> and H®~[IIB®- interactions also contribute to
the stability of MAB and MHB [112]. However, the van der Waals interactions between M* and
the anionic entities predominate: they supersede the dihydrogen bonding and are of sufficient
energy so that MAB and MHB are crystalline solid at ambient conditions [87,93]. Elsewhere, for
LiAB, Najiba and Chen stressed on the absence of dihydrogen bonding and on the key role of the

van der Waals interaction between Li* and H*—BH [113].
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3.6. Thermal dehydrogenation

Compared to AB and HB, all of the MAB and MHB compounds have shown better
dehydrogenation properties with lower temperatures of dehydrogenation and higher purity of the

released H».

LiAB dehydrogenates at temperatures below 100 °C following a near thermally neutral event (-3
kJ mol™!) [27,84], knowing that the a phase of LiAB is more supportive for H» release [114].
NaAB has slightly better dehydrogenation properties. For example, heated at ca. 80°C, NaAB
requires 92 s to liberate 0.5 equiv Hz versus 3017 s for LiAB [87]. For both materials, the purity
of the released Hb> is controversial. On one side, H» was reported to be pure [27,85,87,91]; on the
other side, H» was found to be polluted by NH3 [86,90,115]. KAB has also attractive
dehydrogenation properties [93], but the results cannot be compared to those of LiAB and NaAB
because of the discrepancies in the experimental conditions and devices. KAB liberates 1.5 equiv
H> up to ca. 100 °C, without any pollutant [93]. Both RbAB and CsAB decompose from ca. 65
and 55 °C respectively and below 100 °C, releasing H> and significant amounts of NH3 [94,95].
According to theoretical calculations made on the molecular level, the least stable MAB would be
LiAB and the most stable would be CsAB, such as LiAB < NaAB < KAB < RbAB < CsAB
[116,117]. This is in contradiction with the experimental observations made on the material level
(i.e. >10%° molecules) which suggest a reverse ranking. CsAB is the least stable, knowing that Cs
has the lower electronegativity; the stability of MAB would be driven by the metal
electronegativity [77].

The high-temperature phase a-LiHB is responsible for a two-step decomposition occurring above
90 °C [96,97,107]. Together with Ha, N> is released, but also some NH3. The dehydrogenation
properties of NaHB are more attractive [98,100]. It releases H from ca. 60 °C and a total of ca. 2
equiv H> up to 100°C. The decomposition mechanism is, however, a bit complex as it is
composed of three successive dehydrogenation processes and one denitrogenation process. Some
N> and traces of NoH4 and NH3 contaminate the H» stream. In contrast, when NaHB is “doped”
with a slight excess of NaH, pure H; is generated [118]. With KHB, dehydrogenation takes place
at lower temperatures, from ca. 50 °C [98]. Small amounts of NH3 and N> are also generated.

RbHB decomposes from ca. 60 °C and releases 5 wt. % of H, and NH3 within the temperature
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range 60-100 °C [101]. With regard to CsHB, it decomposes from ca. 75°C and up to 160 °C the
weight loss is 3.5 wt. % because of the release of NH3 together with H>. Two additional weight
losses occur between 160 and 250 °C, resulting in the release of 6.9 wt. % of gases; NHj3 is thus
the main gaseous product with CsHB [102]. Though CsHB seems to be slightly more stable than
RbHB, there is a rough correlation between the MHB reactivity and the alkali element

electronegativity: the lower the electronegativity is, the less stable the MHB is [77].

Exact identification of the thermolysis solid residue recovered upon dehydrogenation of MAB
and MHB is challenging. An amorphous (or poorly crystalline) residue systematically forms,
which renders powder X-ray diffraction of little assistance. The technique however allows seeing

the formation, over 200 °C, of crystalline by-products such as NaH, RbH, and CsH [90,91,95].

During its thermal decomposition, NaAB is supposed to transform into: a small amount of NaH
(as detected by »*Na NMR spectroscopy) [89,90], and mainly into an amorphous solid being
either a mixture of boron nitride and polyiminoborane-like structures [89] or boron nitride [91]
(Figure 9). The formation of polyaminoborane as a transient phase is discarded. In general, the
thermolysis residue forming from MAB is considered as being polyborazylene- and

polyiminoborane-like compounds [27,84-93,115].

With respect to MHB, the nature of the thermolysis residue is as complex. Polymeric compounds
having tetragonal boron environments (i.e. BHs, NBH3, NoBHz) as well as trigonal boron
environments (i.e. NBH>, NoBH, BN3) form [97-102]. These environments are systematically

discussed as polymeric B—N-based compounds (Figure 9).

Because the thermolysis residues coming from MAB and MHB have not been well identified yet,
the dehydrogenation mechanisms are also not well known. However, there are some elements,

which may help in better understanding the dehydrogenation mechanisms of MAB and MHB.

With pristine AB, before any Hz release, the compound dimerizes into diammoniate of diborane
[(NH3)2BH2]*[BH4]~ [119]. A comparable intermediate was predicted for LiAB [120]:
[LiNH,BH>LiNH>|*[BH4]~, considered also as a Li—H-Li complex. It would allow thermoneutral
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H:> release via formation of a coiled polymeric product such as LiNH2BH>LiNHBH3. Another
predicted species is the dianion [NHBHNHBH3]>~ [121].
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Figure 9. Examples of compounds having tetragonal boron environments (i.e. BH4, NBH3, N2BH>) and trigonal

boron environments (i.e. NBH2, N2.BH, BN3).

For NaAB, the formation of an ionic dimer resembling those mentioned above was, on one hand,
discarded because ''"B NMR analyses did not show signals belonging to N>BH> and BH4
environments [89]. On the other hand, a head-to-tail dimerization into the ionic salt
[NH3Na]*[BH3(NHNa)BH3]~ was proposed because it would explain the release of NH3 at >55
°C and the formation of NaH (Figure 10). The as-formed BH3(NHNa)BH> liberates H, above 55
°C. This is a minor mechanism, estimated to have a contribution of 10%. The major mechanism

is based on intramolecular dehydrogenation of NaAB.
The most frequently discussed mechanism is different. It is based on the key role of the in situ

forming metal hydride M—H. In an initial step, it is believed to form by H%" transfer from e.g.

[NH2BH3]~ to M*. The mechanism is called metal ion assisted hydride transfer or metal cation
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driven hydride-transfer. It takes place involving one MAB compound [122-126]; the M-H
formed induces low temperature dehydrogenation such as:

MNH;BH; — MHIIIH-NHBH, — MNHBH: + H> (14)

A comparable mechanism involves two MAB compounds (Figure 11) [87], which follows the
formation of intermolecular N—-B bonds (towards oligomeric/polymeric residues). Note that,
instead of LiH, Liz—H would be a possible intermediate phase for trimeric and tetrameric clusters
of LiAB [127,128], and Li>—H an intermediate phase for dimeric LiHB [129]. The metal ion
assisted hydride transfer is consistent with the relationship made between the reactivity of MAB
(or MHB) and the electronegativity of M: more active alkaline elements (i.e. those having lower

electronegativity) are more likely to favor H transfer via the formation of M—H [77].
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Figure 10. Mechanisms (major and minor, such as 90 and 10% respectively) of thermal dehydrogenation proposed

for MAB. Adapted from ref. [84,88].
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Another intermediate to mention is [NH3M]*[BH3sNH2BH>NH>BH3]~, forming from three MAB
compounds. This “trimeric” intermediate was presented as the missing link in the mechanisms of
MAB dehydrocoupling, and results in the formation of [M]*[BH3:NH,BH>NH>BH3]~, plus NHj3
that evolves [130].

T R T
H—N—B—H H—N—B—N—B—H —2—> H—N—B—N—B—H
[ [ N (2) [ I
M-~ H } M H HH M H M H
H M H
H—B<—N—H Ny

|
H H

Figure 11. Illustration of the metal ion assisted hydride transfer involving two MAB molecules: (1) formation of
M-H by intermolecular reaction (dimer formation) followed by stabilization via an M—H?® [[INI*—N interaction; (2)

dehydrogenation by reaction of M—H with H-N; (3) successive dehydrocoupling of dimers formed. Adapted from
ref. [87].

With respect to dehydrogenation of MHB, it is likely that diammoniate of diborane-like species
are involved as transient phases. Suggested examples are as follows: [(LiN2H3)2BH2]*[BH4]™ [97]
and [(NaN:H3):BH:]*[BH4]~ [100]. Other examples are non-ionic dimers, like
NH.NHM)BH.NHNH(M)BH3 and  NHoNH(M)BHNNH(M)BH; (M = Li, Na, K) [98].
According to computational calculations, dimers of NaHB may play the major role in the

dehydrogenation pathway [131].

Intuitively, it was long believed that dehydrogenation of B—(N-)H compounds occurs via
heteropolar H*[IHI®>- reactions only. However, dehydrogenation also implies counterintuitive
homopolar H>-[TH%" and H**[ITH%* reactions [24,132-134]. For example, when heated, LiND,BH3
releases a significant quantity of H, along with HD, and the existence of homopolar H®~[ITH®-
reactions explains the formation of H> [112]. When heated, LiN2H3BD3 generates appreciable
amounts of HD, H> and D», and the formation of all of these gases is explained by the existence

of a multitude of H(D) [IH(D) interactions [99]. Initial thermal dehydrocoupling takes place
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through homopolar H*[TH?®* interactions at low temperature. This step is followed by heteropolar

H* D% and homopolar D®-[D% pathways.

3.7. Closing the hydrogen cycle

The dehydrogenation of MAB and MHB is exothermic, and the rehydrogenation of the
thermolysis residue under H> pressure is thermodynamically unfavorable. A few unsuccessful
attempts were published. A first one was performed on LiBNH; 3> (a by-product of LiAB heated
up to 200 °C) at 50 bar of H up to 250 °C, no hydrogenation was recorded [85]. A second one
was done on [BN], (a by-product of NaAB) at 120 bar H> and was ineffective [91].

Alternatively, MAB can be regenerated by chemical recycling/reduction of its residue. There is
one effective regeneration path that has been successfully applied to polyborazylene that is
generally taken as a model residue of AB. Polyborazylene can be recycled back into AB by
reduction using NoHs in NH3 medium [135]. The same path was applied to a residue of LiAB
identified as being made of cross-linked polyborazylene-based structures (Figure 12) [136]. The
conversion back to LiAB was found to be 63%. To explain this value lower than 100%, it was
conjectured that part of the regenerated LiAB decomposed during the hydrogenation process. In
our opinion, there may be another reason. The aforementioned reduction process is efficient on
polyborazylene only, whereas residues from MABs (and MHBs) are of complex composition,
involving not only polyborazylene-like compounds but also polyiminoborane- and
polyiminoborane-like compounds (without considering amorphous and/or hexagonal boron
nitride). In any case, the formation of boron nitride must be avoided because it is chemically

stable, which then excludes chemical recycling/reduction [137].

There is another regeneration approach [138], which is in fact similar to the recycling approaches
developed so far for the borate NaB(OH)4 stemming from NaBH4 hydrolysis (Figure 12) [139]. A
residue (denoted MBNH for clarity, with M = Li, K) is first digested by methanol to form
B(OCH3)3, and second, the obtained product is reduced by lithium alanate LiAlH4 in the presence
of a source of NH3 in the form of ammonium chloride NH4Cl. This regeneration approach results
in the formation of AB, which can finally be reacted with MH (e.g. Eq. 8) to regenerate the

MAB. The energy efficiency of this stepwise process is actually not attractive (ca. 46%).
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Figure 12. Closing the cycle with LiAB: (1) reduction of the residue MNBH by N,Hy in the presence of NHj3 as
solvent (yield reported to be 63% in ref. [136]); (2) digestion of MNBH by methanol and reduction of the as-forming
B(OCHj3); by LiAlH, in the presence of NH4ClI to form AB as starting material of LiAB (as reported in ref. [138]).

4. Alkaline earth amidoboranes and hydrazinidoboranes

4.1. Beryllium amidoborane, virtually

Beryllium is highly toxic (and carcinogenic) and has not been considered as a possible cation of

AB and HB derivatives. It is however possible to envisage its “use” virtually.

Be(AB)> and Be(HB), would be attractive owing to high gravimetric hydrogen densities (Figure
2). By computational calculations, Be(AB): is predicted to have a C2 symmetry where each Be?*
cation would be tetra-coordinated. The Be-N distance would be 1.647 A. The B-N bond (1.588
A) would be shorter than that of AB, and the B-N bond stronger [140,141]. Elsewhere, Be(AB)>»

is predicted to have a P1 symmetry where each Be?* cation would be bi-coordinated [117].

4.2. Magnesium amidoborane and hydrazinidoborane
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The first attempts for synthesizing Mg(AB)2 by ball milling MgH> (or Mg) with two equivalents
of AB failed. Both MgH> and Mg were apparently inert against AB [85,142]. A weaker Lewis
basicity than that of e.g. LiH, NaH and CaH: may explain the apparent inertness of MgH». For
the synthesis of Mg(AB)», the key is patience. Under argon atmosphere, the mixtures MgH>-2AB
and Mg-2AB slowly evolve as follows [143]:

MgH: + 2NH3BH3 — Mg(NH2BH3), + 2H; (15)
Mg + 2NH3BH3; — Mg(NH2BH3): + Ha (16)

At room temperature, the waiting time is between 45 days and 6 months. The process time can be

decreased to 60-90 h by increasing the ageing temperature to 40 °C.

The crystal structure of Mg(AB)> has not been solved yet through X-ray diffraction analysis. A
modeled structure was proposed in a monoclinic C2 unit cell using Monte Carlo algorithm (Table
4). In this structure, the Mg?* cation is tetra-coordinated to four [NH2BH3]~ anions, and the

Mg—N bond is ionic [144].

Table 4. Summary of crystallographic properties of M(AB), and M(HB), compounds (Comp.) with M = Mg, Ca,
and Sr. Information that is provided is as follows: unit cell, space group (s.g.), cell parameters (a, b, ¢, f; for clarity,

the parameters are given with three digits), and number of formula unit per unit cell (Z).

Comp. Unit cell*  s.g. a(A) b (A) c(A) B () y/ Ref.
AB Tetrag. 4mm 5.263 5.263 5.050 90 2 [106]
Mg(AB),® Monocl.  C2 8.577 5.605 5.622 85.848 2 [144]
Ca(AB),  Monocl.  C2 9.100 4371 6.441 93.19 2 [85,146]
Sr(AB),  Monocl. €2 8.166 5.097 6.726 94.392 2 [147]
HB Orthor. Phcn 13.123 5.100 9.581 90 8 [96]
Ca(HB),  Monocl.  Ic 8.260 10.412 11.937 107.515 4 [147]

 Tetrag. for tetragonal; Orthor. for orthorhombic; Monocl. for monoclinic.
° Modeled structure obtained using Monte Carlo algorithm.

Thermal dehydrogenation of Mg(AB)> is complex, with three successive steps peaking at ca. 104,
162 and 223 °C [143]. Up to 300 °C, 4.2 equiv H; are desorbed, leaving an amorphous residue
mainly composed of polyborazylene-like compounds and a small amount of MgH> (or Mg). The
residue remains unchanged under 100 bar H> at 300 °C. The metal ion assisted transfer is
proposed as the key mechanism of dehydrogenation (with M = Mg or Ca) [125]:

M(NH:BH3) — (NH2BH3)M-H [IH-NHBH> (17)
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The formation of M3H (with M as Mg, but also as Ca and Sr) was also predicted [145].

Working on hydrazinidoboranes for some years now, we attempted the synthesis of Mg(HB) on
several occasions. Ball milling MgH> and HB (mol ratio 1:2) was found to be unsuccessful in
different milling conditions, namely at 200 to 450 rpm for 1 to 18 cycles with milling times
varying from 10 to 30 min. Either unreacted MgH» and HB were detected by powder XRD or the
recovered solid was amorphous to X-ray (except a few diffraction peaks belonging to MgH>)
[104]. Recently we initiated a new series of experiments that are described in the supporting
information file. We tested different Mg precursors, namely Mg and MgH», as well as di-n-
butylmagnesium Mg(C4Ho),. The first two were ball-milled with two equivalents of HB and, for
example, put at 50-90 °C. The third precursor was used in dioxane and the mixture of HB and it
was even heated up to 70 °C. With MgHo», we also tried to apply the procedure (described above)
successfully applied to Mg(AB)2. Again, all of our attempts failed. Work is still in progress.

4.3. Calcium amidoborane and hydrazinidoborane

Synthesized in THF (Eq. 5), the Ca derivative of AB is coordinated by two solvent ligands such
as Ca(thf)2(NH2BH3)2. This complex (single crystal at —153 °C) has an orthorhombic structure
(s.g. Pnmm). The cell parameters are as follows: a = 7.910 A, b=17.570 A, c =4.670 A, V=
649.0 A% and Z =2 [38].

Synthesizing a pure phase of Ca(AB): is challenging, even by ball milling. Intense milling is
required to form mixtures where Ca(AB): is the major phase; CaH; and AB are the minor phases
[85,146]. Ca(AB): crystallizes in a monoclinic C2 unit cell (Table 4) where the Ca®* cation has
an octahedral coordination. The shortest Ca—N distance is 2.47 A. The B—N distance is 1.546 A,
shorter and stronger than the bond in AB, and the hydrogen atoms on B are stronger Lewis bases

with increased ionic character.

Computational calculations predicted a covalent Ca—N bond in Ca(AB); and thus a lower thermal
stability in comparison to Mg(AB), that has an ionic Mg—N bond [143]. Indeed, Ca(AB): is less
stable as it is able to release H» from ca. 80 °C, most of the H> being generated at 100 and 140 °C
[85,146]. Within the temperature range 80-250 °C, Ca(AB)> generates ca. 3.8 equiv Hz and
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transforms into an amorphous residue suggested to be Ca;B:N:Hz33. Hydrogenation of the
residue under 50 bar H> at 250 °C was unsuccessful. The metal ion assisted transfer mechanism
discussed for the alkali amidoboranes was also predicted as playing an important role in the
dehydrogenation of Ca(AB), [123,145], where dianions such as [NHBHNHBH3]>~ would form
[121].

Like for MgH»>, HB does not react with CaH, when they are ball milled (at conditions such as
200-450 rpm for 1-18 cycles and 10-30 min) [104]. The reaction was successfully thermally
activated [147]. At ca. 60 °C, temperature at which HB melts, solid-state CaH> and liquid-state
HB were reacted to form Ca(HB).. The conversion was not total, as crystalline CaH; was found
together with crystalline Ca(HB): in relative amounts of 29 and 71 wt. %. Ca(HB), crystallizes in
a monoclinic cell with a space group Ic (Table 4). The shortest Ca—N distance in Ca(HB): is 2.54
A, which is slightly longer than the distance in Ca(AB)2 (with 2.47 A).

Under heating, the Ca(HB), phase-rich solid decomposes from ca. 90 °C up to 200 °C releasing
5.3 wt. % of gases mainly composed of H> with traces of N2, NH3 and N>Hs. In fact, the
dehydrogenation extent of Ca(HB), was reported to be lower than that of any other MABs and
MHBsS, suggesting that the destabilization effect of Ca®* is among the least important ones. Based
on such observation, we even concluded that it would be better to consider the binary mixture
CaH»-2HB as hydrogen storage material instead of Ca(HB). since the former contains more H

atoms (16 versus 12) and releases 2 more equiv Hz below 90 °C.

4.4. Strontium amidoborane

Sr(AB)> was prepared by ball milling from strontium hydride SrH» and two equivalents of AB
[148]. A particular procedure was applied. The reactants were first ball milled at 150 rpm to
ensure good homogeneity, and this was done at 0 °C to limit partial decomposition of Sr(AB),.
Then, the mixture was heated at 45 °C for 2 h, allowing faster solid-solid reaction. The final
product was not pure. The composition was found to be 55 wt. % of crystalline Sr(AB)>, 34 wt.
% of an unidentified amorphous phase, 7 wt. % of SrHz, and 4 wt. % of AB. An alternative
synthesis procedure was developed in which SrH> was reacted with two equivalents of AB in

THF even though some AB dehydrocoupling onto polymeric products occurred [149].
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Sr(AB)> (Table 4), Ca(AB)> [148], Be(AB)2 and Mg(AB), all crystallize in a monoclinic space
group C2. Each Sr?* is surrounded by six [NH2BH3]~ anions in an octahedral environment. The

Sr—N distance is 2.68 A and the B-N length is 1.53 A.

The mixture, consisting of 55 wt. % Sr(AB), dehydrogenates slowly from 60 °C and violently at
80-90 °C [148]. The weight loss at 200 °C is as high as 9.9 wt. %, which is ca. 3 wt. % higher
than the gravimetric H density of Sr(AB).. This is due to the generation of high amounts of
volatile by-products such as NH3 and B2Hs. According to computational calculations, the metal
1on assisted transfer mechanism and the formation of the transient species Sr3H drive the initial
dehydrogenation step [145]. It was also predicted that Sr(AB)> would be the most stable of
M(AB)2, such as (increasing stability): Be(AB), < Ca(AB)2 < Mg(AB)> < Sr(AB)> [125], or
Be(AB)2 < Mg(AB)2 < Ca(AB)2 < Sr(AB)2 [141]. It is unfortunately perilous to compare such
predictions to the experimental results reported above because Be(AB); is a virtual compound,
Mg(AB); and Ca(AB); contain small amounts of reactants, and Sr(AB). is mixed with 45 wt. %
of other products. Such impurities must certainly bias the dehydrogenation results reported for

the M(AB), compounds.

4.5. Barium amidoborane

Ba(AB), was synthesized by wet chemistry in aprotic solvent, in this case THF, by mixing
metallic Ba with AB [150]. The reaction is exothermic. The synthesis is preferably performed at
low temperature, e.g. at —10 °C, because at higher temperature (e.g. 0 °C) the amidoborane is
contaminated by its decomposition products. At —10 °C, an amorphous white precipitate forms.
FTIR and "B MAS NMR spectroscopy confirmed the purity of Ba(AB),. The dehydrogenation
properties of Ba(AB), are comparable to those of the other M(AB)>. Between 81 and 163 °C, it
loses 5 wt. % of Ho.

5. Materials for hydrogen storage... but not only

5.1. Outlook for hydrogen storage
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When a new material is developed for hydrogen storage, one of the properties that is put forward
is gravimetric hydrogen storage capacity. For the MABs and MHBs discussed herein, Figure 2
shows the values. The gravimetric hydrogen storage capacities of AB and HB are shown for

information.

The weight of the alkali or alkaline earth element has a significant impact on gravimetric
hydrogen density (Figure 2). It can therefore be stated, without considering any other argument,
that for practical application the potential of the MABs and MHBs made of heavy elements like
Rb, Cs, Sr, and Ba is a priori weak (even negligible).

The values listed in Figure 2 are the theoretical (highest) gravimetric hydrogen storage capacities
and de facto, they are not realistic [151]. They must be underestimated because of two primary
hypotheses. First, partial dehydrogenation of the anions [NH>BH3]~ and [N2H3BH3]™ has to be
considered in order to avoid formation of a hydrogen-free solid residue like boron nitride of
which rehydrogenation is thermodynamically unfavorable [137]. Accordingly, we assume the
release of 2 equiv H> per [NH2BH3]™ or [N:H3BHs3]~, which is rather consistent with the
experimental data reported in the previous sections. Second, gravimetric hydrogen storage
capacity has to be considered on the basis of a storage system taken as a whole, not on the
material basis only. Such a system is composed of e.g. tanks, pipes, valves, heaters and
electronics, and its weight necessarily affects the weight of the device that has to be powered. In
other words, the gravimetric hydrogen storage capacity has to be revised to get the net value
while taking into account the weight of the storage system as well. Here, we assume that the
system weight is comparable to the weight of the hydrogen storage material, which results in the
net gravimetric hydrogen storage capacities shown by the circles in Figure 2. These net capacities
confirm the statement made in the previous paragraph, that is, Rb, Cs, Sr, and Ba-based MABs
and MHBs have to be excluded for hydrogen storage application.

It has to be admitted that, either way, the Rb, Cs, Sr, and Ba-based MABs and MHBs do not have
any tangible proof of benefit in comparison to the other MABs and MHBs. There are several
reasons for claiming this. (i) Alkali and alkaline earth elements in their metallic state have to be

used despite being difficult to handle because of their high reactivity; and, the reaction resulting
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in the mentioned derivatives is exothermic which then requires processing at low temperature
(e.g. at 0 °C). (ii) Their chemical/thermal stability is not high enough. For example, Sr(AB)»
[148] and CsHB [102] evolve during synthesis resulting in a mixture of phases. (iii) Under
heating, the Rb, Cs, Sr, and Ba-based MABs and MHBs decompose rather than dehydrogenate,

with the liberation of substantial amounts of NHj3.

Another argument against the Rb, Cs, Sr, and Ba-based MABs and MHBs is related to the
terrestrial abundance of the alkali elements. They, together with Be that in any case has been

discarded because of its high toxicity, are scarce in comparison to e.g. Na > K > Li and Ca > Mg.

Ten potential candidates remain for further discussion. These are the Li, Na, K, Mg, and Ca-
based MABs and MHBs. Each of the MABs has, comparably to the corresponding MHBs, a
higher net gravimetric hydrogen storage capacity (Figure 2). The difference is higher than 1 wt.
% H for the Li- and Mg-based compounds; it is close to 1 wt. % H for the Na- and Ca-based
materials; and, it is 0.5 wt. % H for KAB versus KHB. Synthesis of MABs requires milder and/or
(much) safer conditions (Tables 1 and 2). For example, NaAB can be prepared simply by mixing
NaH and AB under inert atmosphere whereas NaHB requires temperatures lower than —30 °C
because of the occurrence of an explosive reaction at ambient conditions. Otherwise it should be
reiterated that Mg(HB): has not been synthesized yet, despite many attempts, and that Ca(HB); is
the main component of a biphasic mixture obtained in specific conditions. The H> generated from
the MABs appear to be slightly purer. With the MHBs, H is diluted by some unavoidable N> and
is systematically polluted by NH3. The presence of NoHs4 was even detected with NaHB (Table
4). Assuming that the costs of AB and HB are similar (because synthesized from comparable
starting materials and through comparable routes; Tables 1 and 2), the cost of the MABs will be
lower than that of the MHBs because of the aforementioned reasons (Figure 13). Based on these

arguments, MABs are preferable to MHBs and have a higher application potential.

When reporting their work about Mg(AB)2, Luo et al. [143] used the adjective “long-sought”.
The term speaks for itself as it conveys how hard, in fact slow, the reaction between MgH> and
AB is. With Mg(AB):, the key is patience: between 45 days and 6 months are required at ambient

conditions. With respect to Ca(AB)y, intense milling is required while the reaction between CaH»
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and AB is not complete. In other words, even though both materials have attractive hydrogen
capacities, their synthesis hinders their development as hydrogen storage material. Another
argument against Mg(AB)2 and Ca(AB); is related to their respective dehydrogenation properties.
Mg(AB)2 and Ca(AB): have to be heated up to 300 and 250 °C respectively to generate about 4
equiv Hz (2 Ha per unit of [NH2BH3]™ anion). In other words, the recovery of 3.55 and 3.1 wt. %
H, corresponding to the net gravimetric hydrogen storage capacities of Mg(AB)> and Ca(AB)2
respectively, can only be effective at 300 and 250 °C.

extra amount of MHB for
getting similar net GHSCs

strategies for H,

1
/
i
)
\ 4 purification
\ o \ 2(
_ i \\E ;’# synthesis conditions and

\E il t\i 3 safety measures
3 1 T :
.tf/f//‘i B \ M E}? cost of ABand HB

Figure 13. Illustration showing the overall lower cost of the MABs in comparison to that of the MHBs.

The discussion leaves LiAB, NaAB, and KAB. They can be compared by proposing several
rankings based on different criteria. (i) According to the theoretical and net gravimetric hydrogen
storage capacities (Figure 2), the ranking is LiAB > NaAB > KAB. (ii) The facile preparation of
NaAB (Table 1) and the method based on wet chemistry in aprotic solvent for KAB suggest
NaAB > LiAB > KAB. (iii) The dehydrogenation properties (extent and kinetics of
dehydrogenation) in isothermal conditions are in favor of KAB such as KAB > NaAB > LiAB.
(iv) The dehydrogenation properties in terms of purity of the released H gives KAB > NaAB ~
LiAB. As it stands, it appears that making a final ranking is difficult, perhaps unwise, especially
as other criteria like terrestrial abundancy availability (Na > K >> Li), cost of the alkali element
(Na > Li >> K), strong demand because of another commercial use (e.g. Li for batteries), safety

issues, and so forth have to be taken into account.

Beyond the criteria mentioned above, it is not possible to make a proper ranking of LiAB, NaAB,

and KAB mainly because none of these technologies are mature. Their technological readiness
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level (TRL1 to TRLY [152]) is still low, at the laboratory scale. Research to prove feasibility
(TRL3) has been done but, to our knowledge, a technology development (i.e. laboratory testing
of “ugly” prototype/storage system; TRL4) has not been considered up to now. In comparison,
the technological readiness level of sodium borohydride in hydrolytic conditions is between
TRL7 (field test of prototypes) and TRL9 (systems proven in operational environment) and that
of AB in thermolysis conditions is between TRLS (laboratory testing of an integrated system) and

TRL7 [153,154].

The screened MABs must climb the TRLs one by one, which implies effort towards scaling up,
prototyping, and field-testing. The real potential of e.g. LiAB, NaAB and KAB needs to be

evaluated through upscaling.

MABs and MHBs (more widely B-H and B-N-H compounds) suffer from a critical issue: with
them, hydrogen storage reversibly is not favorable because dehydrogenation occurs
exothermically [74]. The reverse reaction, i.e. rehydrogenation under H: pressure, is
thermodynamically impossible at affordable conditions [155], and indeed, unsuccessful attempts
have been reported for the thermolysis residues forming from LiAB and NaAB. To close the H»
cycle, the best option is off-board hydrogenation via a chemical reaction [156] in order to form
primarily the MAB (or MHB) [136], otherwise AB [138] or sodium borohydride [139]. This is a
challenge. It must be said, however, that the number of works towards this objective is restricted

to two reports (e.g. refs. [136,138]) in the open literature.

Another issue underpinning the aforementioned challenge is related to residue that is not well
identified yet. The difficult identification of the by-products is in fact common to B-N-H
compounds. Even with AB that has been investigated more deeply and for a longer period, the
exact nature of the residue (forming at different temperatures) remains unclear [155]. Above all,
the problem is that the residue is not composed of a single compound and has a complex
composition. The ideal would be to decompose AB into polyborazylene only [135]. Maybe we
should focus more on “forcing” the dehydrogenation paths that would result in the formation of

pure polyborazylene. For that, catalytic modification could be an approach to consider.
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Chua et al. [45] suggested catalytic modification as a possible approach to improve the hydrogen
storage properties of MABs. This approach obviously deserves to be widely investigated. There
may be several benefits: improving the dehydrogenation kinetics; promoting the formation of a
single polymeric residue; and, favoring a dehydrogenation route resulting in the release of pure
hydrogen. This last point is important, as release of gaseous impurities together with hydrogen

has to be solved before these materials find practical applications [74].

Beyond the aforementioned MABs and MHBs, the grand challenge is to develop a new
derivative that would dehydrogenate endothermically. This would open the way for direct
hydrogenation, under moderate H> pressure, of the dehydrogenated residue. Chua et al. [45]
suggested focusing on material design. Owarzany et al. [74] mentioned bimetallic amidoborane
salts for which thermodynamics of dehydrogenation may be tuned to some extent. Computational
chemistry could be necessary for preliminary screenings. In addition, Owarzany et al. suggested
other derivatives: for the first one, a halogen would substitute H* of the BH3 group in
[NH2BH3]™; for the second one, a carbonaceous chain (alkyl or aryl substituents) would replace

H% of NHa.

Further experimental and computational works, in particular on new derivatives, may help in
defining more accurately the chemical bonding properties that would allow taking up all of the
challenges described above. Successfully doing this may facilitate designing materials that show
the stability requirements mentioned by Wang et al. [72], namely a thermal stability below 40 °C

and an ability to decompose above 60 °C.

5.2. Further opportunities
5.2.1. As a reducing agent

The first time that LiAB was discovered in the mid-1990s it was used as a possible reducing
agent in organic chemistry. Myers et al. [37] showed that four equivalents of LiAB, freshly
prepared in THF at 0 °C, were able to reduce one equivalent of alkylated pseudoephedrine
amides at 23 °C resulting in the formation of primary alcohols. Years later, Pasumansky et al.
[157] synthesized a series of N-substituted LiAB derivatives (LiNR'R?BH? with R as e.g. H

and/or alkyl groups) that were found to reduce aromatic and aliphatic esters, tertiary amides (to
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amines or alcohols), a,B-unsaturated aldehydes and ketones (to allylic alcohols), and aliphatic and
aromatic azides (to primary amines). Xu et al. [158,159] confirmed the potential of LiAB by
reducing, in THF and at room temperature, ketones (e.g. Ph—CO-Ph) to secondary alcohols (e.g.
Ph—C(OH)-Ph), and imines (e.g. Ph—CH=N-Ph) to amines (e.g. Ph—CH>—NH-Ph). NaAB and
Ca(AB)> were successfully used as well. They were also compared to AB and showed different
reducing abilities. In a follow-up article, Xu et al. [160] reported the use of LiAB for reductive

amination of aldehydes and ketones with primary amines.

AB and more widely amine-boranes had already showed to be attractive reducing agents in e.g.
transformation of aldehydes and ketones [163], deracemization of DL-amino acids [164], and
conversion of alkenes to amines [165]. In the recent years, with the advent of contemporary “hot”
topics, AB and amine-boranes (e.g. N(CH3)2BH3) have shown to be effective for reducing metal
cations into metal (e.g. Cu, Co) nanoparticles [166,167], graphene oxide into graphene [168,169],
and carbon dioxide into valuable chemicals like formic acid and methanol [170,171]. One may

then wonder about the use of MABs, as well as of MHBSs, instead of AB in similar reactions.

MABs and MHBs are much less soluble in common organic solvents like THF and dioxane than
AB is. In protic solvents like water, they are not stable, whereas AB is in neutral and alkaline
conditions. These two features therefore limit the use of MABs and MHBs in the aforementioned

reactions requiring solvents.

MABs and MHBs, in solid state, are less stable than AB against heating above 50 °C. They may
be used instead of AB as potential reducing agents for solid-phase (i.e. solvent-free) synthesis of
mono-/multi-metallic nanoparticles. Sanyal and Jagirdar [172,173] showed that AB is able to act
as a reducing agent for reducing metal cations and concomitantly as a stabilizing agent for getting
nano-sized particles. MABs and MHBs may offer the same roles. In addition, the faster
dehydrogenation of these ionic salts at lower temperatures could be advantageous for tuning the
nanoparticles size and/or composition. The alkali and alkaline earth cations may also be incuded

in the composition of the nanoparticles.

5.2.2. As energetic material
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AB (a reducing agent) is able to ignite spontaneously on contact with an oxidizing agent like
white fuming nitric acid. It behaves like a hypergolic fuel. Such a potential was first shown by
Gao and Shreeve [174] in 2012. However, these authors thought that the solid state of AB is a
drawback preventing its ready application. Instead, they developed liquid ionic solutions of AB,
and measured ignition delays as short as 3 ms for saturated solutions of AB in reaction with white
fuming nitric acid. Interestingly, they also investigated HB and another analog, hydrazine
bisborane N>H4(BH3)> (denoted HBB), which dissolved in ionic liquids and showed ignition
delays of 3 and 31 ms respectively. In contrast, Ramachandran and co-workers [175-177] saw in
the solid state of AB an advantage over the historical hypergolic fuels (i.e. hydrazine and its
derivatives). They measured an ignition delay shorter than 10 ms in reaction with fuming nitric
acid, hence the authors concluded that solid AB is an interesting hypergolic fuel. In addition to
AB, several other amine-boranes (e.g. cyclohexylamine-borane, piperidine-borane and

ethylenediamine-bisborane) were evaluated as possible hypergolic fuels.

The use of AB as fuel (but not hypergolic) of solid propellant is not so new. Decades ago, AB
was proposed as the main component of pellets containing also e.g. Fe;O3; or HBB, the obtained
propellant being able to release H> under ignition (i.e. heating) [178-180]. A comparable use was
reported for HB and HBB [181-183]. To a certain extent, these first works are comparable to the
recent works dedicated to the H» released properties of AB, HB, MABs and MHBs.

MABs and MHBs have been developed to be less stable than AB and HB respectively. They are
indeed able to generate H> at lower temperature and with faster kinetics. Therefore, they are
potential, maybe more attractive, solid fuels of H> generating propellants. Given the very fast
kinetics reported for e.g. NaHB, the fuel could be tested as a single phase of a propellant ignited
by heat. On the other hand, MABs and MHBs are possible hypergolic fuels. Preliminary
experiments with white fuming nitric acid, requiring, however, special safe facilities, should

allow to explore such a potential.

5.2.3. As boron nitride precursors

There are plenty of potential B- and N- containing precursors of boron nitride BN [184]. A

typical example of a precursor is borazine B3iN3He. Hirano et al. [185] pyrolyzed it under a
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pressure of 100 MPa at 700 °C, which resulted in the formation of amorphous H-containing BN
with a yield of 60%. With respect to the Fazen et al.’s approach [186,187], borazine was heated at
moderate temperature (70-110 °C) for dehydropolymerization into polyborazylene. The obtained
polymer was then pyrolyzed at 900-1500 °C (under argon or ammonia) to produce BN ceramic

and chemical yields higher than 83%.

Borazine is the cyclic trimer of AB. It forms in large amounts when pristine AB is heated
between 100 and 200 °C. AB is thus also a precursor of BN [188]. For example, Liepins et al.
[189] successfully used AB for shock-induced synthesis of cubic BN. Song et al. [190]
sublimated AB at 120-130 °C to grow hexagonal BN films by chemical vapor deposition. Kim et
al. [191] adopted a two-step process where AB (in tetraglyme) was first catalytically transformed
into borazine and, then, the isolated trimer was converted into hexagonal BN films by applying
low-pressure chemical vapor deposition. To be brief, AB has shown to be an efficient precursor
of BN nanomaterials [192,193] in the form of e.g. layers/films [194,195], and nanotubes
[196,197].

With respect to HB, it has not really been considered as a possible precursor of BN, notably
because under heating HB decomposes into a shock-sensitive solid residue (Figure 1) [198,199].
HB is however a precursor of BN. Borovinskaya et al. [200] prepared porous BN by self-
propagating high-temperature synthesis. Manelis et al. [201], while focusing on the burning rates
of HB at 20-100 atm, found that condensed combustion of HB resulted in a fine powder of BN.
In a previous study [202], we noticed that HB and AB destabilize each other and that an
equimolar mixture of them dehydrogenates, via the formation of an unidentified intermediate and
into boron nitride at a temperature as low as 300 °C. In another study [203], we investigated the
destabilization of HB by LiBH4 (mol ratio 4:1); upon heating up to 300 °C the binary mixture

decomposes into a solid residue of polyborazylene- and/or boron nitride-like materials.

Using pure polyborazylene as a boron nitride precursor, Yuan et al. [204-206] investigated the
addition of 5 wt. % of lithium nitride LisN. The latter was found to act as a crystallization
promoter, allowing a higher crystallization rate and thus low-temperature synthesis of highly

crystallized hexagonal boron nitride sheets. The sample heated at 1000 °C was found to be well
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crystallized whereas from a promoter-free sample of polyborazylene temperatures higher than
1500 °C are required. This is attractive in terms of energy saving. By exfoliation, the obtained
highly crystallized hexagonal boron nitride produced large amounts of self-standing few-layers
[207,208]. In previous reports, LisN was found to promote the conversion of hexagonal boron
nitride into the cubic phase, a dense polytype [209]. To explain the promoter role of LizN, it was
assumed the formation of melted LisBN2 (Li3N + BN) as intermediate is able to infiltrate/dissolve
hexagonal boron nitride, which results in a recrystallization into cubic boron nitride. Comparably
Yuan et al. assumed that Li3sBN> forms at 600-700 °C, melts and infiltrates/dissolves amorphous

boron nitride, leading then to crystallization of hexagonal boron nitride [204-206].

As for AB and HB, MABs and MHBs may be precursors of boron nitride. They may offer three
advantages: (i) energy saving owing to the lower temperatures required for dehydrogenation; (ii)
higher ceramic yield due to evolution of small or negligible amounts of volatile by-products; (ii7)
role of the alkali or alkaline earth element in favoring higher crystallization rates. MABs and

MHBs deserve to be investigated in pyrolysis towards the synthesis of boron nitride polytypes.

Focusing on boron nitride is all the more important as boron nitride is likely to belong to the list
of reversible hydrogen storage materials. Almost twenty years ago, Wang et al. [210] showed that
milled hexagonal boron nitride (crystallites of about 3 nm) adsorbed up to 2.6 wt. % H> at 10 bar
and room temperature. The uptake of H> was reversible since desorption took place at high
temperature, namely 297 °C, because of chemisorption. At about the same time, Ma et al. [211]
investigated bamboo-like BN nanotubes (210 m? g™!) capable of adsorbing up to 2.6 wt. % Ha
under 100 bar and 20 °C, with 0.8 wt. % H> being physisorbed. Desorption of the remaining 1.8
wt. % of chemisorbed H> required heating up to 300 °C. Such interesting H> uptake properties
were explained in terms of defects in the nanostructured material, specific surface area, polarity
and partial ionic character of the B-N bonds. However, boron nitride has been investigated more
scarcely than any other material sorbing H> reversibly, which can be explained by a lack of easy
approaches of boron nitride synthesis and by a preferential occurrence of Hz chemisorption [212].
Recently, computational calculations have identified avenues for improving the sorption
properties of boron nitride, namely: higher specific surface area [213]; substitution of some B and

N atoms of boron nitride by C and/or O [214]; surface functionalization (decoration) with e.g. Li
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[215] or Na [216]; 2D boron nitride layers with optimized interlayer spacing [217]. Accordingly,
it is reasonable to affirm that MABs and MHBs, especially the Li and Na compounds should be
studied as precursors of functionalized boron nitride to be used as reversible hydrogen storage

materials. This may open up some interesting horizons for MABs and MHBs.

6. Conclusion

Amidoboranes and hydrazinidoboranes, especially the purely alkali and alkaline earth
compounds, have been surveyed in the present review. Many aspects were stressed, including
synthesis, crystal structure, gravimetric hydrogen densities, dehydrogenation/decomposition
properties and mechanisms, purity of released hydrogen, and nature of polymeric thermolysis
residues. From the survey, three conclusions have been drawn as a response to the three features

S N3

of the title, namely “state of the art”, “potential for hydrogen storage” and “prospects”.

Amidoboranes and hydrazinidoboranes are new materials, mostly discovered within the past
decade. Accordingly, they have been investigated scarcely or not sufficiently, and we do not
know them well enough. Three examples can be given to illustrate this point: it is not clear if
sodium amidoborane releases pure hydrogen or hydrogen together with some ammonia; despite
use of computational chemistry, identification of the decomposition intermediates and
understanding of the mechanisms are limited; the composition of the dehydrogenation residues is
not well isolated, complicating the question of recyclability. The bottom line is that further efforts
are required to better understand the amidoboranes and hydrazinidoboranes. This is important
from a fundamental point of view, in order to increase our knowledge in the fields of inorganic
and materials chemistries. Better knowledge may open up new utilization prospects, beyond

chemical hydrogen storage.

Theoretically, amidoboranes and hydrazinidoboranes have a potential for hydrogen storage,
which is not confirmed experimentally. Because of scarcity, the compounds carrying the
elements like rubidium and cesium are not suitable. Because their synthesis is tough, the calcium
and magnesium materials are less attractive. Hydrazinidoboranes release ammonia and/or

hydrazine together with hydrogen what make amidoboranes preferable. At the end, when the
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theoretical and net gravimetric hydrogen densities are considered, the most suitable compounds
seem to be lithium amidoborane, sodium amidoborane and potassium amidoborane. It is however
difficult to take the analysis further since none of the mentioned compounds has been scaled up,
that is, investigated at the demonstrator scale. It is primordial to dedicate more efforts on scaling
up amidoboranes and hydrazinidoboranes in order to increase their technological readiness level.

Only in that way will the discussion become decisive and conclusive.

Based on our current knowledge and understanding of amidoboranes and hydrazinidoboranes, we
have made three other utilizations emerge. These compounds have relevant prerequisites for other
applications, and may be used as solid-state reducing agents, energetic materials, and/or

precursors of boron nitride-based ceramics. Specific studies may now be expected.
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