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Abstract

Ammonia alane AlH3NH3; (AA) exhibits a high gravimetric hydrogen storage capacity,
with 12.86 wt% H, positioning it as a potential solid hydrogen carrier. It has
nevertheless received limited attention, with only few computational studies exploring
its capabilities, and it has been overshadowed by its boron analog ammonia borane
BH3NH3; (AB). The lower focus on AA can be attributed to its instability at
temperatures above -80 °C. However, the dehydrogenation of AA has been
predicted to be endothermic, and this is an attractive feature for achieving reversible
hydrogen storage. AA holds thus potential as a hydrogen carrier even though its
implementation is likely to pose challenges. This is the guiding principle of this article.
It aims to (i) comprehensively review existing work on AA, (ii)) compare the current
understanding of the potential of AA as a hydrogen carrier to that of AB, (iii) address
the limitations and challenges that must be overcome for effective use of AA as a

solid hydrogen carrier, and (iv) discuss perspectives.
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Introduction

One of the primary challenges that must be addressed for the hydrogen economy to
thrive fully is its storage. The solutions can be categorized into three main types:
physical storage through compressed H, (>700 bar) or liquefied H, (-253 °C) [1,2];
liquid hydrogen carriers (such as LOHCs, i.e. liquid organic hydrogen carriers, and
ammonia NH3 at >7.5 bar and 20°C); and storage utilizing solid-state materials [3-5].
As for the last category, it can be subdivided into two main types: highly porous
materials that store H, under cryogenic conditions (typically —196 °C for most) [6],
and materials of a metallic, complex, or chemical nature, where H is bound to a less
electronegative element (such as magnesium, boron, or aluminum) [7,8]. With
respect to complex and chemical hydrides, they are also referred to as solid

hydrogen catrriers.

Complex and chemical hydrides composed of hydrogen and light elements (2s, 2p,
3s and 3p like boron and aluminum, respectively) provide high hydrogen densities [9-
11]. Examples are lithium alanate LiAlHs (10.62 wt% H, 97.38 g(H) L™), sodium
borohydride NaBH, (10.65 wt% H, 113.99 g(H) L™), magnesium borohydride
Mg(BHa)2 (14.93 wt% H, 120.92 g(H) L™ with respect to the orthorhombic structure
with space group P2c-c), ammonia borane BHsNHs; (19.6 wt% H, 152.87 g(H) L™;
also called borazane or borane-ammonia complex, and denoted AB hereafter) and
alane AlH; (10.06 wt% H, 149.94 g(H) L™ for the a phase). The challenge lies in
decomposing these hydrides to release only H,. For instance, LiAIH, releases 5.3
wt% of H, when heated at 150-175 °C and 2.6 wit% of H, at 180-220 °C; this
translates to an effective gravimetric hydrogen storage capacity of 7.9 wt%. However,
the dehydrogenation temperatures remain relatively high and the dehydrogenation
kinetics are too slow for practical applications; these prompted many studies
involving the addition of catalysts, for example [12-14]. Another widely studied
hydride is NaBHjs. It releases H, when heated, but the process requires temperatures
above 470 °C [15]. Otherwise, it undergoes slow hydrolysis at ambient conditions,
and the release of H, can be regulated by using a suitable metal-based catalyst
[16,17]. Due to these characteristics, NaBH, has been extensively investigated in
hydrolytic conditions rather than in thermolytic ones [18]. Another noteworthy
example is AB. Under heating, AB can release approximately 13 wt% of H, up to 200



°C [19]. However, side reactions occur during thermolysis, leading to decomposition
into unwanted gases such as NH3z and borazine B3sN3Hg [20]. Neat AB is actually not
suitable for hydrogen storage, and numerous efforts have been directed towards its
destabilization using strategies such as doping, solubilization coupled with

homogeneous catalysis, hanoconfinement, and chemical modification [21,22].

Boron and aluminum belong to group 13 elements (Figure 1). As mentioned above,
both have anionic hydrides in the form of ionic salts MBH, and MAIH, (borohydrides
and alanates respectively, with M = Li, Na for example) that have been considered as
hydrogen carriers [11]. On the one hand, MBH, and MAIH, readily hydrolyze upon
contact with water and release H,, and on the other hand, they dehydrogenate when
heated (above 150 °C for LiAlH4 [23] and 400 °C for LiBH4 [24] for example). Both
boron and aluminum have also neutral hydrides. With respect to aluminum, the
neutral hydride is AlHs. It has garnered particular attention as hydrogen carrier as its
o polymorph releases all of its hydrogen when heated above 150 °C [9,25]. The
boron analog BH3 only exists in its dimeric form, i.e. diborane B,Hg that is a gas (m.p.
-165.5 °C, b.p. =92 °C). B;Hs has played a crucial role in boron chemistry but it is
difficult to use due to its flammability and toxicity [26]; consequently, it has never
been considered as a potential hydrogen carrier. Returning to the entity BHs, it
nevertheless plays a role as hydrogen carrier, since this Lewis acid readily combines
with a Lewis base (e.g. NH3 and amines) to produce the aforementioned complex AB
and more widely amine-borane adducts [27]. In comparison, the aluminum analogue,
ammonia alane AlH3;NH3; (also called alazane or alane-ammonia complex, and
denoted AA hereafter) has been studied very little, and its potential as hydrogen
carrier has never been explored experimentally, while it has a theoretical gravimetric
hydrogen density of 12.86 wt%. However, a number of other amine-alane adducts
have been synthesized and studied [28], either as intermediates (e.g. triethylamine-
alane AlIH3N(C2Hs)3) to produce AlH3z from aluminum [29] or to propose derivatives of
AlH; (e.g. triethylenediamine-alane AlH3N2(C2H4)3) offering reversible hydrogen
storage [30]. In summary, the exploration of boron hydrides and aluminum hydrides
as hydrogen carriers has proceeded in a comparable parallel manner, with notable
exceptions in the cases of AB and AA, and particularly of AA. This is the topic under

discussion here.



We recently initiated systematic work to experimentally explore the properties and
potential of AA. In this context, the present review article aims to address two key
guestions: why so few experimental studies have been devoted to AA, and whether
AA could offer prospects for use as a hydrogen carrier. Where relevant, we provide
brief feedback on our experience of AA syntheses and analyses. The article is
structured around three main sections. The first section provides a comprehensive
summary of existing work, encompassing syntheses, predicted physicochemical
properties, chemical stability, and hydrogen storage properties of AA. This section
also addresses the species (polymers and resulting nitrides) that form due to AA
instability above 0 °C, providing the reader with a comprehensive understanding of
the challenges associated with AA synthesis. The second section presents an
analysis comparing the current understanding of the potential of AA as a hydrogen
carrier to that of AB. In the third and final section, preceding the conclusion, the
article contextualizes the first two sections, addressing the limitations and challenges
that need to be overcome for AA to be effectively used as a hydrogen carrier.
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Figure 1. Theoretical gravimetric and volumetric hydrogen densities (GHD and VHD, respectively) of
boron- and aluminum-based hydrides studied as solid hydrogen carriers. With respect to AA
(AlH3NHsy), its VHD was calculated assuming a density of 1 g cm’ (since the experimental density is
unavailable), and has to be considered with an error, likely to be of 20-25%.



Ammonia alane

Synthesis

The initial attempts to synthesize AA date from the 1950s. Wiberg and May [31]
reported the reaction of one equivalent of AlH; in diethyl ether with an equal amount
of NH3z at —80 °C, resulting in AA in the form of a white precipitate. Under these
conditions, no H, evolution was observed, aligning with the expected Lewis acid-base
reaction between AlH; and NHs.

AlH3 + NHz — AIH3NH; (1)
At temperatures exceeding —80 °C, AA was found to be unstable (Figure 2). AA (left
in diethyl ether) began to dehydrogenate when the temperature rose above —45 °C.
Notably, the release of one equivalent of H, occurred when the temperature was
maintained between —40 and -30 °C:

AlH3NH3z — 1/n [AIH2NH,], + Hy (2)
Intermolecular dehydrogenation, also known as dehydrocoupling, occurred leading to
the formation of a polymer (polyaminoalane denoted PAA or polyalazene) with the
structural unit AIH,NH, (aminoalane or alazene). At room temperature, a subsequent
dehydrogenation occurred, and the second equivalent of H, was released:
[AIHoNH2], — [AIHNH], + n Hy (3)

A polymer (polyiminoalane denoted PIA) with the structural unit AIHNH (iminoalane)
formed. The gradual release of the third equivalent of H, occurred at temperatures
exceeding 100 °C, leading to the progressive formation of aluminum nitride AIN. For

instance, AlHo 23NHo 23 formed after a heating process at 150 °C for 1 h.

Wiberg and May gleaned two key insights from the aforementioned study: (i) AA
exhibits instability above —-80 °C, and (ii) AIN begins to form above 100 °C.
Subsequently, they delved into the synthesis of various AA derivatives with the aim of
employing them as precursors for AIN. They successfully synthesized
AlH>(NH2)(NH3) by reacting one equivalent of AlH3; with an excess of NHjs (four
equivalents) at —196 °C, followed by —80 °C. Further rise in temperature up to —-50
°C, led to the synthesis of AIH(NH), [32]:

AlH3(NH3)2 — AlH2(NH2)(NH3) + Ha (4)



AlH2(NH2)(NH3) — AIH(NH2). + Hz (5)
They also produced Al(NH2)s by reaction of AIH(NH2), with NH3z at —80 °C, then -50
°C and finally -30 °C:

AIH(NHy), + NHz; — Al(NH2)3 + H, (6)
Al(NHz)3 proved to be a highly effective precursor for AIN, yielding the nitride with an
atomic ratio Al:N of 1:1.16 after pyrolysis at 430 °C for 4 h. Notably, Wiberg and May
synthesized other carbon-containing derivatives such as methylamine alane
AlH3NH2CH3 [33] and tertiary amine alanes AlH3NR3; with R as CH3 or CsHg [34-36],
among others [37]. Subsequent studies delved into various amine alanes [38-40],
including cases involving substitution of the alane (e.g. Al(CeHs)s instead of AlH3)
[41,42]. These investigations explored diverse applications such as using them as
reducing agents in organic synthesis [43], to produce polymers with AlI-N backbones
[44], and to examine intermediates in aluminum hydrogenation and AlH; production
(AlH3 being exploited as hydrogen carrier) [30,45-47].

4 Between - 45
and -30 °C

Ammonia alane
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and 150 °C

Aluminum nitride Polyiminoalane
Figure 2. From ammonia alane to aluminum nitride, via polyaminoalane and polyiminoalane, as

reported by Wiberg and May [31]. The Al, N and H atoms are shown by the grey, blue and white
spheres, respectively.

Three decades after the seminal work summarized above, Ochi et al. [48] adopted

the protocols established by Wiberg and May to synthesize AI(NH)NH,. The
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synthesis involved the reaction of AlH3;-O(C2Hs), and NHj3; at subzero temperature
conditions, followed by a temperature increase up to 140 °C. Al(NH)NH, served as a
precursor for AIN, which was obtained through pyrolysis at temperatures ranging
from 900 to 1100 °C. Pursuing the same objective, Maya [49] utilized AI(NH>)s as a
precursor for AIN. This compound was tentatively synthesized through a two-step
process: initially, LiAlH,4 reacted with aluminum chloride AICI; in diethyl ether at room
temperature to produce AlH3;-O(C.Hs),, and subsequently, ammonolysis of the as-
obtained product was carried out at —-50 °C to form Al(NH,)s:

3 LiAlH4 + AICI3 + O(C,Hs), — 3 LiCl + 4 AlH3-O(C2Hs)2 (7)
AlH3-O(C2Hs), + 3 NHz — 3 Hy + AI(NH2)3 + O(C2Hs)2 (8)
However, Al(NH,); was found to be unstable at room temperature, undergoing a loss
of NH3; to form a polymeric amide-imide with cross-linking, represented by the
formula [AI(NH2)o.86aNHo.069]n. The latter, however, yielded AIN when heated above
600 °C. Notably, at 1200 °C, thermogravimetric analysis revealed a weight loss of
28.2%, favorably comparing the 27.9 wt% of hydrogen of the original polymeric

precursor.

With a slightly different approach from that of Wiberg and May, Janik and Paine [50]
directly aimed for PIA by reacting LiAIH; with ammonium bromide NH4Br in diethyl
ether at —78 °C and then —23 °C:

LiAIH4 + NH4Br — 1/n [AIHNH], + 3 H, + LiBr 9
The produced PIA was not entirely pure, containing 5-10 wt% of diethyl ether, which
persisted even after vacuum drying at 100 °C. It is noteworthy reporting that, upon
repeating the aforementioned synthesis, we also observed the release of diethyl
ether by mass spectrometry when the polymer was heated above 100 °C. Janik and
Paine finally opted for diethyl ether (b.p. 35 °C) over dimethoxyethane (b.p. 85 °C)
and tetrahydrofuran (b.p. 66 °C). Indeed, high percentages of dimethoxyethane were
found in the PIA, and tetrahydrofuran degraded, which led to heavily carbon-
contaminated AIN. Janik and Paine also observed that using NH4Br instead of
ammonium chloride NH4Cl was preferable because LiBr, unlike LIiCl, is soluble in
diethyl ether, facilitating its separation from the PIA, and because the reaction
proceeded smoothly with the bromide salt. The PIA underwent pyrolysis and

thermogravimetric analysis up to 1000 °C revealed three weight losses associated



with solvent loss and dehydrogenation resulting in a total weight loss of 13-15 wt%.
The ceramic yield was calculated to be 85-87%. By infrared spectroscopy, it was
observed that the N-H and Al-H stretching bands (at 3400-3200 and 1800-1600 cm’
! respectively) disappeared entirely at 950 °C, leaving a single broad band centered

at approximately 700 cm™ due to Al-N stretching.

Janik and Paine’s approach (Eqg. 9) has inspired other research groups to explore the
MAIH4-NH4X systems (M = Li, Na; X = F, Cl, Br) as hydrogen carriers. Zhang et al.
[51] observed that the solid reaction between one equivalent of MAIH, and one
equivalent of NH4Cl released three equivalents of H, (as in Eq. 9) when the system
was heated up to 170 °C. This resulted in an effective gravimetric hydrogen storage
capacity of 6.6 wt% for the LiAlH4;-NH4CI system, for example. Zheng et al. [52] also
investigated the LiAIH4,-NH4CIl system and found that doping it with ceria (e.g. 1
mol%) enabled faster hydrogen production rates and shorter induction times. By
incorporating a solvent like diethyl ether to the system, Wang et al. [53,54] enabled
H, release at temperatures as low as 25 °C. The enthalpy of the dehydrogenation
reaction for LiAIH4-NH4CI in diethyl ether was determined to be approximately +41 kJ
mol(H.)™*. Regardless of the dehydrogenation conditions, the MAIH4;-NH4X systems
consistently resulted in the formation of MX and PIA (as in Eq. 9), and the presence
of residual solvent (often coordinated to PIA) was noticed. The as-obtained PIA
transformed into AIN when heated above 800 °C [51,53].

In summary, AA has never been isolated or could be isolated, which has prevented
its analysis. Following the Wiberg and May preliminary attempt, research has mainly
focused on the synthesis of molecular (e.g. AI(NH2)3) and polymeric (e.g. PIA)

precursors for the production of AIN by pyrolysis at high temperature.

Predicted properties

Ab initio and quantum chemical calculations have provided valuable insights into AA
at the molecular scale. For detailed information on the various theories and
calculation methods employed, the reader is encouraged to refer to the cited

references for an explanation of the data intervals presented below.



The AA molecule has a total energy of 300 + 1 Hartrees and a dipole moment of 5.58
+ 0.07 D [55-58]. The calculated bond lengths are (Figure 3): N-H 1.010 + 0.019 A;
Al-H 1.599 + 0.016 A; AI-N 2.096 + 0.035 A [55,57,59,60]. The AI-N bond
dissociation energy was predicted to be between 108.8 and 168.2 kJ mol™ [55,57,59-
61]. The distance between H of AlH; and H of NHs is approximately 3 A, which is
more than twice the van der Waals radius for H (1.2 A) [59].

AlH;NH,
p=558+007D
AHg(AI-N) =
108.8-168.2 kJ mol”!
[-0.41]-{-0.47]

1.599 +0.016 A [+0.9]-[+1.37]

2096 +0035A | [+0.2]-[+0.39]

calculated
bond lengths
sabieyo oiwoe

1.010 + 0.019 A . W . [-1.023]-[-0.55]

BH;NH,
p=544-561D

AHg4(B-N) =
145.2-215.9 kJ mol-

A"
W

-0.07

1.214 + 0.0086 A

o
—_
D

1.682 + 0.058 A - +0.39

calculated
bond lengths
sabieyo oiwole

S
oo

1.023 + 0.005 A

Figure 3. The (a) AA and (b) AB molecules, with indications about the calculated energies (Al-N and
B—N bond dissociation energy AHg), dipole moments W, bond lengths, atomic charges and distance
between H of AlH; or BH; and H of NH3. The references for the given data are provided throughout the
text.

The atomic charges of Al, N, H(Al), and H(N) were calculated within the ranges
[+0.9]-[+1.37], [-1.023]-[-0.55], [-0.41]-[-0.47], and [+0.2]-[+0.39], respectively
(Figure 3) [55,56,59,60,62], which is in agreement with the lower electronegativity of
Al (x 1.61) versus that of N (y 3.04), and the intermediate electronegativity of H (y



2.2). Based on such data, Czerw et al. [59] concluded that the bonding of AlHz with
NHs; in AA is predominantly electrostatic.

The vibrational frequencies for AA were also predicted [55-57,61,63], providing a
valuable database for the analysis of IR spectra. The available data is listed in Table

1.

Table 1. Vibrational frequencies in cm™ for AA as predicted in references [55-57,61,63].

[55] [56] [57] [61] [63]2
NH; sym str 3690-3588 3511 3588-3397 3355 3303
AlH; sym str 1986-1935 1957 1986-1811 1827 1780
NH; sym bend (def) 1383-1342 1329 1342-1173 1263 1183
AlH3 sym bend (def) 844-829 811 829-712 791 748
AI-N str 418-408 414 439-354 422 380
NH; asym str 3814-3712 3639 3712-3531 3483 3440
AlHz asym str 1966-1898 1945 1966-1816 1827
NH; asym bend (def) 1785-1711 1684 1711-1579 1665 1556
AlH; asym bend (def) 865-845 839 853-732 800
Asym combined NH3,AlH3 bend (def) ~ 756-741 730 741-674 709 659
Asym NH3,AlH; bend (def) 416-395 386 395-342 373

aAs determined from the spectra proposed by the authors of the cited reference.

As hydrogen carrier

Since the research conducted by Wiberg and May [31], AA has not been
experimentally isolated for an in-depth study as a hydrogen carrier. This can be
explained by the fact that AA is unstable above —-80°C. With this challenge
acknowledged, there is thus a significant experimental hurdle to overcome. However,
as reported below, theoretical studies (utilizing ab initio molecular orbital theory, for

example) have revealed attractive properties.

Grant and Dixon [61] predicted that the intramolecular dehydrogenation of AA into
AlH,;NHj is slightly endothermic:

AlHzNHz; — AlH,NH, + H, (10)
The enthalpy was calculated as +14.6 and +20.9 kJ mol® at —273 and 25 °C
respectively, and this aligns well with the value of +16.7 kJ mol™ predicted by Davy
and Jaffrey [56] and Nguyen et al. [64]. According to Davy and Jaffrey’s calculations
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[56], the total energy of AIH,NH, (with a double bond between Al and N) is between
—298.725692 and -299.176246 Hartrees (depending on the ab initio molecular
electronic structure method used). Compared to the bond lengths in AA (see above),
the AI=N bond of AIH,NH, is shorter at 1.779 + 0.007 A, the Al-H bond is slightly
shorter, e.g., 1.576 A, and the N-H bond is negligibly shortened at 1.002 + 0.003 A.

In fact, Grant and Dixon [61] focused on the sequential release of H, from the
ammonium alanate salt AIH;NH,; (Figure 4), where the first step involves the
dehydrogenation of AIH4;NH, into AA:

AIHsNH, — AlHzNH3 + Ha (11)
The enthalpy was calculated as —13.8 kJ mol™ at —273 °C. The second step involves
the dehydrogenation of AA (as mentioned above) with an enthalpy of +14.6 kJ mol™
at -273 °C (Eq. 10). Subsequently, the as-formed AIH,NH, undergoes
dehydrogenation in a third step, with an enthalpy of +259 kJ mol™ at —273 °C:
AlH,NH, —> AIHNH + H, (12)
The third and last step is the dehydrogenation of AIHNH into AIN, with an enthalpy of
+313.4 kJ mol™ at —273 °C:

AIHNH — AIN + H, (13)

f‘f:g /-) .Q‘ AH = -13.8 kJ mol ! (-273°C) @ O  AH= 14.6 kJ mol (-273°C)

$=6 >
AlH,NH, AlH;NH; AlH,NH,

AH = 259 kJ mol- (-273°C) K .
>

I
AIN AIHNH

Figure 4. Sequential release of H, from the ammonium alanate salt AIH;NH,, as predicted by Grant
and Dixon [61].
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According to Nguyen et al. calculations [64], the decomposition of AA via cleavage of
the AI-N bond is slightly more favorable. The resulting AlH3 then plays a catalytic role
in dehydrogenating another AA molecule:

AlH3NH3 — AlHz + NH3 (14)
AlH3NH3; + AlH3 — AlH3NHLAIH;, + H; (15)
Nguyen et al. [63] proposed another possible pathway occurring upon the
decomposition of AA (Eq. 14). It involves the condensation of NH3 and an AA
molecule to form a stable linear species (NHsAIH3NH3). This is followed by the
combination of the latter with AlH; to produce a cyclic species where two H of AlH3
form dihydrogen bonds with one H from each NH3 of NH3AIH3NH3:

NH3 + AlH3NH3 — NH3AIH3NH3 (16)
NH3AIH3NH3 + AlH3 — HAIH,--<(NH3)2AIH3

From the aforementioned bicyclic species, hydrogen elimination is predicted to be a
facile process:

HAIH,--(NH3)2AIHz — AlHsNH,AIH,NH; + Ho (17)
AlH3NH2AIH,NH3 — AIH,NH2AIH2NH, + Ho (18)
A last pathway proposed by Nguyen et al. [63] is the intermolecular dehydrogenation
(dehydrocoupling):

AlH3NH3 + AlH3NH3z — AlH3NH2AIH,NH;3 + Ho (29)
The dimer AIH3NH,AIH2NH3 is capable of reacting with another AA. This occurs
through a multistep dehydrogenation process that includes the following reactions
[65]:

AlH3NH3 + AIH3NH,AIHoNH; — A|H2(NHA|H)2NH2 +4 H> (20)
AlH3NH3 + AIH3NH>AIH,NHz — AlsNsH1o + 2 Ho (21)
AlH3NH3 + AIH3NH>AIH,NHz — AlsNsHg + 4 Ho (22)

Triaminoalane, cyclotrialazane and/or alazine, respectively, are then produced
(Figure 5).

Comparing ammonia alane to ammonia borane

Syntheses

12



Only the Lewis acid-based reaction between AlH3; and NH3 (Eg. 1) has been explored
as a synthetic route to produce AA, whereas AB can be produced by two different
paths. The first one is as the one of AA, where diborane B;Hs, a Lewis acid, is
reacted with NHs in diethyl ether at —44 °C for example [66]:

BoHg + 2 NH3; — 2 BH3NH3 (23)
The second pathway involves a metathesis reaction between a borohydride salt
(MBH,) and an ammonium salt (NH4X with X = F, Cl, Br, or (NH4)2Y with Y = SOy,
CO3). This reaction occurs in, for example, diethyl ether at 30°C. Finally, there is a
spontaneous dehydrogenation of the resulting ammonium borohydride NH4BH, [67]:
MBH,4 + NHsX — BH4NH4 + MX (24)
BH4NH; — BH3NH3 + Hy (25)
To isolate BH4NH,4 and to avoid the reaction shown in Eq. 27, the synthesis must be
performed at, low temperature, i.e. =78 °C. Indeed, BH4NH, is unstable above —-40
°C [68]. Otherwise, AB dissolved in diethyl ether is directly produced. After the
solvent removal, AB is recovered in the form of a white solid that is crystalline
(orthorhombic structure with space group Pmn2; below —-48 °C, and tetragonal
structure with space group 14mm at higher temperatures [69]). On the contrary, the

crystal structure of AA is still unknown.

. A O
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Figure 5. Triaminoalane, cyclotrialazane and alazine, respectively.

As MAIH, is analogous to MBH,, another potential path to produce AA could involve
the reaction of MAIH, with an ammonium salt, like for AB:

MAIH4 + NHsX — AIH4NH4 + MX (26)
AlH4NH4 — AlH3NH3 + H, (27)
As discussed earlier, the reaction between MAIH, and NH4X has been explored and
reported elsewhere; however, the goal was not to produce AA [51-54]. MAIH, and
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NH4X, both in solid state, react at 170 °C to release H,, and form PIA and MX (Eq. 9).
When a solvent, such as diethyl ether, is introduced to solubilize one of the two
reactants, the reaction between MAIH; and NH.X takes place at 25 °C and even at
lower temperatures, such as —40 °C, yielding the same products. However, to isolate
AA, it is necessary to operate at temperatures lower than —80 °C [31]. Such low
temperatures can influence the kinetics and potentially the yields, depending on the
reaction times. This also necessitates using a solvent that remains liquid below —80
°C and can solubilize AA (crucial for its separation from MX) or MX (if a suitable
solvent for AA cannot be found). For instance, Janik and Paine [50] showed that
diethyl ether (m.p. —116 °C) is a suitable solvent for dissolving LiBr, which is formed
upon reaction of LiAIH, and NH4Br. Diethyl ether, as initially reported by Wiberg and
May [31], does not solubilize AA (that precipitates). Based on our recent experiments,

diethyl ether remains the solvent of choice.

It is worth mentioning that Gutowsk and Autrey [70] computationally predicted the
crystal structure of BH4;NH, (Eq. 24) and AlH4NH4 (Eg. 26), both being potential
hydrogen carriers at subzero temperature conditions (as discussed hereafter). The
former one would have a stable zinc blende ZnS structure while the latter a wurtzite

one.

Thermal and chemical stability

As a precipitate in diethyl ether, AA is unstable and undergoes dehydrogenation
above -80°C (Figure 6). The three equivalents of H, are released one after the
other, respectively at about —30 °C, room temperature, and above 100 °C. This leads
to the formation of PAA, PIA, and AIN respectively [31]. The thermal stability of AA
differs significantly from that of AB (Figure 6). In the solid state, temperatures above
80 °C are required to initiate the intermolecular dehydrogenation of AB, which
proceeds stepwise up to approximately 200 °C for the release of the first two
equivalents of H, [19]. The third equivalent is released above 200 °C [71]. The
difference in behavior between AA and AB is fundamental, especially in the context
of their potential use as hydrogen carrier, with the latter being extensively studied.

This is analyzed hereatfter.
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AA, PAA and PIA (Eg. 2 and 3, and denoted AINH, for brevity in Eq. 29 below) are
unstable against a Brgnsted acid (e.g. HCI) attack [31]. They mineralize such as:
AINH, + 4 H" - AP* + NH;" + x/2 H; (28)

Both AA and AB are thus unstable in the presence of protons. In the case of the
latter, this has garnered significant attention to produce H, at low temperatures, both
in the presence [72] and absence [73] of water. A typical example is the H*-catalyzed
hydrolysis of AB [72]:

BH3NH; + 3 H,O — B(OH); + NH3 + 3 Hy (29)
The hydrolysis of AB to produce H, at 20-30 °C has been deeply investigated within
the last two decades, thanks to the simplicity of the reaction and a theoretical
gravimetric hydrogen storage capacity of 7.1 wt% (taking into account the weight of
water) [74]. In contrast, the hydrolysis of AA to produce H, does not seem realistic
and relevant. This is primarily due to its instability above —80 °C, and because the
fact that AA does not offer any advantages over AB. In any case, the hydrolysis of

both AA and AB is not practical when compared to other candidates, such as NaBHj,.

Ammonia alane Polyaminoalane Polyiminoalane Aluminum nitride
—J =8 L L =J -‘ O .
WA g Y
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Ammonia borane Polyaminoborane Polyiminoborane Boron nitride
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Figure 6. Ammonia alane versus ammonia borane: temperature range of stability, and species
forming upon dehydrogenation up to the formation of the aluminum and boron nitrides at high
temperature.

Properties of the molecules

Quoting Marsh et al. [55], “the resemblance of AA to the related compound AB is
quite strong” (Figure 3). Leboeuf et al. [57] predicted comparable dipole moments
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with 5.51-5.53 D for AA and 5.44-5.61 D for AB. The calculated N-H bond lengths
are also comparable, with N-H 1.010 + 0.019 A for AA [55,57,59,60] and 1.023 +
0.005 A for AB [57,59,60]. With respect to the other bonds, they are predicted to be
longer in the case of AA, which agrees with the bigger size of the aluminum element
versus boron: Al-H 1.599 + 0.016 A [55,57,59,60] and B-H 1.214 + 0.008 A
[57,59,60]; Al-N 2.096 + 0.035 A [55,57,59,60] and B-N 1.682 + 0.058 A [57,59,60].
Accordingly, the distance of approximately 3 A between H of AlH; and H of NH3 in AA
is longer than the distance of 2.56 A between H of BHz and H of NHz in AB [59].

When the predicted atomic charges for AA and AB are compared, both similarities
and differences emerge [59]. For instance, the charges of N and N(H) are quite
similar: N is —1.02 for AA and -0.80 for AB, and H(N) is 0.39 for both molecules. The
charges of H(AI) and H(B) are both negative, with values of —-0.41 and -0.07
respectively, but H(Al) is more hydridic. The charges of Al and B differ, with Al being
positive at 1.06 and B slightly negative at —0.16 (considering that B (y 2.04) is less
electronegative than Al (y 1.61)). Combining these findings, Czerw et al. [59]
concluded that the bonding of AlHz with NH3 in AA is predominantly electrostatic and
that the geometric/steric effect are insignificant. In contrast, the bonding of BH3 with
NH;3 in AB exhibits a much greater dative character and a higher covalent nature.
This corroborates a slightly higher dissociation energy of the N-B bond for AB. For
instance, Leboeuf et al. [57], using a Gaussian density functional method, calculated
dissociation energies of 145.2-215.9 kJ mol™ for AB and 126.4-167.4 kJ mol™ for AA.

Another consequence of the more hydridic character of hydrogens in AA is that the
H(AI) exhibit higher reactivity than H(B) in AB and are more prone to react with H(N)
[75]. This aligns with the lower thermal stability of AA.

As hydrogen carriers

There is limited experimental data supporting the potential use of AA as a hydrogen
carrier, with the only available data published by Wiberg and May [31]. Nevertheless,

theoretical studies offer avenues for analysis.
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At first glance, the instability of AA above —80 °C appears problematic. However, this
instability provides an advantage in terms of thermodynamics to rehydrogenate its
dehydrogenated forms. As mentioned earlier, the predicted enthalpy of
hydrogenation of AIH.NH, is negative (-16.7 kJ mol™) [56]. In other words, the
release of H, from AA, particularly the first equivalent of H,, is reversible. In contrast
with AB, the calculated enthalpy of hydrogenation of BH,NH, is positive, ranging
between 20.9 and 33.1 kJ mol™ [56]. The release of the first equivalent of H, from AB
is exothermic as measured experimentally, confirming the irreversibility of the
dehydrogenation reaction [20]. More broadly, the rehydrogenation of the polymers
stemming from AB dehydrogenation by using only H, has not been demonstrated yet.
However, the AB polymers (mainly polyborazylene) can be recycled (i.e. chemically
transformed) to regenerate AB; this can be done via chemical processes involving
acid digestion or hydrazine reduction [76]. It is also worth mentioning that boron
nitride has been reported to be hydrogenated under H, pressure [77] or by reaction
with lithium hydride [78].

When heated above 80 °C, neat AB decomposes rather than undergoing
dehydrogenation (Figure 6). Unwanted gases such as NH3; and B3N3Hg (along with
H,) are produced [20], which represent a major limitation to the development of neat
AB as a hydrogen carrier. With respect to AA, PAA and PIA [31,50], they do not
produce any byproduct at lower temperatures. Our recent experiments confirm this
observation for temperatures up to 300 °C. Indeed, we observed the release of NH3
when PAA and PIA were heated above 300°C. In summary, AA and its polymers
release pure H, below 200 °C. Semenenko et al. [75], who surveyed the study of
Wiberg and May cited above, stressed on this point. They pointed out that aluminum
is less inclined to form double bonds due to its specific electronic configuration with
incomplete 3p orbitals. This element is expected to form three covalent bonds and
thus an Al-N network, as seen in PAA and PIA (Figure 2). This means that
decomposition products with double bonds would not form. In other words, the only
reaction occurring by heating AA above -80 °C would be intermolecular
dehydrogenation, resulting in the release of pure H,. This is a significant advantage
over AB.
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As things stand, it would be inappropriate to not consider the possibility of other
reactions such as those predicted by Nguyen et al. [63,65] that lead to linear and
cyclic trimers of AA (Eq. 14 to 22; Figure 5). In this scenario, AA would encounter the

same issues as neat AB (as discussed above).

Grant and Dixon [61] predicted that AIH4;NH. is a potential hydrogen carrier. It
dehydrogenates in AA (Eq. 11), which then dehydrogenates in AlH,NH, (Eq. 10) and
both steps are predicted to be almost thermoneutral. This is an attractive feature for
hydrogen carriers, knowing besides that AIH4;NH; has theoretical gravimetric and
volumetric hydrogen densities of 16.4 wt% H and 108.7 g(H) L™ (the latter value
being calculated using the density of 0.663 g cm™ as predicted elsewhere [70]). By
extrapolation, one could expect, at the material level, hydrogen storage capacities of
about 8.2 wt% and 54.4 g(H) L™ for the sequence AIHsNH4<>AIH3NH3<>AIHNH,;
furthermore, each step would be potentially reversible owing to the predicted
favorable thermodynamics (Figure 4). This would require, however, operating at
temperatures below —80°C for both AIH4NH,4 and AlH3NH3.

AIH4NH,4 has never been synthesized, and the question of its thermal stability arises
(considering that AA is only stable below —80 °C). Another uncertainty concerning
AlH,;NH; is that its formation (Eqg. 10) is hypothetical. It has never been isolated. In
contrast, Wiberg and May [31] isolated PAA (Eq. 2) after the release of the first
equivalent of H, from AA. Hydrogenation of this polymer is most likely tricky, i.e., is
thermodynamically less favorable than that of the monomer AlH,NH,. We can draw a
parallel with AB (Figure 7): BH4NH,4 has been little or not considered as a hydrogen
carrier due to its instability above -40 °C [68]; BH;NH, is unstable, thereby
spontaneously polymerizing into polyaminoborane [79]; and the uptake of H, by

polyaminoborane is endothermic and thus unfavorable [20].
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Figure 7. From ammonium borohydride, unstable at 20 °C, to polyaminoborane, via the formation of
ammonia borane, stable below 80 °C, and the unstable aminoborane.

Discussion

We thus have AA and AB, two materials that have distinct advantages and
constraints (Figures 4 and 6). (i) AA is stable below —80 °C and must be kept at
these temperatures, while AB is stable up to 80 °C. (ii) AA is synthesized under
restrictive conditions, at temperatures lower than —80 °C, while AB is synthesized at
20-30 °C. (iii) AA releases its first equivalent of H, between —80 and —30 °C, and the
reaction is predicted to be slightly endothermic, while AB releases its first equivalent
of H, between 80 and 120 °C, and the reaction is exothermic. (iv) AIH,NH, could be
hydrogenated as the reaction is predicted to be slightly exothermic whereas
hydrogen storage is irreversible with AB. (v) AA releases pure H,, while AB
decomposes into H, and unwanted gaseous products. In other words, there is a
dilemma with AA and AB: the former is unstable above —80 °C but it could allow a
reversible hydrogen storage, and the latter is stable but its thermodynamics are

against reversible hydrogen storage.

Conducting additional experimental studies with AA is essential for gaining a deeper
understanding of its properties and potential. This forms the core of our current focus
and recent experimental initiatives. We aim to address the following key questions: Is
there one or more ways to stabilize AA above —80 °C? Does AlIH;NH, form? What is

the enthalpy of each dehydrogenation step measured by calorimetry? Are PAA and
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PIA hydrogenated under H, pressure, making hydrogen storage with AA (partially or

entirely) reversible?

It would be also interesting to attempt the synthesis and isolation of AIH;NH,, in order
to gain a better understanding of AA through the dehydrogenation of AIH4NH,4, and
then explore the potential of the sequence AlH;NH;«<>AIH3NH3<>AIH,NH, occurring
at subzero conditions (Figure 4). Today, cryogenics is an option for storing H,, either
liquefied (=253 °C) [2] or cryoadsorbed on the surface of highly porous materials
(=196 °C for most) [6], and tomorrow cryogenics could be an option for reversibly
storing hydrogen at effective capacities of 8.2 wt% H and 54.4 g(H) L™ via the
AlIH4sNH <>AIH3NH3<>AIH,NH, sequence (Figure 8a). A first step towards an AA-
based system for hydrogen storage is to find a practical synthetic route to obtain a
pure compound. If the dehydrogenation reaction is truly reversible, this would
facilitate the management and storage of the product. This could make sense,

regardless the complexity of implementation.

Considering the points (i) to (v) mentioned above, an alternative solution might
involve a material that combines the advantages of both AA and AB. This approach
might offer new perspectives. Perhaps an initial step would be to mix AB and AA at
various contents and analyze their thermal stability, and a second step would be to
substitute a fraction of boron in an AB-based oligomer with aluminum or a fraction of
aluminum of an AA-based oligomer with boron (Figure 8b). We could also consider
the case to stabilizing AA by modifying its structure. For instance, the purpose of the
chemical modification of AB is to destabilize it. However, the magnesium derivative of
AB (and of hydrazine borane as well) exhibits a higher thermal stability than the
parent borane [80,81]. This is likely due to the large Pauling electronegativity of the
Mg atom. Would it be possible to stabilize the molecule by synthesizing a virtual

magnesium derivative of AA?

There may be another way of using AA. On the one hand, Wiberg and May [32]
demonstrated that AA is a precursor for AIN synthesis upon pyrolysis at elevated
temperatures. Janik and Paine [50] confirmed this, even though the precursor they
used was PIA. On the other hand, computational calculations focusing on AIN
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nanostructures (e.g. nanowires, nanosheets, nanocages, etc.) predicted that AIN
have the potential to be used as medium for the reversible storage of H,. AIN would
offer unsaturated aluminum sites that are capable of binding one H, molecule [82],
and/or nitrogen sites that can adsorb two H, molecules [83]. To our knowledge, no
experimental study on AIN nanostructures has been published to date. The only
study available involves a systematic examination of dense nitrides, including AIN
(commercial, with a purity of 99.9%). The nitrides were ball-milled (at 400 rpm) for 20
h under H, (10 bar) at 23 °C [84]. AIN (for which textural properties were not
determined) adsorbed 0.4 wt% H,. The presence of N-H bonds was confirmed by
infrared spectroscopy, indicating hydrogenation of the nitrogen sites with possible
formation of imides, according to the authors. This study, while interesting, is limited
to dense ball-milled AIN. It, nevertheless, suggests encouraging prospects for (highly)
porous AIN with surface defects (Figure 8c). These AIN-based structures could be
synthesized using AA, PAA and/or PIA as a precursor and by using the soft or hard
templating method.
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Figure 8. Research perspectives offered by ammonia alane for developing alternative solutions for
hydrogen storage: (a) the sequence AlH;NH;«>AIH;NH3<>AIH,NH, at subzero conditions; (b) mixing
ammonia alane and ammonia borane, towards the substitution of aluminum by boron in an AINH
oligomer; (c) ammonia alane as precursor of porous aluminum nitride.

Conclusion

Both ammonia alane AlH3NH3; (AA, with 12.86 wt% H) and ammonia borane BH3NH3
(AB, with 19.6 wt% H) are potential hydrogen carriers. However, there is a dilemma
with AA and AB: AA is unstable above —-80 °C but could potentially allow for
reversible hydrogen storage, whereas AB is stable at room temperature, but its
thermodynamics are against reversible hydrogen storage. Conducting additional

experimental studies with AA is thus essential for gaining a deeper understanding of
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its properties as hydrogen carrier. Otherwise, the computational studies conducted to
date suggest exploring the pathway leading to ammonium alanate AlIHsNH,,
specifically the sequence AIH4;NH4<«>AlIH3NH3<>AIH,NH, associated to the reversible
release and uptake of two equivalents of H, (i.e. 8.2 wt% H) at subzero conditions.
Additionally, we propose two other avenues to explore: focusing on a material that
combines the advantages of both AA and AB such as an AA-based oligomer where
some aluminum is substituted by boron; and, using AA as a precursor of AIN (porous
and with surface defects) to be considered as a sorbent for H, storage.

Our group is currently conducting experimental work, which has enabled us to
include above, information related to our growing experience with AA and related
materials. In this context, another objective of this review article is to pique the
interest of other research groups to explore AA and discover new derivatives, thereby

expanding our collective knowledge of these materials.
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