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Abstract: Despite being the lightest element in the periodic table, hydrogen poses many risks
regarding its production, storage, and transport, but it is also the one element promising pollution-
free energy for the planet, energy reliability, and sustainability. Development of such novel materials
conveying a hydrogen source face stringent scrutiny from both a scientific and a safety point of
view: they are required to have a high hydrogen wt.% storage capacity, must store hydrogen in
a safe manner (i.e., by chemically binding it), and should exhibit controlled, and preferably rapid,
absorption—desorption kinetics. Even the most advanced composites today face the difficult task of
overcoming the harsh re-hydrogenation conditions (elevated temperature, high hydrogen pressure).
Traditionally, the most utilized materials have been RMH (reactive metal hydrides) and complex metal
borohydrides M(BHy)x (M: main group or transition metal; x: valence of M), often along with metal
amides or various additives serving as catalysts (Pd?*, Ti** etc.). Through destabilization (kinetic
or thermodynamic), M(BHy)x can effectively lower their dehydrogenation enthalpy, providing for
a faster reaction occurring at a lower temperature onset. The present review summarizes the recent
scientific results on various metal borohydrides, aiming to present the current state-of-the-art on such
hydrogen storage materials, while trying to analyze the pros and cons of each material regarding its
thermodynamic and kinetic behavior in hydrogenation studies.
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1. Introduction

A world with ever more scarce fossil fuels must transition to alternative energy stor-
ing materials. Fossil fuels, such as coal, gas, and oil, are finite, non-renewable resources,
and a current estimation based on their ongoing burning rate points to a complete depletion
by the end of 2060. While they are more reliable than currently engineered materials, they
also pollute the environment and are responsible in great part for the greenhouse effect [1-9].
While the risk of running out of fossil fuels has been advocated for decades, the time-
line is approaching and humanity needs to make a change. Therefore, alternative energy
carriers are long sought-after; among them, metal hydrides and complex borohydrides
have a special role [10-18]. Reaching or exceeding the U.S. Department of Energy (DOE)
target is no easy task; the specific target for 2020 was 1.5 kWh/kg (4.5 wt.% hydrogen) and
1.0 kWh/L (0.03 Kg hydrogen/L), costing more than USD 10 /kWh (or USD 333/Kg of
stored hydrogen capacity) [19,20]. A series of options have been investigated for hydrogen
storage applications: cryo-compression (7-27 Kg/m?), metal hydrides (40-70 Kg/m3),
chemical hydrides (50-120 Kg/m?), carbon sorption (20-50 Kg/m?), complex hydrides,
and liquified dihydrogen (70 Kg/m?) (Figure 1).
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Figure 1. Convergence of hydrogen storage methods towards a sustainable hydrogen economy.

A special role is held by complex metal hydrides and borohydrides in particular, given
their high gravimetric energy content (Figure 2).

Computing the theoretical hydrogen storage of a complex metal borohydride yields
the following:

4x 400

wt.% hydrogen in M(BH4)X = m x 100 =

— % (1)
AM 114,842

This relation would imply that, in order to reach a minimum storage capacity set by
the DOE of 4.5 wt.%, the following relation should hold:

0 o ys s AM 7406 @)
A 414,842 x

One could argue that the DOE target could be met, looking at Equations (1) and (2), by any
mono-valent metal having Ap; < 74.406%, or a divalent metal with Ay; < 148.812 -&

mol’
or a trivalent metal with Ay, < 223.218 n%l a.s.o0. Indeed, mTHRost known borohydrides
fall into this category: they afford a theoretical hydrogen storage capacity superior to
that imposed by the DOE (4.5 wt.%). Equation (2) also implies that the hydrogen storage
capacity will be the highest for the most lightweight borohydrides, thus corresponding

to low Ay values: second, third, and fourth period metals are the borohydrides most
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used to date [21-27]. A summary of known borohydrides with specific hydrogen storage
capacity is presented in Figure 2, which are arranged by metal valency and atomic weight
of the metal, in decreasing order of their theoretical hydrogen storage capacity (wt.%).
The maximum hydrogen storage capacity (denoted herein as: H, wt.%) is computed for
a series of mono-, di-, tri-, and tetravalent metals; in some cases, only hypothetic formulae
were used since the actual borohydride’s existence is unclear (AuBHy4, Ni(BH4),, Co(BH4),,
Hg(BHa4),, Sc(BHy)3, Nb(BHy)3, U(BH4)3, Ge(BHy)s, Sn(BH4)4), while for others that exist as
adducts with various stabilizing solvents/ligands (like Cr(BHy);), the capacity is reported
with respect to the theoretical, anhydrous form [28,29].
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Figure 2. Theoretical (maximum) hydrogen storage capacity of metal borohydrides. Metal borohy-
drides are arranged by cation valence (I, I, III, and IV). Highlighted in blue are the borohydrides
that exceed the DOE’s hydrogen storage capacity set for 2020 (4.5 wt %). Ln = La, Ce, Pr, Nd, Sm(II,
III), Eu(IL III), Gd, Tb, Dy, Ho, Er, Tm, Yb(II, III), Lu; Ac = Th, Pa, U, Np, Pu; It isolable at low
temperatures; in bold are shown borohydrides reported by several groups (higher confidence).

Many of the formulated borohydrides from Figure 2 comply with the DOE’s theoretical
minimum hydrogen storage capacity (4.5 wt.%), yet very few of them can actually be used
in storage materials. However, there are quite a few aspects plaguing metal borohydrides:
high dehydrogenation enthalpies, high dehydrogenation temperature onset, slow dehydro-
genation/rehydrogenation kinetics, and side-reactions occurring during dehydrogenation
leading to boron-loss and thus incomplete/impossible rehydrogenation, but also very high
temperature and Hj pressures required to rehydrogenate them.

From a structural point of view, borohydrides M(BHy)x are ionic/covalent compounds
formed by a metal center (M**) that binds accordingly to the negatively charged borohy-
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dride tetrahedra BH, . The lightest member of the borohydride family is LiBHy, depicted in
Figure 3 [30-38]. Established by synchrotron XRD at RT, LiBH, shows at normal conditions
an orthorhombic symmetry (Pnma), with the BHy tetrahedra aligned along two orthog-
onal directions. The [BH4]™ units are surrounded by four Li* cations, and each Li* by

- 0% ¢
o3

Figure 3. X-ray structure of lithium borohydride, LiBHy. Projections along a-axis (left), b-axis
(middle), and c-axis (right).

More important for hydrogenation studies, the B-H bond is of a covalent nature
(rg-g = 119 pm), thus considerable energy is required to break that bond (Ep. = 389 kJ /mol).
It follows that the dehydrogenation enthalpy AHgehydrogenation has a large value, an aspect
that must be overcome using thermodynamical considerations. First (IA) and second group
(ITA) metal borohydrides are not only known, but also commercially available. Vari-
ous reviews have tackled different areas regarding complex borohydrides and hydrogen,
focusing either on current technologies [1,2,6] and conceptual design of storage materi-
als [3-5,15], or on various forms of hydrogen carriers [7,8] utilized to eventually switch
the aging and depleting conventional fuel to a “green” fuel [9]. Other reviews evaluate
the role of nanostructured metal hydride species for hydrogen storage [10,17], and usu-
ally focus on the potential presented by light metal borohydrides [10,16,18]. In the latter,
sodium borohydride is actually presented as the fuel for the future [18] and judging by
the emerging reports dating from 2021-2022 one could argue that this is true. Synthetic
strategies and structure characterization [21] have been complemented by in-depth stud-
ies on hydrolysis process of light borohydrides [22,24,25,27] or by investigation on the
possible intermediates that dehydrogenation could entail [12]. Destabilization strategies
employed to tame the rigid behavior of tetrahydroborates during hydrogenation cycles
have been reviewed [30-34], and the field of ionic conductivity has been explored with
aplomb especially after the discovery of LT(low temperature)-HT(high temperature) phase
transition in lithium borohydride [36-38]. The current review aims to gather most areas
of interest regarding the fascinating chemistry of complex borohydrides and bring them
under one umbrella, considering the historical evolution of the field, important milestones,
and current and emerging trends.

2. Hydrogen Storage Options: Physical vs. Chemical Storage

Hydrogen storage methods can basically be divided in two groups: physical (liquid
Hj, cryo-compressed and compressed gas, and physically adsorbed as in metal-organic
frameworks of MOF-5 type), and chemical storage (organic liquid: BN-methyl cyclopentane;
interstitial hydrides: LaNisHg; complex hydrides: NaAlHy; or in ammonia-borane adducts:
NHj3-BH3) (Figure 4).



Materials 2022, 15, 2286

5 of 60

Physical | Chemical

" Interstitial
<  LiquidH, —  hydrides:
LaNigH,
Cryo- Complex
— compressed — hydrides: NaAlH,
gas Mg(BH,),
Physically- | Ammonia- | [ OrganicLiquid:
4 adsorbed: —  borane: ——| BN-methyl
MOF-5 NH;.BH; cyclopentane |

Figure 4. Physical vs. chemical hydrogen storage methods.

2.1. Physical Storage of Hydrogen

Hydrogen has an atomic weight of 1.0079 g/mol, and is thus the lightest element
known. Under normal conditions (standard temperature and pressure), hydrogen is
an odorless, nontoxic but combustible gas comprising two hydrogen atoms covalently
bonded by a single o-bond: H,. Hydrogen ('H, most abundant isotope called protium) has
no neutrons, one proton in the nucleus and one electron in the outer shell, and a covalent
radius of only 0.315 A. The common and perhaps the most important physical properties of
hydrogen related to its storage applications are the melting point (m.p. = —259.14 °C) and
boiling point (b.p. = —252.87 °C), which, coupled with its low density (0.0898 g/L) and
high diffusivity, make hydrogen storage a difficult task from an economic and technological
point of view.

Hydrogen has three OS (oxidation states): —1 (hydrides), 0 (molecular dihydrogen),
and +1 (typical OS for hydrogen, as found in most compounds, as for instance in hy-
drocarbons or the ubiquitous H,O); it is therefore a versatile element, as it can act as
both an oxidizing and a reducing reagent. Its single valence electron makes hydrogen
a very reactive element; it is therefore usually found in nature in a variety of inorganic and
organic compounds.

Being a fuel and highly flammable (low ignition energy, low explosion limit in air at
4% vol.), hydrogen is regulated through a series of EU safety datasheets: S9 (containers
must be kept in well-ventilated areas), 516 (no smoking allowed in its proximity, and igni-
tion sources are forbidden nearby) and S33 (danger due to electrostatic discharge).

Combustion of hydrogen produces the highest gravimetric energy known (33.3-394 Wh/g),
depending on the state in which water is produced—gaseous water yields the lower value
(33.6 Wh/g), while combustion to liquid water produces 39.4 Wh/g:

1 K] Wh
1 kJ Wh

Hydrogen can be stored either as a liquid (cryogenic temperatures, due to low b.p.) or
as a gas (at high pressures, in the range 350-700 atm). Physically sorbed hydrogen is also
known: adsorption at surface of solids (MOF-5) or absorption (within solids).
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2.2. Chemical Storage of Hydrogen

Facing the obvious difficulties of cryogenic temperatures and/or very high pressures,
the physical storage of hydrogen has inherent safety issues that have swayed attention of
researchers towards chemical storage of hydrogen. Solid-state hydrogen storage can be
achieved in metal hydrides, complex metal hydrides, ammonia-borane adducts, or organic
liquids (BN-methylcyclopentane) (Figure 4).

Among these, complex hydrides have gained more popularity due to their salt-like
nature, high hydrogen storage wt.%, and involvement in a variety of advantageous chemi-
cal systems (M(BH4)x-MHy, M(BH4)x-M(NHa)y, etc). The general formula of a complex
hydride can be written as AxDyH,, with A being usually group IA and IIA elements, and D
either boron or aluminum. Complex hydrides contain hydrogen covalently bonded to D,
forming the complex anion [DyH,]"~. These compounds have been known for many years,
but they were revisited by Bogdanovic and Schwickardy, who discovered that addition of
2 mol % B-TiCl3 or Ti(OBu)y catalyst to NaAlH, would bring down the kinetic barrier of
dehydrogenation to technologically feasible levels for hydrogenation studies. The novel
material had a tentative formula NaAlHj39Tip 02Clp 06 and showed a thermogravimetric
curve featuring a reduction in the dehydrogenation temperature of 80-85 °C with respect
to undoped NaAlHy, while proving the reversible character of the prepared sample up to
the 100th cycle. However, the dehydrogenation-rehydrogenation rate was still rather low,
requiring high temperatures (>150 °C) and pressures (60-150-bar Hj) (5) [39].

NaAlHy <= %Na3AZH6+§AH—HZT@N(JH—!—AH—%HZT ®)

This pioneering work opened the door to further investigation of complex hydrides as
new motifs for hydrogen storage materials; understanding the role of the catalyst and the
exact nature of dehydrogenation and rehydrogenation reactions was the main aim. Other
complex hydrides such as Al(BHy); or Mg,FeHg have almost double volumetric hydrogen
density compared to liquid hydrogen (150 kg/m?> vs. 70 kg/m?), which stimulated research
in this intriguing field of hydrogen storage systems.

3. General Synthesis Strategies for Metal Borohydrides M(BHg)x

There are many known complex metal borohydrides (Figure 2 summarizes most of
them). The first known was aluminum borohydride Al(BH4)3, synthesized in 1939 by
Schlesinger et al. by mistake, followed by discovery of NaBHy in 1943 [40]. Out of
all known borohydrides, Be(BH4); remains the one providing the highest gravimetric
hydrogen content (20.7 wt.%, Figure 2), but it is also very toxic, which limits its usability
as hydrogen storage material. While using them as raw materials for hydrogen storage is
impractical due to poor reversibility and very high (or low) decomposition temperature,
the high amount of hydrogen bound to boron in complex anion [BH4]~ or [B,H7] ™ (the
latter is identified only in solution) makes them very interesting starting points for novel
energy storage systems.

The general strategies used for metal borohydride synthesis are: solid-state reactions
(mechano-chemical), wet chemistry (solvent-assisted), nanoconfined hydrides, and for-
mation of adducts of borohydrides. The mechano-chemical synthesis route is perhaps
the most-used and best-known method to obtain metal borohydrides; it is also the only
one able to afford mixed-cation borohydrides (like LiZny(BHy)s) [41]. The main drawback
of ball-milling / the mechano-chemical route is the impurity of the resulting borohydride
with metal halides, which are by-products of the metathesis reaction [42-46]. By contrast,
wet-chemistry methods can yield phase-pure metal borohydrides, and they afford far easier
separation procedures.

3.1. Solid-State—Mechanochemical Synthesis

Ball-milling has a series of advantages: it allows for good homogenization of the
sample, reduces the size of the particle, and introduces defects which are highly reactive,
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inclusive in hydrogenation studies [47]. The mechano-chemical route is a highly energetic
process carried out usually in a planetary ball mill [47-49]. The milling program typically
consists in 1-5 min ball-milling followed by a 1-5 min break [50], such that the chemical
activation observed is not due to local temperature increase, which is estimated to remain
around 60 °C [51-53], but rather due to high pressure caused by collisions between ball,
powder, and vial which produce material shear stress and deformations [54]. The mechano-
chemical approach can increase the reactivity of materials by size-reduction of the particles,
which increases their surface area and thereby provides better interaction between particles
needed for a complete reaction to occur.

A double substitution reaction (metathesis) occurs when a metal halide (such as MgCl,,
or more recently MgBr») reacts with NaBHj, producing Mg(BH,); in its f-phase polymorph:

MgBr, +2 NaBHy = B — Mg(BHy), +2 NaBr (6)

Using a bromide source rather than chloride yields the expected 3-Mg(BHy); faster
(6 h), when the reactants are introduced in a near-stoichiometric ratio (MgBrp:NaBH,
= 1:2 or 1:2.15). The usual workup procedure consists in Soxhlet extraction with Et,O,
followed by a two-step evaporation under vacuum (150 °C, 24 h and 190 °C, 5 h) [55-59].
The observed reactivity enhancement mirrors the halide reactivity trend, which increases
down the 17 group in the order C1~ < Br~ <1™.

The seemingly first candidate for hydrogen storage (highest gravimetric hydrogen
content, 20.7 wt.%), Be(BH4),, was first synthesized by a metathesis reaction, at 145 °C [60]:

BeCl, +2 LiBH, —> Be(BHy), + 2 LiCl @)

Schlesinger et al. made a great contribution to the development of novel metal borohy-
drides, after the discovery of Al(BH,); in 1939, and studied the synthesis of borohydrides
by metathetical reactions using alkali metal borohydrides [60], alternative syntheses of
NaBH, and LiBH4 [61], synthesis of NaBH, from NaH and borate esters [62], and synthesis
of U(BHy)4 [63,64]. The metathetical reaction leading to Be(BHy); is not a proper mechano-
chemical reaction since it is a solid-state reaction but performed by vigorous shaking of the
reagents rather than in a planetary mill [60]. In fact, due to the requirement to continuously
remove the volatile (and toxic) Be(BHy), from the system, the reaction cannot be performed
in a closed system (like the vial of a planetary mill).

The metathesis is best carried out using LiBH4, since it showed considerably faster
reactivity towards MCly than NaBH,, having also an added reaction drive due to the
formation of stable alkali salt, LiCl [60]:

YCl3 +3 LiBH; —> Y(BHy); + 3 LiCl ®)

Synthesis of Y(BH,)3 starts from yttrium(III) chloride and LiBHy, producing in high
yield the expected borohydride of Y(III) and LiCl as by-product, in an all-solid metathesis re-
action [65-75]. Yan et al. have also tried ball-milling the reagents according to Equation (8)
with the aim of obtaining pure Y(BHj)3, then solvent metathesis of the grinded mixture;
however, the obtained yttrium(Ill) borohydride was only ~85% pure (impurity: LiCl,
15 wt.%) [76]. Moreover, when the stoichiometric mixture YCls: 3 LiBH4 was employed
for ball-milling at RT or cryo-ball-milling, the reaction mixture showed incomplete con-
version to Y(BH,4)3, while YCl3: 4 LiBH, yielded almost completely the expected boro-
hydride [67,77-80]. Usage of LiBH4 was compulsory, as Y(BH4)3 was not obtained when
replacing the borohydride source with NaBHy [74].

Zr(BHy4)4 can be prepared by a series of solid-state reactions, for instance between
NaZrF5 +2 AI(BH4)3, ZI‘C14 +2 AI(BH4)3, or ZI'C14 +4 LIBH4 [77—80]

It has also been suggested that, in the case of mechano-chemical synthesis, the need to
evacuate the volatile borohydride species (Be(BHy4), or Al(BHy)3 being prime examples)
advocates for an equilibrium reaction that is shifted towards products with removal of the
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volatile product, in line with Le Chatelier’s principle [81,82]. Al(BH,4)3 has a theoretical
hydrogen storage capacity of 16.8 wt.%, but is a liquid at RT (mp = —64 °C) due to weak
intermolecular forces between its molecules; it is fairly unstable and begins to decompose
at ~40 °C, which is too low for use in a hydrogen production mobile tank. Its crystal
structure presents [BH, ~] units that are covalently bonded by two H-bridges to the APt
center. A ball-milling reaction of AICl; with NaBHj in a stoichiometric molar ratio results
in good yields of Al(BHy)3 [60].

AICl3 +3 NaBH; = Al(BHy), + 3 NaCl ©)

The solid-state Al(BH4); has two polymorphs (transition temperature —93 to
—78 °C) [83-88]. Due to its liquid nature, toxicity, and moisture and air sensitivity, Al(BHy)3
rather serves as a starting point for synthesis of other, more stable borohydrides,
and it is not currently the focus of research on novel energy storage materials because
of these limitations.

Ball-milling is also the only way to produce mixed-cation or mixed-anion borohydrides,
with reaction conditions (milling time, temperature, pressure) depending ultimately on the
metal electronegativity and d-electron configuration in the case of transition metal systems.
For instance, mixing ZnCl, and KBHj in a 1:1 ratio produces a chloro-borohydride of K*
and Zn?*. The complexity of the ball-milling process and its high dependence on reagent
molar ratio is depicted below, showing a family of products all starting from ZnCl, and
a metal alkali borohydride source (Figure 5) [41].

% NaZn(BH,);

+ 3/2 NaBH, | — NacCl

+2 NaBH,
THF, RT, 72h
% NazZn,(BH,): e —orb.m,, RT, 30
min

—2 NacCl

Zn(BH,),

KZn(BH,),Cl,

Figure 5. Complexity of ball-milling process, exemplified for synthesis of Zn(BHy); from ZnCl,
and MBH,; (M = Na, K) under various ratios of starting materials (1:1, 1:1.5, 1:2, and 1:2.5);
THF-tetrahydrofuran, RT-room temperature, b.m - ball milling.

Besides the formation of LiCl (or NaCl) as by-products, the metathetic route has
another drawback: some amounts of this salt can dissolve in LiBHj, yielding a solid
solution of approximate formula Li(BH4)1,Clp, (p is an integer number, 0 < p < 1), making
further purification even more difficult [89].

Synthesis of borohydrides can also be accomplished from starting elements as raw ma-
terials, but under extreme conditions caused by the very low reactivity of boron, as shown
by Friedrichs et al. (700 °C, 150 bar) [90,91]:

Li+B+2H, —> LiBH, (10)
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Other high-pressure reaction routes starting from solid metal hydride or metal boride
have been investigated. For instance, reacting metal hydride MH, with MgB, and hydrogen
Hj leads to corresponding M(BH4)x and MgH, [92,93].

MH, + % MgB, +2x Hy = M(BHj), + g MgH, (11)

forx =1, M= Li, Na; forx =2, M=Ca

Regeneration of Ca(BH,), during hydrogenation studies was shown to proceed at
350 °C and 150-bar Hj, with a faster dehydrogenation/rehydrogenation kinetics when
a Ti-catalyst was employed [94].

Ca(BHy); can be obtained in good yield (60%) by rehydrogenation of calcium hexa-
boride CaBg and CaH, under harsh conditions (690-700-bar H,, 400—460 °C) [95]:

2 CaH, + CaBg + 10 Hy <= 3 a — Ca(BHy), (12)

Interesting to note in Equation (12) is the formation of a-Ca(BHy), at temperatures
above 400 °C; typically, when synthesized at lower temperature, a-Ca(BH4), undergoes
an irreversible phase transformation to f-Ca(BHj), when heated above 180 °C; this syn-
thesis route thus has a main advantage in affording the a-phase at high temperatures
(Equation (32)). The overall hydrogenation capacity of Ca(BHy), based on Equation (12) is
9.6 wt.%. Formation of CaBg instead of the unreactive B or high boranes like CaB,Hj; in
the dehydrogenation process confers to the reaction a real potential for reversibility [96-99].
The formation of Ca(BHj4), can also take place in modest yields (~20%) by ball-milling at RT
for 24 h and under 140-bar H;, when using TiF3 as catalyst; in fact, many rehydrogenation
reactions benefit from using Ti-based catalysts [100]. Ball-milling under Ar backpressure
(1 atm) between CaCl, and MBH4 (M = Li, Na) was reported to also produce Ca(BHy),,
albeit made impure with chloride by-products (Equation (13)) [101].

CaCl, + 2MBH, 22" o — Ca(BH,), +2 MCI ;M = Li, Na (13)

Reaction between sodium hydride NaH and boric oxide have produced sodium
borohydride in good yield (60%) after ball-milling at 330-350 °C for 2048 h [62]:

4 NaH + 2 B,O3 = NaBHy + 3 NaBO, (14)

In a similar fashion, but using methyl borate B(OCH3); instead of boric oxide, LiBHy
was obtained with an overall yield of about 70% [62]:

4 LiH + B(OCH3),; —> LiBH; + 3 LiOCHj (15)

However, the economical aspect of using mechano-chemical synthesis may tip the balance,
because large-scale facilities for grinding are known and operable, so that cost-effectiveness is
insured for the preparation of light complex hydrides via the ball-milling technique.

3.2. Wet Chemistry—Solvent-Assisted Synthesis

The first borohydride, Al(BHy);, was synthesized by Schlesinger by accident in
1939 [40] (Equation (16)). He was hoping to obtain AlH3 by mixing Al(CHjs)s and B,Hg,
when the following reaction actually occurred, which has further been expanded to the
synthesis of Be(BHy4), (Equation (17)) and LiBH4 (using an alkyl-lithium in the latter case).
LiBHj, is the second most used borohydride today, but it was first synthesized also in the
1940s by Schlesinger et al. according to Equation (18) [102].

Al(CH3), +2 ByHs —> Al(BHy); + 3 (CH3),B (16)

3 BE(CH3)2 +4ByHy — 3 BE(BH4)2 +2 (CH3)3B (17)
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3 LiCyH5+2 ByHgy =—> 3 LiBH4 + (C2H5)3B (18)

At present, the usual procedure for the synthesis of M(BH4)x follows the general
reactivity scheme (19) and (20), and it can be successfully applied for divalent borohydride
synthesis (M = Be, Mg, Ca, Sr, Ba) or trivalent borohydrides (M = Al):

LiX + NaBH; = LiBH,+ NaX (X =Cl, Br, I) (19)

MCl, + x LiBHy = M(BH,), + x LiCl (20)

Al(BH4)3 was obtained by Kollonitsch and Fuchs and reported back in 1955, by reacting
AlCl3 with Ca(BHy), in a 2:3 molar ratio [103].

2AICl5 + 3Ca(BH,), = 2AI(BHy); + 3CuCl, (1)

Synthesis of LiBHy according to Equation (19) takes place in NaH-dried isopropy-
lamine ‘PrNH, [60,104], and usage of toxic diborane ByHjg is now avoided as in its first syn-
thesis by Schlesinger and Brown [102]. The metathesis reactions (19) and (20) are well-
documented, and proceed with a reasonable rate for LiBH; compared to slower alkali
borohydride starting materials (i.e., NaBH4, and ever slower with KBHy) [60], and afford
the complex borohydride M(BHy4)x in near-quantitative yield. NaBH4 remains the most
wide-spread borohydride in terms of synthesis methods and uses, including but not limited
to organic synthesis, reduction reactions, and metathesis [105].

Mg(BHjy), could be synthesized according to Equation (20), using diethyl ether Et,O as
solvent for the LiBHy, but the product obtained contains impurities of Li and C1~ [106-108].
At modest temperatures (34-60 °C), reaction (22) yields some Mg(BHy4), (overall yield:
0-11.5%); different conditions must therefore be used if NaBH, is used as borohydride
source [107,108]. Even when conducted in recommended solvent iPrNHz, the final mixture
could not surpass 40 wt.% of Mg(BH4),, with the impurities being mainly represented
by unreacted NaBHy; this aspect could be proof of an equilibrium reaction being reached
under those specific reaction conditions, but it could also originate from poor solubility of
the intermediate magnesium amine complex formed in the reaction mixture [106]. Phase-
pure 3-Mg(BH4), was obtained by replacing highly reactive LiBH4 with NaBHy, using
a combined mechano-chemical (2 h) double exchange reaction (60 h, refluxing Et,O solvent),
followed by drying at 240 °C [109].

MgCly +2 NaBHy = Mg(BHy), + 2 NaCl (22)

Organometallic compounds can also be used to synthesize metal borohydrides; re-
action of n-butyl-magnesium with Al(BH,)3 in non-coordinating solvent (toluene) yields
a solvent-free Mg(BHj4); in very good yield (85%) (Equation (23)) [110].

3 Mg(CsHo), +2 Al (BHy); = 3 Mg(BHj), +2 Al (CH), 23)

Reaction of CaH; or Ca(OC,Hs), with diborane BoHg in THF also affords the adduct
of Ca(BHy); in good yield [111-117]. The reaction of ball-milled activated CaHj (1 h, under
Ar, 600 rpm) and triethylamine borazane complex Et3N-BH3 produces Ca(BHy); in 85%
yield (unreacted CaH, as main impurity). The reaction is carried out at 140 °C for 5-6 h
and the subsequent workup consists in n-hexane washing, filtering, and drying at 200 °C
for 12 h [118].

Zn(BHjy), could also be prepared by wet-chemistry at room temperature (RT), us-
ing tetrahydrofuran (THF) as solvent and ZnCl, and NaBHy as starting materials
(Figure 5) [119-122]. With a hydrogen storage capacity of 8.5 wt.%, Zn(BH4), starts to
decompose at ~85 °C and eliminates up to 140 °C hydrogen and diborane B,Hg, making it
for the time being too unstable for vehicular applications. On the other hand, formation of
toxic ByHg(g) should urge researchers to look for alternative decomposition pathways that
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avoid diborane as by-product, since current dehydrogenation will not be reversible in the
absence of the boron source [119-122].

Potassium borohydride KBH, (also RbBH4 and CsBHy4) could be synthesized by
a precipitation reaction of NaBH,; with a concentrated solution of a strong base, KOH;
the reaction could be carried out in aqueous or CH3OH media, with an overall yield of
75.5% (Equation (24)). The reagents are independently dissolved in MeOH, cooled, and then
mixed, when the borohydride of interest precipitates and is obtained in pure form after
a subsequent vacuum drying step [123,124].

NaBHy + MOH = MBH, + NaOH (M =K, Rb, Cs) (24)

LiBH4 can also be produced by reacting LiH with diborane at mild temperatures
(120 °C) [125]. However, no reaction takes place between LiH and CaBy; Ca(BHy), therefore
cannot be obtained via this route (Equation (25)) [92].

2 LiH + ByHy = 2 LiBH, (25)

A similar reaction between the metal hydride MHy (M = Li, Mg, Ca) and B,Hj in
a solid—gas mechanochemical process was proposed by Friedrichs et al., who obtained
borohydride products in good-to-high yield, but containing some impurities (unreacted
starting metal hydride and Fe-Ni phases from vial abrasion during milling): LiBHy
(n = 94%), Mg(BH4)> (n = 91%) and Ca(BH4), (n = 73%). Diborane B,Hg was also proposed
as a key intermediate in hydrogenation studies under moderate conditions [93].

Neutron diffraction studies have been facilitated by a hydrogen-deuterium H-D ex-
change reaction taking place at increasing temperatures for Li, Na, and K (200 °C, 350 °C,
and 500 °C, respectively) (Equation (26