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Abstract: Hydrogen storage is widely recognized as one of the biggest not solved problem within
hydrogen technologies. The slow development of the materials and systems for hydrogen storage
has resulted in a slow spread of hydrogen applications. There are many families of materials that
can store hydrogen; among them, the alanate family can be of interest. Basic research papers and
reviews have been focused on alanates of group 1 and 2. However, there are many alanates of
transition metals, main group, and lanthanides that deserve attention in a review. This work is a
comprehensive compilation of all known alanates. The approaches towards tuning the kinetics and
thermodynamics of alanates are also covered in this review. These approaches are the formation of
reactive composites, double cation alanates, or anion substitution. The crystallographic and X-ray
diffraction characteristics of each alanate are presented along with this review. In the final sections,
a discussion of the infrared, Raman, and thermodynamics was included.

Keywords: alanates; metal aluminum hydrides; mechanical-milling; hydrogen storage

1. Introduction

Hydrogen storage in solid materials is a relatively new branch of hydrogen technologies. It started
during the '60s of the last century with the systematic study of TiFe alloys and Mg [1-3]. The studies
on hydrogen storage flourished with the spread of the use of mechanical milling to produce materials
or precursors that exhibited improved properties regarding kinetics or thermodynamics [4-6]. Another
breakthrough was the discovery that certain Ti-compounds made the hydrogen storage/release
reversible in NaAlH, [7,8]. Certainly, there are numerous materials that are potentially useful in
hydrogen storage. Among them, the family of alanates stands out because of the high hydrogen
content, rich chemistry, and the possibility of reversible storage [9]. Alanates (or aluminohydrides) are
robust materials; some of them are so well known that prototypes of storage tanks had been constructed
(i.e., NaAlHy) [10-12]. Others, such as Ti(AlHy)4 or Zr(AlHy)4, are barely known in terms of crystal
structure or thermodynamics [13,14]. Figure 1 presents a “periodic table” of the known alanates with
dehydrogenation temperatures.
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Figure 1. Periodic table of alanates. The reported alanates were collected in this “periodic table”.
Alanates are like other hydrogen storage materials, in the sense that no material fulfills all of

the requirements of hydrogen capacity, dehydrogenation temperatures, or reversibility. The DOE
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(Department of Energy, USA [15]) had proposed along several decades the figures of merit for hydrogen
storage materials and systems, specifying the type of applications (portable, light-duty vehicles, etc.).
In general, high hydrogen storage capacity (6.5 wt.% [15]) and reversibility would prevail as the
two fundamental characteristics of hydrogen storage materials. The exigencies of the DOE are very
rigorous, particularly for light-duty vehicles applications [15], and they include (not limited to) the
quantity of stored/released hydrogen (mass and volume of a complete system, 6.5 wt.% and 5 vol.%),
reversibility, kinetics (optimum time to charge a hydrogen tank, 3-5 min), minimum number of cycles
of hydrogen charge/discharge (1500), operational temperature (—40 to 85 °C), operational pressure
(delivery pressure 5-12 bar), cost of the system (266 USD/kg H,), safety, etc. Other factors to be careful
with are the thermodynamics (related to the dehydrogenation temperature, but also to the quantity of
heat added/removed to/from the system), the onboard efficiency (90%), etc. Moreover, in the future,
factors such as recyclability, sustainability, or alanate production from recycled materials [16,17] must
also be included as critical factors. However, niche applications for different applications [18] could
be developed while using different hydrogen storage materials, including the alanates. These niche
applications must meet the particular characteristics of the hydrogen production type and the needs
of the final user [18,19]. Nonetheless, the alanate family would allow for the development of new
materials. The present work covers the general synthesis procedures, structure, thermodynamics,
and hydrogen storage capacity of the known alanates (whenever available). Additionally, double cation
alanates or anion substituted materials are also presented and discussed. In the last part of the work,
we present a compilation of IR (Infrared) spectroscopy, Raman spectroscopy, and thermodynamics
data, along with some general tendencies.

2. General Syntheses Procedures

In this section, the synthesis routes are enumerated, describing them in a general way. Further
along in this review, more details are presented for each particular alanate. However, all of the alanates
have the need for protective atmospheres during handling, synthesis, and actual hydrogenation or
dehydrogenation reactions in common. All of the the alanates can be classified as dangerous materials
due to their flammability when exposed to oxygen or humidity. Definitely, they ignite and release
hydrogen in contact with water, some more violently than others. Thus, great precautions and security
measures must be taken when working with alanates.

2.1. Syntheses in Organic Solvents

2.1.1. Direct Synthesis

Alanates are frequently synthesized by the reaction of metals or metallic hydrides (e.g., NaH)
with Al, Hy, and a catalyst in organic solvents, such as toluene, hexane, n-octane, ether, diglyme, ether,
or tetrahydrofuran (THF) (Equations (1)-(4)) [20,21]. Frequently, a Ti-compound is used as a catalyst.
Typically, an excess of Al is used. This method needs the use of moderate to high hydrogen pressure
(100-150 bar) and moderate temperatures (120-150 °C); except for LiAlHy, which requires a higher
pressure (350 bar) [21]. This method can be considered to be highly dangerous due to the explosive
mixture of organic solvents, metal hydride, and Al with oxygen and humidity. The materials thus
produced require further steps of purification and drying. Frequently, the alanates are kept and sold in
THE solution.

M +1/2H; —» MH, )
MH + Al +3/2 H, & MAIH4, M = Li (low conversion), Na, K, Cs 2)

Frequently, Equation (2) is expanded as a two-step reaction with M3 AlHg as an intermediary [22]:

MH + 1/3 Al + 1/2 Hy © 1/3 M3AlH,, and 6)
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1/3 M3AlH; + 2/3 Al + Hy & MAIH, @)

2.1.2. Reaction of Metal Hydrides and Aluminum Salts

Another example of lithium alanate synthesis is the reaction of LiH with AICl; in refluxing ether
under an atmosphere of dry nitrogen [23]:

4LiH + AICl; — LiAlH, + 3LiCL (5)

This type of reaction is known as “the Schlesinger method”. Despite the simplicity of this reaction,
it requires the use of milled LiH (finer than 100 mesh). Additionally, this reaction requires an excess of
LiH. Substitution of AICl; by AlBr; can also be effective [24]. The same reaction outline of Equation (5)
can be used with NaH or KH, and AICl3, to produce NaAlH, and KAIHy, respectively [24]. However,
these reactions need the use of Al(C;Hs)s as a catalyst for the reaction with NaH, and C¢Hg-(C,Hs),0
as the solvent; and Al(C;Hs)3 or (i-C4Hyg), AlH as a catalyst for the reaction with KH [24].

The same type of reaction can be applied to M*? alanates, such as Mg(AlH,), (Equation (6)) [25-27]
or Ca(AlHy), [28], for example:

No catalyst is used in the last example.

Some materials are obtained rather as THF adducts when this solvent is used [29]. Frequently,
the THF adducts cannot be purified (elimination of THF) without the decomposition of the alanate.
The use of protective atmospheres during synthesis can improve the yield of the reactions [29].
A general reaction could be described as:

nMH, + xAlICl3 —» M(AIHy)x+ (n — 1)MCl, (7)

Some of the references for this kind of synthesis are rather old. Initially, this synthesis procedure
was not considered for hydrogen storage purposes.

2.1.3. Metathesis of Alanates

Several alanates having one cation or bi-cation have been produced by the metathesis reaction
between NaAlH,; or LiAlH4 and metal halides in organic solvents, such as THF or Et,O [30].
One practical reason for this is that NaAlH4 and LiAlH, are the only commercially available alanates.
This type of reaction dates back from 1950, from the work of Wiberg and Bauer [27], and the reaction
can be summarized as:

nM1AIH, + M2X,, —» M2(AlHy), + 1M1Xy, ®)

where M1 = Na or Li, M2 = Mg, Ca, or other metals, and X = Cl, Br,  [27,30,31].

Reactions of this type normally are conducted under refluxing conditions from cryogenic to room
temperature for several hours or even days. The products usually are adducts of the solvent used,
and subsequent operations of purification and drying are required.

2.2. Syntheses Assisted by Mechanical Milling

During the 80s of the last century, the mechanical milling sped up the development of hydrogen
storage. We refer both to the study of materials (number of new materials), and the materials themselves
towards the storage/release of hydrogen (kinetics of reactions) [5,6]. There are many parameters of
mechanical milling. Figure 2 summarizes some of the most important ideas around the mechanical
milling that are relevant for the hydrogen storage.
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Figure 2. Mechanical milling main concepts.

By means of mechanical milling, the same reactions that are described in Section 2.1 can be
performed. In most of the cases, the mechanically assisted reactions are faster than the same reactions
in solvents. Additionally, the need for solvents is reduced or eliminated. However, some possible
problems such as the elimination of side-products (purification) or the contamination by abrasion
of balls and vials must be considered. The abrasion of the balls and vial can affect the performance
of alanates. Although, an experienced “miller” will know that and would take actions to reduce
contamination. These actions can be: (i) Not over-milling. Extended times of milling sometimes
can be prejudicial by destroying the alanate, increasing the possibility of abrasion and is a waste of
energy. (i) Check the status of the balls and vial before every milling. (iii) Replace the balls and seals
periodically. (iv) Keep the milling vial in good condition. (v) Use compatible materials; there are balls
and vials of other materials beyond iron-alloys.

2.2.1. Direct Synthesis by Mechanical Milling

The mechanical milling of the corresponding metal hydride and aluminum and further ex-situ
hydrogenation can produce some alanates. Or in-situ by means of a hydrogen atmosphere during
the milling. In the ex-situ approach, the hydrogenation of the milled precursors is performed in a
specialized reactor (Sieverts type apparatus) to complete Equations (1) and (2). The typical example
is the NaAlH, synthesis by means of mechanical milling of NaH and Al, or Na and Al, and further
hydrogenation facilitated by additives, dopants, or catalysts. In the in-situ approach (or reactive
mechanical milling), the production of alanates can be attained by the solid-gas reaction between
the metal hydride, aluminum, additives, and hydrogen. Again, the typical example is the one-step
synthesis of NaAlHy [32]. The direct synthesis assisted by mechanical milling is an improvement
towards “green chemistry”, including solvent free-synthesis [33,34]. Despite the relative simplicity of
this method, it is usually performed only in lab-scale for studies of hydrogen storage.

A third approach is the use of solvents (i.e.; wet ball milling) to obtain a precursor mixture of the
alanate [35] or the alanate of interest if a hydrogen atmosphere is used. This methodology requires a
drying step.

2.2.2. Reaction of Metal Hydrides and Aluminum Salts under Mechanical Milling

Few examples of Equation (7) by mechanical milling have been reported. This absence of data can
be related to the instability of some alanates and the consequent difficulty of their synthesis. Among
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the examples is the work of Hlova et al. [36-38]. They produced the reaction of LiH with AICl3 or NaH
with AICI; in several molar proportions, with the objective of forming AlHj3. Besides forming AlHj3,
they formed mixtures of LiAlH-LiAICls-Lis AlHg or NaAlH4-NaAlCly-Naz AlHg, respectively, under
345-350 bar of hydrogen pressure. In another example, Dymova et al. reacted 2MgH,-AICl;3 to form
Mg(AlHy), and MgCl, [39].

However, it must be considered that the mechanochemical version of Equation (5),
and Equation (7), in general, or any similar reaction that involves hydrides or alanates plus aluminum
salts, would compete with the formation of Al, for example [36]:

3MH + AICl; — Al + 3MCI + 1.5H,, (M = Li, Na). )

Milling under cryogenic conditions, i.e., with liquid-nitrogen cooling, could be effective in reducing
Al formation.

2.2.3. Reaction of Metal Hydrides and Alane under Mechanical Milling

Another disadvantage of the reaction of metal hydrides and aluminum salts is the loss in hydrogen
capacity. This is the result of the formation of salts, such as LiCl, NaCl, or MgCl,, which usually are
not separated from the products. Alternatively, to avoid the formation of these salts, a reaction of a
metal hydride with AlH3; has been proposed [40-42], for example:

MgH2 + 2A1H3 - Mg(A1H4)2 (10)

In some cases, the reaction did not go to completion, and the formation of intermediaries, such as
CaAlHs, was reported [41]. However, the general, complete, reaction would be:

MH, + xAlH; — M(AIH,)x (11)

The main drawback of this synthesis method is that alane is not a commercial reagent, as such it
must be produced in a preliminary step.

2.2.4. Metathesis of Alanates under Mechanical Milling

Several alanates have been produced by metathesis promoted by mechanical milling, Equation (8).
Once the milling parameters are well established, this method can be very simple and has many
advantages. The main advantages include (i) total elimination of solvents and (ii) significant reduction
of the reaction time [43]. However, the main disadvantage is that the produced alanate is impure;
the product of milling is a mixture of the alanate and salt. The final result is a drastic reduction of
the hydrogen capacity. Examples are the production of Mg(AlH4),-2NaCl from 2NaAlH4-MgCl, [43],
Ca(AlHy4),-2LiClI from 2LiAIH4-CaCl, [40], or Eu(AlH,),-2NaCl from EuCl,-2NaAlHy [44].

3. The “Single Metal” Alanates

In this section, experimental and theoretical “single metal” alanates are described. They are
ordered in groups according to the periodic table. Alane was also included. At the end of this section,
the binary (double cations) alanates are presented. Some of them are well-known, while others are
barely developed. This section presents the essential characteristics of synthesis, dehydrogenation
reactions, and temperatures, crystallographic data, crystal structures, expected X-ray diffraction
patterns, and, in some cases, phase diagrams.

3.1. AlH;

The aluminum hydride or alane is a material with high hydrogen content (10 wt.%). A 10 wt.% of
hydrogen is very attractive; it meets the DOE targets of 6.5 wt.% of hydrogen for mobile applications.
Even more, the low dehydrogenation temperature makes the alane, in principle, compatible with
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polymer exchange membrane fuel cells (PEMFC) applications. AlHj is typically produced by the
reaction of LiAlH4 with AICI; in an organic solvent, such as THF or Et,O [45]:

3LiAIH, + AICl; + nEt,O — 4A1H;nEt,O + 3LiClJ. (12)

Instead of LiAlHy4, LiH was used in the early studies of this reaction [45]. The product is an adduct
that must be separated from the solvent. An excess of LiAlH,4 or some LiBHj is added to the reaction
mixture to improve the time and temperature of desolvation [45,46]. The solvent-free mechanosynthesis
of AlD3 was performed while using cryomilling 3LiAlD, + AICl3 at a low temperature (-196 °C).
This conditions eliminated the competing reaction towards the formation of Al and LiCl [47,48].
This synthesis allowed for the determination of the structures of x-AlD3; and «’-AlD3;. Mechanical
milling of 3LiAlH,4 + AICl3 at room temperature also can produce the alane by using high pressures
of hydrogen (210 bar) or inert gas (125 bar of He or 90 bar of Ar) [49]. Alternatively, the alane
can be produced by the electrochemical reaction of LiAlH; or NaAlH, with or without LiCl as an
electrocatalytic additive and with or without hydrogen atmosphere. The general reactions involved
are [50-52]:

3AlH;~ +Al + n"THF — 4AIH3-nTHF + 3e™, anode of Al (13)

3(M* PdH + e”— MH + Pd), cathode of Pd, PdH, (14)

According to reports, the alane has seven polymorphs, and here we present the four most
frequently reported (Table 1) [46]. The energy of phase transition between these polymorphs is low:
around -1 to -2 kJ/mol Hj; thus, the phase transitions occur spontaneously at room temperature
(adding complications to the crystal structure determination) [53]. The common structure of the alanes
is corner-shared (AlHg) octahedra [54].

The reported formation enthalpy of alane is around —6 to —9 kJ/mol Hy; thus, an equilibrium
pressure of the order of 10° bar at room temperature is expected [53]. However, the minimum hydrogen
pressure, experimentally observed and calculated, which is necessary for the formation of the alane
from the elements is about 7000 bar at room temperature [55]. Thus, on-board regeneration of alane
for hydrogen storage in automotive applications is definitely out of the picture. Recently, a report on
nanoconfined AlHj; indicates partial re-hydrogenation at 150 °C and 60 bar [56]. Nanoconfinement
reduces the hydrogen content; however, it must be explored as a way to reach reversibility.

Dehydrogenation enthalpies range from -5 to 6 kJ/mol H; for the different polymorphs [57],
thus near room temperature decomposition would be expected. Dehydrogenation temperatures are
observed in the range of 150-200 °C [53,58]; however, ball milling has reduced the dehydrogenation
temperature below 100 °C [59]. Alane is considered as a metastable hydride, due to the formation of
surface oxides, which protect against to further oxidation or decomposition. The surface oxides impose
a kinetic barrier to decomposition [58,60]. In particular, for the alane, the passivation is somehow
beneficial, reducing decomposition during its storage and handle in the laboratory. However, in general,
passivating surface oxidation is a problem. It is challenging to reduce the oxygen and humidity content
of protective atmospheres (argon) until acceptable values (<10 ppm) for hydrogen storage applications.
This means that a hydrogen storage system that is based on alanates (and hydrides in general) must
have proper filtering, trapping, or regenerative systems to reduce oxygen and humidity content,
which can be costly. Ball milling of alane exposes new, fresh, and non-oxidized surfaces that improve
the kinetics of the dehydrogenation reaction [61]. The dehydrogenation pathways, as proposed by
Sartory et al., are presented in Figure 3 [62].

The thermal dehydrogenation of alane was improved by the use of simple hydrides, such as
LiH [63]; otherwise, AlHj3 is useful in reducing dehydrogenation temperature or improving
dehydrogenation kinetics when added to MgH, or LiBH, [64,65].
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Figure 3. Dehydrogenation pathway of several deuterated alanes (adapted from [62]).

Table 1. Crystallographic data of alanes.

Space Group, Cell Dimensions [A]

Compound and Angles [°] Atomic Coordinates
(R-3¢c) No. 167 [66] ,
a-AlD;s a=4227;b=4.227;c=11.244 D.A:)I' 62' %’ ? p
a=p=90;y =120 0%
All: 0,1/2,0
-1 1
(Cmcm) No. 63 [47] DL (f‘loz'lgé“(’z)/ ‘8 251 @
«-AlDs a=64700)b 8 Do, 7(2)"9;= 6562(2)  pp. 0312(2), 0.1000(14), 0.047(3)
a=p=17= D3: 0, 0.465(3), 1/4
D4: 0.298(4), 0.277(2), 1/4
(Fd-3m) No. 227 [67] AL 1/5,0,0
B-AlD; a =9.0037(1); b = 9.0037(1); ¢ = 9.0037(1) D1: 0.4301(1); 0.125; 0.125
a=p=v=90
All: 0,0,0
o s R osmieore
v-AlD; a =7.3360(3); b = 5.3672(2); ¢ = 5.7562(1) U o /

(x:ﬁ:y:90

D2: 0.3668(10), 0.3931(13), 0
D3:0,1/2,1/2
D4: 0.4174(6), 0.7038(8), 0.3009(6)

In the present review, the crystal structures and the calculated X-ray diffraction powder patterns
(powder cell 2.3 and mercury software 3.8) are presented for visual comparison. The first of them
correspond to the alane polymorphs (Figure 4).
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Figure 4. Crystal structure of several alanes and their calculated diffraction patterns (A = Cuyy1)-
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3.2. Alanates of Group 1

3.2.1. Lithium Alanate

The LiAlH4 has the highest hydrogen content of all alanates, 10.6 wt.%; this is due to the lightness
of Li atoms. LiAlH; and NaAlH, are the only commercially available alanates; their cost, of course,
is not low enough for massive applications. Both of them are currently produced while using direct
synthesis in an organic solvent. Mechanochemical production of LiAlH by the milling of LiH and Al
under hydrogen atmosphere has given minimal results [69].

Pure and not milled LiAlH, undergoes a melting transition, at 160-180 °C before undergoing
a first dehydrogenation reaction to give Li3AlHg and Al at 180-220 °C, Equation (15). A second
dehydrogenation reaction is observed to occur at 228-282 °C to give LiH and Al, Equation (16) [70,71]:

LiAlH4 — 1/3 LisAlHg + 2/3 Al + Hy (15)
1/3 LizAlHg — LiH + 1/3Al1 + % H, (16)
Global reaction: LiAlH, — LiH + Al + 3/2 H, 17)

Together, both reactions provide for a hydrogen release of 7.9 wt.%. The third dehydrogenation
step, i.e., the LiH decomposition is beyond any practical hydrogen storage operational temperature.
Ball milling and the use of additives have reduced the dehydrogenation temperature of LiAlH, [72].
The list is extensive among the additives. However, the use of Ti-salts, TiCl3-1/3AICl3, [73], or NbF5 [74]
stands out. Data on apparent activation energies indicate an effective reduction of this parameter upon
the use of additives [74]. Blanchard et al. proposed a reduction or elimination of an induction period
(slow production rate of Al or Li3AlDg nuclei) during the decomposition of LiAlDy as the action mode
of the additives [75].

A common characteristic of all alanates is the covalent character of the Al-H bond, while
the interaction between [AlH4]™ or [AlIHg]>~ and M™ is ionic [76]. The crystal structure of
o-LiAlH, (x-LiAlD4) and LizAlHg (Li3AlDg) is well-known, as determined both experimentally
and by first-principles (Table 2 and Figure 5) [77-79]. Additionally, two high-pressure phases,
-LiAlHy4, and y-LiAlHy, have been described [76,80]. The o-LiAlHy to 3-LiAlH4 transition is expected
to occur between 26,000 [76] —71,500 [69] bar. The (-LiAlHy to y-LiAlHy transition is expected at
338,000 bar [69]. These pressures are far away from any application in hydrogen storage.

0, &)@ ‘ o B &
4 )~ o

%W @Eg‘ B / 80°p
J WP PR 1
4 ﬁ?{;ﬁ By o

(&

o LiAlH, o LiAH, yLiAH, Li AH
B LiAIH,
YLIAIH,
LiAlH,

Intensity [a.u.]

Diffraction angle [26 degree]

Figure 5. Crystal structure of lithium alanates and their calculated diffraction patterns (A = Cuyy).
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Table 2. Crystallographic data of Li-alanates.

Compound Space Group, Cell Dimensions [A] and Angles [°] Atomic Coordinates

Al: 0.1428(2), 0.2013(1), 0.9311(1)
Li: 0.5601(12), 0.4657(6), 0.8236(6)
D1: 0.1902(10), 0.0933(8), 0.7710(6)
D2: 0.3526(10), 0.3726(7), 0.9769(6)
D3: 0.2384(11), 0.0840(7), 0.1141(7)
D4: 0.8024(14), 0.2644(7), 0.8689(8)

(P21/c) No. 14 [78]
o-LiAID, a = 4.8254(1); b = 7.8040(1); ¢ = 7.8968(1)
o =90; B = 112.268(1); v = 90

(141/a) No. 88 [76] Li: 0, 1/4, 0.625
B-LiAlH, a=4.6611;b = 4.6611; c = 10.5219 Al: 0,1/4,0.125
x=p=v=90 H: 0.2527, 0.4237, 0.5413
Li: 0.2428, 1/1, 0.2467
(Pnma) No. 62 [76] Al: 0.513,1/4,0.8221
y-LiAlH4 a = 6.4667; b = 5.3478; ¢ = 6.5931 H1: 0.3067, 1/4,0.9617
a=p=y=90 H2: 0.7162, 1/4,0.9631
H3:0.4889, 0.9833, 0.2943
All: 0,0,0
(R-3) No. 148 [81] Al2: 0,0,1/2,
LizAlH, a = 8.0389(2); b = 8.0389(2); ¢ = 9.4755(5) Li: 0.966(2), 0.236(3), 0.3007(17)
a=p =90,y =120 D1: 0.8325(11), 0.8030(7), 0.1008(6)

D2: 0.1593(10), 0.1799(8), 0.3884(6)

LiAlHy is a well-known hydrogen storage material due to its facile dehydrogenation, but practically
impossible complete rehydrogenation at moderate conditions. Few examples of successful
rehydrogenation were observed by transferring the dehydrogenated products to an organic solvent
and then exposing them to a hydrogen atmosphere. Among the examples is the rehydrogenation in
Me,O at room temperature, 100 bar hydrogen pressure, and 24 h stirring [82,83]. Another reported
approach was performing the hydrogenation/dehydrogenation reactions in organic solvent [84].
The experiments and calculations indicate that the LiAlH4 rehydrogenation is thermodynamically
restricted [85]. The theoretical (ab-inito) calculations indicate that the dehydrogenation products
of LiAlH, are thermodynamically favored [86]. Ke et al. give the (T, p) stability diagram of LiH
and Al versus LizAlHg; these data indicate the need for very high pressures to produce Li3AlHg
from 3LiH + Al + 3/2H, (Figure 6). In a (T, p) phase diagram for LiH/Li3 AlHs and Liz AlHg/LiAlHy,
Jang et al. demonstrated an equilibrium pressure of about 10° bar for Li3 AlHg/LiAlH, in a wide range
of temperatures [87]. Unfortunately, no equation was given to reproduce that equilibrium line. On the
other hand, the equilibrium pressure of the direct and reverse reaction in THF;

LiH + Al + 3/2H, & LiAlH,4THF, (18)

is in the range of 1-2 bar at 80-90 °C [84]. This equilibrium has been studied in a very limited way.
Perhaps, a liquid system of hydrogen storage based on LiAlH, deserves more attention.

3.2.2. Reactive Mixtures (Composites) with LiAIH,

Reactive mixtures of hydrides have been proposed as a way to tailor the dehydrogenation
temperature or improve rehydrogenation in borohydrides [89]. In this approach, two (or recently
more) hydrides (simple or complex) are mixed; and, under suitable dehydrogenation conditions, they
react with each other. The dehydrogenation is modified, including the dehydrogenation pathway;,
temperature, kinetics, and reversibility. Notably, the dehydrogenation temperature of composites is
sensitive to the way of mixing of materials and the history of the composite; i.e., time and conditions
of mixing, purity of reagents, cycling, etc. In the past decade, the research on LiAlH4 has extended,
intentionally or not, to the formation of reactive mixtures (composites). Relevant published work is
compiled in the next sections.
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Figure 6. Phase diagram of LiH/Al/H, and LizAlHg. The blue line represents the equilibrium. Data
adapted from reference [86]: In (p) = —%2* + 13.89; where (in the original formula) p is in atm, T
in Kelvin and AHg = 0.22 eV. For visual reference (bottom and right) the equilibrium of Ti-doped

NazAlHg (blue zone) and NaH + Al (yellow zone) phases were included [88].
Composites of LiAlH4-MgH,

Along the last decade, several LiAlH4-MgH, composites have been studied for hydrogen
storage [90-95]. The main results coincide in that the dehydrogenation pathway is marked by
three steps, the usual two of LiAlH, and one of MgH,. The temperature of these dehydrogenation
steps is somewhat reduced compared to the pure components. Even more, the use of additives,
such as TiH; [96], TiF; [90], MnFe,;O4 [91], or HfCly [93], reduced approximately up to 60 °C the
dehydrogenation temperatures as compared to the mixture without additives. The role of the additives
is to reduce the activation energy of dehydrogenation [93]. Other points of coincidence are the
formation of Mg-Al and Li-Mg compounds of relatively varied stoichiometry after dehydrogenation
and the occurrence of partial reversibility dominated by MgH, rehydrogenation without indications of
LiAlH, rehydrogenation.

Composites of LiAIH;-LiBHy

LiBHy, is as a potential hydrogen storage material due to its high hydrogen content. However,
the dehydrogenation/hydrogenation high temperature and pressure prevent its use in a pure form.
Thus, LiBH, has been mixed with a variety of chemicals, including LiAlHy, for the formation of binary
composites [97-100]. Additionally, ternary composites of the type LiAlH4-LiBH4-MgF, have been
proposed [101]. In this regard, the possibilities of ternary composites are almost infinite. There are
a lot of factors to consider, such as the selection of the composites, the relative composition, milling
conditions, etc. Systematic studies are missing, noticeably by the difficulty and enormous of the task.
The LiAlH, did not survive the milling process in many catalyzed mixtures, resulting in a mixture
of LiBHy, LiH, and Al [97]. Mao et al. proposed that LiAlH,-LiBH4 doped with TiF; has a reduced
dehydrogenation enthalpy as compared with pure LiBH, [99]. The reported studies coincide in a
two-step dehydrogenation pathway and a reduction of the dehydrogenation temperatures, especially
if a catalyst, such as TiF3, is used [99]. The first reaction is the decomposition of LiAlH, at temperatures
around 100 °C. The second step is the decomposition of LiBH;. However, the presence of Al directs
the formation of AlB, [98]:

2LiBH, +Al < 2LiH + AlB, + 3H; (19)

The rehydrogenation of the LiAlH4-LiBH, mixtures was proven to occur at various conditions
of pressure and temperature, among them 40, 70, and 85 bar, and 350, 400, and 600 °C [97-99].
The rehydrogenation is directed to the formation of LiBHy, since no rehydrogenation of LiAlH,
has reported. While using NaBH, instead of LiBH,; conduces to similar conclusions; a two-step
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dehydrogenation with reduced temperature as compared with pure materials, the presence of AlB,
after dehydrogenation, and partial hydrogenation due to the formation of NaBH, [102].

However, Xia et al. [103] reported the formation of LisAlH; and LiBH4 in successive
rehydrogenations of 2LiBH4-LiAlH, confined in mesoporous carbon scaffolds (up to 8.5 wt.% content,
rehydrogenation at 500 °C, 100 bar, 10 h, seven cycles). Confinement in meso or nanoporous
materials is another strategy for reducing the dehydrogenation temperature and improving the
reversibility. However, a reduction in the hydrogen capacity is expected. Other confinement effects
are [104-107]: (i) The reduction or total elimination of the loss of critical elements, such as B in the
borohydrides. (ii) Reduction of the diffusion pathways of several species. (iii) Interaction with the
meso or nanomaterials supports (can be of catalytic type). (iv) Large surface areas. (v) Reduction of
the activation energies. The confinement as a strategy for improving hydrogen storage properties
depends on several factors, such as: (i) the material used for confinement (carbons, nanocarbons,
zeolites, graphene, silica, etc.) (ii) The history of the confined material. (iii) The way of infiltration
(and drying if necessary). (iv) The size of the porous. (v) Functionalization of the surface of the support
material. Confinement is a universe of possibilities, and it deserves a mayor review that is beyond the
scope of the present report on alanates.

Composites of LiAIH,;-LiNH,

The LiAIH4-LiNH, composites have also been studied [108-113]. The first dehydrogenation
steps are the decomposition of LiAlHy4 to Al and LiH. Then its dehydrogenation products react with
LiNH,. Here, less consensus can be found (compared to the previous examples of LiAlH4 composites),
and several reactions, mechanisms, and intermediaries have been proposed, for example:

Chen et al. proposed the reaction of LiINH, with Al as [108]:

LiNH, — 1/2 Li,NH + 1/2 NH; (20)

Al + NH; — AIN + 3/2 H, (21)

Evidently, due to NH; production, this method cannot be intended for proton-exchange membrane
(PEM) fuel cells.

Dolotko et al. [111] indicated that reaction (21) has a minor contribution to the dehydrogenation
reaction, instead, they proposed that LiNH, reacts with both LiH and Al:

2LiNH,; + LiH + Al — LizAIN, + 5/2 Hp, (22)
and the overall reaction was proposed as:
LiAlH, + LiNH; — 1/2 Li3AIN; + 1/2 Al + 1/2 LiH +11/4 H, (23)
Lu et al. proposed that the overall reaction is [112]:
2LiAlH4 + LiNH; — 2Al + Li,NH + LiH + 4H, (24)

Jepsenetal. studied LiAlH4-LiNH; composites in several molar proportions [113]. The intermediary
Lig— Al (NH);_5,N; formed when the LiAlH4-LiNH, ratio was 1:1.5, 1:2, and 1:2.5. This study supports
that the LiNH, reacts with LiH to form Li,NH and H,. The main differences among the studies are
mainly the molar proportions and milling conditions. This last parameter ranged from some minutes
of manual milling in a mortar to several hours of mechanical milling. The use of additives, such
as transition metal chlorides reduced, approximately 30 °C, the dehydrogenation temperature [114].
Regarding the reversibility, partial reversibility was proven while using rather hard conditions, i.e.,
180 bar and 275 °C [111] or 100 bar and 425 °C [113]. However, the reversibility does not rely on the
formation of LiAIHj.
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3.2.3. Sodium Alanate

NaAlHj is the most important and studied alanate. NaAlH, is used as a reducing agent in many
reactions unrelated to the hydrogen storage. Due to the work of Bogdanovi¢ et al. on the use of
catalysts or additives, the regeneration of NaAlHj is possible in the solid-state. Thus, this material has
been seriously considered for hydrogen storage [7,88,115]. The dehydrogenation and rehydrogenation
reactions are [7,116]:

NaAlH, — 1/3 NagAlHg + 2/3 Al + H, (25)
1/3 NazAlHg — NaH + 1/3Al + 1/2 Hj (26)
Global reaction: NaAlH; — NaH + Al + 3/2 H, (27)

Reactions (25) and (26) account for 5.6 wt.% of reversible hydrogen storage. Uncatalyzed NaAlH,
experiences a solid to liquid phase transition before dehydrogenation. Meanwhile, in catalyzed
NaAlHy, the dehydrogenation temperature is generally lower than the melting point [117]. The first
dehydrogenation step occurs at 210-220 °C. Meanwhile, the second step occurs at approximately
250 °C [117].

The crystal structure of NaAlH4 was determined in 1979 (Table 3 and Figure 7) [118]. The NaAlH,
consists of [AlH4]™ tetrahedra, with the Na atoms that are surrounded by eight [AlH,]™ tetrahedrain a
distorted square antiprism geometry [119,120].

Table 3. Crystallographic data of Na-alanates.

Space Group, Cell Dimensions [A]

Compound and Angles [°] Atomic Coordinates

(I 41/a) No. 88 [118] Al: 0,0,0

NaAlHy a=b =5.020(2); c = 11.330(3) Na: 0,0, 1/2

a=pf=y=90 H: 0.228(1) 0.117(2) 0.838(9)

Al: 0,0,0

Nal: 0,0, 1/2

(P 21/c) No. 14 [121] Na2: —0.00129(5), 0.46129(4),
NagAlHg a =5.4145(3); b = 5.5402(3); c = 7.7620(4) 0.25008(4)
a=90; 3 =89.871(4), y =90 H1: 0.0918, 0.0352, 0.2207

H2: 0.222, 0.3283, 0.5454
H3:0.1649, 0.2689, 0.95

Nal: 0,0,1/2
Na2: —0.006(5), 0.461(4), 0.252(5)
Al: 0,0,0
D1:0.091(3), 0.041(3), 0.215(3)
D2: 0.234(3), 0.328(3), 0.544(3)
D3: 0.165(3), 0.266(3), 0.944(3)

(P 24/¢) No. 14 [122]
NasAlDg a =5.390(2); b = 5.514(2); ¢ = 7.725(3)
o =90; B = 89.86(3), v = 90

| oy 6 SSa )
%; ‘ N,
AL N
. ACSAs
o=

NajAlH,
NaAlH,

NaAlH,
—_Na,AlH,

Intensity [a.u.]

30 40 50 60 70 80
Diffraction angle (26 degree]

o
N
S

Figure 7. Crystal structure of sodium alanates and their calculated diffraction patterns (A = Cuyy1).
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The NaAlH; and NazAlHg dehydrogenation enthalpies are well known (37 and 47 kJ/mol
H,, respectively, Ti-doped) [88]. These values mainly indicate a kinetic restrain for
hydrogenation/dehydrogenation reactions, rather than a thermodynamic difficulty (see Section 7
for details on dehydrogenation enthalpies). A phase diagram NaH + Al/Na3;AlH4/NaAlH, can be
constructed from these data (Figure 8), [88] which indicates that equilibrium pressures at moderate
temperatures are technically achievable, particularly if a catalyst is used. Since the work of Bogdanovic,
literally, thousands of papers have been published about different catalysts, variations in compositions
or variations of the synthesis procedure [123]. NaAlH, can be produced by all of the methods that
are described in Section 2 in several conditions of pressure and temperature at laboratory scale by
the use of a catalyst [32,35]. Among the catalysts, dopants, or additives, the list includes, but is not
limited to: chlorides of the first and second row of transition metals [124], lanthanide-oxides, such as
LayO3, CeOy, Sm;03, and GdpO3 [125], titanium compounds, such as Ti(OBu)4 [88], TiCl; [7], TiFs,
TiCly [117], TiB, [126,127], TiN [128], TiCl3-1/3AICI3 [129], chlorides of Sc and Ce [130], or carbon
nanomaterials [131]. The effectiveness of these materials as reaction accelerators is related to the
additive level, the addition technique (milling, impregnation with solvent, CVD, etc.), structure,
and morphology [127,132].

f f . f }
10°+ L
NaAlH,

® il L
8 15 Na,AlH,, Al and H, :
5 ] /// :
2]
g | [
o NaH, Al and H2

10° 3 3

10" f f T T T f f 1 T

0 50 100 150 200 250

Temperature [°C]

Figure 8. Phase diagram of Ti-doped (Ti(OBu);) NaAlH,, NagAlHg, and NaH + Al NaszAlHg/NaAlHy:
) -1 -1 -1 1 -1
In(B) = — ol 4 22Imel K NaHand Al/NagAlHy: In (52) = Mgl 4 260mel K 155 133)

Role of Catalyst

Among the extensive list of materials tested as catalysts, dopants, or additives for improving
hydriding and dehydriding reactions of NaAlHy, the Ti, Sc, and Ce compounds stand out due to their
effectiveness [132]. However, most of the theoretical and experimental studies to unravel the action
mode of the catalyst have focused on Ti-compounds [134]. Nevertheless, after almost 20 years of
the discovery of the benefits of using a catalyst, some fundamental questions are still not adequately
addressed. Here are some points to consider:

1. Morphology/particle size effects. Beattie et al. demonstrated that Ti-doped NaAlH, particles
presented few morphological changes as compared with un-doped materials [135]. By-products
of the addition of materials, such as TiCls, i.e., Ti-Al alloys, and NaCl, can act as grain refiners
for Al and NaH phases, keeping particle sizes small [136]. In general, much effort is put
to reduce particle sizes and to avoid the sintering of particles, and thus maintaining the
hydriding/dehydriding performance.

2. Location of Ti and substitution of atoms. The Ti atoms can be located in the bulk, in interstitial
positions, at the subsurface, or the surface. The Ti preferred position depends on the doping
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level and synthesis technique (impregnation vs. ball milling), or in theoretical calculations,
the choice of reference states. The Ti atoms can be located in NaH, Al, NagAlHg, or NaAlHy
phases. Theoretical studies have been performed basically to include all of these possibilities.
Some studies have unraveled the interactions of Ti (or Ti-compounds) with NaH and Al. Other
reports indicated interactions of Ti (or Ti-compounds) with NazAlHg and NaAlH,. Contradictory
results/conclusions frequently come across. Additionally, many studies point to atom substitution
and formation of defects. The replacement of Al by Ti in NaAlH, could be possible, yet this
configuration is metastable [137,138]. Lovvik situates the substitution in the second metal layer
from the surface [137,138]. Other DFT calculations suggest that the most frequent Ti-defect in
NaAlHyj is a defect that is formed by the substitution of Al by Ti and the addition of two hydrogen
ions; this defect has a —1 charge [139]. The substitution of Na by Ti and other metal atoms
also has been investigated. Marashdeh et al. classified the catalysts as “good” (Sc, Ti, Zr) and
“bad” (Pt, Pd) according to their ability to exchange places with a Na atom on a (001) surface of
NaAlH, [140]. In the “zipper model”, Ti-species, at the surface or at a grain-boundary, displace
subsurface Na atoms and eject them to the NaAlH, surface. Subsequently, the Na atoms react
quickly with other species and destabilize the surface, which returns the Ti-species to a surface
location [134,140]. For NasAlHg, Michel et al. found a competition between Ti substitution on
the Na sites (+1 charge defect) and Ti substitution on the Al site, with an additional bound to
H atom (neutral site) [139]. For the hydrogenation reaction, the reports indicate that Ti near
an Al surface (subsurface) promotes H; dissociation and H spillover on the Al surface [141].
Wang et al. remind us, in favor of this role of subsurface Ti, that metallic aluminum does not
absorb diatomic hydrogen from the gas phase by itself. Meanwhile, atomic hydrogen strongly
reacts with aluminum surfaces to form alanes [142]. Thus, subsurface Ti would promote Hp
dissociation and enhance H mobility and adsorption [142]. These effects constitute essentially the
“hydrogen pump” action mechanism that was proposed for Ti [134]. Theoretical calculations of
subsurface Sc, V or Nb substitution of Al indicate that these materials could also perform as a
catalyst [143]. Wang et al. also remind us that Ti, Zr, V, Fe, Ni, Nb, Y, La, Ce, Pr, Nd, and Sm are
expected to be good catalysts based on their ability to “mix” well with Al [142].

3. Progressive changes of the oxidation state of Ti-species. While Ti*® species is the most
recurrent initial oxidation state of the Ti-catalyst, several reports conclude that the oxidation
state changes to Ti’, followed by the formation of Tix-Aly alloys, and finally the formation of
AlgTi [134,144-146]. However, Al3Ti seems to be an inefficient catalyst, as compared to other Ti or
Ti-compounds [134,147]. Perhaps the formation of Tiy-Aly alloys and Al3Ti is the reason for the
long-term (after hydriding/dehydriding cycling) decay of hydrogen storage capacity [148].

4. Formation of Ti-Al-H complexes. Theoretical calculations suggest that the replacement of Na by
Ti near o connected with [AIH4]~ would lead to the formation of Ti-Al-H complexes that can help
during the dehydrogenation/rehydrogenation reactions [149-151]. TiAl,H; and TiAl,H; are two
optimized structures of the Ti-Al-H complexes [150]. The effect of the Ti-Al-H complexes would
be to reduce the desorption energy of hydrogen [149,151] and to break H-H and Al-H bonds as a
result of balanced electron-accepting/back-donation [151].

5. Additional effects. Other effects, such as the formation of mobile species or vacancies, the changes
in the Fermi level of reacting species, or the destabilization of Al-H bonds, can also influence the
hydrogenation/dehydrogenation reactions [134].
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3.2.4. Reactive Mixtures (Composites) with NaAlH,

Composites of NaAlHs-MgH,

Composites of NaAlH4 and MgH), in several proportions (4:1, 2:1, and 1:1) have been studied in
the past years [152,153]. In some cases, catalysts, such as TiF; [154], TiO; [155], or TiH; [156], have
been used. The composites in general present four dehydrogenation reactions [152,154]:

NaAlH; + MgH, — NaMgHj +Al + 1.5H, (170-212 °C) (28)
17MgH, + 12A1 - Mgy7AlL + 17H, (280-330 °C) (29)
NaMgH3; — NaH + Mg + H; (330-360 °C) (30)

NaH — Na + 1/2 H, (375 °C and higher) (31)

Only the first three reactions are relevant for hydrogen storage purposes. The reported values of
hydrogen released in the first cycle of dehydrogenation ranged between 6.7-7.2 wt.% [152,154,155].
However, these values consider the decomposition of NaH. Prolonged ball milling or the use of catalysts
produced a decrement of the activation energy and dehydrogenation temperatures in all steps [152-156].
Nano-confinement in carbon aerogel scaffolds reduced the dehydrogenation steps from four to only
two [157]. Regarding the reversibility, up to six hydrogenation/dehydrogenation cycles have been
demonstrated when the composite is mixed with carbon nanotubes and graphene nanosheets. In this
case, the hydrogen storage level is around 3.5 wt.% at 275 °C and 76 bar [158]. Reaction (28) occurs
before NaAlH4 decomposes to NagAlHg. Thus, a mutual destabilization between NaAlH, and MgHj,
was proposed as the reaction drive force [152,154]. Ismail et al. mixed MgH, and NasAlHg (4:1) [159];
in this composite, the dehydrogenation pathway is initiated by the following reaction:

NazAlHg + 3MgH, — 3NaMgHj; +Al + 3/2 H; (120-250 °C) (32)
The rest of the steps are similar to the reaction sequence (29)-(31).

Other Composites with NaAlH,

The LiBH4-NaAlH, system was studied in two stoichiometric proportions, 1:0.5 and 1:1.15,
with theoretical hydrogen storage capacity of 11.9 and 9.8 wt.%, respectively [160]. A metathesis
reaction can occur during ball milling or during heating (~95 °C) depending on the amount of reactants
and the energetics of the mixing (mortar vs. ball milling) [160]:

LiBH, + NaAlH; — LiAlH, + NaBH, (33)

The first dehydrogenation reaction is the decomposition of LiAlHy to produce LizAlHg, Al and
H; (~105-110 °C). The dehydrogenation pathway differs according to the excess of initial NaAlH,.
If an excess of NaAlHy is present, it reacts with Li3AlHg to form LiNayAHg, LiH, Al, and H, (~200 °C).
LiNay AHg decomposes at ~290 °C. Without excess of NaAlHy, Li3AlHg decomposes at ~180 °C. NaBH4
(diffraction peaks) disappear at ~340 °C in both cases. Further heating can lead to the formation of
Li-Al alloys and AlB; phases [160].

Rehydrogenation was confirmed at ~110 bar hydrogen pressure and 400 °C. The rehydrogenation
product was LiBHj, as confirmed by in-situ synchrotron radiation powder X-ray diffraction.

3.2.5. Potassium Alanate

KAIH,4 has an acceptable total hydrogen content of 5.75 wt.% and a reversible hydrogen storage
capacity of 4.3 wt.% (through reactions (34) and (35)). These values are comparable to NaAlH, and,
additionally, KAIH4 does not need a catalyst to undergo re-hydrogenation at a hydrogen pressure
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as low as 10 bar [161]. KAIH, can be produced by direct synthesis in organic solvent from KH, Al,
and hydrogen [21], or in powder form under high pressure of hydrogen (>175 bar) and heating [162],
or by mechanical milling, followed by hydrogen exposure [161], or by the reactive mechanical milling
in hydrogen atmosphere [163,164], or by the metathesis of NaAlH, or LiAlH4 with KCI promoted by
ball milling [165].

The dehydrogenation ad re-hydrogenation reactions most “commonly accepted” are [166]:

KAIH, — 1/3 K3AlHg + 2/3 Al + H; (~250-330 °C) (34)
1/3K3AlHg — KH + 1/3Al + 1/2 H; (~340 °C) (35)
Global reaction: KAIH; — KH + Al + 3/2H, (36)

A third reaction is the decomposition of KH; however, this reaction is not of interest in hydrogen
storage applications. An explanation of “commonly accepted” is required; for KAIH, dehydrogenation
and rehydrogenation reactions pathways are still not fully understood. Dehydrogenation pathway
involving reactions (34) and (35) are similar to LiAlH4 and NaAlHy, and it is supported by pressure
—composition isotherm (PCI) curves that present two plateaus (1 bar and 10 bar) at 355 °C [166,167].
Additionally, some DFT calculations indicate that K3 AlHg is sufficiently thermally stable to behave as an
intermediary [168]. Santhanam et al. reported the synthesis of K3 AlHg by 12 h of the mechanical milling
of KAIH,; and 2KH [169]. However, a number of experimental reports indicate the presence of other
reaction intermediaries, such as KAIH; [170], AlH3 [171], KyAlHy, [167], or other phases with partially
known crystallography [172]. Some of them were observed during the in-situ synchrotron radiation
powder X-ray diffraction experiments; however, they have not been isolated [172]. The controversial
results indicate a possible dependency of the dehydrogenation path of KAIH, on the operating
conditions, as pointed out by Ares et al. [164]. Additives, such as TiCl3 [164,167], or salts, such as NaCl
and LiCl (the other product of the ball milling metathesis) [165], could modify the reaction kinetics.

The structure of KAID, was reported by Hauback et al. in 2005 (Table 4, Figure 9) [173]. KAID, takes
the same structure as BaSO4 and KGaDy, i.e., the space group Pnma [173,174]. The experimental and
theoretical studies coincide on a small distortion of the [AIH4]~ ion from the ideal tetrahedron [173,174].
More interesting is the case of the K3AlHg structure; Vajeeston et al. reported three different
K3AlHg structures according to first-principles studies (Table 4, Figure 9) [175]. The «-K3AlHg
phase is isostructural with a-NazAlFg, and it transforms into the high-pressure structures 3-K3AlHg
and y-K3AlHg:

- KsAlHg ZHH7, o g A, O2E AT (37)
KAMH, - KAH, B -KAH, +KAH,
/,fﬁLbr >
Ay < 4
0000

Intensity [a.u.]

) 4b 50 70 80
Diffraction angle [26 degree]

Figure 9. Crystal structure of potassium alanates and their calculated diffraction patterns (A = Cuy1).
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Table 4. Crystallographic data of K-alanates.

Space Group, Cell Dimensions [A] and

Compound Atomic Coordinates

Angles [°]
K:0.1839(12), /1, 0.1522(17)
(Pnma) No. 62 [173] Al: 0.5578(11), 1/4,0.8209(13)
KAIDy a = 8.8514(14); b = 5.8119(8); ¢ = 7.3457(11) D1: 0.4018(10), /4, 0.9156(9)
D3: 0.4209(6), 0.9741(8), 0.3098(7)
K1:0,0,1/2
K2: -0.0058, 0.4828, 0.2544
(P 24/c) No. 14 [175] AL 0,0,0

a-K3AlHg a=06.1771;b = 5.8881; c = 8.6431

o =90; B =89.3,y = 90 H1: 0.0617, 0.0089, 0.2042

H2: 0.2799, 0.3136, 0.5349
H3: 0.1786, 0.2281, 0.9652

K1:0,0,1/2
(I 4/mmm) No. 139 [175] K2:0,1/2,1/4
B-K3AlHg a=b = 4.4441; c = 7.8098 All: 0,0,0
x=B=y=90 H1: 0,0,0.2128

H2: 0.3429,0, 0

K1: 0.2347,0.03444, 0
K2: 0.55047,3/4,0
K3: 0.691,0.2178,0
All: 1/2,1/2,0

(Pnnm) No. 58 [175] Al2: 0,1/2,0
v-K3AlH; a = 10.8885; b = 10.2576; ¢ = 2.5538 H1: 0.9388, 0.0715, 0
x=B=y=90 H2: 0.5928, 0.3931, 0

H3: 0.3085, 0.3814, 0
H4: 0.0632, 0.3708, 0
H5: 0.4194, 0.0352, 0
He: 0.8387, 0.3512, 0

I

K,AlH,, Al and H,

KH, Aland H,

Pressure [bar]
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Figure 10. Phase diagram of KAIH,, K3AlHg, and KH + Al. Constructed with data of reference [167]
K:AIH . Pegy 70 kJ-mol™' | 130 J-mol™! K! . Pegy _ 81 kJ-mol™
3AIHg/KAIH: In (5) = ———pr— + 0 . KH and AI/K3AlHy: In (51) = —==g7— +

130 J-mol ! K*
S

The experimental dehydrogenation enthalpies for reactions (34) and (35) are 70 + 2 and
81 + 2 k]J/mol Hy, respectively [167]. A phase diagram was generated with these values (Figure 10).
In this diagram, the feasibility of hydrogenation at low pressure is evident and it justifies the
rehydrogenation without the need for a catalyst or additives.
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3.2.6. Rubidium Alanate

RbAIH, has a hydrogen content of 3.4 wt.%. If this material follows the group 1 tendency
regarding dehydrogenation reactions, RbAlH, could reach a 2.5 wt.% of reversible hydrogen storage.
Weidenthaler et al. reported the synthesis of RbAlH, from the metals Al, Rb, and with TiCl; as an
additive; milling was performed in a hydrogen atmosphere (200 bar) [176]. Adkis et al. reported the
synthesis of RbAlH, by the reaction between LiAlH4 and metallic Rb [177]. Bestide et al. reported the
metathesis between LiAlH,; and rubidium halides that are assisted by triethylaluminum (AlEts) in
toluene, hexane, and diethyl ether [178]. A stoichiometric reaction (99% product) was almost obtained
in the latter work. This reaction yield was explained by the formation of a complex between the halide
salts and the triethylaluminum, i.e., a Ziegler-type complex. RbAlH,, and the deuterated species
were also produced by the metathesis reaction between NaAlH,, LiAlHy, or LiAlD, with RbCl or
RbF promoted by ball milling [176]. RbAlH4 or RbAlD,4 were further heated in an autoclave and then
purified [176].

RbAIH, decomposes in two steps at 300 °C and 350 °C (peak temperatures in TG-DCS curves) [176].
However, no complete dehydrogenation and full reversibility have been demonstrated. There is
no consensus regarding the dehydrogenation pathway. Weidenthaler et al. proposed that the two
dehydrogenation events are related to the formation of RbH plus Al, and the decomposition of RbH,
respectively [176]. For its part, Dymova el at. proposed a first decomposition that is associated with
the formation of Rbz AlHg at 317-334 °C and a second dehydrogenation step by the formation of RbH
at 390417 °C [176,179]. Further confirmation of the dehydrogenation pathway and the formation of
Rb3AlHg is needed.

The structure of RbAlH, was calculated by Vajeeston et al. [180] and then further confirmed by
Weidenthaler et al. (Table 5 and Figure 11) [176]. By means of ab-initio calculations, two high-pressure
RbAIH, phases are anticipated [181]:

RbAIH, (Pmma) 2, RbAIH, (141/a) 227, RbAIH4 (Cmc21) (38)

However, no further details regarding the experimental crystallographic data were reported [181].
Ravindran et al. reported the structure of RbAlH, obtained by theoretical calculations. This structure
corresponds to a high-pressure phase above ~55 kbar [182].

Table 5. Crystallographic data of Rb-alanates.

Space Group, Cell Dimensions [A]

Compound and Angles [°] Atomic Coordinates
Rb: 0.1813(4), 1/4, 0.1574(7)
(Pnma) No. 62 [176] Al: 0.5639(6), 1/4,0.8121(7)
a-RbAID, a =9.2862(6); b = 5.9392(3); ¢ = 7.5784(6) D1: 0.4045(7), 1/4, 0.9073(7)
a=B=vy=90 D2: 0.6884(7), 1/4,0.9615(8)

D3: 0.4204(4), 0.9691(6), 0.3080(6)
Rb: 1/2,0.6206, 0.2833
1
AL morstere
a-RbAID, a=3.9933;b = 14.6472; ¢ = 6.4933 S e

D2: 1/2,0.1717, 0.9990
D3: 1/2,0.5992, 0.7814
D4: 1/2,0.9888, 0.1074

(x:[s:y:90
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Figure 11. Crystal structure of rubidium alanates and their calculated diffraction patterns (A = Cuyy1).

3.2.7. Cesium Alanate

CsAlH, has a hydrogen content of 2.4 wt.%; thus, the interest in CsAlHj is pure chemistry research

and is hardly relevant for hydrogen storage. CsAlH,4 has been prepared by mechanical milling or solvent
metathesis of NaAlH, and CsCl, with subsequent purification [183,184]. Previously, Bestide et al.
reported the metathesis between LiAlH, and cesium halides assisted by triethylaluminum (AlEt3)
in toluene, hexane, and diethyl ether [178]. CsAlH4 decomposition is marked by four endothermic
events [180]:

1.

210-229 °C: polymorphic transition, the material gets an intense yellow color.
280-302: hydrogen evolution due to the proposed reaction:

3CSA1H4 — 2CsH + CSAI3H8 + H, (39)

454-485 °C: further decomposition reaction of 2CsH + CsAl;Hg:

2CsH + CsAlzHg — 3Cs + 5H, + 3Al (40)

666-672 °C: melting of Al. This reaction pathway does not follow the same decomposition and
formation of intermediaries as the rest of the alanates of group 1. In-situ diffraction data is
missing for further confirmation of this proposed decomposition pathway. Krech et al. [183]
demonstrated a reversible polymorphic transformation between orthorhombic and tetragonal
CsAlHy; the transformation can be activated by ball-milling or by thermal treatment:

ball-milling at 200 bar Hy

CsAlHy(0) CsAlH,(t) (41)

thermal treatment at 200 °C

Table 6 lists the collected experimental crystallographic data of cesium alanates (Figure 12).

3.3. Alanates of Group 2

In group 2, in principle, the expected alanates would be M(AlH,), and MAIHs. The alanates of

group 2 will be discussed in the following sections.
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Table 6. Crystallographic data of Cs-alanates.

Space Group, Cell Dimensions [A] and

Compound Atomic Coordinates

Angles [°]
Al: 0.55462(33), 1/4, 0.80887(30)
(Pnma) No. 62 [185] D1: 0.5755(4), 0.04042(31), 0.69536(32)
CsAID; (0)  a = 9.8847(5); b = 6.15949(29); ¢ = 7.9182(4) D2: 0.6641(6), 1/4,0.9620(5)
Cs: 0.1847(4), 1/4, 0.1652(8)
. 3
(I 43/2) No. 88 [185] C‘:l'l% 3/20(')817255
CsAID, (B a=b= 557_2?31(_9); 32934'2823(5) D1: 0.19658(31), 0.7115(9), 0.95567(12)
=P=Y= D2:0.25993(26), 0.7644(19), 0.92159(17)
CsAIH, (Pnma) CsAH, (4 /2

a 3

RO

——CsAIH, (Pnma)
‘ l CsAH, (43

LT T DT

r T T T T T T 1
10 20 30 40 50 60 70 80

Diffraction angle [26 degree]

Intensity [a.u.]

Figure 12. Crystal structure of cesium alanates and their calculated diffraction patterns (A = Cuyq1).
3.3.1. Beryllium-Alanate

The existence of Be(AlH,), is questionable. Some reviews list the Be(AlH,), phase with a
dehydrogenation temperature of 20 °C [186]. The cited reference of these reviews is a book of relatively
difficult access [187], whih in turn refers to a series of published works on borohydrides and other
boron compounds [188,189]. However, these references dealt with the synthesis of Be(BH4),, not
Be(AlHy), [188,189]. In 1973, Ashby et al. attempted to produce Be(AlH,), from LiAlHy4, or NaAlHy,
and BeCl; in diethyl ether and THF without success [190]. In favor of the existence of Be(AlHy); is the
report of Wiberg et al. (1951) [191]. In this work, the reaction between BeCl, and LiAlH4 was proposed
to produce Be(AlHy), in ether at 20 °C. However, no further details were presented.

Only a few theoretical works on BeAlHs have been published. Klaveness et al. reported two
calculated structures of BeAlHs; the low and high-pressure phases, namely, the « and 3 phases [192].
However, these calculations were estimated at 0 K, and it was not clear whether BeAlHs could be
stable at ambient conditions in that work. Later, Santhosh et al., also by first-principle calculations,
found that the x-BeAlH;5 phase could be stable at ambient (p and T) conditions [193]. The calculated
a-BeAlHs phase consisted of alternating sheets of corner-sharing (AlHg) octahedra and chains of
corner-sharing (BeHy) tetrahedra. On the other hand, the calculated 3-BeAlHs5 phase only consisted of
chains of corner-sharing (AlHg) octahedra (Table 7 and Figure 13) [192].
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Table 7. Calculated crystallographic data of Be-alanates.

Space Group, Cell Dimensions

Compound [A] and Angles [°] Atomic Coordinates
Be: 0.002, 0.230, 0.623
Al: 0.243, 0.990, 1.000
(P27) No. 4 [192] H1: 0.247,0.162, 0.749
«-BeAlHs a=4.790;b =4.324; c = 6.227 H2: 0.001, 0.740, 0.902
a=7vy=90; B =89.408 H3: 0.501, 0.740, 0.914
H4: 0.240, 0.821, 0.251
HB5: 0.890, 0.965, 0.515

Be: 0, 0.333, 0.250

(C2/c) No. 15[192] Al: 0,0,0

[3-BeAlHs a=>5.959;b =7.008; c = 6.241 HI1: 0, 0.904, 0.250

=7y =90; B =116.205 H2: 0.902, 0.777, 0.881

H3: 0.688, 0.044; 0.913

——aBeAlH,
BBeAlH,

#

o BeAlH, B BeAlH,

Intensity [a.u.]

T T T T 1
40 50 60 70 80

o
N
=}
W
o

Diffraction angle [26 degree]

Figure 13. Crystal structure of beryllium alanates and their calculated diffraction patterns (A = Cuyq1).

3.3.2. Magnesium Alanate

Mg(AlHy), has been known since the 1950s [25,27]. At that time, magnesium alanate was
synthesized in an organic solvent by the reaction between magnesium hydride and aluminum
tri-halides, Equation (6). After almost 50 years, the solid state version of reaction (6) was reported
on by Dymova et al. [39] and others [194]. Additionally, roughly at the same time, the metathesis
reaction between NaAlH; and MgCl, in organic solvent was reported [30]. In the synthesis that
involves organic solvents, the formation of adducts, and the purification (drying without decomposing
the alanates), is a frequent problem. Thus, more recently, the metathesis reaction between NaAlH,
(or LiAlH,) and MgCl,, as assisted by mechanical milling, was published and frequently used [43,195].

Mg(AlHy), has a hydrogen content of 9.3 wt.%; however, dehydrogenation studies report values
in the range of 67 wt.% in the first dehydrogenation step [196]. The most accepted dehydrogenation
pathway assumes that Mg(AlH,), decomposes in the temperature range of 110-200 °C, according to
the reaction [196,197]:

Mg(AlH,), -»MgH, + 2Al + 3H,. (42)

Subsequently, further dehydrogenation of MgH, in the presence of Al leads to the formation
of Mg-Al compounds of several reported stoichiometries [197,198]. Reports indicate that the
dehydrogenation temperature can be reduced by additional milling [199], the addition of materials, such
as TiFy, TiF5 [200], and TiCl; [31], or the reduction of particle size [196,198]. Possibly, the other metathesis
product, i.e., LiCl or NaCl, can also produce a change in the dehydrogenation temperatures [195].
Rehydrogenation is partially achieved by the formation of MgH, instead of Mg(AlHy4), [31,195,200].
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However, Gremaud et al. reported the formation of Mg(AlH,), at 1 bar, and 100 °C from thin films of
Mg-Al covered with a thin layer of Ti [201].

The crystal structure of Mg(AlH,), was determined by a combination of X-ray and neutron
diffraction at 295 K (Table 8 and Figure 14.) [202]. The crystallographic information is consistent with
other experimental and theoretical reports [203-205]. The structure consists of [AlH4]™ tetrahedra that
formed double layers that were perpendicular to the c axis of the trigonal cell and alternating with Mg
layers (Figure 14) [205].

Table 8. Crystallographic data of magnesium alanates.

Space Group, Cell Dimensions

Compound [A] and Angles [°] Atomic Coordinates
Mg: 0,0, 0
(P -3m 1) No. 164 [202] , '
Mg(AIH, )3 a=b = 51949(2); ¢ = 5.8537(2) Al: 0.3333, 0.6667, 0.7057(5)

H1: 0.3333, 0.6667, 0.439(2)
H2: 0.1589(14), —0.1589(14), 0.804(2)

Mg: —0.2504, —0.2466, —0.3204
Al: 0.2486, 0.2528, —0.4083
H1: -0.4756, —0.0559, 0.4069
H2: -0.03, 0.0912, 0.3051
H3: 0.4719, —-0.0516, —0.4063
H4: 0.0284, 0.0975, —0.3045
H5: -0.0024, 0.0916, —0.4994

Mg: 0.527, 0.985, 0.253
Al: 0.092, 0.245, 0.395

a=90; 3 =90;,y=120

(P 24 21 27) No. 19 [206]
MgAIH; a=455b=4.26; c = 13.024
o =90; B =90;y =90

(P21 /c) No. 14 [207]

H1: 0.400, 0.121, 0.444

a-MgAlH; a=4.7499; b = 8.8127; ¢ = 6.6281 H2: 0.349, 0.390, 0.495
o =90; B =90; v = 109.75 H3: 0.121, 0.592, 0.201

H4: 0.197, 0.862, 0.142

H5: 0.130, 0.305, 0.156

Mg: 0.542, 0.025, 0.257

Al: 0.000, 0.000, 0.000

(Ce) No. 9 [207] H1: 0.008, 0.924, 0.256

B-MgAIH; a=7.8033; b =5.7251; c = 6.7393 H2: 0.201, 0.289, 0.034

a=90; 3 =90; vy =115.39

H3: 0.771, 0.969, 0.882

H4: 0.027, 0.299, 0.979
H5: 0.246, 0.031, 0.130

MgAIH;5 was originally proposed by Dymova et al. as a reaction intermediary of the decomposition
of Mg(AlHy,), [39]. However, further experimental reports did not confirm this. Other elements of
group 2 (M) indeed form MAIH5 compounds. On the other hand, theoretical calculations indicate the
possible crystals structures of MgAlH;5 (Table 8).

The few available kinetic studies indicate that the dehydrogenation reaction is ruled by the
diffusion of MgH,, Al, or hydrogen in the TiF; doped samples [197,208]. In any case, the activation
energy of dehydrogenation reaction (42) is high: 117.5 [206]-123 [197] k]/mol. Theoretical studies
indicate that Mg(AlHy), is metastable at room temperature with a formation enthalpy of —21 kJ/mol
H,; [209]. By ab-initio calculations, Spano et al. determined, that the dehydrogenation temperature at
atmospheric pressure must be 111 °C [210]. Thus, despite the interesting high hydrogen content and low
dehydrogenation temperatures, Mg(AlH4), can be classified as a one-way hydrogen storage material.
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Figure 14. Crystal structure of magnesium alanates and their calculated diffraction patterns (A = Cuy 7).

3.3.3. Reactive Mixtures (Composites) with Mg(AlH,),

Few examples of the composites of Mg(AlH,), were found during the preparation of this review; they
are, in summary: Mg(AlHy),-NaAlHy [211,212], Mg(AlHy),-MgH, [213], Mg(AlH4),-LiBH, [214,215],
and Mg(AlHy),-Ca(BHy); [216]. The original reports include several stoichiometries and preparation
procedures. However, they have the reduction of dehydrogenation temperature as compared with
the individual components and a relatively high amount of hydrogen released during the first
dehydrogenation step in common. In many cases, the role of Mg(AlHy); is classified as a catalyst
of the other components of the mixture. Usually, the first dehydrogenation step corresponds to the
decomposition of Mg(AlH,),, i.e., reaction (42). Afterwards, MgH, reacts with other components
of the mixture. For example, in the Mg(AlHy4),-NaAlH, composite, NaMgHj3 was formed, and the
proposed reaction is [211]:

2NazAlHg + 6MgH, — 6NaMgHj + 2A1 + 3H, (43)

Further decomposition of NaMgHj3 in the presence of Al leads to the formation of Mg-Al alloys.
For the Mg(AlHy),-LiBH,4 composite, Liu et al. proposed as a second step the formation of Mg, Als
from the reaction of MgH, and Al. Subsequently, Mg, Al; reacts with LiBHy [214]:

6LiBH, + 0.5Mg,Al; + 0.5A1 — 6LiH + MgAIB, +AIB, + 9H, (44)

The formation of MgAIB4 was also proposed by Pang et al. [215]. Two main drawbacks are
observed for the composites of Mg(AlH,)s:

1.  Despite the reduction in dehydrogenation temperatures, the “ideal” dehydrogenation
temperature—compatible with PEM fuel cells—is not attained.
2. Re-hydrogenation is only partially achieved through the formation of MgH,, not Mg(AlHy,),.

3.3.4. Calcium Alanate

Reports on the synthesis of Ca(AlHy), dates from the 1950s [28]; back then, the synthesis was
performed in an organic solvent by the reaction between CaH, and AICl5 [28] or AlBr; [217]. As other
alanates, the synthesis of Ca(AlHy); evolved towards the metathesis reaction between NaAlH, or
LiAlHy and CaCl; in an organic solvent [31], to finally take advantage of the use of mechanical milling
to perform direct or metathesis synthesis. As for other alanates, the synthesis in organic solvents,
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such as THE, produced adducts of complicated purification without decomposition of the alanate.
Thus, the synthesis that is assisted by mechanical milling is nowadays popular [218].

Calcium alanate has a total hydrogen content of 7.9 wt.%. Its complete decomposition occurs in
four steps; the first two steps liberate 5.2-5.9 wt.% hydrogen of the theoretical 7.15 wt.% [165,219,220].
The dehydrogenation reactions are [220]:

Ca(AlH,), — CaAlHs + Al + 3/2H, (100-160° C) (45)
CaAlHs — CaH, + Al + 3/2H, (220-270 °C) (46)
CaH, + 4Al > AlyCa + Hj (~350 °C) (47)
CaH, + AlyCa — 2AL,Ca + Hj (~400 °C) (48)

Adding TiF; led to a decrease in the activation energy and the dehydrogenation temperature [219].
Li et al. suggest that the F atoms from TiF; substitutes H atoms in Ca(AlHy), and that TiF; initiates the
decomposition of calcium alanate [219]:

Ca(AlHy), + gTiFg & CaAlFHs_, + Al + XTi + 3, (49)

3 2

The crystal structure of Ca(AlHy), and CaAlHs were determined in 2009 (Table 9 and

Figure 15) [221]. However, theoretical predictions and partial experimental reports were published

as early as 20052006 [222-224]. Ca(AlD,), takes an orthorhombic Ca(BF4),-type structure [221].

Meanwhile, the crystal structure of CaAlD5 was found to be a monoclinic «-SrAlFs-type structure [221].
CaAlHs consists of corner-sharing (AlHg) octahedra [224].

Table 9. Crystallographic data of calcium alanates.

Space Group, Cell Dimensions [A] and

Compound Angles [] Atomic Coordinates

Ca: 0.8958(1), 0.4662(2), 0.2818(3)

All: 0.4389(3), 0.7757(5), —0.0011(8)

Al2: 0.8460(3), 0.1060(4), 0.1839(5)

D1: 0.3710(9), 0.6842(11), 0.1087(12)

(Pbca) No. 61 [221] D2: 0.5280(8), 0.8546(12), 0.0825(14)
Ca(AlDy), a = 13.4491(27); b = 9.5334(19); c = 9.0203(20) D3: 0.4877(9), 0.6706(12), —0.1183(13)
a=p=vy=90 D4: 0.3647(8), 0.8817(11), —0.0835(13)

D5: 0.8264(10), 0.0829(11), 0.0086(8)

D6: 0.8094(8), 0.2610(8), 0.2337(14)

D7: 0.9590(5), 0.0702(12), 0.2407(16)
D8: 0.7762(9), —0.0075(10), 0.2636(16)

Cal: 0.7845(16), 0.2166(19), 0.7382(13)
Ca2: 0.3275(14), 0.2676(16), 0.1816(11)
All: 0.8017(15), 0.3097(16), 0.4907(12)
Al2: 0.2071(14), 0.2175(14), 0.8706(11)
D1: 0.0058(17), 0.3009(19), 0.5190(14)
D2: 0.6406(16), 0.4242(18), 0.3076(12)
D3: 0.6070(14), 0.2725(17), 0.4696(13)
D4: 0.7010(18), 0.3865(14), 0.8592(15)
D5: 0.9589(14), 0.1915(15), 0.6767(10)

( )

( )

(P 24/c) No. 14 [221]
CaAlDs a = 9.8000(19); b = 6.9081(13); ¢ = 12.4503(23)
o =90; p = 137.936(4); y = 90

D6: 0.1259(17), 0.0329(14), 0.9070(13
D7: 0.1154(19), 0.3773(14), 0.9139(15
D8: 0.2848(16), 0.0634(15), 0.8156(14)
D9: 0.2612(19), 0.4064(13), 0.8154(13)
D10: 0.4470(13), 0.1884(16), 0.0707(12)

—_ = — = — =
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Figure 15. Crystal structure of calcium alanates and their calculated diffraction patterns (A = Cuyy1)-

Ca(AlHy), decomposition is slightly exothermic [224], with the enthalpy of reaction (45) being
about —7 [220] to —9 kJ/mol H; [224]. The second dehydrogenation step (reaction (46)) is endothermic
with an enthalpy of 32 k]/mol Hj [224]. The reversibility of Equations (45) and (46) was not reported.
The enthalpy values indicate that the first reaction is not suitable for hydrogen storage for mobile
applications. However, the second reaction, in principle, could be suitable for mobile hydrogen storage.
The enthalpy value of reaction (46) was used to generate the phase diagram of Figure 16. The diagram
indicates that CaAlHs could be produced at temperatures and pressures that are compatible with fuel
cells, perhaps with the help of a proper catalyst. In this scenario, the reversible hydrogen storage
capacity would be 4.19 wt.%.

10000
— 10004
S
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0
Temperature [°C]
-1
Figure 16. Phase diagram of CaAlHs5, CaHy, and Al. CaH; and Al/CaAlHs: In (’%) = —% +

-1 -1
130]~m§1 K [224].

3.3.5. Reactive Mixtures (Composites) with Ca(AlH,),

Scarce examples of reactive mixtures with Ca(AlH,); were found during the redaction of this
review. One of them was the mixture of LiBHy and Ca(AlHy),, giving the best results with a molar
ratio of 6:1, respectively [225]. In that system, the released hydrogen was 8.2 wt.% up to 450 °C.
Reactions (45) and (46) initiate the dehydrogenation pathway. Subsequently, LiBH, reacts as: [225]

8LiBH, + CaH, + Al — CaBg + AlB, + 8LiH + 13H,. (50)
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The last step is the reaction (47) of the remaining materials. Rehydrogenation was demonstrated
at 450 °C and 40 bar to produce LiBH4 and Ca(BHy), and 4.5 wt.% hydrogen storage.

Hanada et al. reported the dehydrogenation of Ca(AlHy), + Si, Ca(AlHy), + 2MgH,, Ca(AlHy), +
2LiH, and Ca(AlHy), + 2LiNH, mixtures that were produced by manual or ball milling [226]. In their
work, Ca(AlHy4); was produced by a metathesis reaction and it was used without purifying, i.e., with
the load of NaCl. The weight losses were 6.1 wt.% for Ca(AlH4); + 2MgH, and 5.5 wt.% for manually
milled Ca(AlHy), + 2LiNH,. These values were reported without taking the load of NaCl into account.
The rest of the hydrogen release values were not clearly specified. For the Ca(AlH,), + Si mixture,
the first two reactions are the usual Ca(AlHy), dehydrogenation reactions, Si does not react with
CaH; or Ca-containing phases [226]. For the Ca(AlHy), + 2MgH, mixture, after the usual first two
dehydrogenation reactions, MgH, decomposes at around 270-350 °C and then reacts with Al to form
AljpMgq7 [226]. Alapati et al., by means of first-principle calculations, arrived at the same reactions,
plus a high-temperature reaction [227]:

6CaH, + A112Mg17 b 17Mg + 6A12Ca + 6H> (~600 OC) (51)

For the Ca(AlHy); + 2LiH mixture, CaAlHs is generated during ball milling due to the solid-state
reaction between Ca(AlH4); and LiH [226]. Meanwhile, LizAlHg appears after heating to 150 °C under
3 bar of He. Subsequently, at 250 °C, the CaH, and Al phases arise and LisAlH4 disappears [226].
For the Ca(AlHy), + 2LiNH, mixture, a reaction of decomposition of Ca(AlH,), with LiNH, occurs
during ball milling. A similar hand-milled mixture produced the same two dehydrogenation reactions
of Ca(AlHy)y, plus the reaction:

CaH, + 2LiNH; — Li,NH + CaNH + 2H, (52)

The last reaction is reported to simultaneously occur with Equation (47) in this system [226].
The re-hydrogenation reactions are not reported.

3.3.6. Strontium Alanates

The system Sr-Al-H presents a richness of chemistry and compounds. Here, we present the
most representative characteristics reported for them. Sr(AlHy), has a hydrogen content of 5.3 wt%.
It was first produced by the reaction between SrH; and AlH; by mechanochemical activation in
2000 [228]. After that, Sr(AlH4), was produced by the metathesis reaction between SrCl, and
2NaAlHy, being assisted by mechanical milling [44]. The decomposition of Sr(AlH,); initiated at about
130 °C. Subsequently, a second dehydrogenation step occurred at about 240 °C to achieve a total of
2.1 wt.% of released hydrogen with both reactions (0.8 and 1.3 wt.%, respectively, including the NaCl
load) [44]. SrAlHs (4.21 wt.% of total hydrogen content) is proposed as a reaction intermediary of the
decomposition of Sr(AlHy,), [192,228]:

2Sr(AlHy), — 2SrAlHs + 2Al + 3H, (145-165 °C) (53)
2SrAlHs — 2SrH, + 2Al + 3H, (220-320 °C) (54)
2SrH, + 4Al — AlySr + SrH, + H, (355-390 °C) (55)
SrH, — Sr + H, (890-950 °C) (56)

Partial rehydrogenation was achieved by (re)milling at high hydrogen pressure (300 bar). Further
dehydrogenation demonstrated a drastic reduction of the hydrogen release (about 0.8 wt.%) [44].

SrAlDs was produced by the mechanical milling of SrD; and AlDj3 and further heating at 154 °C
for 1 hin Ar [229]. SrAlDs was studied by synchrotron and neutron diffraction in detail; the resolved
structure consists of (AlDg) octahedra that share corner D atom forming a chain (Figure 17) [229].
This was the first complete experimental report on the crystallography of SrAlDs (Table 10). Previously,
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the partial crystal structure (no H positions given) [44] and first-principle crystallographic data of
SrAlHs were reported [192]. The calculated and the experimental data appreciably differ (Figure 17).
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Diffraction angle [26 degree]

Figure 17. Crystal structure of strontium alanates and their calculated diffraction patterns (A = Cuy ).

SrpAlHjy (3.37 wt.% of hydrogen content) was produced by the mechanical milling of SrAl, and
further hydrogenation at 70 bar and 270 °C for ten days. The arc melting of Sr and Al previously
prepared SrAl, [230]. Zhang et al. reported that the crystal structure of Sro AlD7 consisted of isolated
(AlDg) units and one-dimensional chains of edge-sharing (DSry4) tetrahedra [230].

The proposed formation pathway is [231-233]:

SrAl, + H, — SrAl,H, (190 °C, 50 bar) (57)

4SrAlLH, + 3H, — 2Sr, AlH; + 6Al (240 °C, 70 bar) (58)

The milling of SrAl, in hydrogen atmosphere led to the formation of SrH; and Al. The milled
materials were further hydrogenated at 260 °C (no pressure indicated) for two days to give Sr, AIH7 [231]:

4SI‘H2 + 2Al +3H, — 281‘2A1H7_ (59)

On the other hand, Sr, AlH; decomposes to SrH,, Al, and H; at 290 °C [231,232]. However,
attempts to hydrogenate mixtures of 45rH, + 2Al (70 bar, 260 °C, two days) did not succeed. In this
last case, stearic acid was used as a process control agent (PCA) to avoid the cold welding of Al during
mechanical milling. Possibly, another PCA might lead to successful hydrogenation. Unfortunately, the
dehydrogenation curves of Srp AIH; were not presented in these studies.

Table 10 lists the collected crystallographic information of Sr-Al-H compounds.

3.3.7. Barium Alanates

For Barium, two barium-aluminum-hydride compounds have been reported: BaAlHs (2.97 wt.%
hydrogen content) and Bay AlH; (2.28 wt.% hydrogen content). They have been prepared from
BayAlj3 or BagAls alloys, followed by ball-milling and several days in hydrogenation conditions (70
bar, ~200 °C). The BayAl;3 and BasAls alloys were previously prepared by arc melting [234-236].
Alternatively, the reactive ball milling of the mixture of BaH, and Al can produce the BaAlHs and
BayAlHjy [237]. The formation of BaAlHs5 or Bay AIH7 can be directed by the choice of precursor or
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by the selection of the temperature (Figure 18) [234-236]. BaAlHs and Al were produced by the
hydrogenation of BayAlj3 (dark pink reaction, Figure 18). Meanwhile, BaAlHs, BaAly, and BaH, were
produced by the hydrogenation of BasAls (green reaction, Figure 18). The further heating of BaAlHj5
(black reaction, Figure 18) or high-temperature synthesis from BayAly3 (blue reaction, Figure 18) can
produce Bay AlH; along with some by-products [234-236].

Table 10. Crystallographic data of strontium-aluminum hydrides.

Space Group, Cell Dimensions [A] and

Compound Angles [°] Atomic Coordinates
Pmmn (No. 59) [44] Sr: 0.1958(3), 1/4,3/4
Sr(AlHy), a =9.1165(18); b = 5.2164(11); c = 4.3346(8) All: 0.9665(11),1/4,1/4
a=pf=y=90 Al2: 0.37309(11), 3/4,1/4

Sr: 0.2532(7), 0.8925(3), 1/4
Al: 0.3296(11), 0.1597(3), 1/4
D1: 0.4366(13), 1/4,0
D2: 0.3461(13), 0.5790(5), 1/4

Pbem (No. 57) [229]
SrAlDs5 (experimental) a =4.6226(10); b = 12.6213(30); ¢ = 5.0321(10)

a=p=y=9 D3: 0.0311(13), 0.7146(3), 1/4
D4: 0.1914(7), 0.0718(3), 0.4986(9)
Sr: 0.908, 0.104, 0.036
Al: 0.165,0.117, 0.071
SeALH P 2,2;2; (No. 19) [192] H1: 0.763, 0.859, 0.278
(theoreﬁgal) a=12.679; b = 5.200; ¢ = 4.508 H2: 0.078, 0.337, 0.918
a=p=y=90 H3: 0.093, 0.860, 0.945

H4: 0.079, 0.114, 0.374
HS5: 0.254, 0.116, 0.768

Sr1: 0.0935(3), 0.3289(4), 0.3195(6)
Sr1”: 0.9065(3), 0.6711(4), 0.3195(6)
Sr2: 0.8609(4), 0.0684(4), 0.0882(6)
Sr2”: 0.1391(4), 0.9316(4), 0.4118(6)
All: 0.671(1), 0.847(1), 0.232(2)
Al1": 0.329(1), 0.153(1), 0.268(2)
D1: 0.7494(7), 0.8594(7), 0.077(1)
D1": 0.2506(7), 0.1406(7), 0.423(1)
D2: 0.6014(7), 0.7106(7), 0.117(1)
D2: 0.3986(7), 0.2894(7), 0.383(1)
D3: 0.7658(6), 0.7378(8), 0.341(1)
D3": 0.2342(6), 0.2622(8), 0.159(1)
D4: 0.5885(6), 0.8298(8), 0.379(1)
D4": 0.4115(6), 0.1702(8), 0.121(1)
D5: 0.7395(6), 0.9919(7), 0.3291(9)
D5": 0.2605(6), 0.0081(7), 0.1709(9)
D6: 0.5748(6), 0.9558(7), 0.1157(8)
D6”: 0.4252(6), 0.0442(7), 0.3843(8)
D7: 0.4375(6), 0.6037(7), 0.3189(9)
D7": 0.5625(6), 0.3963(7), 0.1811(9)

12 (No. 5) [230]
Sr,AlD; a = 12.552(1); b = 9.7826(8); c = 7.9816(7)
o =7 =90; B = 100.286(4)

P-3m1 (No. 164) [233] Sr: 0,0,0
SrAl,D, a=b =45253(1); c = 4.7214(2) Al: 0.3333, 0.6667, 0.4589(7)
a=7y=90; =120 D: 0.3333, 0.6667, 0.0976(4)

Liu et al. reported a clear effect of the initial stoichiometry of the mixture on the product when
a mixture of BaH, and Al was used as the precursor. The 2:1 and 1:1 mixtures directed the product
to Bap AlH;. Meanwhile, a 1:2 mixture directed the product to BaAlHs5 [237]. However, none of the
mixtures produced a complete reaction.



Materials 2019, 12, 2724 30 of 64

70 bar,
Higher than 280°C,
5 days

70 bar,
100-240°C,
5 days

280-330°C
xBaAlHg ——— zBa,AlH; + wAl + nBaAl, + mH,

+yAl
+0BaAl, + pBaH,
50 bar,

100-200°C,
5 days

A

Figure 18. Production of BaAlH, or By AlHy from hydrogenation of BayAlj3 or BagAls.

Liu et al. proposed the following reactions for the decomposition of BaAlHs and Bay AlHy [236]:

5BaAlHs — Bapy AlH; + 2BaH; + BaAly + 7H; (280 °C, Argon) (60)
4BaAlHs5 — 3BaH, + BaAly + 7H, (350 °C, Vacuum) (61)
4Ba, AlH; — 7BaH, + BaAly + 7H, (350 °C, Vacuum) (62)

Table 11 and Figure 19 present the crystal structures of the barium-aluminum hydrides. The
crystal structure of BaAlH5 is composed of corner-sharing (AlHg) octahedra that form zigzag chains
along the crystallographic ¢ axis [207]. Meanwhile, Bay AlD7 is composed of isolated (AlDg) octahedra
and infinite one-dimensional chains of edge-sharing (DBay) tetrahedra [235].

Table 11. Crystallographic data of barium-aluminum hydrides.

Compound Space Group, Cell Dimensions [A] Atomic Coordinates

Ba: 0.686, 0.156, 0.256
Al: 0.041, 0.846, 0.229

Pna21 (No. 33) [207] H1: 0.008, 0.946, 0.905
BaAlHj5 a=9.1568; b = 7.0718; c = 5.1039 H2: 0.584, 0.844, 0.025
x=pB=v=90 H3: 0.578, 0.786, 0.504

H4: 0.357, 0.695, 0.233
H5: 0.708; 0.545, 0.214

Bal: 0.3459, 0.5848, 0.3249
Ba2: 0.1084, 0.3247, 0.0852,
All: 0.927, 0.096, 0.235
D1: 0.004(1), 0.116(1), 0.077(2)
D2: 0.846(1), 0.974(1), 0.135(2)
D3: 0.023(1), 0.999(2), 0.325(2)
D4: 0.844(1), 0.104(2), 0.387(2)
D5: 0.983(1), 0.249(2), 0.324(2)
Dé6: 0.832(1), 0.207(1), 0.115(2)
D7: 0.693(1), 0.864(1), 0.322(2)

12/a (No. 15) [235]
BayAlD; a=13.197(3); b = 10.237(2); c = 8.509(2)
o =7 =90; = 101.290(9)

3.4. Alanates of Transition Metals

The alanates of the transition metals date from the 1950s-1960s. Although most of them have
decomposition temperatures too low for hydrogen storage purposes, some of them can be of interest.
However, almost all of the reported materials have been poorly characterized. Normally, the old
reports did not present the basic characterization of materials, for example, X-ray diffraction or infrared
spectroscopy. On the other hand, some of them have only been theoretically discussed. In the following
sections, the most important (experimental and/or theoretical) characteristics of this family of alanates
are presented.
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Figure 19. Crystal structure of barium alanates and their calculated diffraction patterns (A = Cuyq1).

3.4.1. Scandium Alanate

Charkin et al., in a theoretical study, proposed the decomposition of a hypothetical Sc(AlHy); to
provide the following products: a) HSc(AlHy), + AlHs, b) HySc(AlHy4) + 2AIH3, or ¢) ScH3 + 3AIH;.
This latter route will give the highest dissociation energy [238]. Sc(AlH,); deserves more research to
estimate, for example, formation energy or crystal structure. Experimentally, Sc(AlHy); has not been
synthesized, despite a possible and interesting 8.7 wt.% of hydrogen content.

3.4.2. Yttrium Alanate

Y(AlHy)s was first described by Kost et al. in 1978 [239]. Later, in 2017, Cao et al. demonstrated
the partial reversibility of hydrogen storage [240]. Y(AlH,)3 has a hydrogen content of 6.6 wt.% and it
can be produced by the metathesis reaction between 3LiAlH, + YCl5 [240].

Kost et al. reported the beginning of decomposition of Y(AlH4)3 at 50 °C [239]. However, they
did not present additional details. Cao et al., based on different characterization techniques, proposed
that the decomposition of Y(AlH,4)3 occurs as:

Y(AIH,); — YAIH; + 2Al +3H, (80-170 °C) (63)
YAIHg — YH; + Al + 1.5H, (170-250 °C) (64)
YH; — YH, + 0.5H, (250-350 °C) (65)
YH, + 3Al - YAl; + H, (>350 °C) (66)

In reaction (63), at 140 °C, 3.4 wt.% of hydrogen was released. 2.6 wt.% of hydrogen was
re-adsorbed at 145 °C and 100 bar. However, no direct hydrogenation from YH3 +Al at 145 °C and
100 bar occurred [240]. Y(AlH4)3, and YAIH¢ are reported as amorphous materials [240]. However,
no direct evidence of YAIHg was presented [240]; thus, further characterizations of these materials
are needed.

3.4.3. Titanium Alanate

Wiberg et al. reported the formation of Ti(AlHy)s (11.1 wt.% hydrogen content) in 1951 [14].
The synthetic route was the metathesis reaction between TiCly and LiAlH, in ether at =110 °C [14]. Later,
in 1975, Kost et al. reported a similar synthesis while using LiAlH4 and TiBry or TiCly. The product
was separated from the solution in a filter cooled with dry ice [241]. The reported stoichiometries
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indicted that the metathesis reaction was not completed or that partial substitution of C1~ by [AIH4]~
was achieved [241]. Wiberg reported that Ti(AlH4), was decomposed at —85 °C [14]; for its part, Kost
reported the evolution of “two g-atom of H per g-atom of Ti” at —70 °C [241]. The decomposition of
Ti(AlH,)4 was proposed as [241]:

Ti(AlHy)s — TiH, + 4AIH; + Hy (67)

Further decomposition of AlH; was observed at 110 °C [241]. No more characteristics of this
material have been reported. However, Ti(AlH4)4 can be a very interesting material in regards to
its hydrogen content, perhaps tailoring the dehydrogenation temperature with some structural or
chemical modification could be explored. Another point to discuss is that Ti can work in other oxidation
states besides Ti**; for example, Ti** or Ti**. The Ti*>* and Ti>* compounds are generally more stable
than the Ti** compounds, i.e., the liquid and volatile TiCly versus solid TiF3 or TiCl,. Alternatively,
other compositions of Ti-Al alloys or intermetallics could be explored. For example, Ramzan et al.
explored employing DFT calculations, the structural stability, and other properties of TigsAlH3 and
TizAlH; phases [242]. Maeland et al., some time ago, reported the reversible hydrogenation of TizAl at
9.2 bar of deuterium pressure and 200 °C to form Ti3AlD, (x = 5.9-8) [243].

3.4.4. Zirconium Alanate

The first report on Zr(AlH4)4 was the work of Reid et al. in 1957 [13]. Zr(AlH4)4 (7.49 wt.%
hydrogen content) was produced by the metathesis reaction between Zr(BH,)4 and LiAlH4 in ether
solution and He atmosphere [13]. Zr(BHy)s; was formerly prepared by metathesis of LiBH, and
ZrCly [13]. In 2008, Zr(AlH4)s was produced by the reaction between LiAlH, and ZrCly in ether
solution [244]. No clear indication of the reaction temperature was found in this work. No reports
regarding the characteristics of dehydrogenation or on the characterization of this material were found.
Other compositions of the Zr-Al-H system deserve further research; for example, Matsubara et al.
achieved the hydrogenation of the intermetallic Zr3Al to give Zrs AlH, [245].

3.4.5. Vanadium Alanate

Charkin etal. also proposed the decomposition of a hypothetical V(AlH4)3 to provide the following
products: (a) HV(AlIHy), + AlHj3, (b)H, V(AIH,) + 2A1H;3, or (c) VH3 + 3AIH; [238]. Experimental
confirmation of the existence of V(AlH,)3 is missing.

3.4.6. Niobium Alanates

Wiberg et al., in 1965, reported the reaction between NbCls and LiAlH, in several proportions
and temperatures in ether at low temperature [246]. Wiberg et al. concluded that the products were a
function of the temperature and the excess of LiAlH, used; the first family of products was [246]:

NbCls + 5LiAIH; — Nb(AlHy), + (5 — n)AlH3 + 5%H2 + 5LiCl, (68)
when n =3.5 at =70 °C the product was Nby(AlH4)7, for n = 3.0 at —40 °C the product was Nby(AlH,)g,

and for n = 2.5 at 20 °C the product was Nby(AlH,)s.
The other family of products was:

NbCls + (5 + m)LiAlH; — LinNb(AIH)nim + (5 — n)AlH;3 + 5_T”H2 +5LICI,  (69)
LiNb,(AlH4)7 was formed at —70 °C; meanwhile, LiNb,(AlH4)5 and LiNb(AIH,)3 were formed at

25 °C [246]. Wiberg et al. wonderfully described the synthesis procedure and the changes in the color
that are associated with each Nb or LiNb- alanates. However, a detailed characterization is needed,
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particularly the characterization of the material obtained at room temperature Nb,(AlHy)s5 (5.9 wt.%
hydrogen content).

3.4.7. Tantalum Alanates

TaH,(AlH,); was reported by Kost et al. in 1978 [239]. The compound has a hydrogen content of
4.11 wt.%. It was produced in cold ether by the reaction between LiH, Al and a metal halide. Kost et al.
reported that TaH,(AlHy), is a red powder that decomposes at 130 °C. TaH,(AlH,), and AlHj3 are the
decomposition products of a very unstable Ta(AlHy)n [239].

3.4.8. Manganese Alanate

The reports on Mn(AlHy); are rather diffuse, as in the case of Be(AlHy),. The first compilation
where Mn(AlHj,), appeared, is the book of Mackay [187]. In that book, Mn(AlH4), was reported to be
prepared from a halide complex (no mention of which halide) and LiAlHy in Et,O, and to decompose
at 25 °C. The book refers, in turn, to two reports of Monnier et al. [247,248]. No further reports on
Mn(AlHy); were found. Mn(AlHy), would have a hydrogen content of 6.89 wt.%.

3.4.9. Iron Alanate

Fe(AlH4); can be an interesting material for hydrogen storage, due to the 6.84 wt.% of hydrogen
content. However, contradictory reports on the decomposition temperature are published. In favor
of the near-room temperature stability of Fe(AlHy,); is the report of Neumaier et al. [249]. Fe(AlHy),
was prepared by means of metathesis of FeCl; + 3LiAlH, in ether at low temperature (=116 °C) [249].
Once formed, the iron easily decomposed. Neumaier et al. presented a p-T diagram of the decomposition
reaction; around 20 °C a continuous partial decomposition was observed. Meanwhile, a fast
decomposition was observed at 90-100 °C. Two comments can be mentioned: (1) The quantity
of released hydrogen was not reported despite a detailed thermolysis study being presented. (2) The
fast decomposition at 90-100 °C is near to the temperature of «-, and «’-alane decomposition [186],
which is one by-product of iron alanate formation. This leave doubts about who is decomposing
Fe(AlHy); or AlHj3. Despite that, Neumaier et al. considered Fe(AlH,), to be stable at room temperature.
The proposed reactions of formation and decomposition are [249]:

FeC13 + 3L1A1H4 i Fe(A1H4)2 +A1H3 + 3LiCl +0.5H,, (70)

Fe(AlH4)2 — Fe + 2Al + 4H, (71)

Against the near-room temperature stability of Fe(AlHy), is the report of Schaeffer et al. [250].
They also produced Fe(AlH,), by means of metathesis of FeCl; and an excess of LiAlH,. However,
Schaeffer et al. considered Fe(AlHy), to be unstable at room temperature.

3.4.10. Copper Alanate

CuAlHy (4.2 wt.% hydrogen content) was reported as a product of the reaction between Cul and
LiAlHy in ether at —78 °C by Ashby et al. [251]. CuAlH, is unstable and it reacts quickly, with the
proposed product being Cuz AlHg [251]:

CuAlH, — CuH + AlH, (72)

2CuH + CuAlH, — CuzAlHg (73)

Both of the alanates decomposed with a slight heating. Wiberg et al. reported that the reaction
between Cul and LiAlHj in pyridine at room temperature did not produce Cu-alanates; it produced
Lil, All3, and CuH [252].
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3.4.11. Silver Alanate

AgAlH, (2.9 wt.% hydrogen content) was produced by the following reaction in ether at
—80 °C [253]:
AgClOy + LiAlH, — AgAlH, +LiClO,4 (74)

AgAlH, decomposed at —50 °C to the elements Ag, Al, and H; [253].

3.4.12. Zinc Alanate

Zhizhin et al. (and references wherein) summarized the production of ZnHj; one of the reactions
is [254]:
2LiAlHy + Znl; — 2Lil + 2AlH3 + ZnH, (75)

However, depending on the reaction conditions (solvent composition, mainly), admixtures of
Zn-AlH, can be present:

Znly, LiAIH, Znl,, LiAIH,
— —

LiAlH; 2% Zn(AlHy), Zn[Znly (AlHy )] Zn([Znls(AlH,)] (76)

3.5. Alanates of the Main Group

As in the case of transition metals alanates, the alanates of the main group elements are scarce,
with most of them being unstable, even at low temperatures.

3.5.1. Gallium Alanate

Ga(AlHy)3 (7.4 wt.% hydrogen content) was produced by the reaction between GaCl; and LiAlH,
in ether at 0 °C [255,256]:
GaCls + 3LiAIH4 — Ga(AlHy)3 + 3LiCl (77)

However, at 35 °C, the Ga(AlHy4)3 decomposes into GaHjz and AlHj [256].

3.5.2. Indium Alanate

In(AlHy)3 (5.8 wt.% hydrogen content) was produced by the reaction between InCl; and LiAlH,
in ether at —70 °C [256]:
InCl; + 3LiAIH4 — In(AlHy)3 + 3LiCl (78)

The In(AlH,); decomposed at —40 °C. However, in a similar reaction at room temperature:
InCl; + LiAlH, — InCly(AlIHy) + LiCl, (79)

the product InCl,(AlHy) is stable up to 100 °C [256].

3.5.3. Thallium Alanate
The synthesis of TIAIH, was reported in 1967, the reaction was performed in ether at —100 °C [257,258]:

TICIO, + LiAlH, — TIAIH, + LiClO,. (80)

TIAIH, decomposed at —80 °C (1.9 wt.% hydrogen content). Wiberg et al. tried the metathesis
reaction between TiCl; and LiAlH, in ether at —115 °C [258]. However, no Tl*3-alanate could be
isolated from the reaction of TICl;3 and LiAlHy4, with the product spontaneously decomposing at
—110 °C [258,259]. A marginal stabilization was achieved when a CI~ substituted an [AIH4]™ ion:
TICI(AlH4); was produced by the reaction between TICl3 and AlHj in ether at —115 °C in the presence
of AlH3-AlCl; [259]. TICI(AlH,), decomposed at —95 °C [259].
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3.5.4. Tin Alanate

Sn(AlHy)4 (6.6 wt.% hydrogen content) was produced by the reaction between SnCly and LiAlH,
in ether at —80 °C [260]:
SnCly + 4LiAIH, — Sn(AlHy), + 4LiCl. (81)

Sn(AlHy)4 decompose at —40 °C. The decomposition products are Sn, Al and Hj.
3.6. Alanates of Lanthanides and Actinides

3.6.1. Lanthanum, Cerium, Praseodymium and Neodymium Alanates

La, Ce, Pr, and Nd alanates were produced by metathesis that was assisted by mechanical milling of
the corresponding trichlorides and NaAlH, (in excess 1:3) under hydrogen pressure (1-15bar) [261]. The
expected products, M(AlH,)3, M = La, Ce, Pr, and Nd, are unstable and decompose during ball milling.
Instead of M(AlH4)3, alumino-hydrides of stoichiometry MAI,H, were obtained (very close to MAIHg
stoichiometry). Thermolysis of the MAIHg (M = Ce, Pr, and Nd) materials demonstrated two-steps of
decomposition, except for LaAlHg [261]. The first step is associated with the decomposition of the
alanate. Meanwhile, the second step can be associated with the decomposition of the corresponding
metal hydride and the formation of M-Al alloys. Although the decomposition pathway was proposed
for Nd, based on the in-situ X-ray diffraction data that were presented by Weidenthaler et al., the
reaction can be extrapolated for Ce and Pr [261]:

NdAIHs —» NdH; + Al + 3/2H, (82)

NdH; +4Al — NdAly +3/2H, (83)

Table 12 summarizes the hydrogen content, hydrogen released, decomposition temperatures,
and crystal structure data [261]. The experimental X-ray diffraction patterns of MAI,H, were compared
to the DFT calculations of hypothetical MAIHg materials. Figure 20 presents the expected X-ray
diffraction patterns and the structures.

Table 12. Lanthanides-Aluminum Hydrides (MAIHg) relevant data [261].

Hydrogen Hydrogen . Crystal Structure
Material Content Release * Decomposition (R-3m, No.166) [A]
Temperature [°C]
p .
[wt.%] Experimental DFT **

a=6.5272(4)
Beginning 100, a=6.4732 ¢ =6.3212(7)

LaAlHs 3.51 0.98 ending 240 Cc=6.2765 H: 0.2149,
0.7851, 0.4904
a=6.4637(4)
_ ¢ =6.2609(7)

CeAlHg 3.49 0.80 i _ 2357;; H: 0.2147,
e 0.7853, 0.4910

First step: Beginning
100, ending 170

Second step: =6.4217 a_= 66'24111%6(171)
PrAlH; 3.47 0.78 Beginning 180, . 6.0008 ¢ 0 213(9 )

ending 270 c=06 e ’
0.7861, 0.4894
a = 6.3846(7)
a=6.379 ¢ = 6.1741(10)

NdAlHs 341 078 c=6.1616 H:0.2132,
0.7868, 0.4883

* (including NaCl load) ** M = La, Ce, Pd, Nd on 0, 0, 1/2, and Al on 0, 0, 0.
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3.6.2. Europium Alanate

Eu(AlHy); was produced by the metathesis reaction of EuCl, + 2NaAlHy or EuCl; + 3NaAlHj.
The reaction was performed by means of mechanical milling in a hydrogen atmosphere (1-15 bar)
and different milling times (180 min seems enough time) [44]. Independently of the initial oxidation
state of Eu ion, Eu?*, or Eu®*, the final alanate was Eu®", i.e., Eu(AlHy),. Additionally, NaEu,Clg
was observed as an intermediary. Eu(AlHy), has a hydrogen content of 3.76 wt.%. Pommerin et al.
demonstrated a hydrogen release of about 1.8 wt.% (including the NaCl load) in two steps [44]. The first
step occurred at about 100-125 °C with the formation of EuAlHs. The second step occurred at about
200-225 °C. Further heating led to the formation of EuAly. Rehydrogenation was achieved by milling
at high hydrogen pressure (50, 200, or 300 bar). Unfortunately, the rehydrogenation was not achieved
under 1000 bar of static H, pressure; i.e., the temperature of rehydrogenation was not clearly indicated
without milling. Further dehydrogenation demonstrated that the two-step reactions and temperature
range are kept. However, a drastic reduction of the hydrogen release was found (about 0.8 wt.%) [44].
Partial crystallographic information was reported, i.e., no H position was determined (Table 13) [44].
Figure 20 presents the expected X-ray diffraction patterns and structures.
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Diffraction angle [26 degree]

Figure 20. Crystal structure of lanthanides alanates and their calculated diffraction patterns (A =

Cugat)-
Table 13. Crystallographic data of Europium alanates [44].
Compound Space Group, Cell Dimensions [A] Atomic Coordinates
Eu: 0.1966(3), 0.25, 0.75
Pmmn (No. 59)
Eu(AlHy), . . i Al: 0.9625(12), 0.25, 0.25
a: 9.1003(13); b: 5.1912(8); c: 4.2741(5) Al 0.3821(5), 0.75, 0.25
EuAlH; Pnma (No. 62) Eu: 0.6517(3), 0.25, 0.2016(12)

a: 12.481(3); b: 5.0103(12); c: 4.5887(11) Al: 0.4105(14), 0.25, 0.586(4)

3.6.3. Ytterbium Alanate

Yb(AlH4), was reported by Kost et al. in 1978 [239]. The compound has a hydrogen content
of 3.43 wt.%. It was produced in cold ether by the metathesis reaction between LiH, Al, and a
metal halide. Kost et al. reported that Yb(AlH,), is a yellow powder that decomposes at 70 °C.
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The decomposition products of Yb(AlHy), are the hydrides of Al and Yb [239]. The YbH, is metastable
at room temperature [262].

3.6.4. Thorium-Aluminum Hydride

No records of thorium alanate were found; however, an intermetallic hydride of Th was found:
ThyAlHs. The thorium-aluminum hydride can be easily obtained by the hydrogenation of the
intermetallic ThyAl [263]. ThyAl needs activation at 450 °C in vacuum, followed by deuterium
absorption at 0.15 bar and iced-water cooling [264]. The products were ThyAlDy, x =39 £ 0.1, 2.7,
and 2.3 [264]. Experimental and theoretical crystal structure of Thy AIH4 reasonably agreed on a [4/mcm
space group with lattice parameters a = 7.626 A, and ¢ = 6.515 A, and atomic positions Th (0.1656,
0.6656, 0), Al (0, 0, 0.25), and H (0.377, 0.8707, 0.1512) [265].

4. Cation-Mixed Alanates

Cation substitution has demonstrated utility in the tailoring of the thermodynamic and kinetic
properties in borohydrides [22,266]. A similar approach has been applied to alanates, for which LiAlH,
or NaAlHj are frequently used as starting materials due to their reactivity. These alanates react with
other metal hydrides to form mixed cation alanates. The reactions can be generalized as [267]:

M’AIH, + 2MH — M,M’AlH;, (84)

MAIH, + MH + M"H — M,M’AlHg, M£M". (85)

Theoretical calculations had predicted the stability of alanates, such as LiNay AlHg, KyLiAIHg,
Ky;NaAlHg, K; sNag 5AlHg, LiMgAIHg, LiCaAlHg, NaCaAlHg, and KCaAlHg [268,269]. Some of them
have been successfully synthesized, as presented below.

4.1. Li-Na Alanates

Na;LiAlHg can be obtained by the reaction of 2NaH and LiAlH, in an organic solvent [270], in the
solid-state at very high hydrogen pressure [270], by means of a mechanically activated reaction between
NaH, LiH, and NaAlH, (Equation (86)) [271], or 2NaH + LiAlH, [272-274], or NaH + LiAlH, [275],
or 2NaAlHy + LiH [276], or by the reactive mechanical milling of 2NaH+LiH+Al that was catalyzed
with TiF; under 30 bar of hydrogen pressure [277]. Wang et al. produced NayLiAlHg by the reaction
between 2NaH and LiAHy [274]. However, detailed study of the synthesis reaction pathway by X-ray
diffraction demonstrated that, during mechanical milling, a metathesis reaction occurred to produce a
mixture of LiH, NaAlH,, and residual NaH, i.e., the same reactants of Equation (86).

NaH + LiH + NaAlH; — Na,LiAlHs. (86)

LiNapAlH4 was also observed during the electrochemical decomposition of NaAlHg in the
presence of Li [278]:

NaAlH, + 3/2 Li — % NapLiAIHg + % Al + LiH. (87)

Na,LiAlHg has a total hydrogen content of 7.03 wt.% and a theoretical reversible hydrogen storage
of 3.51 wt.% (Equation (88)). NayLiAlHg has demonstrated reversibility (Equation (88)) [274,277],
which is enhanced by the use of a catalysts, such as TiF3, TiFe3, TiCls, CeO,, ZrCly, TiBry, CrCls, AlCl3,
TiOy, Y;03, or MnCl, [276,277,279,280].

Na,LiAlHg <> 2NaH + LiH + Al + 3/2 Hy. (88)

Dehydrogenation reaction (Equation (88)) without additives occurs between 190-250 °C and it
releases about 3.35 wt.%. Further reactions involve NaH decomposition at 320-380 °C and finally the
reaction of LiH with Al at 380480 °C, with the formation of LiAl and H,. Wang et al. demonstrated
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a release of 6.73 wt.% and a re-hydrogenation level of 6.6 wt.% when heating up to 530 °C under
vacuum, and 285 °C and 135 bar, respectively. Small amounts of NagAlHg have been observed during
the dehydrogenation of Na,LiAlHg [274,281]. Additives, such as TiF3, resulted in a low-temperature
beginning of Na,LiAlHg decomposition (~50 °C) [276,277,280]. Additionally, Al3Ti was found after
dehydrogenation when Na,LiAlHg is mixed with TiF; [279,280].

First principle studies (before experimentation, i.e., synthesis and crystal structure determination)
indicated that Na; LiAlHg would have P 2;/n [282] or P 24/c [283] symmetry, which is very close to Frn-3m
symmetry [283]. Brinks et al. determined the group symmetry of Na,LiAlDg as Fm-3m. This material
consists of corning-sharing (AlDg) and (LiDg) octahedra, where each octahedron is surrounded by six
octahedra (Table 14 and Figure 21) [284]. The deuterated NayLiAlDg was produced by the ball milling
of NaAlD, and LiAIDy [284].

Table 14. Crystallographic data of Li-Na mixed alanates.

Space Group, Cell

Compound Dimensions [A] Atomic Coordinates
Na: 0.25,0.25, 0.25
Na,LiAlDg Fm-3m (No. 225) [284] Li: 0.5,0.5,0.5
(experimental) a: 7.38484 (5) Al: 0,0,0
D:0.238(4), 0,0
Li: 0,0,0.5
. P 2,/c (No. 14) [282] Na: 0.99, 0.47,0.25
Na; LiAlHe a=5.165;b = 5.251; c = 7.339 AL 0,0, 0
(calculated) Ty e e H:0.07,0.02, 0.23

o =90, f =90.03,y =90 H: 0.23,0.3, 0.53

H:0.2,0.27,0.96

The research group of Prof. Q. Wang performed a complete study regarding the determination
of the (p, T) equilibrium of reaction (88) with and without TiF, as a catalyst (Figure 22) [274,285].
The results indicate that the catalyst moves to higher pressure the equilibrium towards Na,LiAlHg
formation at a given temperature; or conversely a reduction of the equilibrium temperature at a given
pressure. Fonnelop et al. revealed that the addition of 10 mol% of TiF; to Na;LiAlHg induced hydrogen
release at temperatures as low as 50 °C [281]. In such a case, the dehydrogenation pathway changes
from a one-step process (Equation (88)) to a two-step process, with the formation of NazAlHg as the
intermediary. Between 50-180 °C, the decomposition reaction was described as:

Na,LiAIHg — 2/3 NasAlHg + LiH + 1/3 Al + 1/2 Hy. (89)

_ —— Na,LiAH, (Fm-3m) y N
E. — Na,LiAH, (P2 /c) Na,LiAIH, (Fm-3m) Na,LiAIH, (P2 /c)
2
2
Qo PR U l M L
£ N ) W | - | X
10 20 30 40 50 60 70 80

Diffraction angle [26 degree]

Figure 21. Crystal structure of Na-Li alanate and its calculated diffraction patterns (A = Cuy1).
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SN Na,LiAH,
NN Na,LiAIH / TiF, cat.

100
Na,LiAIH,

2NaH+LiH+Al

Pressure [bar]
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1E-3
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Figure 22. Phase diagram of 2NaH + LiH + Al vs. Na;LiAlHg. Data adapted from references [274,285],
In (p) = — 7683 1 18.3 for un-catalyzed material, and In (p) = —%8%2t2 4 17.0 for material catalyzed
with TiFy4. In the original formulae, p is in atm, and T in Kelvin.

Further heating (180225 °C) leads to the usual decomposition reaction of NagAlHjg.

Finally, the other possible combination of Li, Na, Al, and H would be as Li;NaAlH;.
However, attempts to synthesize this material have been unsuccessful. The attempts involve the
synthesis in organic solvents, such as Me,O (160 °C, 12 h), or by ball-milling [267]. As proposed
by Santhanam et al. [169], Li;NaAlHg is not formed at all under the tested conditions, or it
disproportionates Na,LiAlHg, LiH and LiAlH,.

4.2. Li-K Alanates

K;LiAlHg was reported in 2005 by Graetz et al. [267]. K;LiAlHg was produced by the ball-milling
of 2KH + LiAlHy [267]. Graetz et al. determined an Fm-3m structure for K;LiAlHg;. However,
in their paper, they recognized that the diffraction pattern was not suitable for Rietveld analysis [267].
Briefly, after that, Ronnebro et al. performed the mechanical milling of the same precursors followed
by a heating treatment of the pelletized sample at 320-330 °C and 700 bar for 1-2 days. By doing
this, K,LiAlHg was crystallized, and its crystal structure was determined to have R3m symmetry
(Table 15) [286]. As in the case of NayLiAlHg, theoretical calculations (predating synthesis and
crystal structure determination) predicted that K;LiAlHg would have P 2;/n symmetry (Table 15 and
Figure 23) [282,283]. The differences between the calculated and the experimental data could be
related to the temperature of calculation (0 K) versus the temperature of synthesis and testing (near
room temperature).

o

—— K LA, (P2/c) ﬁ v g
K,LIAIH, (R-3m) ; "
_ — K,LiAIH, (F-3m) K,LIAM, (P2/c) K,LIAIH, (R-3m) K LiAH, (Fm-3m)
5
8,
= l l AL | A i L e
: I
g I
c i .
= 1L i S 1 N ” A
1IO ' 2I0 ' 3I0 ' 4I0 ' 5I0 ' 6I0 ' 7I0 ' 8IO

Diffraction angle [26 degree]

Figure 23. Crystal structure of Li-K alanate and its calculated diffraction patterns (A = Cuyy1).
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Table 15. Crystallographic data of Li-K mixed alanates.

Space Group, Cell . .
Compound Dimensions [A] Atomic Coordinates
Li: 0, 0, 0.4036(8)
Al:0,0,0
R-3m (No. 166) [286] Al: 0,0,1/2
K,LiAlHg a: 5.62068(8) K:0,0,0.1270(1)
c: 27.3986(6) K:0,0,0.2853 (1)
H: 0.096(7), —0.096(7), 0.466(3)
H: 0.205(5), —0.205(5), 0.638(2)
K:1/4,1/4,1/4
. Fm-3m (225) [267] Li: 1/2,1/2,1/2
K LiAlHs a=79383 AL 0,0,0
H:0.216,0,0
:0,1/2,1
P 2,1 (No. 14) [282] K:0, 172 1/4
a=5508 Li: 0,0,1/2
K2L1A1H6 b : 5536 Al: 0,0,0
(calculated) . _ 7.832 H:0,0,0.23

H:0.27,0.27,1/2

=90, p =90.03,v =90 H:0.23,0.23, 0

K;LiAlHg has a total hydrogen content of 5.11 wt.% and a possible reversible hydrogen storage of
2.56 wt.%. The dehydrogenation of K;LiAlHg was performed at 227 °C, while rehydrogenation was
performed at 300 °C and up to 10 bar [267]. The rehydrogenation achieved 2.3 wt.% hydrogen storage,
i.e., approximately 90% of the theoretical value. However, the reaction time was very long, around
280 h; and, perhaps a higher hydrogenation pressure would improve kinetics.

Regarding other Li-K alanates and similar to the Li)NaAlHg case, no Li;KAIHg¢ has been produced
so far [169].

4.3. Li-Mg Alanates

The mixed alanate LiMg(AlH4)3 has a hydrogen content of 9.7 wt.%; LiMg(AlH,)3 is known since
1979 by the work of Bulychev et al. [287]. It can be produced by the metathesis reaction between
LiAlH, and MgCl, [165,220,288]:

3LiAlH, + MgCl, — LiMg(AlHy); + 2LiCl. (90)

Reaction (90) can be performed in an organic solvent or assisted by mechanical milling.
The decomposition of LiMg(AlH,); is a two-step process [289,290]:

LiMg(AlH,); — LiMgAIH, + 2A1 + 3H, (100-130 °C) (91)
LiMgAlH, — LiH + MgH, + Al + 3/2 H, (150180 °C) (92)

The addition of graphitic nanofibers can reduce the dehydrogenation temperatures [291]. Addition
of TiF; leads to the decomposition of the mixed alanate even during ball-milling [290]. Attempts of
re-hydrogenation were unsuccessful, even at high pressures [289,290]. The structure of LiMg(AlH,4)3
consists of a corner-sharing network of alternating [AlH, ]~ tetrahedra and (LiH¢) and (MgHjg) octahedra
(Table 16 and Figure 24) [288]. The structure of LiMgAlHg consists of alternating AIMg3 and Al,Li3
layers; in the AlyLis layer, the [AlHg4]™ octahedra share edges with three (LiDg) octahedra [206,290].
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Table 16. Crystallographic data of Li-Mg mixed alanates.

Compound sngsei:?;?s’ E&e]ll Atomic Coordinates
Mg: 0.6305(6), 0.5292(4), 0.8833(3)
Li: 0.127(3), 0.4720(19), 0.3822(14)
All: 0.7615(5), 0.6282(4), 0.1512(3)
Al2: 0.4745(5), 0.8809(4), 0.8581(3)
A13: 0.9593(5), 0.2510(4), 0.4986(3)
D1: 0.6057(14), 0.5722(12), 0.1782(9)
P 24/c (No. 14) [288] D2: 0.6523(14), 0.5907(11), 0.0190(6)
a = 8.37113(16) D3: 0.7843(17), 0.8088(9), 0.1721(10)
LiMg(AID,); b = 8.73910(17) D4: 0.9475(12), 0.5201(10), 0.2158(9)
¢ =14.3012(3) D5: 0.4888(15), 0.7127(10), 0.8153(9)
a=7 =90, p = 124.8308(8) D6: 0.6918(11), 0.9294(11), 0.9554(8)
D7: 0.3783(15), 0.9895(12), 0.7474(8)
D8: 0.3312(15), 0.8752(13), 0.8981(10)
D9: 0.9500(15), 0.3124(13), 0.3908(8)
D10: 0.7599(14), 0.1597(12), 0.4549(10)
D11: 1.1293(13), 0.1222(10), 0.5635(8)
D12: 0.9941(14), 0.3727(11), 0.5902(7)
Mg: 1, 0.3570(13), 0
P321 (No. 150) [290] Li: 0, 0.686(6), 1/2
a=b =7.985550(2) All: 0,0,0
LiMgAIDj o= 4.378942(7) AL2: 1/3,2/3, 0.492(10)

D1: 0.540(3), 0.763(2), 0.278(3)
D2: 0.119(3), 0.576(2), 0.734(3)
D3: 0.904(2), 0.117(2), 0.228(3)

ax=p=90,v=120
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Diffraction angle [26 degree]

Figure 24. Crystal structure of Li-Mg alanates and its calculated diffraction patterns (A = Cuy 1)

4.4. Li-Ca Alanates

LiCa(AlH4)3 has a total hydrogen content of 8.6 wt.%; thus, it appears as a very attractive hydrogen
storage material. LiCa(AlH4); was produced by the metathesis reaction between LiAlH, and CaCl,,
utilizing mechanical milling [292]:

3LiAlH, + CaCl, — LiCa(AlHy); + 2LiCL (93)

LiCa(AlHy)3 (plus LiCl) starts decomposing at 120 °C and it ends at about 180 °C. Liu et al.
proposed the formation of LiCaAlHg in the first dehydrogenation step [292]. In the second step
(180-300 °C), LiCaAlH4 decomposed to form Al, CaH,, and LiH. The two steps released 6 wt.% of

hydrogen [292]:
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LiCa(AlH,); — LiCaAlHy + 2A1 + 3H, (94)
LiCaAlHg — CaH, + LiH + Al + 3/2 H (95)

In the second step, some CaH,_,Cl, was detected. No information regarding possible
re-hydrogenation was found. The crystal structure of LiCa(AlH,)3 was experimentally determined as
the space group P63/ (Table 17 and Figure 25) [292]. Theoretical research confirmed this symmetry
and contributed to determining the hydrogen atomic positions (Table 17) [293]. The complete crystal
structure of LiCaAlHg was predicted from the theoretical calculations [294].

Table 17. Crystallographic data of Li-Ca mixed alanates.

Space Group, Cell
Dimensions [A]

P63/m (No. 176) [292] Li: 0,0,0
a=b =8.91978(12); c = 5.8887(7) Ca: 2/3,1/3,1/a
a=y=90,p =120 Al 0.2805(3), 0.9027(4), /4

Li: 0,0,0
P63/m (No. 176) [293] Ca: 2/3,1/3,1/4
LiCa(AlHy)3 a=b=9.093 Al: 0.3,0.9,1/4
(theoretical) c=5.996 H1: 0.544,0.501, 1/4
a=y=90,p =120 H2: 0.807, 0.815, 1/4
H3: 0.535, 0.754, 0.029

Lil: 0,0,0
Li2: 0,0,1/2
Li3: 1/2,1/2,0
Lid: 1/2,1/2,1/2
Li5: 0,1/2,0.4843
Li6: 0,1/2,0.0085
Cal: 0.3119, 0.2730, 0.1937
Ca2: 0.2380, 0.1803, 0.6978
All: 0.2812, 0.2452, 0.3777
P—4 (No. 81) [294] Al2: 0.2812, 0.2398, 0.8264
LiCaAlHg a=b=6.6652 H1: 0.4729, 0.2445, 0.3245
(theoretical) ¢ =16.5607 H2: 0.2947, 0.0386, 0.4346
x=v=p=90 H3: 0.1523, 0.0958, 0.2964
H4: 0.1623, 0.4222, 0.3053
H5: 0.2861, 0.4340, 0.4450
Heé: 0.2449, 0.0032, 0.5840
H7: 0.0609, 0.3014, 0.8263
H8: 0.2532, 0.4729, 0.9283
HO9: 0.3881, 0.3663, 0.7959
H10: 0.2891, 0.0307, 0.8161
H11: 0.2130, 0.1039, 0.9599
H12: 0.2158, 0.4740, 0.0859

Compound Atomic Coordinates

LiCa(AlH4)3
(experimental)

— LiCa(AlH,), Experimental
LiCaAlH, Theoretical —— LiCa(AH,), Theoretical

oo P —— LiCaAlH, Theoretical
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Figure 25. Crystal structure of Li-Ca mixted alanate and its calculated diffraction patterns (A = Cuy ).
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4.5. Na-K Alanates

K;NaAlHg is the only reported mixed Na-K alanate. This material has a total hydrogen content
of 4.46 wt.%. KoNaAlHg can be produced by the reaction assisted by ball-milling between KH and
NaAlH, in a 2:1 molar relation, with or without hydrogen pressure (10 bar) [295,296]. K,NaAlHg
decomposes into simple hydrides, Al and hydrogen gas at ~352 °C [296,297]:

K,NaAlHg — 2KH + NaH + Al + 3/2 H, (96)

The addition of TiCls, TiF3, graphene, or carbon nanotubes slightly reduced the dehydrogenation
temperature, with TiF; being the most effective material [296]. KoNaAlHj is reported to store hydrogen
reversible; however, full capacity was not recovered [295]. K;NaAlHj is reported as a cubic close-packed
structure of isolated [AlHg]?~ octahedra; the octahedral interstices are occupied by Na™ ions, while the
tetrahedral interstices are filled with K* ions (Table 18, Figure 26) [295].

Table 18. Crystallographic data of Na-K mixed alanates.

Compound Space Group, Cell Dimensions [A] Atomic Coordinates

K:1/4,1/4,1/4
Na: 1/2,1/2,1/2

Fm-3m (No. 225) [295]

K,NaAID; a=b=c=8118(1) R
a=p=y=9% D: 0.2167(8), 0, 0
K,NaAlH,

Aoy

J J ——K,NaAlH,
) A [

T T T T T T T 1
10 20 30 40 50 60 70 80

Diffraction angle [26 degree]

Intensity [a. u.]

Figure 26. Crystal structure of Na-K mixed alanate and its calculated diffraction pattern (A = Cuyy1).
5. Anion Substitution

Ion size and oxidation state make, in principle, F~ ions suitable for substituting H™ ions in some
hydrogen storage compounds, such as hydrides [298], borohydrides, or alanates [299]. The substitution
could tune the thermodynamics, with the goal being to reduce the dehydrogenation temperature [299].
Perhaps the clearest example of this is the production of NasAlH¢_,F, from NaF and Al [300].
However, despite reducing the enthalpy of the first dehydrogenation, the reversibility of the system
was compromised [300]. Other examples of anion substitution, despite being less studied, included
KsAlHg_,Fy [301] and CaAlF Hs_, [219]. Unfortunately, limited information regarding these systems
can be found, thus experimental and/or theoretical studies should be performed in the future.

6. Techniques of Characterization of Alanates

The most common physicochemical characterization techniques for hydrogen storage materials,
and thus alanates, are X-ray diffraction (in-situ, ex-situ, with synchrotron or conventional X-ray
sources), and spectroscopies, such as Infrared and Raman. Other vibrational spectroscopy techniques,
such as Inelastic Neutron Scattering (INS), Nuclear Resonant Inelastic X-ray Scattering Spectroscopy
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(NRIXS), or Photoacoustic (PA) Infrared Spectroscopy are far less widespread. The main results of
X-ray diffraction studies were presented along with the description of each alanate. Thus, we did not
include a special section for it. On the other hand, the characterization of alanates by IR and Raman
Spectroscopies is also frequently used due to the relatively low cost of equipment and the relative
simplicity of sample preparation for such tests. Therefore, we present IR and Raman spectroscopies in
this review.

Fourier Transformed Infrared Spectroscopy (IR) and Raman Spectroscopy

Vibrational transitions can be observed as infrared or Raman spectra. Although frequently,
these two techniques are complementary, their physical origins are different [302]. IR absorption
spectra originate from photons in the infrared region that are absorbed by transitions between two
vibrational levels of the molecule in the electronic ground state. Raman spectra have their origin in
the electronic polarization that is caused by ultraviolet, visible, and near-IR light [302]. The observed
vibration modes depend on factors, such as the molecular symmetry, identity of atoms, and bond
energies, i.e., the kinetic and potential energies of the system. The kinetic energy is determined by
the masses of the individual atoms and their geometrical arrangement in the molecule. On the other
hand, the potential energy arises from the interaction between the individual atoms and it is described
in terms of the force constants [302]. For the alanates, the common structures are the tetrahedral
[AIH4]™ and octahedral [AIHg]?~ units. Figure 27 illustrates the four normal modes of vibration of
a tetrahedral [AIH4]™. All four vibrations are Raman-active, whereas only v3 and v, are infrared
active [302]. Octahedral molecules have six normal modes of vibration; of these, vibrations v1, v,
and vs are Raman-active, whereas only v3 and v, are infrared-active (Figure 28) [302].
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Figure 27. Normal modes of vibration of tetrahedral [AlH4]~. Adapted from reference [302].
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The vibrational spectra of alanates are frequently classified as external and internal. The external
vibrations are due to the vibration of the whole crystal structure. Meanwhile, the internal vibrations
are due to the [AIH4]™ ion, which has four active vibrational modes in Raman and only two in
infrared [303]. Some of these features are shared with other materials of similar structure, for example,
the borohydrides [304]. The infrared active modes of the [AlH4]™ ion are the asymmetric stretching
modes in the region 1600-2000 cm~! and the bending modes in the region 700-900 cm~! [305]. Some
representative data are collected in Tables 19 and 20. As a generally accepted trend of infrared
vibrations in the alanates of group 1, the stretching modes, in wavenumbers, roughly decrease
with increasing mass of the cation [306]. Meanwhile, the bending modes are unaffected by the
counter-ion [305,306]. Other correlations between the stretching and bending peaks (or regions)
versus ionization energy, electronegativities, or bond distance have been proposed [302]. Indeed,
we tried to find correlations with these parameters. However, we obtained the best results by using
the difference in the electronegativities between Al and the counter-cation or the counter-cation ion
size. In Figure 29 we present a correlation between the most intense stretching and bending IR peak
of MAIH4 (M = group 1 metals, [AlH,]™ tetrahedra) versus the difference in electronegativities of
Al and the metal. The electronegativity scale was the Allred—Rochow [307]. The IR data that were
obtained by Adicks et al. in pure crystalline materials [177] were complemented by data published in
several experimental and theoretical reports compiled in this review [167,308-320]. The data reflects
the significant dispersion of results. The NaAlH, data are the most common and particularly disperse,
which is probably due to the diversity in the material history, such as milling, doping, or cycling [318].
The quantity of available IR data on K, Rb, and Cs- alanates is rather scarce. Still, some tendencies were
found; there is a bell-shape dispersion of the Al-H stretching frequency (most intense peak) versus the
difference of electronegativity between Al and the group 1 metal. Meanwhile, there is an almost linear
increase of the Al-H bending frequency (most intense peak). This can be related to the changes in the
geometry of the alanates, along with the group.

Table 19. Representative infrared frequencies of Al-H bonds reported for different alanates.

Mode/Peak Position [cm~1]

Alanate Comments/Reference
Stretching Bending Librational
1779, 1642 885, 811, 715 465 Pure crystalline material [177]
LiAIHy 1800, 1780, 1645 890, 810, 700 [306] and Refs. within
1757, 1615 900, 830 [310] and Refs. within
LixAlH 1410, 1300 1000, 960, 854 [321]
35 e 1386, 1276 1000, 950, 850 [310] and Refs. within
LizAlDg 1020, 915 740, 700, 635 [321]
NaAIH 1680 900, 811, 730, 680 Pure crystalline material [177]
4 1680 900, 800, 735, 690 [306] and Refs. within
NazAlHg 1440, 1290 930, 842, 690 [321]
KAIH4 1715 811,729 Pure crystalline material [177]
RbAIH. 1715 811, 763,739 Pure crystalline material [177]
4 1715 811,769, 729 [306] and Refs. within
Pure crystalline material [177],
CsAlH, 71 741 Ref. [306] and Refs. within
1935 800, 625 Ref. [306] and Refs. within
642, 1937 [43]
Mg(AIH
8 42 1620, 1700-1800 [39]
2013, 1905, 1850, 716, 663, 620, 360, 302, 282 [210]
Ca(AIH,), 600, 1780 [40]

1788

816, 653 482

[306] and Refs. within
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Table 20. Representative Raman frequencies of Al-H bonds reported for different alanates.

Assignation/Peaks Position [ecm~1]

Alanate Comments/Reference
Combination Stretching Bending Librational = Translational
. 950, 882, 830, 220, 165, 151,

LiAlH, 1837, 1762, 1722 780, 690 510, 438, 322 143,112, 95 [306]
LizAlHg 2090, 1974 1604, 1311 1014, 975 577,510 [321]
LizAlDg 1478, 1397 1137, 940 730, 686 412, 360 [321]
NaAlHy 1762, 1681, 848, 817,770 521, 429 180, 125, 117 [306]
NajAlH, 1556, 1465, 1152,1070 990, 815, 760 560, 480 [321]

KAIH, 1779, 1711 790 [306]

1969, 1944, 1808 824,768,736 [306]
M AlH ’ 4 '’ ’
g(AlHY), 2077,1852, 1845, 812, 758, 742, 298, 232, 87 [310]
1800
1780 m 740 |
— 1760 4 B -
8 5
17404 i
H H 720 -
i 1720 4 B ;’
5 100 i 2
T 3
@ x
x 1680 - I 7004 _
= :
X 1660 i
1640 4 i
T T T T T T T 680 . . . . —— . . .
044 046 048 050 052 054 056 058 060 0.62 044 046 048 050 052 054 056 058 060 062
Xai ™ %n X~ Xm

Figure 29. Most intense peak of infrared vibrations in the group 1 alanates, MAIH,. (a) Stretching,
(b) Bending.

The octahedral ion [AIHg]?~ that is present in the so-called intermediaries of alanates also shows
infrared and Raman active modes. From the 15 normal vibration modes of a group with octahedral
symmetry, two modes are active in the infrared, and three modes are active in the Raman [321].
In Figure 30, we present a correlation between the stretching IR most intense peak of M3AlHg
(M =group1, [AIHg]®~ octahedra) versus the effective ionic radii [307]. The available data for the
so-called intermediaries of alanates of group 1 (M3AlHj) are scarcer than for the tetrahedral alanates,
i.e., MAIH,. Thus, the correlation was constructed with data of Li, Na, and K [167,307,318,322-327].
The red dots of Rb3AlHg and Cs3AlHg are an extrapolation based on the fitted curve.

1450 T T T T T

Li,AlH,

1400

1350

1300

1250

Al-H FT-IR Stretching mode [cm‘W]

1200

T T T T T T T T T
100 120 140 160 180
Effective ionic radii [pm]

Figure 30. Most intense peak of infrared vibrations in the group 1 intermediaries, M3 AlHg. The red
dots are an extrapolation based on the fitted curve.
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In Figure 31, we present a correlation between the stretching and bending Raman most intense
peak versus the difference in electronegativities between Al and the metal of MAIH, (M = group 1).
In general, there are less Raman data available than IR data. In both stretching and bending Raman
modes, the correlation with the difference in electronegativity is not linear. The reported data were
found only for Li, Na, and K-alanates. Thus, the Rb and Cs-alanates data are an extrapolation, pending
future reports to corroborate this forecast.

1850

N T
] ¥ N SAIR,
1625 LIAH, 860 .

— 1800 KAIH

g , <

S 17754 X bt 5

P ¢ 2. sa0

S 17504 NaAlH, bt

3 RbAIH, 2

j=2)

2 1725 o

£ ] £ 8204

s e

3 1700 S

= 8

c 16754 S

g E 800

& 1650 &

x I

T 1625 z

< i

1600 CsAH, 780
T T T T T T T T T T T T T T T T
046 048 050 052 054 056 058 060 062 046 048 050 052 054 056 058 060 062
K ™ Ko T ™ Xy

(@) ®)

Figure 31. Most intense Raman peak in the group 1 alanates. (a) Stretching and (b) Bending modes.
The red dots are an extrapolation based on the fitted curve.

Not enough IR or Raman data are available for group 2 (apart from Mg and Ca) and the rest of
alanates of the periodic table. Additionally to the Figures 29-31, an attempt to find trends that include
the double-metal alanates of groups 1 and 2 was performed; no clear trends were found. This can
open the possibility of theoretical and experimental studies to obtain these missing data and to obtain
general rules that correlate structure and spectroscopic properties.

7. Thermodynamics

A dehydrogenation enthalpy of about 40 k]/mol is required in order to meet the dehydrogenation
temperature compatible with PEMFCs [328]. This enthalpy value roughly means an equilibrium
pressure of 1 bar at room temperature. The equilibrium pressure is a function of the temperature,
the dehydrogenation enthalpy, and entropy. It is described by the Van’t Hoff equation [328]:

ln(pﬂ) = ﬁ X

1 _AS
P, R°T

R

97)

AS mostly corresponds to the change from molecular hydrogen gas to dissolved solid
hydrogen [328]. It amounts approximately to the standard entropy of hydrogen (130 J-K~'mol~!)
and is, therefore, frequently taken as a constant for all metal-hydrogen systems [328]. AH must be
the dehydrogenation reaction enthalpy and each material must report it. However, the formation
enthalpy is sometimes used instead, particularly if the material is a metal and its hydride. The
enthalpies of formation and dehydrogenation have been related, directly or indirectly, to the bond
energy, i.e., the stability of the compound [328,329]. The reported dehydrogenation enthalpies were
used to construct the phase diagrams that are presented in this review. The representative values
are condensed in Table 21, altogether with formation enthalpies and the activation energies. The
thermodynamic data is concentrated mainly in the alanates of group 1, a lot of data is missing on other
alanates. The calculated and experimental data of formation enthalpy and dehydrogenation enthalpy
show good correlation. However, an in-deep comment on the dispersion of the thermodynamic data is
needed. Along with the several consulted papers, different experimental techniques and conditions
were used to determine the thermodynamic data. The most used techniques are the differential
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scanning calorimetry (with variations, such as high-pressure, with or without hydrogen flow, different
of values of flows, etc.), pressure-composition isotherms, and theoretical calculations (different levels
of theory, programs, basis sets, etc.). Thus, the natural result is the dispersion of data. Perhaps, a
standard method will be advisable. Meanwhile, the activation energies present the most disperse
values, which is due to the additive and the history of the materials (mechanical milling, purification,
recrystallization, cycling, etc.). Additionally, some of the original data are explicitly related to the
released mol of Hy, meanwhile, other data is not clearly reported of mol of which compound is related.

Table 21. Thermodynamic data of alanates.

Formation " . . ) L.
Alanate Enthalpy De ydrogenago?theact[llt()n/Dell]lydrogenatlon Apé)arent ﬁ(ctlvatlllon
AH}) [kJ/mol] nthalpy [k]/mo! nergy [kJ/mo!
-107.1 [330] 102 [75], 103 [332] (pure)
—-113.42 [81] ! 10 126] 42.6 [73] (TiCl3-1/3AICl5 2 mol%)
LiAlH, -114.8 [87] % (15) 979 [8;] I 67 [74] (NbF3 1 mol%)
-1189 [331] : 81.5 [333] (FeCl, 2 mol%)
—119 [71] 87.4 [308] (TiN 2 mol%)
—-310.89 [81] ! )
. 15.72 [81] ! 54.8 [73] (TiClz-1/3AICl3 2 mol%)
LizAlH, —-298.5 to —311.0 (16) ) o
[81.87.330] 25 [26] 77 [74] (NbF3 1 mol%)
:17()%96[523’26511 367 [335]F 113.8 (Ni;1e4'C2)[333 rél’]lcgj;l)r T)m] and
NaAlH, ’ (25) 37[88] @ : 24 i
-113.0 [331] 36409 [71] 2 ® (MnFe,0Oy) [317]
-116.3[335] : 86.4 [336] (LaCls 2 mol%)
-238.8[335] 69.6 [335] %
NasAlHg _1728[334] 26) 4788] o 56 41[%66] [(a%(p;fl) %)
—260 [337] 46847 [71] R @ S 3 <mote
-166.6 [331]
70 [167] & 140 [164] (pure)
KAIH, -183.7 [161] ® (34) eyl o
18 1175]! ~55 [168] || @ 80 [164] (TiCl3 2% mol) &
K3AlHg —224.7[175] ! (35) 81[167] @ ?
CsAlH, —164.9 [330] (39) ? ?
123.8 [199] (pure not milled)
—79 [338] 20.4 [43] (at 0 K, 123.6 [195] (with LiCl,)
Mg(AlHy), (“assessed value”) “2) ab-initio) 123 [197] (submicron rods)
82.3 [200], 85.5 [208] (TiFy doped)
Ca(AlHy), —214[192] ! (45) —7 [224] @, -7.4[220] ?
26 [41] 161 [41], 153.4 [219] (pure)
_ I
CaAlHs 2241192] (46) 32 [224] @, 31.1 [220] 57.4 [219] (TiF5 10 wt.%)
SrAlHs —-248[192] ! (54) ? ?
BaAlH5 224 [207] 1 - ? ?
LaAlHg [261] ? ? ~30, @ ?
MAIHg, M=Ce, Pr, ) T ?
Nd [261] ? (82) 28-32 |, @ ?
—4.4 and 57 (for 2
Eu(AlHy), [44] ? ? consecutive reactions of ?
hydrogen release, ).
—84.5[268] @l ’
. -55.26 [297] @ (I, 535[2607] @, 638 [274] 173 [274]
Na,LiAlHg (88) 56.4 [276] @ TiF3 doped .
300 K) 573 [285] TiF, doped 143.6 [285] TiFy doped
—53.5 [267] & - 4 dop
—-100.5 [268] @ !
. -102.42 [297] @ (I, R R
K, LiAIH, 300 K) ? 82 [267] & ?
—82[267] @
LiMg(AlHy)3 -192.6 [206] (I, 0 K) (91) —4.16 [289] ®, -5 [339] @ ~66 277
LiMgAIHg -184.8 [206] (I, 0K) (92) 8.89 [289] @, 9 [339] & ?
_ I
KoNaAIH. 107'6360([)2127] bl %) 97 [267] & 124.43 [296]
2Naatls 7 67)] ° 98 [295] TiF3 doped ® 88.05 TiF; catalyzed [296]

)
t CALPHAD ! DFT © Ti-doped ' (and references within) & Explicitly reported per mole of Hy, i.e., k]/mol H,

? Unknown.
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8. Conclusions and Perspectives

NaAlIH,4 and KAIH, stand out among all of the alanates due to their acceptable hydrogen content
and reversibility. Perhaps for light-duty vehicles applications, an option will be the NaAlH,4, where
the catalyst performance is essential. In that subject, along with the consulted papers, the Ti-based
catalyst could be limited in the long-term because of the progressive change in the oxidation state of
Ti, associated with the decay of performance. Perhaps, lanthanide-metals compounds could be the
solution. However, more research on extensive cycling must be done: There is not enough data up
to now on the long-term performance of Ce-catalysts on NaAlH,4. On the other hand, KAIH, can be
suitable for niche applications where the high-temperature dehydrogenation is not an issue. However,
there is no data regarding extensive cycling.

During the preparation of this review, the compilation of alanates beyond the group 1 and 2 was a
good surprise. Many of them have a reasonable good dehydrogenation temperature and hydrogen
content. Others can be viewed just as a chemical curiosity. In general, the reports of the alanates of
transition metals and main group are very old. Perhaps, re-visiting and updating the information of
these alanates with new synthesis and characterization techniques could provide new approaches for
solving the hydrogen storage problem.

Despite that the formation of reactive composite materials has proven useful in other hydrogen
storage materials, this approach seems not so useful in the alanate family. However, the formation of
double cation alanates seems to be attractive for improving the dehydrogenation temperature without
the sacrifice of the hydrogen content. The anion substitution is explored to a limited extent in the
alanates family, and this modification should be studied deeply.
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