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Abstract: Hydrogen storage in general is an indispensable prerequisite for the introduction of a hydrogen energy based
infrastructure. In this respect, high-pressure metal hydride (MH) tank systems appear to be one of the most promising hydrogen
storage techniques for automotive applications using proton exchange membrane (PEM) fuel cells. These systems bear the potential
of achieving a beneficial compromise of comparably large volumetric storage density, a wide working temperature range,
comparably low liberation of heat, and increased safety. The debatable term unstable metal hydride stands in the literature short for
metal hydrides with high dissociation pressure at comparably low temperature. Such compounds may help to improve the merit of
high-pressure MH tank systems. Consequently, in the last few years, some materials for possible on-board applications in such tank
systems have been developed. This review summarizes the state-of-the-art developments of these metal hydrides, mainly including
intermetallic compounds and complex hydrides and gives some guidelines for future developments. Since typical laboratory
hydrogen uptake measurements are limited to 200 bar, a possible threshold for defining unstable hydrides could be a value of their
equilibrium pressure of peq>200 bar for T < 100°C. However, these values would mark a technological future target and most current
materials, and those reported in this review, do not fulfill these requirements and need to be seen as current stages of development
towards the intended target. For each of the aforementioned categories in the review, special care was taken not only to covers the
pioneering and classical research, but also to portrait the current status and latest advances. For intermetallic compounds, key aspects
focus on the influence of partial substitution on absorption/desorption plateau pressure, hydrogen storage capacity and hysteresis
properties. For complex hydrides, the preparation procedures, thermodynamics and theoretical calculation are presented. Besides,
challenges, perspectives, and development tendency of this field are also discussed.
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1. Introduction

Minimizing the greenhouse gas emissions to limit the global warming has become a global consensus during the
past decades. As an energy carrier, hydrogen is a perfect choice to realistically solve the critical issue due to its high
energy density (142 MJ/kg), abundant reserves and zero carbon emission if renewably produced [1]. In this scenario,
the so-called “hydrogen economy”, a long-term guideline towards a cleaner energy system was proposed, in which
hydrogen was introduced into the current energy network to improve the overall cleanliness [2—4]. In this system,
hydrogen is mainly combined with proton exchange membrane (PEM) fuel cells, in which hydrogen protons generated
from the anode transfer through the internal electrolyte to react with oxygen at the cathode, and electricity is produced
via electron transfer in the external circuit to drive the vehicles [5]. For on-board PEM fuel cell systems, an efficient and
safe hydrogen storage technology guaranteeing a reasonable cruising range (> 500 km) should be developed, which
poses a challenge because of the inherent properties of hydrogen gas such as low volumetric energy density, high
volatility and strong inflammability [6-8]. Current approaches for on-board hydrogen storage mainly include
compressed gaseous, cryogenic liquid, liquid organic carriers and solid state materials [9]. However, comprehensive
evaluations on the key performances of these techniques leads to the conclusion that no available methods can meet the
Department of Energy (DOE) targets [10]. Nowadays, high-pressure gas storage (up to 70 MPa) is the solution for
vehicles mainly because of the achieved relative technological maturity, flexible operation, high energy efficiency, and
low maintenance costs. Because of the intrinsic physical limitations, further increasing the gas pressure is insufficient
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for fulfilling the practical requirements for automotive storage. For on-board applications, this high-pressure gas system
is only a compromise of the necessities (cruising distance, dead load, etc.) of fuel cell vehicles with the volumetric and/
or gravimetric densities. Although the high-pressure tank systems are widely tested and already used in fuel cell
vehicles (e.g. Mirai from Toyota) [11], they still strike many concerns in regard to the volumetric density, safety, cost,
etc. By comparison, solid-state hydrogen storage materials show much higher volumetric efficiency and greater safety,
while suffer from serious thermodynamic and/or kinetic barriers.

A possible solution for the existing dilemma is to combine light weight high-pressure tank and metal hydrides tank
technologies to form a novel hybrid hydrogen storage system, the “high-pressure metal hydride (MH) tank” [12-14].
As shown in Figure 1, the packing densities of metal hydride powders are limited due to the nature of powder forms,
hence more than 50% of the inner volume of tank system remains empty even when filled with the maximum amount
of hydrogen storage material [13]. At this time, filling the free space with high-pressure hydrogen gas will greatly
increase the volumetric density and the amount of stored hydrogen. Therefore, this hybrid tank system can realize
higher gravimetric and/or volumetric hydrogen density than single solid-state materials or high-pressure gas as long
as the volumetric density in the metal hydride stays higher than in the surrounding gas. For instance, under an operating
pressure of 35 MPa at 298 K, the amount of stored hydrogen of hybrid tank (100 L) increases from 2.3 kg to 3.7 kg after
filling 100 kg of Ti-Cr-Mn alloy [15].
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Figure 1. Schematic view of high-pressure MH tank [13].

Suitable metal hydrides are vital to the overall performances of hybrid tank. During the hydrogen charging process,
the hydrogen storage alloys absorb hydrogen to form metal hydrides and release heat, while during the discharging
process, the metal hydrides start to desorb hydrogen and absorb heat as the internal pressure decreases to a value lower
than the dissociation pressures. To improve the merits of hybrid tanks, it is essential to employ metal hydrides with
high dissociation pressures [16]. On the one hand, high dissociation pressure means low desorption temperature, which
is beneficial for the hybrid tank system to supply hydrogen at low temperatures. On the other hand, increasing the
dissociation pressure will decrease the heat of reaction (ARH), which will reduce the thermal effect and improve the
heat exchange efficiency of the hydrogen filling/refilling process. Besides, large hydrogen capacity, excellent kinetics,
long-term cycle life and favorable heat management are also essential for the envisioned high-pressure MH tank
systems. For a 35 MPa hybrid tank system, Mori et al. [17] proposed some target performances for metal hydrides. As
shown in Table 1, hydrogen storage density and stability are prior target performances for on-board applications.

Table 1. Target performance for metal hydrides [17].

Priority Specification Note
V = stored hydrogen gas volume (273
Weight >3-4 wt% K, 0.1 MPa)
1. Hydrogen storage density Volume (V/Vo) > 1,800-2,400 Vo = volume of MH
2. Enthalpy |ArRH| < 20 kJ/mol H2

>1.0 MPa at 243 K (desorbing)
<35 MPa at 393 K (absorbing)
Decrease of storage capacity
<10% at 1,000 cycles
< 5% at 100 cycles

3. Equilibrium pressure

4. Cyclic durability H: purity > 99.99%

To meet the requirements of high-pressure MH tanks, some possible candidates have been developed and tested,
mainly including intermetallic compounds and complex metal hydrides. These metal hydrides will decompose under
ambient conditions (room temperature, 0.1 MPa pressure). They can only exist at low temperatures and/or under high
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pressures. The key term “unstable metal hydride” in this review needs some clarification. The term unstable in this
context does not mean that the hydride is unstable in the thermodynamic or kinetic meaning, being that there is no
energetic barrier towards preventing the decomposition. The word “unstable” in the context of the review is understood
as the property of the compound to possess a high plateau pressure at moderate temperatures, resulting in a
decomposition of the compound even at technologically high pressures. To comprehensively understand and judge the
material base for the developments of suitable metal hydride systems, a review of recent investigations of unstable
metal hydrides is essential. Here, we first introduce the developments and applications of intermetallic compounds.
Specific examples of partial substitution and related mechanisms are given for AB:-type Laves phase alloys and solid
solution alloys. Then, the concepts, synthesis, and theoretical predictions of complex hydrides, including transition
metal alanates and transition metal borohydrides, are summarized. Finally, prospects for the existing challenges and
future developments are proposed.

2. Intermetallic Compounds
2.1. AB2>-Type Laves Phase Alloys

AB:-type Laves phase alloys represent one of the most promising materials categories for high-pressure MH tank
application primarily because their high dissociation pressures [18-21]. High variety of itersititial sites endow them
with abundant accommodation positions for hydrogen atoms, therefore they display prominent hydrogen storage
properties like comparably high hydrogen capacity, excellent kinetics and favorable activation properties [22-24]. As
shown in Figure 2, AB2-type Laves phase alloys possess one the following three structures types: hexagonal C14
(MgZn2-type), cubic C15 (MgCu2-type), and hexagonal C36 (MgNi2-type) [25]. There are three types of tetrahedral sites
in these structures: A2B2, AB3 and B4. Regarding hydrogen absorption, these interstitial sites show distinct preferences
in respect to the accommodation of hydrogen atoms [26]. Hydrogen atoms favor the A2B2 interstitial positions, followed
by the AB3 sites, whereas the B4 sites are unable to provide accommodation for hydrogen atoms. Theoretically, the
maximum capacity of C14-type and C15-type Laves phases can reach up to 6.3 and 6 hydrogen atoms per formula unit,
respectively [27].

Figure 2. Different types of tetrahedral interstitial sites in C14, C36 and C15 Laves phases. A2B2 interstitial holes are represented by
purple atoms; AiBs holes by light grey atoms; and Bs interstitial holes by white atoms [25].

2.1.1. TiCr2-Based Alloys

The Ti-Cr system often shows significant deviation from the stoichiometric nominal TiCr2 alloy with a non-
stoichiometric composition of TiCrx (1.6 < x <2.2). The hexagonal C14 phase is a high-temperature structure, the cubic
C15 phase is a low-temperature one, and the structural C36 polytype is an intermediate one with existing at
temperatures between those of the C15 and C14 structure. Pioneering work carried out by Johnson and Reilly in 1978
when they found that the C15 phase TiCr1.8 can reversibly absorb hydrogen to form two nonstoichiometric phases,
TiCr1.8H2.6 and TiCr1.8H3.6 at 195 K [28]. Both hydrides are extremely unstable possessing high dissociation pressures
of 0.2 MPa and 5 MPa at 195 K, respectively. Subsequently, they investigated the reaction of C14 phase TiCr1.9 with
hydrogen at the same conditions [29]. This phase can directly uptake hydrogen to produce two unstable
nonstoichiometric hydrides of TiCrl.9H2.5 and TiCr1.9H3.5 having at 195 K having dissociation pressures of ~0.02 MPa
and 3 MPa, respectively. Hydrogen absorption of C14 phase TiCrl.8 at the extremely high pressure of 200 MPa results
in the formation of the hydrogen-rich phase TiCr1.8H4.5 (3.1 wt%) [30]. In comparison with C14 and C15, hydrides of
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the C36 phase are much more stable but the hydrogen capacities (TiCr2Hx, x < 0.5) are too low to be regarded for
hydrogen storage purposes [31-33].

For possible applications in high-pressure MH tank, the plateau pressures of C14 and C15 phases should be low-
ered meanwhile the hydrogen capacity under moderate pressures needs to be improved to meet the requirements.
Partial element substitution at the A sites and/or the B sites has been proven to be an effective method to optimize
hydrogen storage performances, like the plateau pressure, capacity, activation and the absorption/desorption hysteresis
[34]. From first-principles calculations of C14-type Laves phase Ti-Mn hydrides, Nagasako et al. [35] concluded that the
heat of formation (AH) of transition metal hydrides can be predicted qualitatively by a single parameter, the B to V ratio,
with B being the bulk modulus and V the equilibrium volume of the host alloy. This computationally motivated, yet
empirical rule can be used to obtain an estimate for the dissociation pressure (P) given by InP=<B/V to describe the metal
hydride decomposition by hydrogen desorption [15]. The relationship found states that elements with small bulk mod-
ulus and/or large atomic radius can effectively lower the dissociation pressures of hydrogen storage alloys. The increase
of lattice volume will presumably lead to the expansion of the interstitial sites, thus resulting in easier hydrogen uptake
and higher hydrogen capacity, which may be an element of the underlying mechanism captured by the empirical rule
[36]. In the wake of the publication of the empirical rule, many computational studies were conducted on TiCr2-based
alloys including C15 structure [37], C14 Laves phase compounds TiX2 (X = Cr, Mn, Fe) [38] and TiCrMn [39], which
provided useful guidelines to improve the efficiency for designing new TiCr2-based alloys.
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Figure 3. P-C isotherms of hydrogen absorption—desorption at 293 K of . Til-xZrxMnCr alloys [40].

According to the computational and empirical rule, alloying elements such as Zr, Sc at the A site and Mn, V, Fe,
etc. at B site, were chosen to optimize the performance of TiCr2-based alloys. Wu et al. [40—42] studied the influence of
Zr and Sc on the hydrogen storage properties of TiMnCr. With the increase of the Zr content in Til-xZrxMnCr (x =
0~1.0), the average value of the hydrogen capacity increases linearly, the plateau pressure decreases monotonously, and
the hysteresis between the absorption and desorption curves decreases as the x value increases from 0.2 to 0.32, but
increases again as the x value is further raised [40]. When x lies at values between 0.2 and 0.32 in the alloys, the corre-
sponding hydride displays a dissociation pressure higher than 0.1 MPa at 293 K (Figure 3). The introduction of Zr in
Til-xZrx(Mn0.5Cr0.5)2 (x =0, 0.1, 0.2, 0.32, 0.5) alloys induces the decrease of the equilibrium pressure and the increase
of hydrogen capacity [41]. These two effects result in a maximum reversible capacity at x = 0.32, meanwhile the dissoci-
ation pressure exceeds 0.1 MPa at 293 K if x is less than 0.32 in the alloys. Similar to the effect of Zr, the increase of the
Sc content in Til-xScxMnCr (x = 0.05, 0.10, 0.15, 0.22, 0.27 and 0.32) alloys also increases the hydrogen storage capacity
and decreases the pressure of the absorption/desorption plateau [42]. The difference is that the Sc doped alloys suffer
from much steeper plateaus than the Zr containing alloys. The partial substitution of the Cr by Mn alters the properties
of both the parent alloys and their corresponding hydrides [43-45] in the following ways. The lattice contraction induced
by Mn addition in TiCrMn makes the accommodation of a single H atom more difficult, and consequently this alloy
exhibits a high desorption plateau pressure exceeding 10 MPa at 313 K [46]. P-C isotherms of TiCr2-xMnx-H2 (0 < x <
1) over a wide range of temperatures from 212 K to 433 K and pressures up to 100 MPa H2 indicate that both the low-
composition hydride phases, i.e. x being small, TiB2H~3 (where B = Cr + Mn) and the high-composition hydride phase
(TiB2H~4) , i.e. x being large, are unstable with equilibrium pressures over 1 MPa under ambient conditions [47]. The
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substitution of V for Cr leads to great changes in the structural and thermodynamic properties of TiCr2-xVx (0 <x <1.2)
compounds [48]. The TiCr2-xVx alloy crystallizes in a C14-Laves phase structure for 0 < x < 0.3. For compositions 0.3 <
x < 0.6 it coexists with a cubic compound, and for 0.6 < x < 1.2 the alloy forms a single BCC structure. In respect to
thermodynamic stability, the plateau pressure displays a linear decrease with the increase of the V content, and only
the TiCr2-xVx—H2 (x < 0.6) system possesses a plateau pressure higher than 0.1 MPa at 298 K. Substitution of the expen-
sive elements V and/or Ti by ferrovanadium (FeV) and/or Ti sponge (TiS) in Ti0.98Zr0.02V0.43Fe0.09Cr0.05Mn1.5 leads
to the decrease of absorption capacity from 2.0 wt% to 1.7 wt%, while the desorption plateau pressure stays at the high
level of 1.5 MPa at 298 K [49].
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Figure 4. H2 absorption and desorption isotherms for Ti-Cr-Mn-H system [13].

Compared with the stoichiometric AB2 alloys, mainly rich in A-atom (hypo or sub), have the same structure but
display better hydrogen storage properties due to the high degree of disorder in the structures introduced by the pres-
ence of excess elements [50,51]. Hypo-stoichiometric AB2 alloys with increased Ti or Zr contents were investigated
mainly because of their increased hydrogen uptake capacities [52-54], decreased plateau pressures [55,56], improved
cycling performances [52], and improved low and/or high temperature properties [36]. For potentially unstable metal
hydrides, Lee et al. [56] explored Ti-Zr-Cr-Mn Laves phase alloys by partial substitution of Zr for Ti and Cr, V, Cu for
Mn to develop suitable materials with a plateau pressure less than 1 MPa at ambient temperature. Among them,
(Ti0.75Zr0.25)1.05Mn0.8Cr1.05V0.05Cu0.1 was the best performing composition with a hydrogen capacity of 1.9 wt%
and a desorption plateau pressure of 0.3 MPa at 303 K. In 2006, Kojima et al. [15] proposed the development of a
Til.1CrMn alloy for the 33 MPa high-pressure MH tank for the first time. This non-stoichiometric alloy, having a disso-
ciation pressure of 11 MPa at 296 K (Figure 4), can reversibly store 1.8 wt% H2 within 5 min in the pressure range of 33
and 0.1 MPa, meanwhile 94 % of the initial capacity can be retained even after 1000 cycles. Combining the hydrogen
storage concepts of metal hydride and high pressure tank, by depositing 100 kg Til.1CrMn alloy in a 35 MPa tank of
100 L, in this way the created high-pressure hybrid tank provides 60 % more volumetric hydrogen density than the
corresponding compressed hydrogen gas at the same conditions. For a hybrid system filled with 100 g of Til.1CrMn
metal hydride, simulated results demonstrated that the filling process can be finished within less than 12 min at a pres-
sure of 33 MPa [57]. Afterwards, a large variety of alloying elements were investigated to identify suitable non-stoichi-
ometric compositions to fulfill the targets of high-pressure metal hydride MH tank applications. Substituting with Zr at
the Ti sites in Til.1CrMn contributes to the improvement of hydrogen storage properties because of the larger radius
and higher hydrogen affinity of Zr than of Ti [36]. The optimized (Ti0.9Zr0.1)1.1CrMn alloy enjoys an improved hydro-
gen capacity of 2.2 wt%, and the reversible absorption and desorption process can be accomplished within 4.2 min at
16 MPa even and a low temperature of 268 K. Based on the thermodynamic calculations, this optimized Zr substituted
alloy desorbs hydrogen at 0.32 MPa at 303 K and 13.5 MPa at 353 K, which shows a significant reduction in the sorption
pressure plateau compared to the Til.1CrMn alloy. Ouyang et al. [58] further optimized the hydrogen storage properties
of Til.1CrMn through the partial substitution of Ti by Zr, and of Cr by Mo and W. According to their calculations, if a
hybrid tank is filled with 28 % of (Ti0.85Zr0.15)1.1Cr0.9M00.1Mn, with a dissociation pressure of ~1 MPa and a capacity
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of and 1.78 wt% at 273 K, the volumetric hydrogen density of the tank system will reach 40 kg/m3, meanwhile the
gravimetric density remains at the relatively high value of 2.72 wt%. Afterwards, they tried to employ Fe at the B site
to lower the cost, and the corresponding (Ti0.85Zr0.15)1.1Cr0.925MnFe(.075 alloy displays a similar desorption plateau
pressure of 1.06 MPa but a reduced hydrogen capacity of 1.54 wt% at 273 K [59]. Moreover, this alloy can finish the
dehydrogenation process within 2 min at 298 K at an initial pressure of 0.1 MPa, and there is almost no capacity loss
after 50 absorption/desorption cycles. Chen et al. [60] adjusted the ratio of Cr, Mn, and Fe elements in Ti-Cr-Mn-Fe
based alloys to find an appropriate alloy for hybrid hydrogen storage tank. The results indicate that the increase of
plateau pressures with the decrease of Fe and Mn content, respectively, as was shown for the two series of alloys
TiCr1.9-xMn0.1Fex (0.4 < x £ 0.6) and TiCr1.4-yMnyFe0.6 (0.1 < y < 0.3) alloys. Among these, the Ti super-stoichiometric
Ti1.02Cr1.1Mn0.3Fe0.6 alloy showed the best overall hydrogen storage properties, delivering a hydrogen capacity of
1.78 wt% and a hydrogen desorption pressure plateau of 41.28 MPa at 318 K. The authors also found that the Ti super-
stoichiometry can lead to the expansion of the unit cell, thus contributing to the improvement of hydrogen capacity as
well as the decrease of plateau pressure in the Til+xCr1.2Mn0.2Fe0.6 (x = 0 < x < 0.1) alloys [61]. Annealing helps to
increase the hydrogen absorption and desorption plateau pressure, and to flatten the hydrogen desorption plateau of
the Ti1.02Cr1.1Mn0.3Fe0.6 alloy [62]. The annealed alloy displays a dissociation pressure of 45.12 MPa at 318 K and a
hydrogen capacity of 1.721 wt%. Chen et al. also adopted rare earth elements (RE = La, Ce, Ho) to modify the original
Ti1.02Cr1.1Mn0.3Fe0.6 alloy for improved hydrogen storage behavior. The applied rare earth metal substitutions
helped to increase the hydrogen capacity, to lower the absorption/desorption plateau pressure, and to ameliorate the
activation properties [63]. Among the studied alloys, the Ti1.02Cr1.1Mn0.3Fe0.6La0.03 alloy displays the best overall
properties with a hydrogen absorption plateau pressure of 39.31 MPa and 51.27 MPa at 298 K and 318 K, respectively,
and a hydrogen capacity up to 1.715 wt%. Li et al. [64—-66] balanced the elemental contents of Ti, Cr, Fe and Mn to search
for proper Ti-Cr-Fe-Mn based alloys for high pressure hydrogen storage. Based on their discoveries, the
Ti1.05Cr0.75Fe0.25Mn1.0 alloy with a reversible hydrogen capacity of 1.55 wt% at 271 K and a desorption plateau pres-
sure of 45 MPa at 333 K was applicable. The authors estimate that high pressure hybrid tank based on this material
would provide a volumetric density higher than 40 kg/m3 while being able to supply hydrogen even at temperatures
as low as 243 K [66]. Puszkiel et al. [67] designed a non-stoichiometric AB2 Cl14 Laves alloy
(Ti0.9Zr0.1)1.25Cr0.85Mn1.1Mo00.05 for application in a hybrid reservoir. This alloy has proper thermodynamic stability
(nearby 20 kJ/mol H2) with a desorption equilibrium pressure of 1.4 MPa at 273 K, a hydrogen capacity of 1.5 wt% as
well as an absorption/desorption time of 25 s and 70 s, respectively. When the (Ti0.9Zr0.1)1.25Cr0.85Mn1.1M00.05 alloy
and 10 wt% expanded natural graphite were employed, the hybrid system with a filling degree material of 60 % presents
a hydrogen volumetric and gravimetric density of 19 kg H2/m3 and 1.8 wt% for the system at a hydrogen pressure of
25 MPa.

2.1.2. ZrFez-based alloys

The Zr-Fe system forms several stoichiometric phases, of which the most important one in respect to hydrogen
storage are so far the nominal ZrFe> alloy displaying a cubic C15 Laves phase structure [68]. The hydrogen absorption
capacity of the ZrFe:alloy is less than 0.1 wt% under 6.2 MPa hydrogen at room temperature, hence it was not consid-
ered as a hydrogen absorber until a super high pressure of 1080 MPa was used for the hydrogenation process [69]. The
desorption equilibrium pressure of ZrFe:Hs even reaches up to 34 MPa at room temperature [70,71]. The hydrogen
capacity of ZrFe: delivers a relatively high value of 1.7 wt% H2 at 180 MPa, and an absorption and desorption plateau
pressures of 69 MPa and 32.5 MPa, respectively, at room temperature [69].
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Figure 5. PC-isotherms for ZrFe2-H2 and Zr0.85c0.2Fe2-H2 system [69].

To improve the hydrogen storage properties of ZrFe2 derived alloys various alloying elements such as Sc, Ti at the
A site and V, Cr, Mn, Ni, Al, Mo at the B site, were applied. As shown in Figure 5, substitution of Sc for Zr in ZrFe2 to
generate Zr0.85c0.2Fe2 leads to the significant decrease of the desorption plateau pressure to 4.9 MPa at 253 K [69]. The
Zr0.85c0.2Fe2 alloy can also react with hydrogen at 10 MPa even without any activation treatment at such a low tem-
perature. Koultoukis et al. [72] substituted Fe with Cr or V in ZrFe2 producing the ZrFel.8M0.2 (M =V, Cr) alloys to
promote the application of metal hydride hydrogen compressor systems. Compared to Cr containing alloys, the V sub-
stituted samples show lower plateau pressure and less hysteresis, but still a similar maximum hydrogen capacity of 1.4
wt% at 293 K. With the increase of the Fe substitution by V in the alloy series ZrFe2-xVx (x=0.2, 0.4, 0.6, 0.8), the plateau
pressure significantly decreases and the stability of the hydrides increases, accompanied by a gradual transformation
of the C15 lattice structure into the C14 structure [73]. The substitution of Mn at the Fe sites resulting in the series of
ZrFe2-xMnx (x = 0.2, 0.4, 0.6, 0.8) increases the unit cell volume thereby lowering the plateau pressure and increasing
the hydrogen storage capacity [74]. All these Mn substituted alloys form unstable hydrides with an equilibrium pressure
surpassing 0.2 MPa at 303 K. The increase of the Ni content from 0.2 to 0.8 in ZrFe2-xNix (0.2 < x < 0.8) alloys at 295 K
effectively reduces the dissociation pressure from 32.5 MPa to 11.5 MPa while essentially keeping the absorbed hydro-
gen capacity at values of 1.7-1.8 wt% at 295 K at 100 Mpa [75]. The formation of ZrFel.8Ni0.2H3.5 and ZrFel.2Ni0.8H3.7
hydrides results in isotropic expansion (24-26.5 %) of the metal lattice without changing the structure type and the
hydrogen atoms tend to occupy the tetrahedral sites with the [Zr(Fe, Ni)3] coordination [76]. The substitution of Al for
Fe in ZrFe2 alloy contributes to very fast H/D exchange kinetics in the formed hydrides accompanied by a dramatic
decrease of the deuterium absorption plateau pressures [77]. When x increases from 0.02 to 0.04 in ZrFe2-xAlx alloys,
the absorption plateau pressure at room temperature decreases from 56 MPa to 41 MPa [78]. Extensive studies have
been devoted to Zr(Fel-xMx)2 (M = V [79-81], Mn [82,83], Ni [84], Co [85], Al [86], Cr [87,88], etc.), ZrMnFex (x = 1.2-
1.4) [89], Zr1-xTixMnFe (x = 0.2, 0.3) [90] alloys to improve hydrogen storage properties.

Compared with individual element substitution, multi-element substitution shows much more advantages in ob-
taining excellent hydrogen storage performances. Zotov et al. [91] found that Ti and Al substitution effectively lower
the hydrogen absorption plateau pressure to 3.4 MPa for the composition of Zr0.5Ti0.5Fel.6Al0.4 at room temperature.
Subsequently through multiple elements substitution at both the A and B sites, they flexibly adjusted the absorption/de-
sorption plateau pressures of Zrl-xM1x(Fel-yM2y)2 (M1 =Ti, Y, Dy; M2 =V, Cr, Mn, Ni, Co, Cu and Mo) alloys in the
range from 0.5 MPa to 250 MPa [92]. The mischmetal (Mm), Ti and Cr substituted Zr1-2xMmxTixFel.4Cr0.6 (x =0, 0.05,
0.1 and 0.2) alloys show high hydrogen capacity of ~1.75 wt% and kinetics of ~30 cm3 min-1 g-1, which is three times
faster than the ZrFe1.4Cr0.6 alloy [93]. After annealing at 1270 K for 100 h, these alloys exhibit higher uptake of hydrogen
and flatter absorption/desorption plateau than before the treatment [94]. The optimal composition
Zr0.9Mm0.05Ti0.05Fe1.4Cr0.6 possesses a relatively high storage capacity of ~1.94 wt% and a desorption plateau pres-
sure of ~0.15 MPa at 299 K.

The non-stoichiometric compositions are also designed to improve the hydrogen storage properties of ZrFe2-based
alloys. Sivov et al. [95] showed that the absorption/desorption plateau pressures of activated samples decrease consid-
erably while the hysteresis between absorption and desorption isotherms increases with the decrease of the Fe content
in ZrFex (1.9 < x <2.5) alloys. Among them, ZrFel.9 displays the best performance with a hydrogen capacity of 1.8 wt%
and a dissociation pressure of 23.7 MPa at 295 K. In regard to substitutions of V for Fe in ZrFe2.05-xVx (0.05 < x <0.2)
alloys, Jiang et al. [96] found that the increase of the lattice parameters and the unit cell volumes of the alloys lead to the
increase of hydrogen capacity, the decrease of plateau pressure, and to the decrease of the hysteresis factor. The dehy-
drogenation ARH of these alloys varies from 20.41 to 22.03 kJ/mol H2, and all their
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Figure 6. Calculated curves of the volumetric and gravimetric H2 density vs. the volumetric ratio of the filled alloy in a hybrid tank
under 12 MPa and 35 MPa [97].

dissociation pressures are higher than 11 MPa at 313 K. For the possible use in high pressure metal hydride tank,
Ouyang et al. [97] employed Ti and V to modify the properties of Zr-Fe-V alloys, among which the non-stoichiometric
(Zr0.7Ti0.3)1.04Fe1.8V0.2 alloy shows the best performance with a desorption plateau pressure and a reversible capacity
of 1.12 MPa and 1.51 wt%, respectively. Combining this alloy with a 35 MPa high pressure tank, as shown in figure 6,
the hybrid system can provide a gravimetric density of 1.95 wt% and a volumetric H2 density of 40 kg/m3, respectively.
Afterwards, they developed the series of Zr1.05Fe1.85Cr0.15-xVx (x=0.05, 0.075, 0.1) alloys by Cr and V substitution
[98]. The Zr1.05Fe1.85Cr0.075V0.075 alloy delivers a hydrogen capacity of 1.54 wt%, and an absorption and desorption
plateau pressure of 1.4 MPa and 0.97 MPa, respectively, at 243 K. Further investigations on the Ti, Mn and V substituted
Zr1.05Fe2 alloys found that the addition of V decreases the hysteresis, while Ti leads to a low plateau slope and a high
plateau pressure [99]. Among these alloys, Zr1.05Fe1.6Mn0.4 shows a high desorption plateau pressure of 2.06 MPa at
298 K, while Zr1.05Fel.7Mn0.2V0.1 has the lowest hysteresis. Besides, there are more non-stoichiometric ZrFe2-based
alloys displaying high plateau pressures over 0.1 MPa and moderate hydrogen storage capacities at room temperature
such as  Zr0.9Ti0.1(Mn0.9V0.1)1.1Fe0.5Ni0.5  [100], ZrMn0.85-xFel+x (x = 0, 0.2, 04) [101],
(Zr0.9Ti0.1)1.1Mn0.9V0.1Fe0.5C00.5 [102], etc.

2.2. Solid Solution Alloys

Vanadium-based solid solution alloys with body-centred cubic (BCC) structures are considered as candidates
mainly because of their relatively wide compositional range and high hydrogen capacities up to ~ 4 wt% H2 [103]. For
instance, the Ti40V40Cr10Mn10 BCC alloy can absorb an extreme high amount of hydrogen expressed by the gravimet-
ric density value of 4.2 wt% at 293 K at 3 MPa [104]. The hydrogen storage capacity of Ti43.5V49Fe7.5 is 3.9 wt% at 253
K and 5 MPa [104,105]. As shown in Figure 7, these alloys usually show two plateau pressures [106]. The plateau
pressure of the first one is extremely low, and only about half of the absorbed hydrogen can be released under moderate
conditions.
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Figure 7. PCT curve for pure vanadium measured at low hydrogen pressures in the course of hydrogenation at 343 K [106].

Alloying with other transition elements, such as Ti, Cr, Mn, Al, Mo, etc., is still the most effective approach to lower
the thermodynamic stability and to improve the capacity of the corresponding metal hydrides. By replaced Cr with Mn
and/or Fe in Ti-Cr-V alloys, Yoo et al. [107] was able to increase the reversible hydrogen capacity to 2.5 wt% without
significantly changing the plateau pressure, and the available hydrogen. The Ti0.32Cr0.32V0.25Fe0.03Mn0.08 alloy
reaches a high capacity value of 2.71 wt% with a desorption plateau pressure higher than 0.1 MPa at 313 K. The homo-
geneity of Ti-Cr-V alloys highly influences the hydrogen absorbing properties and the reversible hydrogen capacity of
TilCr1V1 alloy increases from 2.1 wt% to 2.7 wt% at 323 K and at 4 MPa after heat treatment [108]. RE (RE = La, Pr, Ce
and Nd) addition can make H atoms entry into the V55Ti22.5Cr16.1Fe6.4 alloy derivatives easier by providing more
diffusion pathways, thus greatly increases their absorption kinetics [109], while the addition of RE elements has little
influence on their plateau pressures. These alloys have desorption plateau pressures around 0.1 MPa at room tempera-
ture, which is slightly higher or lower than that of the pristine alloy. Extensive efforts have been devoted to optimizing
the hydrogen storage properties of vanadium based BCC alloys. Binary alloys such as V-Ti [110-112], V-Cr [113-115],
and V-Mo [116-118], ternary alloys such as Ti-V-Cr [119-121], V-Ti-Fe [122-124], and multiternary systems including
Ti-Cr-V-Mo [125], Ti-V-Fe-Cr [126], Ti-V-Cr-Fe-Al [127] were developed to yield less stable hydrides.

Pressure [MPa]
- T 1 ||II||
1l

O TigyCryyVag (absorption)
® TizyCrypVye (desorpion)
A TiggCrepW oMoy, (absorption)
A TiggCrypVopMaoy (desorption)

102 1 L | L
a 0.5 1 1.5 2 25

Hydrogen [mass%)]
Figure 8. PC isotherms of TiCrV and TiCrVMo [16].
Although alloying with other transition elements effectively lowers the thermodynamic stability, the plateau pres-

sures of most vanadium-based BCC alloys do not fulfill the requirements for high-pressure MH tank. Matsunaga et al.
[16] tried to employ Mo possessing a large bulk modulus (272.5 GPa) to increase the plateau pressure of TiCrV based
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alloys. As shown in Figure 8, the Ti2sCrs0V20Mos BCC alloy as an example of this effort enjoys an effective capacity of 2.4
wt% Hzbetween 0.1 MPa and 33 MPa at 298 K accompanied by a plateau pressure of 2.3 MPa at 298 K. The results turn
out that elements with large bulk modulus such as Cr (190.1 GPa), Mo (272.5 GPa), and W (323.2 GPa) exert an effect to
increase the plateau pressure of metal hydrides, which can help to design new materials with moderate stability. As
shown in Figure 9, the composition of Ti-Cr-V-Mo alloys greatly influences their hydrogen storage properties [125].
Ti2sCrs0V20Mos shows a higher capacity of ~2.4 wt% and a higher desorption plateau pressure of ~0.7 MPa at 273 K, while
suffers from significant capacity degradation over 10 cycles. Ti1CrioV7sMos has a slightly lower capacity of ~2.0 wt%,

2.4
—a—V75 1 cycle 298K

—=—V75 10 cycles 298K
2 - —=V20 1 cycle 273K
1.8 - =®=V20 10cycles 273K

22

16
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Figure 9. Hydrogen pressure composition isotherm for Tiz»sCrso0V20Mos (V20) at 273 K and TioCri0VzsMos (V75) at 298 K for 1 cycle
and 10 cycle samples during hydrogen absorption (filled data points) and desorption (empty data points) [125].
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Figure 10. 75at%V-5at%Ti-Cr (a) pressure composition isotherms for 243 ~ 313 K, (b) various cycle measured at 273 K [128].

a significantly lower desorption plateau pressure of ~0.2 MPa at 298 K, but maintains good cycling stability. Further
improvements of hydrogen properties of V-Ti-Cr alloys for high-pressure MH tank can be achieved through the com-
position optimization. Kuriiwa et al. [128] revealed that not only Ti/Cr ratio but also V content influences the hydrogen
capacity, plateau pressure and cyclic durability. As shown in Figure 10, the 75at%V-5at%Ti-Cr alloy demonstrates a
good flat hydrogen desorption plateau with a pressure of 0.35 MPa at 273 K, a reversible hydrogen capacity of 2.3 wt%
at 10th cycle, and shows almost no degradation after 200 cycles. PC isotherms up to 100 MPa within the temperatures
range from 273 K to 473 K reveal that 40V-20Ti-40Cr (at%) alloy has a reversible hydrogen capacity of 1.8 wt% and a
desorption plateau pressure of ~0.25 MPa at 293 K [129]. During the first 10 absorption/desorption cycles, the
V40Ti21.5Cr38.5 alloy experiences an obvious decay in the maximum capacity from 2.44 wt% to 1.88 wt% and the de-
sorption plateau shifts to 0.25 MPa while the PC isotherms after 10 cycles are quite similar to those after 100 cycles [130].
There are more developed vanadium-based BCC alloys having the possibility for use in the hybrid system, as reviewed
in references [131-133]. It should be noted that the high cost of V can be obstacle for large-scale applications [134].
Therefore, some cheaper V resources such as conventional ferrovanadium master alloy (FeV80) have been tested for the
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substitution of pure V. Nomura et al. [105] firstly tried to prepare Ti-V-X (X = Fe, Co, Ni, Cr and Pd) alloys using two
kinds of industrial ferrovanadium alloys containing about 4 wt% of impurities (A1, Si, etc.), but remarkable differences
in the PC isotherms were observed between the pure alloys with the impurity containing ones. Afterwards, Bibienne et
al. [135] found that the ferrovanadium substitution in Ti1s6V0.36Cr1.0s and Tii26Voe3Cri.11 BCC alloys result in no obvious
change of the lattice, the hydrogen capacities, heat of formation, as well as entropy. VaoTi2Crz2Fes alloy prepared from
a FeV80 master alloy is able to uptake 3.76 wt% H: at 298 K, desorb 2.35 wt% H>, and has a desorption plateau pressure
of 0.13 MPa at 298 K [136]. Wu et al. [137] found that VeoTie1.4mCresxFei2 (0 < x < 3) alloys can quickly absorb hydrogen
up to 3.8 wt% Ha at 298 K without the activation treatment, and the VeoTi24CrssFei2 alloy shows the largest reversible
capacity of 2.12 wt% H: with a dissociation pressure of 0.062 MPa at room temperature [138,139]. Afterwards, they
prepared two series of (FeV80)4sTize+«Crzs (0 < x < 4) and (VFe)so(TiCrCo)4o«Zrx (0 < x < 2) alloys using the FeV80 master
alloy, and both alloys have an effective capacity ~2.0 wt% at 298 K, and excellent cycling properties. These works show
promise to realize the large-scale production of low-cost and unstable V-based alloys for on-board applications.

3. Complex Hydrides

Alanates, borohydrides, and amides are known as complex hydrides and have been widely investigated during
the past decades mainly because of their high gravimetric densities [140]. For on-board applications, however, they
suffer from severe thermodynamic and/or kinetic barriers in dehydrogenation and/or rehydrogenation. The pioneering
work by Bogdanovic et al. [141] indicated that catalysts doping, especially for titanium based species, enables the re-
versible hydrogen storage of NaAlH4 under moderate conditions by alleviating the kinetic issues. Subsequently, sub-
stantial numbers of studies focus on the development of proper catalysts or approaches to ameliorate thermodynamics
or kinetics of the complex hydrides [142].

3.1. Transition Metal Alanates

Alkali metal and alkaline-earth metal alanates such as LiAlH4 (10.5 wt%), NaAlH4 (7.4 wt%), Mg(AlH4)2 (9.3 wt%),
etc., offer high hydrogen capacities, but they usually suffer from high dehydrogenation temperatures and sluggish de-
hydrogenation kinetics. Transition metal alanates, in contrast, are usually thermodynamically less stable in respect to
dehydrogenation, which leads to great difficulty in their synthesis. Some have even been theoretically discussed only
[142].

3.1.1. Overview of Known Transition Metal Alanates

Since the early 1950s, a number of transition metal alanates have been synthesized. In order to give an overview of
those alanates and their respective stability, Figure 11 was created.

The elements of the periodic table, marked in red, represent alanates which are reported to decompose below room
temperature. Alanates, of the elements, marked in green, begin to decompose at room temperature or higher tempera-
tures. Blue marked elements depict alanates, whose existence is indicated in the literature but is still uncertain and/or
questionable. If the marking is hatched, the literature reports regarding the decomposition temperature are unclear or
inconsistent.
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Figure 11. Overview of the known transition metal alanates and their respective stabilities.

Inconsistent literature reports are on hand for Fe(AlHs)2. Monnier observed decomposition at -125 °C [143], Kost
and Golovanova at -70 °C [144], and Neumaier et al. [145] report it to be stable at room temperature. Unfortunately,
Monnier does not specify the observations made during the decomposition process. If only hydrogen was being re-
leased, it could be explained by the reduction of Fe(Ill) to Fe(Il) as FeCls was used as an reactant [146]. However, this
does not explain the discrepancy between the statements of Kost and Golovanova [144], and Neumaier et al. [145].

According to Monnier, Co(AlH4)2 and Ni(AlH4)2 already decompose at -125 °C, the freezing point of the solvent
diethyl ether [143]. The synthesis was presumably performed by freezing the reaction solutions layer wise and begin-
ning the reaction by allowing the layers to melt. Therefore, it seems likely that the actual decomposition temperatures
are much lower than the reported values. Consequently, the question arises whether Co(AlHs)2 and Ni(AlH4)2 can actu-
ally by synthesized.

While the existence of Sc(AlH4)s and Mo(AlHa)s is not in doubt, their decomposition temperatures are uncertain
based on the literature. Sc(AlHs)s was synthesized by Kuznetsov [147] only in form of the solvent adduct Sc(AlH4)s Et20.
The decomposition temperature of this adduct (80 °C) suggests a decomposition temperature higher than room tem-
perature for the alanate itself. Since the loss of solvent occurs simultaneously with the beginning of the dehydrogenation
[147], the decomposition temperature of the alanate should be expected around 80 °C. Regarding Mo(AlHa4)s, Monnier
only states a slow decomposition at room temperature [143]. No further specification of the decomposition temperature
was given. In Ref. [143], the decomposition of Mn(AlHsa): is described in the same manner but Monnier specifies the
decomposition temperature of Mn(AlHs)2 in another reference to be -25 °C [148], which is much lower than in Ref. [142].
This result combined with the overall instability of transition metal alanates indicates that the same might be true for
Mo(AlH4)s.

In the case of the rare earth elements La, Pr, and Nd, the decomposition temperature of the respective alanate
RE(AIH4)3 is uncertain because their synthesis was not yet successful. The synthesis was only attempted by Wei-
denthaler et al. via ball milling [149]. Since the reaction conditions of the ball milling procedure are much more aggres-
sive than those of the synthesis in solution, it does not seem surprising that the likely unstable alanates RE(AIH4)s could
not be obtained. Instead the decomposition products REAIHs were synthesized [149]. However, Ce(AlH4)s could be
synthesized in solution and has a decomposition temperature of -15 °C [148]. The decomposition temperatures and
behavior of CeAlHs and REAIHs (RE= La, Pr, Nd) are very similar [149]. Presumably this similarity is not exclusive to
the decomposition products MAIHs, but also includes the alanates RE(AlH4)s. Thus, for RE(AlHs)s a decomposition
temperature around -15 °C can be expected.

Attempts to synthesize V(AlHa4)s, Ta(AlH4)n, Zn(AlHs)2, Cd(AlHs)2, Hg(AlH4)2, and Au(AlHs)s were not successful.
Even at temperatures as low as -135 °C (Hg [150]), -120 °C (Au [151]), and -80 °C (Cd [152], Ta [153], V [154], Zn [155])
the respective alanates were not obtained. Only the decomposition products in form of the hydrides (Hg [150], Cd
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[148,152], Zn [155]), the elements (Au [151]), or TaHn-m(AlH4)sn [153,156] could be found. Hence the existence of these
alanates themselves could not be demonstrated and therefore is deemed to be questionable.

3.1.2. Synthesis

Most of the transition metal alanates reported in the literature were first synthesized in solution in the 1950s to
1970s. In the 2010s the field of transition metal alanates was revived as new and already known alanates were prepared
mechanochemically by ball milling.

Both approaches are usually carried out via a metathesis reaction (R1). The most commonly used reactants are
LiAIH4 or NaAlH4 and the respective transition metal halide (MHalx). Transition metal perchlorates [157,158] and boro-
nates [159] can also be employed as starting materials. Since transition metal alanates are sensitive to air and moisture,
the synthesis must be performed under inert conditions. [142]

LiAlH4 LiHal

MHalx +n NaAlH - M(A1H4)n +n (R 1)
NaHal

For the synthesis in solution ethereal solvents as diethyl ether and tetrahydrofuran are used. On account of the
instability of most transition metal alanates, the synthesis in solution is usually performed at temperatures between -
110 °C and -80 °C [160]. The advantages of the synthesis in solution over the mechanochemical approach are the milder
reaction conditions and the possibility of preparing pure alanates. Because of the mild reaction conditions, the synthesis
in solution is applicable to all transition metal alanates independently of their stability. The use of transition metal
bromides and LiAlH4 allows the synthesis of pure alanates as the transition metal alanates are insoluble and the by-
product LiBr is highly soluble in ethereal solutions [160].

Although the formation of a stable solvent adduct was only reported for Sc(AlHa4)s [147], it seems likely that other
transition metal alanates form solvent adducts, too. This tendency towards adduct formation could hinder the prepara-
tion of pure, solvent free alanates and should be taken into consideration. The missing reports on solvent adducts can
be explained by the largely insufficient characterization of the alanates in the 1950s to 1970s. In consequence of the
instability of most transition metal alanates, the characterization often only involved the volumetric measurement of
the hydrogen released during the decomposition, elemental analysis of the decomposed alanate, and possibly IR spec-
troscopy, XRD or DTA. These characterization techniques would not necessarily allow the determination of solvent
adducts.

The mechanochemical approach by ball milling was only used for alanates stable above room temperature until
now. It only allows the synthesis of a mixture of the transition metal alanate and the respective by-product, if the use of
solvents is avoided.

Table 1. further summarizes the information given in the literature on transition metal alanates. Since the existence of Au(AlHa)s,
Cd(AlHa)2, Co(AlHa)2, Hg(AlHa)2, Ni(AlHa)2, Ta(AlHa)n, V(AIH4)s and Zn(AlH4):2 is in doubt and La(AlHa)s, Nd(AlHas)s, Pr(AlHs)s, and
V(AlH:)s have not yet been synthesized, they are not included in Table 1.Table 1. Data of the known transition metal alanates - their
hydrogen capacity (wt% H), decomposition temperature (Tdec), synthesis procedure, and the characterization techniques used. The
hydrogen capacity corresponds to the pure alanates. The abbreviation EA stands for elemental analysis and the abbreviation VDH
for volumetric determination of hydrogen released during the decomposition of the alanate.

Alanat  wt%  Ta(°O) Synthesis Characterization Ref
e H techniques
Starting procedure
materials
AgAlH 2.9 -50 AgClOs, in solution @ conductometric ti- [157,15
4 LiAlH4[157] (diethyl tration [157] 8]
ether) VDH [158]
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no information

stated

VDH, EA
Thermolysis, DTA
(not shown), XRD,
IR [165]

VDH, EA

DSC, Thermolysis,
XRD

DSC, Thermolysis,
XRD
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Sc(AlHa4
)3 Et2O

TaH2(A
1Ha)2

Ti(AlH4
)4

Y(AIH:

YAIHs

Yb(AIH

8.8

4.1

94

6.7

5.0

34

80

60 [153]
130
[156]

-70
[146]

[167]

50 [168]

80 [169]

170
[169]

70

ScBrs3,
LiAIH.

TaCls,
LiAlHs
[153]
TaBrs/TaCls,
LiAlHa
[156]
TiBrs/TiCls,
LiAlHa
[146]

TiCls,
LiAlHs
[167]

YBrs3,
LiAlHa
[168]

YClIs,
LiAIHa
[169]

YbB Ix,
LiAlH4

bar hydro-
gen

in solution
(diethyl
ether)

in solution
(diethyl

ether)

in solution
(diethyl

ether)

in solution
(diethyl
ether) [168]

VDH, EA, IR, XRD,
DTA, DTGA, MS

VDH, EA
Thermolysis
[153,156]

XRD, IR, RAMAN
[156]

VDH, EA

IR [144]

DTA (not shown),
XRD [146]

VDH, EA
IR, DTA (not shown)
[168]

high energy XRD, IR, TPD,MS,

ball milling  DSC, HP-DSC [169]

under 80
bar hydro-

gen, no sep-

arate prepa-

ration of

YAIHs [169]

in solution  VDH, EA, DTA (not
(diethyl shown), XRD, IR

ether)
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Yb(AIH 4.6 100 YbCls, high energy = XRD, IR, TGA-DSC- [170]
4)3 LiAlH4 ball milling =~ MS, HP-DSC
YbAIHs 2.9 180 under 100

bar hydro-

gen, no sep-

arate prepa-

ration of

YbAIHs
Zr(AIH 75 <RT  Zr(BHi)s,  insolution EA [159]
e LiAlH: S;Ztr})‘yl

3.1.3. Dehydrogenation and Hydrogenation Behavior

The dehydrogenation and even more so the hydrogenation behavior of the transition metal alanates has not yet
been investigated in great detail. This situation is mainly a consequence of the instability of the alanates.

Based on investigations on the decomposition behavior of the alanates by volumetric hydrogen and in some cases
DTA measurements, Soloveichik [160] categorized four groups of decomposition mechanisms in 1983 (see R2-R5). The
mechanism of Group III is a special case of Group II, in which the decomposition of AlHs is catalyzed by the transition

metal.
Mr(AlH49)n — Mr™(AlH4)n-m + m AIHs + 0.5 m H> (R2)
M(AlH4)n - M +n AlHs+0.5n H (R 3)
M(AlH4)n - M+n Al+2n H> (R4)
M(AIH4)n = MHx(AIH4)nx+n AlHs (R5)

Regarding the decomposition mechanisms gathered by Solveichik, it is notable that none of the decomposition
mechanisms involve an intermediate of the form MxAlHy. This sort of intermediate was only known for CuAlH4 [161]
in 1983. However, the existence of MxAIH6 was deemed to be an unique feature of CuAlH4 [160].

Nowadays it is assumed that the dehydrogenation of most alanates involves such intermediates [142]. Thus, this
phenomenon needs to be taken into account and investigated in respect to transition metal alanates on a regular basis.
More recent findings seem to support this hypothesis as well. Weidenthaler [149] was able to synthesize REAIH¢ (RE =
Ce, La, Nd, Pr), probably via unstable RE(AIH4)3 intermediates. Cao et al. could show a stepwise decomposition of
Y(AlHa4)3 [169] and Yb(AIHa4)3 [170]. An intermediate formation of MAIHs during the dehydrogenation processes was
proposed. Unfortunately, the formation of MAIH¢ could not be demonstrated beyond doubt. In the investigation of the
thermal decomposition of Eu(AlH4)2 by Pommerin [163] an intermediate EuAlHs was found.

The characterization of the dehydrogenation behavior of transition metal alanates remains incomplete and leaves
much to be discovered in future investigations. These tasks include also the thermodynamics as only for REAIHs (RE =
Ce, La, Nd, Pr) a dehydrogenation enthalpy was reported [149]. The presented value of about 30 kJ/mol Hz is promising
to obtain reversibility at benign conditions.

Successful rehydrogenation of a transition metal alanate was only achieved in the case of Y(AlHa4)s [169]. Here, the
first dehydrogenation step is reversible at 145 °C and 100 bar. The reversible hydrogen storage capacity of around 2.5
wt% corresponds to 75 % of the theoretical storage capacity. It has to be noted, that a mixture of Y(AlH4)3 and LiCl was
used for the investigation and not the pure alanate. However, this discovery holds promise for discovering new inter-
mediate hydrides for low-temperature applications.
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3.2. Transition Metal Boranates

Metal borohydrides M(BHa4). of alkali metals and alkaline earth metals raise great interest mainly because of their
extremely high hydrogen densities often above 10 wt% (e.g. LiBH4 13.8 wt%, Mg(BHa)2 14.9 wt%). Their high decompo-
sition temperatures and slow rehydrogenation kinetics demand tailoring before hydrogen storage applications are pos-
sible [171-173]. In contrast, transition metal boranates exhibit much lower decomposition temperatures while also main-
taining high hydrogen densities. For instance, the onset decomposition temperature of Zr(BHas)s (10.7 wt%) drops as low
as 70-80 °C, which is much lower than that of M(BHa4)x of alkali metals and alkaline earth metals (usually over 300 °C)
[174].

3.2.1. Overview of Known Transition Metal Boranates

Since the 1940s a number of transition metal boranates were synthesized and characterized to some extent. In Fig-
ure 12 an overview of the transition metal boranates described in the literature up to now is presented. The elements in
the periodic table marked in red represent corresponding boranates which are reported to decompose below room
temperature. Boranates of the elements marked in green begin to decompose at room temperatures or above. Blue
marked elements depict corresponding boranates whose existence is uncertain and/or questionable. Ruled markings
indicate that the decomposition temperature is uncertain since conflicting information can be found in the literature.

T4 M(BH,), = RT %, TaM(BH,), uncertain
T4 M(BH,), <RT Existence M(BHj,), uncertain/
questionable

H He
Li | Be B C N 0] F | Ne
Na | Mg Al | Si| P | S |CI|Ar
K |Ca Sc [/Ji/] V | Cr|Mn|Fe|[Co| Ni |Cu|lZn Ga|Ge|As | Se | Br | Kr
Rb| Sr Y | Zr|Nb|Mo| Tc |Ru|Rh | Pd|Ag | Cd In|Sn| Sb | Te | Xe
Cs | Ba ::3_ Hf | Ta | W |Re |Os | Ir | Pt | Au | Hg TI | Pb| Bi | Po | At | Rn
Fr | Ra Tf Rf |Db | Sg | Bh | Hs | Mt [Ds | Rg|Cn Nh| FIl [ Mc| Lv [ Ts | Og

La |Ce | Pr | Nd |[Pm|Sm | Eu | Gd | Th DyIHo Er | Tm | Yb | Lu

Ac | Th | Pa /U | 'Np | PG| Am | Cm | Bk | Cf ‘ Es [Fm | Mv | No | Lr
Figure 22. Overview of the known transition metal alanates and their respective stabilities.

The diagram shows that there is a correlation between the binary hydride gap and a low decomposition tempera-
ture of the corresponding transtion metal boranates. In general, elements having stable binary hydrides tend to form
transition metal boranates with higher stability (decompose at room temperatures or above), while boranates of ele-
ments forming less stable or unstable binary hydrides like Fe, Co, Ni, etc, in most cases decompose below room tem-
perature.

In the following, discrepancies in the published decomposition temperatures will be mainly discussed for the un-
stable borohydrides. The stable borohydrides and many solvent adducts (like those mentioned in Refs. [175-178]) are
already described extensively in the review article by Sudrez-Alcantara and Garcia [174].

Nakamori et al. reported the synthesis of Cr(BH4)n, Ti(BH4)n, V(BH4)s, and Zn(BHa)2 (n=2-4) [179-181]. However, no
clear evidence of their existence is presented as there are no B-H bands observable by Raman spectroscopy. Further-
more, no significant weight loss occurs in TG-MS measurements of Cr(BH4)n, Ti(BH4)n, V(BH4)n. In addition, the pre-
sented results are contradictory for the material obtained in the attempt to synthesize Ti(BH4)x since the evolution of
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hydrogen was observed in the corresponding TDS-GC experiment. Hence, we consider the synthesis of those boranates
by Nakamori et al. as unsuccessfull. Because of the missing B-H bands in its Raman spectrum, the same is assumed for
Zn(BHa)2 although a significant weight loss takes place in the TG-MS measurement and hydrogen evolution can be
observed in the corresponding TDS-GC experiment.

The mechanochemical synthesis of Zn(BH4)2 was described by Joen et al. [182], Song et al. [183], and Srinivasan et
al. [184] but Ravnsbaek et al. [185] and Gu et al. [186] were only able to obtain mixed cation zinc borohydrides via the
more or less same ball milling procedure. Mikheeva et al. [187] observed mixed cation zinc borohydrides via a wet
chemistry route, too. Consequently, the validity of the statements of the aforementioned groups can be doubted and the
existence of Zn(BH4)2 remains unclear.

The reports on the decomposition temperature of vanadium(III) boranate are contradictory. Yang et al. [188] state
that V(BHa)s is stable up to 55 °C under 1 bar of hydrogen pressure, but Korablov et al. [189] claim to have found a
vanadium boranate type which decomposes at about 190 °C but do not report an exact molecular formula for this com-
pound. Based on the stoichiometries of the reactants, the formation of V(BHa)2 as well as V(BH4)s would be possible. At
the end, both research groups fail to deliver clear evidence of the successful synthesis of the respected boranate. Since
hard evidence of the existence of the compound is missing, its existence needs to be considered as uncertain.

Sudrez-Alcantara and Garcia [174] assumed that niobium boranate exists and should be rather stable but the syn-
thesis has not been attempted successfully yet.

For each of the following borohydrides Ti(BH4)s, Ce(BH4)s, Eu(BH4)n, Y(BHa4)3, Yb(BH4)3, and Th(BHa): a relatively
wide temperature range is reported for the decomposition temperature, that may result from the different synthesis
strategies applied. For example, Park et al. mentioned differences in the decomposition temperatures of ball milled
samples and those prepared from a gas solid reaction for Y(BHa)s [190].

Attempts to synthesise AuBH4 [191] and Au(BHa4)s [151] were not successful at temperatures as low as -120 °C,
which makes their existence questionable.

3.2.2. Synthesis

Most of the transition metal boranates reported in the literature, were first synthesized in ethereal solution under
cooling with dry ice or liquid nitrogen. Since the 2000s a great interest in the field of transition metal boranates occured
leading to an incrase in the work regarding the synthesis of already known and new boranates. Moreover, the mecha-
nochemical approach was also established for the synthesis of boranates.

Both synthesis approaches are usually carried out via a metathesis reaction (R6). Since transition metal boranates
are sensitive to air and moisture, the syntheses must be performed under inert conditions. [174] The most commonly
used reactants are LiBHs or NaBH4 and the respective transition metal halide (MHaln) [174]. In some cases [192], even
transition metal perchlorates can be employed as starting materials. For volatile boranates such as Zr(BH4)+ and Hf(BHa4)4
a solid state metathesis is also an option [193].

Another reaction pathway, often employed, is the reaction between transition metal hydrides and BHs-adducts in
solvents such as dimethyl sulfide [194,195] or amines like triethyl amine [196,197] (R7). The reaction of the transition
metal hydride with diborane (B2Hs) is also applicable for the synthesis of boranates (R8) [190,198].

LiBH4 LiHal
MHal. n — M(BHs)n +n (R6)
NaBHa4 NaHal
MH-x n *BHs — M(BHs)n+n Solv (R7)
MH-x 0.5n B2Hs — M(BH4)n (R8)

For the synthesis in solution, ethereal solvents such as diethyl ether, tetrahydrofuran, and dimethyl sulfide have
been used. The advantages of the synthesis in solution over the mechanochemical approach are on the one hand the
milder reaction conditions and on the other hand the prospect of being able to prepare pure boranates. Because of the
differences in solubility of the transition metal boranates and the starting materials (LiBH+/NaBH4, MHaln) as well as
the by-products (LiHal/NaHal), the separation of the boranate is possible. In this respect, solvent mixtures like dimethyl
sulfide/toluene (20/80) can be benefical. While the boranate dissolves by forming a soluble solvent adduct with the
dimethyl sulfide, the by-product (LiCl/NaCl) remains still insoluble. [194,199-201]
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The transition metal boranate mixtures obtained in ball milling experiments can be purified by extraction with a
solvent or solvent mixture [200,201].

Table 2 further summarizes the information given in the literature on transition metal boranates. Au(BHa)s, Cr(BHa)2, and V(BHa)s are
not included in this table since their existence is in doubt. It has to be mentioned, that the decomposition temperatures stated are
obtained from the onset temperatures of the corresponding decomposition signals in the thermal measurements. If no value was
found in the respective report, the onset temperature was determined by us from the shown graphs using the inflection tangent
method [202].
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Table 2. Data of the known transition metal boranates - their hydrogen capacity (wt% H), onset decomposition temperature (Tdec), synthesis procedure and techniques, used for their characteriza-
tion. The hydrogen capacity corresponds to the pure boranate. The abbreviation EA stands for elemental analysis, VDH for volumetric determination of hydrogen released during the decompo-
sition of the boranate, VPM for vapour pressure measurement, MP for magnetic properties and TPPA for temperature programmed photographic analysis.

Boranate

Ag(BHa)
Ce(BH4)2

Co(BHa)2

CuBHu4

Cd(BHa)2

Dy(BHa4)s

Eu(BHa):

wt% H

3.28
6.55

9.10

5.14

5,67

5.84

4.44

Ta (°C)

-30
200-251

-20 [206]

75

250

290-395

Starting materials
LiBHs, AgClOs

CeHs, S(CHs)2*BHs [195]
LiBHs, CeCls [203-205]

CoCl2/CoLi2Brs, LiBH4
[206]

CoBr, LiBHs [207]
LiBHs, CuCl2 [208,209]
LiBH4,CuCl [210,211]
LiBHs4, CdCl2 [212]
LiBHs/NaBH4+/KBHs,
CdCl2 [213]

DyHs, S(CHs)2*BHs

EuH:, N(C2Hs)2*BHs [197]
Eu, S(CHs)2*BH: [195]
EuCls, LiBH: [214]

Synthesis
procedure
in solution (diethyl ether)
in solution (dimethyl sulfide-toluene
mixture [195], toluene [203])
extraction (dimethyl sulfide [203])
high energy ball milling [204,205]

in solution (diethyl ether)

in solution (diethyl ether [208-210],
THEF/diethyl ether [211])

high energy ball milling

in solution (dimethyl sulfide-toluene
mixture)

in solution (N(C2Hs)2*BHs [197], dime-

thyl sulfide-toluene mixture [195], di-

ethyl ether [214])

21

Characterization techniques

VDH
in situ-XRD (synchrotron) [195,203],
XRD [204,205], FT-IR [195,204,205],
PCI [195], TG-DSC-MS [195,205], TG-
DSC [203], DSC [204], MP [195]
EA [207]

VDH, iodometric (Cu) [211]

in situ-XRD (synchrotron) [213], XRD
[212,213], PCI [212], MS [212], DSC
[212], TG-DSC [213]
in situ-XRD (synchrotron), FT-IR, PCL,
TG-DSC-MS, MP
in situ-XRD (synchrotron)

[195,197,214], XRD 11972141, FT-IR
[195,197,214], Raman [197], PCI

Ref

[192]

[195,203—
205]

[206,207]

[208-211]

[212,213]

[195]

[195,197,2
14]
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Eu(BHa)s

Er(BH4)3

Fe(BHa)2

Gd(BHa)3

6.16

5.71

9.43

5.99

<100 [215]
168 [216]

245-264

-20 [206]
-10 [164]
250-262

EuClz, LiBH: [214]

EuCls, LiBH4

ErHs, S(CHs)2*BHs [195]
ErCls, LiBH: [217,218]
ErCls, NaBH: [218]

FeClz, LiBH: [206]
FeCls, LiBH. [164]
GdHs, S(CHs)2*BH5
[194,195]

GdCls, LiBHs
[200,219,220]

extraction (dimethyl sulfide [214])
high energy ball milling [214]
annealing [214]
high energy ball milling

in solution (dimethyl sulfide-toluene
mixture [195])
extraction (dimethyl sulfide [217])
high energy ball milling [217,218]

in solution (diethyl ether)

in solution (toluene or tetrahydrofurane
[194],
S(CHs)2*BHs-toluene mixture [200], di-
methyl sulfide-toluene mixture [195])
extraction (dimethyl sulfide or tetrahy-
drofurane [194], dimethyl sulfide [200])
high energy ball milling [200,219,220]
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[195,214], TG-DSC-MS [195,214], DSC
[197], MP [195]

in situ-XRD (synchrotron) [216], XRD
[215,216], ATR/FT-IR [215,216], TG-
DSC [215], TG-DSC-MS [216], SEM
[215]
in situ-XRD (synchrotron) [195,217],
XRD [217,218], FT-IR [195,218], PCI
[195,217,218], TG-DSC-MS [195,217],
DSC [218], TPD-MS [217], MP [195]
VDH [164,206], EA [164]

in situ-XRD (synchrotron)
[194,195,220], XRD [194,200,219,220],
FT-IR [194,195,200,219,220], 1H-NMR
[194], PCI [195,200,219,220], TG-DSC-
MS [194,195,200], TG-DTA-MS [220],
TPD-MS [200], DSC [220], TPPA [200],
TEM [194], MP [195], conductivity

measurements [220]

[215,216]

[195,217,2
18]

[164,206]

[194,195,2

00,219,220
]
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Hf(BHa)4

Ho(BHa)3

La(BH4)s

Lu(BHa4)3

6.78

5.77

6.59

3.94

136.4 [221] HfCls, LiBHa [221-228]
NaHfFs, Al(BHa4)s [229]
252 [195] HoHs, S(CHs)2*BHs [195]
236 [230] HoCls, LiBHa4 [230]
242-258 LaHs, S(CHs)2*BHs [195]
LiBH4, LaCls
[203,205,231,232]
220 LuHs, S(CHs)2*BHs

direct metathesis [221-226,229]
in solution (diethyl ether [227,228])

in solution (dimethyl sulfide-toluene
mixture [195])
high energy ball milling [230]
in solution (dimethyl sulfide-toluene
mixture [195], toluene [203,231,232])
extraction with dimethyl sulfide
[203,231,232]
high energy ball milling [205]
in solution (dimethyl sulfide-toluene

mixture)
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VDH [222,229], EA [222,229], VPM
[229], single crystal neutron diffraction
[228], XRD [221], gas electron diffrac-
tion [225], DSC [221], TG-DSC-MS
[221], IR [222,224,225], photoelectron
spectroscopy [223], melting point
[221,229], boiling point [229], CP [221],
S° [221], BH [221], NMR (1H
[221,222,224,227], 11B [221,222,224]),
DEFT [221]
in situ-XRD (synchrotron) [195], XRD
[230], FT-IR [195,230], PCI [195], TG-

DSC-MS [195], TG-DSC [230], MP [195]

in situ-XRD (synchrotron) [195,203],
XRD [205], FT-IR [195,205], PCI [195],
TG-DSC-MS [195,205], TG-DSC [203],

MP [195]

in situ-XRD (synchrotron), FT-IR, PCL,
TG-DSC-MS, MP

[221-229]

[195,230]

[195,203,2
05,231,232
]

[195]
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Mn(BHa)2

Nd(BH4)3

Ni(BHa)2

Np(BH4)4

Pa(BH4)4

Pr(BH4)3

9.53

6.41

9.12

4.30

5.55

6.52

125-150

235-245

-20

<RT [240,241]

>RT

236-252

MnClz, LiBH4
[180,181,201,233-236]
MnCl2, NaBHa [180,237]

NdHs, S(CHs)2*BHs

NiClz, LiBH4

NpFs, Al(BH4)3

PaFi, Al(BHa4)3

PrHs, S(CHs):*BHs
[195,239]

high energy ball milling [180,181,233]
in solution (dimethyl sulfide-toluene
mixture [201], diethyl ether [234,235])
extraction (dimethyl sulfide
[201,234,235], diethyl ether [237])
high energy ball milling [236-238]

in solution (toluene or tetrahydrofurane
[194], dimethyl sulfide-toluene mixture
[195,239])
extraction with dimethyl sulfide or tetra-
hydrofurane [194]
in solution (diethyl ether)

direct metathesis in glass tube

direct metathesis in glass tube

in solution (dimethyl sulfide-toluene

mixture [195,239], diethyl ether [217])
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in situ-XRD (synchrotron) [180,181,2

[201,234,235], XRD 01,233-
[180,181,233,234,236-238], (ATR-)FT-IR = 238]
[201,233,236-238], Raman
[180,181,233,234], PCI [236-238], TG-
MS [180,181,233], DSC [233,236], TG-
DSC-MS [201,234,235,237,238], TDS-
GC/MS [180,181], DFT [234], FE-SEM

[237,238], ICP-OES [235]

in situ-XRD (synchrotron) [194,195,2
[194,195,239], XRD [194], NPD [239], 39]
FT-IR [194,195], 1H-NMR [194], PCI

[195], TG-DSC-MS [194,195,239], TEM
[194], MP [195], DFT [239]
/ [206]
VPM [240], XRD [240,242], IR [241- [240-243]
243], Raman [241-243], EPR [242], C°P
[243], S° [243]
XRD [241,242], IR [241,242], Raman [241,242]
[241,242], EPR [242]

in situ-XRD (synchrotron) [195,217,2

[195,217,239], XRD [217], NPD [239], 39]
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Pu(BH4)4

Sc(BHa)s

Sm(BHa)2

Sm(BHa)3

Tb(BHa4)3

Th(BH4)4

4.19 <RT 241
13.52 207-215
4.48 300-318
6.21 170 [215]

168 [216]
5.95 250[195]

243[215]

5.53 > 150 — 203
[229,241,245]

PrCls, LiBH: [217]

PuFi, Al(BHa4)3

ScCls, LiBH4

SmH:, S(CH3)2*BH3

[194,195]
SmCls, LiBH: [214-216]

SmCls, LiBH4

TbHs, S(CHs)2*BH; [195]
TbCls, LiBH: [215]

ThFs, A1(BH4)3

extraction (dimethyl sulfide [217])

direct metathesis in glass tube

high energy ball milling

in solution (toluene or tetrahydrofurane
[194], dimethyl sulfide-toluene mixture
[195], diethyl ether [214])
extraction (dimethyl sulfide or tetrahy-
drofurane [194], dimethyl sulfide [214])
high energy ball milling [215,216]

high energy ball milling

in solution (dimethyl sulfide-toluene
mixture) [195]

high energy ball milling[215]

direct metathesis in glass tube
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FT-IR [195], PCI [195,217], TG-DSC-MS
[195,217,239], TPD-MS [217], MP [195],

DFT [239]
XRD [241,242], IR [241,242], Raman [241,242]
[241,242], EPR [242]
XRD, Raman, TDS-GC/MS [179-
181,244]
in situ-XRD (synchrotron) [194,195,2
[194,195,214,216], XRD [194,214-216], 14-216]
ATR/FT-IR [194,195,214-216], 1H-
NMR [194], PCI [195,214], TG-DSC-MS
[194,195,214-216], SEM [215], TEM
[194], MP [195]
in situ-XRD (synchrotron) [216], XRD [215,216]
[215,216], ATR/FT-IR [215,216], TG-
DSC-MS [215,216], SEM [215]
in situ-XRD (synchrotron) [195], XRD [195,215]
[215], ATR/FT-IR [195,215], PCI [195],
TG-DSC-MS [195,215], SEM [215], MP
[195]
VDH [229], EA [229], VPM [229], XRD | [229,241,2
[241], IR [241,245], Raman [241], TG 45]
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Ti(BH4)3

Tm(BHa4)3

U(BHa4)4

Y(BHa4)3

13.09

5.71

5.42

9.06

<RT-78
[229,246,247]

253

<RT [241,250]

191-276

TiCls, LiBH: [229,247]
TiCls, LiBH: [247-249]
TiFs, LiBHa [246]
TmHs, S(CHs)*BHs

UFs4, Al(BHa4)3

YCls, LiBH4
[181,190,199,200,254-258]
YHs, B2Hs [190]

YHs, S(CHs)2*BHs [194]
YCls, Li''BDs [259]

YClIs, LiBD4 [260]

direct metathesis [229]
mixing in motar [247]
high energy ball milling [246-249]
in solution (dimethyl sulfide-toluene
mixture)

direct metathesis in glass tube

high energy ball mill-
ing[181,190,200,254-260]
in solution (toluene or tetrahydrofu-
rane[194],
dimethyl sulfide-boran complex in tolu-
ene[200], diethyl ether[199,255])
extraction (dimethyl sulfide or tetrahy-
drofurane[194], dimethyl sul-
fide[199,200])
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[245], melting point [229]

VDH [229,248,249], EA [229,248,249],
XRD [246], TG-DSC-MS [246], TG
[247], MS [247], (FT-)IR [246,247,249]
in situ-XRD (synchrotron), FT-IR, PCI,
TG-DSC-MS, MP
VDH [250], EA [250,251], VPM
[250,251], XRD [241,252], IR
[241,245,252,253], Raman [241], ther-
mographic investigation [252]

EA [258], in situ-XRD (synchrotron)
[190,194,199,200,254,259], XRD
[181,190,194,199,200,254-260], PND
[259], FT-IR [194,257,258,260], Raman
[181,255,258,260], NMR (1H [194,258],
11B [258], 1H-MAS [256], 11B-MAS
[254], 89Y-MAS [256]), PCI
[200,255,257], DSC [190,199,257], DSC-
TPD [259], TG [199], TG-DSC-MS/FT-
IR [256,258,260], TG-DSC [254], TG-MS
[181,190], TG-DSC-MS [194,200], TDS-
GC [181], TPD-MS [181,200], TG-DTA-

[229,246—
249]

[195]

[241,245,2

50-253]

[181,190,1
94,199,200
254-260]
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Yb(BHa4)2

Yb(BH4)s

Zr(BH4)4

3.98

5.56

10.71

329-353

122-150

72
[179,181,262]
82 [263]
130.4 [221]

YbHs, S(CHs)2*BHs [194]
YbH:, S(CHs)2*BH5 [195]
YbCls, LiBH [216,261]

YbCls, LiBH4

ZrCls, NaBH: [179]
ZrCli, LiBH:
[159,164,179,181,193,221—
225,227,262-270]

NaZrFs, Al(BHi)s

in solution (toluene or tetrahydrofurane
[194], dimethyl sulfide-toluene mixture
[195])
extraction (dimethyl sulfide or tetrahy-
drofurane [194])
high energy ball milling [216,261]

high energy ball milling

direct metathesis [159,193,221-
225,229,243,264-266]
in solution (diethyl ether) [159,227,268-
270]

high energy ball milling
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MS [255], TPPA [199,200], SEM-EDS
[258], TEM [194], BET [190]

in situ-XRD (synchrotron)
[194,195,216,261], XRD [194,216,261],
PND [261], ATR/FT-IR [194,195,216],
Raman [261], 1TH-NMR [194], PCI
[195], TG-DSC-MS [194,195], TG-DSC
[261], TG-DSC-MS [216], TPD [261],
TEM [194], MP [195]
in situ-XRD (synchrotron) [216,261],
XRD [215,216,261], PND [261], Raman
[261], ATR/FT-IR [215,216], TG-DSC
[261], TG-DSC-MS [215,216], TPD
[216,261], SEM [215]

VDH [159,222,229], EA [159,222,229],
VPM [229,268], in situ-XRD (synchro-
tron) [267], XRD
[179,181,221,262,263,267], electron dif-
fraction [225], (FT-D)IR

[194,195,2
16,261]

[215,216,2
61]

[159,179,1
81,193,221
225,227,22
9,243,245,
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[159,229]

KZrFs, Al(BHa4)s [159]
NazZrFs, Al(BH4)s [243]
Zr(iso-propylate)s, B2Hs
[159]
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[179,181,262,263,267]
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[222,224,225,243,245,263— 262-271]
265,267,268,270], Raman [179,181,262],
NMR (1H [221,222,227,269], 11B
[221,222,224,269], 91Zr [221,269]), pho-
toelectron spectroscopy [223], DSC
[221,263], TPD-GC [179,181,262], TG-
MS [179,181,262], TG-DSC-MS [221],
melting point [159,221,263,268], boiling
point [229], CP [221], 5° [221], BH
[221], DFT [221,262], MDS [271]
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3.2.3. Dehydrogenation and Hydrogenation Behavior

The dehydrogenation and hydrogenation behavior of some transition metal boranates has been investigated in
great detail (e.g. Y(BHa)s [255,257,272] and Mn(BHa)2 [233,235,273,274]). There is, however, a lack of investigations re-
garding the majority of the known transition metal boranates ['74l. Although for some boranates DFT or other calcula-
tions exist (as for Sc, Ti and Zr [275]), they have usually not been validated by experimental investigations. The numer-
ous dehydrogenation reactions of transition metal boranates can occur via a great variety of intermediates. Which type
of intermediate is formed depends on the considered transition metal and its properties such as its oxidation state in
the boranate, the one in the corresponding decomposition product, and its electronegativity. Unfortunately, it is not
possible to summarize the known individual decomposition reactions by stating general decomposition pathways.

The decomposition is kinetically hindered in general and occurs at higher temperatures than the equilibrium ones.
If the decomposition reactions are thermodynamically controlled, the solid decomposition products for most transition
metals would be borides or hydrides instead of the elemental transition metals and boron (and, of course, hydrogen),
since these compounds are energetically preferred over the pure elements for most transition metals. However, due to
the relatively low desorption temperatures during decomposition, crystallisation associated with the formation of metal
borides or hydrides often cannot occur for kinetic reasons. However, in practice the borides and the mixtures of borides
and hydrides can often be rehydrogenated more easily than the mixtures of the elements, so that it is advantagous, if
the decomposition of the transition metal borohydride does not go all the way to the elemental transition metal and
boron but to the corresponding borides. [276]

Unfortunatelly, the decomposition reactions can involve the release of diborane, which will be discussed in the
next section [276].

3.2.4. Stability and Diborane Formation

As already discussed by Sudrez-Alcantara and Garcia [174], the evolution of diborane often depends on several
experimental factors such as the synthesis route (e.g. ball milling, in solution) [275] including the purification process
[174], hydrogen back pressure and heating rate during dehydrogenation (a high back pressure [257,276] and a small
heating rate [277] prevent diborane formation) and the type of modification (molecular or salt-like crystalline com-
pounds) [275]. In complex mixtures of transition metal borohydrides and mixtures of transition metal borohydrides and
other transition metals [278], the evolution of diborane also may depend on the intricate interaction with the various
transition metal components. In addition to the conditions already summarized by Sudrez-Alcantara and Garcia, Naka-
mori et al. observed a dependency on the Pauling electronegativity of the transition metal. For transition metals with a
Pauling electronegativity xP smaller than 1.5 [180,181,262] no  diborane release is observed. Based on this finding Har-
rison and Thonhauser plotted the relative diborane content in the released gas mixture of some boranates after decom-
position (defined as ratio between the integrated MS-diborane signal to the integrated MS-hydrogen signal and normal-
ized to a value of 1 for Al(BH4)3) against xr of the contained metal [278] but did not obtain a clear correlation. Instead,
they found an exponential correlation between calculated (via DFT) enthalpies of formation of the boranates and the
diborane release. While Vajo et al. [172,173] showed that it is possible to destabilize boranates by adding additional
reactants during decomposition, Harrison and Thonhauser [278] were able to show by theoretical means that it is pos-
sible to stabilize boranates by adding transition metals to prevent the development of diborane. They calculated that
Sc-stabilized Al(BHa)s should not emit diborane during decomposition on thermodynamic grounds. Roedern and Jen-
sen observe similar effects by adding alkali and alkaline earth metal boranates to manganese boranate [235].

In principle, diborane can decompose spontaneously into the elements above 50 °C, but the reaction is strongly
kinetically hindered [275]. Consequently, higher decomposition temperatures should reduce the presence of diborane,
because even if it is formed, it will presumable quickly decompose to boron and hydrogen [174,275,279].

In 2006 Nakamori et al. demonstrated the existence of a correlation between the Pauling electronegativity e of the
metal of a boranate and the decomposition temperature of the boranate Ta [262]. Suaréz-Alcantara and Garcia expanded
the plot to bimetallic borohydrides using an approach by Li et al. to calculate an average value for xp [174,280]. Unfor-
tunately, the data used are inconsistent as Suaréz-Alcantara and Garcia did not differentiate between peak and onset
temperatures and the data points shown even display a significant amount of scatter although logarithmically plotted.
We decided to replot the xp values (taken from [281]) of the transition metal boranates versus T4, direct proportionally.
Only the boranates for which clear values are stated in the literature or a clear graph suitable for determining the de-
composition onset tempreature were considered. If several, differing values were published, the arithmetic mean was
used and the span of the (min, max) values are shown in the graph as error bars. As can be seen in Figure 13., the
lanthanoide boranates have nearly similar xp which appears to be a consequence of the lanthanoide contraction [282].
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That is why we used the arithmetic means of xr and Ta for those boranates with the oxidation states +II and +III. Other-
wise, the lanthanoides would be overrepresented in the the fit procedure because of the large number of values with
nearly the same xp and differing Ta values. Furthermore, Ti(BHa4)3, Hf(BH4)+ and Zr(BHa4)4+ seem to be outliers as can be
seen in Figure 13 (red dots). It can be assumed that their decomposition temperatures deviate from those of the other
boranates because they do not posses a salt-like (ionic) crystal structure but a molecular one [174,276]. This fact seems
to be unimportant for the decomposition of the molecular Th(BH4)4, which exhibit a decomposition temperature as high
as expected for ionic boranates. As a result we excluded only the values of Ti(BH4)s, Hf(BH4)s and Zr(BHa4)s in our fit
(Figure 13). The equation describing our fit function is given by:

Ta/K=-363.2 xr + 949.2(E1)

with an corrected R? value of 0.97596. The much improved R? value for the assumption of the simpler direct pro-
portional correlation compared to the logarithmic fit in Ref. [174] can be seen as a consequence of the restriction to the
most reliable data.

Different explanations for the decrease of Ta with increasing xp exist [174]. Callini et al. [283] explain this result by
the strength of the charge transfer from the metal cation to the tetrahydridoborate ion. In case of high values for xp,
there is a small charge transfer to the anion and in turn a strong distortion of the (BH«) units resulting in low stability
combined with diborane emission [283]. This could also be explained by the distorted orbitals of the borohydride ani-
onic molecule [283] found in the simulation performed by Du et al. [284].

600
fit equation y =a+b*x
b weighting no weighting
k L intersection with y axis ~ 949.16417 + 27.47932
&—4 slope -363.18091 + 17.16636
500 - R? 0.97815
Y ISC cor. R? 0.97596
—
X
e
3 400 -
©
I_
300
200 : . : : : : : : . ,
1.0 1.2 1.4 1.6 1.8 2.0

Xp

Figure 13. Fit of the decomposition temperature values of transition metal boranates (without the respective values for Ti, Hf and Zr
boranate, (red dotes)).

4. Summary and Perspective

In this review, the development status of unstable metal hydrides for possible on-board hydrogen storage based
on classical metal hydrides is reported and potential materials for the development of unstable complex metal hydride
systems based on alanates or boranates has been laid out. ABz-type Laves phase alloys like TiCr2- and ZrFe2- based
alloys display suitable plateau pressures and tentative tests on high pressure tank systems based on these alloys have
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already been conducted. However, because of the high atomic weight of transition metal elements, the hydrogen capac-
ity of these classical metal hydrides is usually limited to ~2 wt%, which prohibits their large scale commercialization in
fuel cell vehicles. Vanadium-based BCC alloys display much higher hydrogen storage capacity (>3 wt%), while the
desorption plateau pressures are far below than those believed to be needed for hybrid tank systems, which leads to the
incomplete dehydrogenation of the alloys under certain conditions resulting in relatively low reversible capacities.
Through decades of effort, the hydrogen storage performances of these intermetallic compounds have been effectively
improved and some characteristics can even meet parts of the requirements of high-pressure MH tank. Up to now,
however, none of them meets the DOE 2020-2025 targets and major improvements are required to meet those. In this
regard, unstable complex hydrides like transition metal alanates and borohydrides can be very interesting materials in
terms of high hydrogen content and rich chemical diversity. In contrast to the main group complex metal hydrides, the
known transition complex metal hydrides, i.e. mainly boranates and alanates, show very little stability. With regards to
the necessary thermodynamic properties for solid state hydrogen storage, the current transition metal complex hydrides
need to be regarded as non-suitable for practical applications. However, by creating mixed systems, they may offer a
valuable tool box for the design of systems with the desired properties. Efforts to update the information on these com-
plex metal hydrides in respect to new synthesis procedures and characterization techniques can supply fundamental
knowledge for the task to design viable solid state hydrogen storage systems.

Materials at high-pressure conditions may show physical and chemical properties strongly deviating from the am-
bient pressure ones, which may create opportunities for discovering novel metastable materials with beneficial proper-
ties[285]. The pressure range up to the anticipated level of 70 MPa for compressed hydrogen in fuel cell vehicles is large
enough to expect the design of a significant number of new reversible hydrogen storage materials. For instance, ZrFe:
alloy does not show any hydrogen storage properties at moderate conditions, but becomes a good hydrogen absorber
at a high pressure over 100 MPa. YNis, LaPts and ThNis alloys also only start to absorb hydrogen at high pressures up
to 155 MPa [286]. However, conventional intermetallic compounds are usually composed of transition metals with
heavy atomic weights. Higher capacity can be only achieved in alloys composed of light elements. To achieve higher
capacities, alloys containing transition and non-transition elements should be considered. To ensure excellent reversi-
bility, candidates should have a stable structure under high pressure. For example, light REM>-3 alloys consisting of rare
earth elements (RE =Y, La, Ce, Pr, Nd, etc.), transition metal elements (TM) and non-transition metal elements (M = Al,
Si, etc.) have a stable structure even under a high pressure up to several GPa. LaAl: and CeAl: alloys has the C15 (MgCuz
type, SG Fd3m) structure, and are stable up to the pressure over 20 Gpa [287]. Rare-earth trialuminides, REAls (RE=La-
YD) alloys exhibits hexagonal DO1 type (NisSn, SGP63/mmc), and the cubic environment of atoms increases with the
increase in the atomic number or decrease in the atomic radii of the rare-earth elements as a function of pressure
[288,289]. However up to now, few researches concentrate on the hydrogen storage properties of these alloys. More
attempts should be conducted under pressure up to 100 MPa or even higher.

Explorations solely relying on experimental approaches are time-consuming and inefficient. It is now well estab-
lished that many important materials properties can be predicted through computational means. The heat of formation
(AH) is the key quantity to predict the stability of transition metal hydrides. Griessen et al. [290,291] calculated the AH
of the transition metal hydrides AsBH», A2BH., AB2H:, ABsH: (A =Sc, Ti, V, Y, Zr, Nb, La, Hf, Ta, Ni, Pd; B = transition
metal) using a semi-empirical model based on the electronic structure of the host alloy. Among the 1380 possible com-
pounds, there are 44 metal hydrides with an appropriate heat of formation between -12 and -25 kJ/mol Hz [291]. Pudjanto
et al. [292] also calculated the AH of 2208 possible hydrides based on this semi-empirical model, and 223 hydrides has
a AH between -12 and -25 kJ/mol Hz, which provides a guideline for searching new hydrogen energy storage materials.
However, semi-empirical model are only effective for predicting the conventional intermetallic compounds comprising
3d, 4d and 5d transition metals. On the other hand, predictions of the hydrogen storage performances by conducting
true ab-initio calculations or such based on density functional theory are also feasible [293]. In the fields of hydrogen
storage materials, high-throughput computational hits were confirmed by experimental works [294,295]. Through high-
throughput ab-initio computational approach, Alapati et al. [294] examined the potential utility for hydrogen storage
of a large set of destabilized metal hydride reactions for which thermodynamic data had been previously unavailable.
These methods are able to find many promising reactions with favorable reaction enthalpies (20 kJ/mol H2 < AH < 25
kJ/mol Hz) and high hydrogen storage capacities (> 7 wt%) [294-296]. Lu et al. [295] experimentally demonstrated one
of the predicted reactions (LiNHz + MgH> — LiMgN + 2H>), and found that the binary nitride LiMgN can be hydro-
genated under 14 MPa hydrogen pressure at 433 K with TiCls as catalyst. TGA results showed that a reversible capacity
of 8 wt% Ho: is stored in TiCl-doped LiMgN during the hydrogenation process. Akbarzadeh et al. [297] developed a
practical formalism for studying phase diagrams of multicomponent systems through density-functional theory calcu-
lations, which can predict thermodynamically favorable hydrogen storage reactions for a given multicomponent system
without having to explicitly enumerate possible reaction pathways, and optimize hydrogen storage capacity within a
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given window of temperatures and pressures. Wolverton et al. [298] proposed to discover novel hydrogen storage ma-
terials through the atomic scale computational approach, which gives reasonably accurate enthalpies compared to ex-
perimentally measured values across a series of metal hydrides. These results impressively demonstrate the solid guid-
ance that computational studies can provide for the development of suitable high equilibrium pressure hydrides be it
for systems generated by alloying or by mixing complex metal hydrides.
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