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ABSTRACT

Promoting widespread utilization of sustainable and renewable energy sources along with efficient
energy storage and conversion technologies is vital to address gargantuan energy and environmental
challenges. Hydrogen, working as an eco-friendly and highest mass-energy density clean energy
carrier for abundant but fluctuating renewable power, has been recognized as an ideal alternative
for fossil fuels in both mobile and stationary applications. To date, the production, storage, and
delivery of hydrogen remain a linchpin enabling technologies for the advent of the hydrogen
economy community. Herein, an overview is present of recent research progress on hydrogen

release and uptake in potential reversible systems with a focus on light-metal hydrogen storage
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materials, including magnesium (Mg)-based hydrides, metal alanates, borohydrides, and amides.

Both Mg-based hydrides and complex hydrides are, however, plagued by unfavorable

thermodynamics and/or sluggish Kinetics in the dehydrogenation and/or rehydrogenation. To

overcome these challenges, recent advances have been driven by tremendous efforts, such as

catalysis, nanoscaling, compositing or ionic substitutions, etc. Though great achievements have

been attained in light-metal based materials, it is still far from satisfying the requirements of

practical automotive applications. Sustainable research efforts are further needed to be made for

solving the intrinsic thermodynamic and kinetic barriers.

Keywords: Light-weight hydrogen storage; Mg-based hydrides; Complex hydrides;

Thermodynamics; Kinetics



1. Introduction

1.1. Hydrogen energy economy and hydrogen storage

The continuously rising concerns for the energy crisis (dwindling traditional energy resources,
such as petroleum, coal, and natural gas, etc.) and the environmental issues of burning fossil fuels
have prompted tremendous efforts on exploration of sustainable and renewable alternative energy
carriers, including nuclear energy [1], solar energy [2, 3], and hydrogen energy [4, 5], etc. Among
the above substitutes, hydrogen has been in the limelight for the past decades from the viewpoint of
the so-called “hydrogen energy economy” [6-8], owing to its abundant content, environmentally
benign products of oxidation (water), high energy density (142 MJ/kg) and so on. Initially proposed
by genetics J. B. S Haldane in conceptually, the term “hydrogen economy” was lately coined by
John Bockris during a talk that he gave in 1970 at General Motor Technical Center [9] [10]. The
hydrogen economy is, in fact, the utilization of hydrogen as a fuel, particularly for heating and
hydrogen vehicles [11] as well as using hydrogen for long-term energy storage and for long-distance
transport of low-carbon energy.

However, a major barrier for the transition of the world from the current hydrocarbon economy
to the future hydrogen economy lies in the lack of efficient hydrogen storage methods in harnessing
the enormous amount of hydrogen for use in stationary, portable and automotive applications. As
we all know, hydrogen storage strategies are usually assigned into ultrahigh-pressure hydrogen
storage (H-storage, hereinafter), cryogenic-liquid and solid-state H-storage. H-density is very low
no matter as compressed gas or as condensed liquid, i.e. 0.024 kg Ho/L at pressure as high as 700
bar and 0.071 kg Ho/L as a liquid at the temperature as low as -253 T [12, 13]. Although the

technologies for compressing gaseous hydrogen and condensing liquid hydrogen are relatively



mature and have been applied in various prototype vehicles [14, 15], the hydrogen storage densities

still fall short of the targets for the US Department of Energy (DOE). For instance, the H-storage

targets of DOE upon onboard hydrogen applications in terms of gravimetric and volumetric density

are 1.6 and 2.1 times higher (Table 1), respectively, than the highest values achieved to date using

state-of-the-art 700-bar tanks [16]. Besides, the use of ultra-high pressurized compressed tanks not

only requires super-high compressive strength assembly materials, but also incurs safety risks and

considerable ineluctable energy consumption during compression. For liquefaction hydrogen, in

spite of a much higher volumetric density (0.071 kg H»/L) in comparison with that of hydrogen gas,

the inevitable hydrogen loss resulted from heat transfer and a large amount of energy for liquefying

hydrogen severely impede its practical applications [17, 18]. Compared to ultrahigh-pressure or

cryogenic-liquid H-storage, solid H-storage has received much attention owing to its higher energy

density and safety. Therefore, mainstream researches have been focused on developing suitable solid

hydrogen storage systems for off- or on-board hydrogen applications. Fig. 1 presents the volumetric

versus gravimetric H-density of the diverse hydrogen-contained materials [19].

Table 1. Current states vs targets for onboard H: storage for light-duty fuel cell vehicles [16].

Storage targets Gravimetric kWh/kg Volumetric kWh/L Cost! $/kWh ($/kg Ha)
(kg Ho/kg system) (kg H2/L system)
2020 1.5 (0.045) 1.0 (0.030) $10 ($333)
2025 1.8 (0.055) 1.3 (0.040) $9 ($300)
Ultimate 2.2 (0.065) 1.7 (0.050) $8 ($260)

Current status?

700 bar compressed (5.6 kg
. 1.4 (0.042) 0.8 (0.024) $15 ($500)
Ho, type IV, single tank)

! Projected at 500,000 units/year

2 FCTO Data Record #15013, 11/25/2015: https://www.hydrogen.energy.gov/pdfs/15013 onboard storage

performance cost.pdf
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Fig. 1. Volumetric and gravimetric hydrogen density of some hydrides. Reprinted with permission from ref [19].

Copyright 2003 Elsevier.

1.2. Advantages and remaining challenges in light-metal based materials
Generally, solid hydrogen storage materials can be fell into nanostructured materials for hydrogen
physisorption (van der Waals interactions) and chemisorption materials (chemical action). The
above nanostructured materials are mainly carbon-based materials and recently emerging Metal-
Organic Frameworks (MOFs) with low density, ultrahigh surface area and porosity [20-22]. MOFs
are comprised of metallic ions or clusters combined by multidentate organic functional groups,
delivering extremely large specific surface areas over 5000 m?/g and tuneable properties [17, 23].
However, the hydrogen uptake upon the porous materials only occurs at cryogenic temperatures,
because of the weak interaction between H» and sorbents. The hydrogen storage capacity of these
materials is extremely low, usually < 2 mass % at ambient conditions [24, 25]. Further researches
indicated that the hydrogen capacity is approximately proportional to the surface area and micropore

volume [19, 26, 27].



As opposed to physisorption materials, chemisorption materials (metal hydrides, complex and

chemical hydrides, etc.) combine with atomic or ionic H in the form of metallic bonding, covalent

bonding or ionic bonding, thus achieving solid hydrogen storage. Conventional metal hydrides (e.g.

LaNisHe, TiFeH», ZrMn,) were in the limelight for the past decades in the hydrogen storage

community, because of their reversibility and rapid kinetics under suitable temperature and pressure

[28]. Unfortunately, the applications of these hydrides have been hindered by the limited gravimetric

density (< 2 wt% H>), which is far from the hydrogen storage targets given by DOE, particularly for

vehicular hydrogen energy areas. Thus, research turns into novel light-metal, such as Li, B, N, Na,

Mg, and Al in hydride forms, for using as solid-state storage materials [29]. These light metal-based

hydrides (e.g., magnesium (Mg)-based materials or complex hydrides) exhibits great potential in

off-/on-board applications, for their charming volumetric and gravimetric hydrogen densities [30,

31]. The hydrogen capacity of representative Mg-based hydrides or complex hydrides surpasses the

target for vehicle applications given by DOE, being 7.6 wt% for MgH> and 18.5 wt% for LiBHa4,

respectively. However, most of the hydrides are plagued by their unfavorable kinetic barriers, stable

thermodynamics or/and poor reversibility. Table 2 lists a comparison between typical light-/heavy-

weight solid hydrogen storage materials.

In this review, we summarize the recent advances upon the thermodynamics and kinetics of light-

metal based materials, especially for Mg-based hydrides and complex hydrides with effective tuning

strategies, such as catalysis, nanoscaling, and compositing, etc.



Table 2. A comparison between typical lightweight and heavyweight solid-state hydrogen storage materials [32].

Parameters Lightweight Heavyweight
Metal Complex
Category ) ) Microporous adsorbents ABs AB
hydride hydride
) Activated
Compound MgH> LiBH4 MOF LaNis TiFe
Carbon
Gravimetric
) 7.6 18.5 2.1-2.6 6.1 1.4 1.89
capacity (wt%)
Volumetric
) 110 121 20 20 125 114
capacity (g/L)
Cost Low High Low Low High Low
Kinetics rate Slow Slow Fast Fast Moderate Moderate
Operating Very high (> Very high Low (- Cryogenic (- Ambient Ambient
temperature (C) 300) (380-600) 196~25) 196) temperature  temperature
High Produce High High High High
Abundant o
availability  from NaBH4 availability availability availability  availability

2. Mg-based hydrides

2.1. Overview

Mg-based materials have been researched extensively due to virtually limitless amount of Mg,

being ~0.13 wt% in seawater and the 8" most abundant element in the earth crust (~2.3%) of this

cheap and readily available light-weight metal with the density of ~1.74 g/cm? [33]. Generally, Mg-

based alloys possess considerable hydrogen capacity as a result of the high theoretical H-capacity

of the host material (MgH>, has ideal hydrogen densities, up to 7.6 wt% H, and 110 g Ho/L,

respectively.). With respect to economics, the industrial production technologies of Mg-based alloys

are mature, rendering it possible for large-scale practical applications. MgoNi, firstly investigated

by Reilly and Wiswall in 1968, could reversibly react with H» to form a new hydride Mg>NiHa,

delivering a H-capacity of 3.6 wt% [34]. On the other hand, the electrochemical capacity of

MgoNiH4 is up to 999 mAh/g, almost three times as high as commercial LaNis-type alloy [35].

Overall, Mg-based alloys show gargantuan potential as energy-storage materials.



However, these Mg-based materials suffer from troublesome thermodynamics and kinetics during

hydrogen release and uptake. For example, the formation enthalpy (AH) and entropy (AS) of MgH»

are -74 kJ/mol and -130 J/(K-mol) H», respectively. Corresponding to its thermodynamic nature, the

equilibrium dehydrogenation temperature is > 289 <C under ambient pressure [36, 37]. Usually, AH

and AS can be calculated according to Vant’s Hoff equation in pressure-composition isotherm (PCI)

curves for hydrogen ad-/desorption, while activation energy (Ea, a parameter that reflects kinetic

barrier) can be given by Arrhenius or Kissinger’s equation [38]. Numerous approaches have been

developed to tailor the thermodynamics and kinetics for hydrogen release and uptake in Mg-based

hydrides, such as alloying, catalyzing, nanostructuring, forming composites, and destabilizing, etc.

Table 3 lists the thermodynamic, kinetic and hydrogen storage properties of some Mg-based

hydrides.

Table 3. Summary of thermodynamics, kinetics and hydrogen storage properties of some Mg-based materials.

Materials Formation Activation Gravimetric Desorption Ref.
enthalpy, AH energy, Ea capacity (wt%)  temperature: (C)
(kJ/mol Hz) (kJ/mol) [Hz pressure]
Mg (bulk) 74.5 - 7.6 300 [1 bar] [39]
Mg-nanocrystals (dav
¢ - 25 4 200 [35 bar] [40]
< 6nm) in PMMA
MgoNi 64.5 - 3.6 254 [1 bar] [34]
MgH>/multi-valence
. . 75.1 30.8 6.7 279 [1 bar] [41]
Ti composites
Ni-modified
. 62.1 227 5.4 150[0.01 bar]  [42]
MgH>/GR hybrids
CeHz.73-MgH2-Ni 76 63 4.0 232[0.1 bar] [43]
Mg>Si 36.4 - 5.0 - [44]
Mgo.os(In)o.os 68.1 - 5.3 - [45]
Mga(In)o.1Ni 38.4 28.9 3.0 - [46]




2.2. Kinetic tuning of Mg-based hydrides
2.2.1. Nanostructuring

Nanoscaling has exhibited an undoubtedly effect upon enhancing the hydrogen release and uptake
kinetics of Mg-based alloys. The kinetics depends heavily on the particle size of Mg-based materials.
Numerous studies [40, 47] have proposed that reducing the particle size into nanometer could
greatly increase the ratio of surface area to volume, thereby simultaneously providing more
nucleation sites, promoting rapid diffusion of hydrogen alongside the interface of Mg/MgH, or
internal boundaries and defects of hydrides, and delivering shortened hydrogen diffusion path.
Zaluska et al. [48] reported the de-/hydrogenation kinetic behaviors of nanocrystalline Mg, and they
found that Mg is unable to absorb hydrogen at the crystallite size over 1 um at 300 <C, whereas both
of hydrogen absorption rate and capacity are apparently enhanced as the crystallite size downshifted
to 50 nm under the same conditions. Qu and co-workers [49] calculated the hydrogen diffusion
coefficient for nanocrystalline Mg film, being 6.52 x 107" m?/s at 25 <C, much higher than the value
of 1.1 x 102° m?/s for the coarse-grained Mg.

Mg-based nanomaterials can be acquired by several technologies, such as ball milling (BM) and
a few techniques adopting severe plastic deformation (e.g., hydrogen plasma-metal reaction, equal
channel angular pressing, and high-pressure torsion, etc.). Unfortunately, the nanometer-size Mg
particles tend to aggregate together and coarsen during hydrogen release/uptake cycling. For
instance, the particle size of nanocrystalline Mg might increase from 30~50 nm before hydrogen
absorption to 100~500 nm after hydrogen uptake [50]. Hence, stabilizing metastable nanostructure
is of critical importance in the development of a series of nanoscaling technologies for Mg-based

alloys. Gross et al. [51] fabricated MgH» nanoparticles in carbon aerogel with pore sizes from 2 to
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~30 nm and found that the desorption rate of catalyst-free nanoconfined MgH, reaches 2.2 wt%/h
at 250 <€, much higher than that (0.12 wt%/h) of MgH> milled with synthetic graphite under the
same conditions. In the same year, Nielsen et al. [52] successfully synthesized MgH» nanoparticles
dispersed uniformly in nanoporous carbon gel scaffold materials via wet chemical impregnation,
namely loading precursor MgBu» heptane solution into carbon aerogel with average pore diameters
between 7-22 nm and then MgBu, converted directly into MgH» under 137 <C and 5 MPa of
hydrogen pressure. The results indicated that the nanometer-sized MgH» presents 4 times hydrogen
desorption rate as fast as that of the ball-milled MgH>, and the onset desorption temperature is as
low as ~200 <C. Recently, Au et al. [53] reported that the growth of MgH» nanoparticles, supported
on high surface area carbon aerogels with pore sizes of 6-20 nm, are effectively restrained by the
carbon support. It was found that the MgH» nanoparticles enable hydrogen absorption of ~1.75 wt%
H, within 1 h, whereas bulk MgH> only absorb 0.25 wt% H, after 60 min. However, there are many
drawbacks in the aforementioned nanoconfined methods, including difficulty in large-scale
production and low hydrogen storage capacity of loading systems compared to pure MgH» with

limited embedding amount of hydrides supported on scaffold materials.

2.2.2. Doping Catalysts

Another method, i.e., doping catalytic additives, has been demonstrated as a promising strategy
to improve the reaction kinetics of Mg-H in Mg-based systems. This is mainly because addition of
catalysts can effectively reduce the reaction energy barrier, thus accelerating the hydrogen
absorption/desorption rate of Mg-H systems. These catalysts are often classified into three
categories: metals, metal oxides and metal halides, and carbon-based nanostructure, which will be

discussed more specifically in the following sections.
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(1) Metals

Zaluska and co-workers [48] reported that the rehydrogenation/dehydrogenation kinetics of Ma-
based materials were enhanced by catalyzing through 1.0 wt% of Pt nanoparticles located on Mg
surface. Liang et al. [54] proposed that the 3d-transition metals (TM = Ti, V, Ni, Fe, Mn) present
diverse catalytic effects upon hydrogen release/uptake kinetics of Mg-based systems, of which Mg-
Ti exhibited optimal hydrogen absorption kinetics, followed by Mg-V, Mg-Fe, Mg-Mn, and Mg-Ni.
On the other hand, the MgH»-V system possessed most rapid H-desorption rate, followed in order
by MgH»-Ti, MgH»-Fe, MgH>-Ni, and MgH>-Mn. Berlouis et al. [55] also confirmed that the active
role played by Ni for rapid uptake of hydrogen because Ni improves dissociation of H> and enables
faster formation of Mg hydride. Besides, Yin et al. [56] found that Mg>Ni showed superior hydrogen
absorption kinetics with the addition of rare-earth element Nd at the temperature above 100 <T as
well as superb desorption over 200 <TC. To figure out the enhanced dynamics, Huot and Pelletier et
al. [57-59] adopted in-situ time-resolved X-ray scattering measurements on hydrogen desorption in
MgH>-Nb nanocomposites using synchrotron radiation. They revealed that the real catalyst was a
short-lived metastable NbH ¢ phase with ordered vacancies, which provided the diffusion channels
for hydrogen transfer. This was the first time that the dehydrogenation mechanism of MgH>-TM
systems was verified directly, of which hydrogen was prior to being released through the catalytic
phase, namely “hydrogen pump”.

Recently, Liu et al. [60, 61] reported superior catalytic effects derived from Ti-based alloys on
the dehydrogenation/hydrogenation kinetics of MgH,. They firstly adopted 2D Ti3C, as a novel
catalyst precursor for the reversible hydrogen behaviors of MgH,, which was synthesized by the
exfoliation of the MAX phase of TizAlC, with HF solution [60]. As a result, the onset

11



dehydrogenation temperature of the 5 wt% TizC,-containing MgH, was reduced from 278 °C to
185 °C (Fig. 2a), and the hydrogen desorption amounted to 6.2 wt% H» within only 1 min at 300 °C
(Fig. 2b). More importantly, the dehydrogenated sample could absorb hydrogen at room
temperature and the hydrogen uptake amounted to 6.1 wt% H> within 30 s at 150 °C under 50 bar
H, pressure (Fig. 2¢-d). Further cycling measurements showed a good stability with a reversible
hydrogen capacity up to 6.4 wt% H over the first 10 cycles for the MgH»-5 wt% Ti3;C, composite.
The superior catalytic activity of TizC, may be ascribed to the unique layered structure and the in
situ formed metallic Ti. Afterwards, they synthesized a series of Ti-based catalysts (Mg-Al-Ti-F
composite, (Tios5Vo5)3C2, NbTIC and so forth) [62-64] by introducing V, Al or Nb element into Ti-
C system to form their compounds. All of these catalyst-doped systems possess very good stability
and low starting temperature for hydrogen desorption. For example, the MgH: doped with 9 wt%
NDbTiC started to release hydrogen from 195 °C, and the hydrogen desorption was up to 5.8 wt% H»
in 30 min at 250 °C. Afterwards, the fully dehydrogenated sample took up 4.0 wt% H> within 15
min even at 50 °C under 50 bar H, pressure. After 10 cycles, the hydrogen capacity of the MgH»-9
wt% NbTIC sample was evaluated to be 6.5 wt% below 300 °C, corresponding to 96% capacity

retention [64].
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Fig. 2. Non-isothermal (a) and isothermal (b) dehydrogenation curves of the MgH2-x wt% Ti3C2 samples. Non-
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isothermal (c) and isothermal (d) hydrogenation curves of the dehydrogenated MgH»>-5 wt% Ti3Cz samples.

Reprinted with permission from ref [60]. Copyright 2015 Royal Society of Chemistry.

(2) Metal oxides and metal halides

The transition-metal (TM) oxides, such as Nb2Os, TiO3, V20s, Cr203, Fe304, and other metal
oxides, have been discovered for their catalytic effects upon hydrogen sorption and desorption of
Mg-based hydrides, as reported by Hanada et al. [65, 66]. These metal nanoparticles can capture a
large number of hydrogen molecules and provide pathways for hydrogen sorption on the surface of
Mg-based materials. Some researchers [67, 68] focused on the hydrogen release/uptake behaviors
of nanocrystalline MgH>/MexOy- and Mg>NiHs/Me,Oy-systems (MexOy = Sc203, TiO2, V205, and
Cr203, etc.) and found that these Mg-based materials catalyzed by the metal oxides showed fast
sorption/desorption kinetics. In the absorption process, the catalytic effect of TiO2, V205, Cr203,
Mny03, Fe304, and CuO was comparable, whereas Fe3O4 showed the fastest desorption kinetics
followed by V205, Mn20O3, Cr203, and TiO». In later studies, Nb,Os showed the first-rank catalytic
activity among numerous TM oxides in both absorption and desorption processes [69]. The catalytic
effect from Nb,Os upon Mg showed that hydrogen absorption occurred within 1min for 7 wt% H>
and it took 2.2 min for hydrogen desorption at 300 T [70]. In addition, Sabitu et al. [71] also
demonstrated the consistent result, and they compared the effect of TM oxides (Nb2Os > Fe3;04 >
CeO; > Zr0») on the hydrogen evolution of MgH». Recently, Liu’s group systematically studied the
catalytic properties of transition metal-based oxides upon the hydrogen storage performance of
MgHo,, especially focusing on Ti-/V-based materials [72-74]. They found that the porous carbon-
supported TiO, nanocomposite (TiO@C) exhibited superior catalytic activity, wherein the carbon

13



structures could facilitate the further enhancement of the catalytic activity of TiO» by accelerating

the diffusion of hydrogen within bulk MgH> resulting from an increase in transfer channel. The

MgH>-10 wt% TiO,@C composite rapidly released hydrogen from 205 °C with the hydrogen

absorption over 6.5 wt% H; within 7 min at 300 °C (Fig. 3a). The dehydrogenated sample took up

hydrogen even at room temperature under 50 bar H» pressure (Fig. 3b), and approximately 6.6 wt%

hydrogen was absorbed within 10 min at 140 °C, as shown in Fig. 3¢. Moreover, the MgH»>-10 wt%

TiO, sample exhibited good cycle stability with the de-/hydrogenation behaviors remaining at ca.

6.2 wt% H; over 10 cycles in Fig. 3d, corresponding to a capacity retention of 96.8% [72]. Similarly,

the nano-V,03@C composite also possessed superior catalytic effects on the hydrogen storage

reaction of MgH», where the MgH» doped with 9 wt% nano-V,03@C could absorb ca. 6.4 wt% of

hydrogen in 20 min at 275 °C and the rehydrogenation was completed within 700 s at 150 °C under

same hydrogen pressure [74]. Afterwards, they found that the onset dehydrogenation temperature

of MgH> in the presence of the nitrogen-stimulated Nb,Os (MgH»>-10 wt% N-Nb,Os composite)

could be downshifted to 170 °C [75]. Significantly, the full hydrogenation from the dehydrogenated

sample could be achieved at temperature as low as 70 °C under 50 atm of hydrogen pressure with

an available hydrogen capacity of 6.3 wt% Ho.

14
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Fig. 3. (a) Isothermal dehydrogenation curves, (b) non-isothermal hydrogenation curves and (c¢) re-dehydrogenation

curves of milled MgH> doped with and without 10 wt% TiO:@C. (d) Non-isothermal

dehydrogenation/hydrogenation cycling curves of the MgH2-10 wt% TiO2@C sample. Reprinted with permission

from ref [72]. Copyright 2018 Elsevier.

With respect to metal halide dopants (such as ZrFs4, TaFs, NbFs, TiF3, and TiCls, etc.), most of

them play positive roles on the kinetics of re-/dehydrogenation of MgH> [76, 77]. Malka et al. [76]

discovered that both ZrF4 and NbFs could reduce the total sorption time of MgH> to 1.5 min with

6.3% of hydrogen uptake at 325 <C. Meanwhile, the hydrogen desorption rate is most rapid in

MgH»/ZrF4, followed in order by NbFs, TiCls, and TaFs. The hydrogen release/uptake of MgH»

catalyzed by different metal hydrides at 325 <C are summarized in Table 4.

Recently, Cui et al. [41, 78] synthesized a multi-phase and multi-valence Ti-based catalyst (Ti,

15



TiH,, TiCls, and TiO») coated on the surface of milled Mg powders (~1 pm in diameter), which
could significantly accelerate the hydrogen desorption from MgH,. The MgH»-coated Ti-based
system started to release H» at about 175 <C and desorbed 5 wt% of H» within 15 min at 250 <C,
with the apparent Ea reduced to 30.8 kJ/mol H». They believed that the multiple-valence Ti sites
facilitated electron transfer among them, and thus acted as the intermediate during electron transfer
between Mg?" and H-. Fig. 4 presents the transmission electron microscopy (TEM) bright-field
micrograph and selected area electron diffraction (SAED) of multi-valence Ti-based catalyst,
whereas Fig. 5 demonstrates the schematic diagram of the catalytic mechanism in the de-
/hydrogenation process. The electron transfers in dehydrogenation process is proposed in the
following steps: (1) H- at the interface of MgH2/Ti-compounds donates e to high valence Ti (Ti3"4")
which captures € and transforms into low valence Ti (Ti*") simultaneously; (2) as the weakened
Mg-H bond is broken, the dissociative H is produced and dehydrogenation reaction occurs; (3) H
atoms are recombined into H; (4) Mg nucleates and grows coupled with H, recombination.
Conversely, the hydrogenation process can be described as the following steps: (1) H» dissociates
into H; (2) low valence Ti (Ti*") donates e to H and transforms into high valence Ti (Ti*"4"); (3)
Mg-H bonding is formed and the hydrogenation reaction is induced; and (4) MgH> nucleates and
grows. Thus, the de-/hydrogenation process of MgH> is promoted due to the lowered barrier in the
above inferred catalytic process. Then, Lin et al. [79] developed a facile and efficient method to
fabricate novel symbiotic CeH,73/CeO, catalyst in-situ formed in Mg-based hydrides via
controllable hydrogenation and oxidation treatments of amorphous Mg-Ce-Ni alloy. Fig. 6 shows
TEM npictures of the typical symbiotic morphology for the CeH273/CeO. nanoparticles. Fig. 7
presents the microstructural evolution of the symbiotic CeH,73/CeO, particles during
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dehydrogenation and theoretical calculations. It was revealed that the superior catalytic activity was

ascribed to the spontaneous hydrogen release effect at the CeH.73/CeQ; interface with different

valence of Ce.

Table 4. De-/sorption kinetics for MgH2 milled without additives and with halide dopants at 325 <C [76].mission f

Sample Time to reach 90% total absorption (min) Time to reach 90% total desorption (min)
MgHz-milled 3 Over 8
MgH: + TaFs 2 8
MgH: + TiCl3 2 4.5
MgH:> + ZrF4 1.5 3
MgH:> + NbFs 1.5 2.2




Fig. 4. TEM micrographs of the multi-valence Ti-based catalyst as-prepared. (a) Bright field pattern. (b) Electron

diffraction pattern. (c) HR-TEM images. Reprinted with permission from ref [41]. Copyright 2013 Royal Society of

Chemistry.
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Fig. 5. The schematic diagram of the catalytic mechanism in de-/hydrogenation of Mg-multiple valence Ti

composites. Reprinted with permission from ref [41]. Copyright 2013 Royal Society of Chemistry.

Fig. 6. Microstructure characterizations. (a) HRTEM image of typical symbiotic CeH2.73/CeO2 nanoparticles. (b)

TEM image of symbiotic CeHz.73/CeO2 nanoparticles with core—shell structure. (c¢) HRTEM image showing the

magnified area in b. The insets are the corresponding FFT patterns of (d) the outer and (e) inner layers of the core-
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shell structure. Zone axis [011]. Reprinted with permission from ref [79]. Copyright 2014 Elsevier.
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Fig. 7. In situ dehydrogenation and theoretical calculations. (a) The lattice fringe evolution of the symbiotic

CeH2.73/CeO: particles during dehydrogenation. (b) Theoretical model and hydrogen migration barriers of CeO2 bulk

inside view. (c) The arrangement positions of atoms at the CeH2.73/CeOz interface. Reprinted with permission from

ref [79]. Copyright 2014 Elsevier.

(3) Carbon-based nanostructures

Carbon-based materials (carbon nanotubes, activated carbons, and graphene) have present great

potentials as H-storage materials from the viewpoint of numerous advantages, such as low cost,

light-weight, high surface areas, pore structures, and high chemical stability, etc. Relative early

reports upon carbon nanotubes demonstrated that they may be suitable candidates due to their

considerable H-storage capacities, and thus triggering substantial researches all over the world [80].
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Recently, carbon-based materials have been extensively applied to enhance H-storage performance

of Mg-based hydrides [20, 81]. Wu and co-authors [82] investigated the hydrogen behaviors of

MgH2/Mg with various carbon materials. The hydrogen capacity of all Mg/C composites was over

6.0 wt% in 5 min at 300 <C. Particularly, the H-amount for the composites with ~5 wt% of SWNTs

(single-walled carbon nanotubes) or Ceo (fullerene) could reach ~6.7 wt% H, within 2 min, higher

than 5.5 wt% H, for pristine Mg in 10 min. The main obstacle lies in relative low loading ratio (<

20 wit% Mg), because of the unfavorable wetting of molten Mg upon carbon. Further efforts

demonstrated that the troublesome issue could be greatly enhanced with the addition of Ni, of which

the H-desorption temperature was closed to that of MgzNiH4 for ~50 wt% of MgH: loading capacity

with trace of Ni (Mgo_gsNio_os) [83]

Recently, Yu and co-authors [42] reported bottom-up self-assembly of MgH, anchored on

graphene induced by the hydrophobic interaction between graphene and alkyl metallic compounds,

resulting in massive monodisperse MgH: nanoparticles (< 5 nm) distributed uniformly upon the

graphene. Notably, no visible aggregation occurred, even for a loading amount of MgH, up to 75

wt% (Fig. 8), delivering a practical H-capacity of the loading system as high as 5.7 wt%. After the

modification with Ni addition, the peak temperature of graphene-75 wt% MgH, composites was

downshifted to ca. 201 <C with a virtual H-capacity being 5.4 wt% in overall composite mass.

Specifically, the above Ni-doped system could realize full hydrogen release at the temperature over

250 T, delivering a H-capacity up to ~5.4 wt% in merely 30 min. For hydrogen uptake, the system

could be fully hydrogenated in 60 min at 50 < and gave ~2.3 wt% of H-absorption even at room

temperature under same duration. The improved de-/hydriding kinetics could be ascribed to the

lower activation energy (Ea), wherein the Ea for hydrogen absorption and desorption was
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determined to be 22.7 and 64.7 kJ/mol, respectively, much lower than those for the bulk counterpart
(99.0 and 158.5 kJ/mol for re-/dehydrogenation). Cycling tests indicated that a high reversible
capacity of 5.35 wt% H, corresponding to a capacity retention of up to 99.2%, was still obtained
after 100 consecutive cycles of H, sorption, with no loss in kinetic performance (Fig. 9). Apparently,
the concept for assembling MgH. with high loading upon graphene may deliver an applicable
strategy for designing other nanostructured composites with widespread applications in hydrogen

energy or other energy-related fields.
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Fig. 8. TEM images of the MgH> nanoparticles supported upon the graphene with a weight ratio of (a) 20 wt% MgHa,

(b) 40 wt% MgHa, (c) 75 wt% MgHo, and (e) 75 wt% MgH> with Ni addition; (d) cross-sectional SEM image of 75

wt% MgHa; (f) HRTEM image of Ni added 75 wt.% MgH2 sample. Reprinted with permission from ref [42].

Copyright 2015 Wiley Online Library.
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Fig. 9. Reversible hydrogen absorption (under 30 bar H> pressure) and desorption (under 0.01 bar H> pressure) of
Ni added 75 wt% MgHz sample (circles) and 75 wt.% MgH2 sample (stars) at 200 <C, respectively. Reprinted with

permission from ref [42]. Copyright 2015 Wiley Online Library.

2.3. Thermodynamic tuning of Mg-based alloys
2.3.1. Alloying

Alloying, initially proposed by Reilly and Wiswall [34], was utilized to tailor sorption and
desorption properties by weakening the bonding strength between hydrogen and metal. They found
that Mg2Ni could react readily with H, to form Mg,NiHy4 with the AH being -64 kJ/mol Hz under
2.0 MPa H; pressure and at 325 <C, whereas it suffered from drastically reduction in hydrogen
capacity of 3.6 wt%. Morinaga et al. [84] revealed that H-Ni interaction in MgzNiH4 was much
weaker than H-Mg bonding in MgH>, accounting for a lower formation enthalpy of MgzNiHa.
Another attractive compound is MgzFeHs [85], of which the gravimetric and volumetric hydrogen
densities are up to 5.5 wt% and 150 kg Hz/m3, respectively. Unfortunately, the formation enthalpy
(AH) is -82 kJ/mol Ha, even higher than that for MgH.,. Moreover, there is no stable compound in
Mg-Fe system, thus Mg.FeHs is often obtained by reacting MgH» with Fe under H; pressure [86,
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87]. Similarly, Mg.CoHs (H-capacity of 4.5 wt%) can be prepared by above-mentioned methods
[87, 88]. The formation enthalpy (AH) of Mg.CoHs is -82 kJ/mol Ha, which is identical to that of
Mg:FeHs, thereby delivering poor reversibility for both Mg.CoHs and MgzFeHs.

Recently, a series of Mg-RE-H (La, Ce, Nd, etc.) hydrides [89, 90] have received much attention,
owing to superior hydrogen absorption features of Mg and RE. Ouyang et al. [91] found that MgsLa
exhibited rapid hydrogenation and dehydrogenation kinetics. PCI profiles of MgsLa alloys obtained
at various temperatures are shown in Fig. 10, the maximum hydrogen uptake capacity of MgsLa is
~2.89 wt% at room temperature. It takes < 4 min for MgsLa to absorb 90% of its full hydrogen
content at room temperature under 35 bar H; pressure, whereas hydrogen release occurs at relatively
elevated temperature (~274 <C). Further results demonstrated that the structure of MgsLa maintained
unchanged after re-/dehydrogenation cycles [92, 93], indicating that the disproportionation reaction
occurred in LazMgi7 [94] did not appear here in MgsLa alloy. The dehydriding enthalpy (AH) of the
MgsLa-H hydride was determined to be 81.0 kJ/mol Hz according to Vant’s Hoff equation from PCI
curves. Resembling hydrogen release and uptake behaviors could be observed in MgsNb-H [92] or

MgsPr-H system [95].
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Fig. 10. PCI curves of MgsLa-H system during hydriding/dehydriding process. Reprinted with permission from ref

[91]. Copyright 2006 Elsevier.

2.3.1. Nanostructuring

Nanostructuring can not only overcome the kinetic barriers of Mg-based hydrides but also has a
great effect on improving their thermodynamics, due to the special effects of nanosizing and
boundary/surface [96, 97]. Some theoretical calculations and experimental results demonstrated that
the introduction of extra boundary/surface can reduce the reaction enthalpy of Mg-H systems.
Therefore, nanostructuring may be one of the most effective strategies to tune the thermodynamics
of Mg-based hydrogen storage materials. Wagemans et al. [98] investigated the influence of
crystallite size upon the thermodynamic stability of Mg/MgH- via using ab-initio calculations. The
results showed that AH for hydrogen desorption was evaluated to be ~63 kJ/mol H; with the
temperature at ~200 T, as the MgH cluster size reduced to 0.9 nm. Subsequent experimental results
[99] also proved the remarkable thermodynamic destabilization as the particle size of the hydride
downshifted to nanoscale (Fig. 11). Chen and co-workers [100] successfully prepared Mg
nanowires with various diameters (Fig. 12) by the vapor-transport method. And they revealed that
the desorption enthalpy of MgH- could be decreased by reducing the diameter of nanowires, where
AH for dehydrogenation of MgH> nanowires with the diameters of 30-50, 80-100, and 150-170 nm
were determined to be 65.3, 65.9, and 67.2 kJ/mol, respectively. Nevertheless, the nanoparticles
grow up readily during de-/hydrogenation cycling process. To stabilize the nanostructures of
Mg/MgH., nanoconfinement is developed to constrain the nanoparticles in a matrix or scaffold. For

example, Konarova et al. [101] fabricated well-distributed MgH» nanocrystallites anchored in the
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mesopores of host materials (CMK3/SBA15) by wet impregnation. MgH2/CMK3 composites with
20 wt% loading amount present a desorption peak temperature of 253 <C (Fig. 13), corresponding
to a decomposition enthalpy of 52 kJ/mol. These results indicated that the growth of Mg

nanoparticles could be effectively restrained by nanoconfinement.
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Fig. 11. The dehydrogenation thermodynamic properties versus Mg hydride nanoparticle size. Reprinted with

permission from ref [99]. Copyright 2010 ACS Publications.
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Fig. 12. SEM and TEM images of Mg nanowires with various diameters. Reprinted with permission from ref

[100]. Copyright 2007 ACS Publications.
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Fig. 13. TPD curves of MgH2/CMK3 with various MgH2 loadings measured at room temperature to 500 <C at a

heating rate of 5 <C /min in helium flow. Reprinted with permission from ref [101]. Copyright 2013 Elsevier.

2.2.3. Altering reaction pathway

Altering reaction routes is one of the most effective approaches to tailor the poor thermodynamics
of Mg-based hydrides. A well-known example is alloying with Si to destabilize the strongly bound
of MgH [44], of which more stable Mg,Si (i.e. 2MgH, + Si — MgySi + 2H,) forms after
dehydrogenation, resulting in the equilibrium pressure ranging from 1.8 to > 7.5 bar at 300 <C. The
standard enthalpy of dehydrogenation for the MgH»-Si system is reduced from 75.3 kJ/mol for
MgH: to 36.4 kJ/mol H; with a H-capacity of ~5.0 wt% H,. Unfortunately, the MgH2/Si composite
suffered from the poor reversibility and slow kinetics. Catalysts, such NbFs, TiO2, and other
additives were used to enhance the kinetics [102], whereas the reaction was still incomplete even
after 5 h at 250 <C. Homogeneously, Walker’s group [103] milled MgH2 with Ge and thus gave rise
to a thermodynamic destabilization of 61 kJ/mol H, corresponding to a greatly reduced
dehydrogenation temperature of 130 <C. The destabilization also occurred in the MgH.-Al system,
in which the desorption temperature was reduced to 255 <C under 1 bar H» pressure [50].
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Recently, a fully reversible reaction in Mg-In-H system with destabilizing thermodynamics was

realized by Zhong et al. [45]. The hydriding/dehydriding reactions of Mg (In) solid solution could

be described as: Mg (In) + Ho <> MgH: + B. In situ high-temperature X-ray diffraction (XRD)

analysis on the dehydrogenation revealed that MgIn and ordered Mgin compounds transformed

into the disordered MgIn compound (f phase), then reacting with MgH. to form the Mg (In) solid

solution, and vice versa (As shown in Fig. 14). The reaction enthalpy change of Mgo.gslno.os solid

solution was decreased from 77.9 for pure Mg to 68.1 kJ/mol H» with a H-capacity over 5.0 wt%

H,. Subsequently, Zhu et al. [104] successfully synthesized the Mg (In, Al) ternary solid solution

and investigated the reversible de-/hydriding behaviors of the alloy. The aim was to partially

substitute expensive and heavy In with cheap and light-weight Al due to the relatively high solubility

of Alin Mg. The PCI desorption curves of Mgo.glno.osAlo.os alloy at different temperatures are shown

in Fig. 15, of which the H-capacity is ~5.0 wt% H: with a desorption enthalpy of 66.3 kJ/mol Ha.

The value is slightly lower than that of Mgo.gslng.es with the same In content. Unfortunately, both

Mg (In) and Mg (In, Al) alloys are plagued by harsh kinetics. To enhance the poor kinetics of Mg

(In) solid solution, Fang’s group [105] applied some Ti-based intermetallic alloys to catalyze the

solid solution. The hydrogen desorption rate was highly accelerated by introducing TiMn; as a

catalyst, wherein the Mg-0.1In alloy hydride was fully dehydrogenated at 150 <C within 3 h with

an onset dehydrogenation temperature at approximately 100 <C. Meanwhile, the temperature of the

alloy was downshifted to 262.9 <C under 0.1 MPa H; pressure, which is 16 <T lower than that for

pristine MgH.. In addition, Vajo et al. [44, 106] and B&enberg et al. [107, 108] proposed a new

destabilized system consisting of LiBHs and MgH». The de-/hydrogenation reaction of LiBHa-

MgH, composite could be expressed as: MgH, + LiBHs <~ 2LiH + MgB, + 4H>, where the
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dehydrogenation enthalpy was reduced to 40.5 kJ/mol H,. We will discuss the reactive hydride

composites in the next section in detail.
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Fig. 14. In situ XRD patterns for the dehydrogenation of a hydrogenated Mg(In) sample at different temperatures.

Reprinted with permission from ref [45]. Copyright 2011 Elsevier.
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2.4. Thermodynamic and kinetic dual tuning of Mg-based alloys via multiphase
compositing
2.4.1. Establishing multiphase composite systems

Single-phase hydrogen storage materials are often unsuitable for practical applications. On the
other hand, dual tuning of both thermodynamics and kinetics may be possible by taking advantage
of the properties of individual phases. In this regard, the incorporation of catalysts and nanoscaling,
or destabilization leading to Mg-based nanocomposite/multiphase systems appears promising. For
instance, Wang et al. [109] synthesized the Mg-ZrFe14Cros composites via mechanically milling,
in which Mg-40 wt% ZrFe1.4Cros exhibited superior hydrogenation properties, i.e., the highest
hydrogen storage capacity (4.25 wt%) coupled with excellent kinetics. The composite remained
relatively high H-capacity (2.4 wt%) and rapid absorption rate (< 5.5 min to reach 80% of the final
capacity) even at 160 <C. Liang et al. [110] prepared Mg + LaH3; + MgzNi multiphase composites
via mechanical milling Mg-50 wt% LaNis powders, delivering superior hydriding/dehydriding
kinetics at moderate temperatures (250-300 <C). Particularly, this composite enables a hydrogen
absorption of 2.5 wt% H, in 500s under 15 bar H-pressure at ~29 <C, similar to the hydrogen
behaviors occurred in Mg-FeTi(Mn) and Mg-CFMmNIis composites [111, 112].

Recently, Zhang etal. [113] and Liu et al. [114] synthesized Mg-Ni-Y nanocomposites consisting
of a large quantity of long-period stacking ordered (LPSO) phases. Mgi2YNi alloy with an 18R-
type LPSO phase at a crystalline size of 200-300 nm, as shown in Fig. 16, was hydrogenated into
YH2 and YHs3 with the average particle size of 10 nm at 300 <C. Afterwards, the in-situ formed fine
YH: and YHjs particles in de-/hydrogenation process could accelerate the dehydrogenation rate of
the hydrogenated Mgi.YNi sample, delivering a H-desorption of 4.6 wt% at 300 <T in 6 min as well
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as 4.2 wt% of H, even at 250 <C within 25 min [113]. Another ternary alloy Mge1.9Nis3Y3s (Fig.

17) with a large number of 18R-type LPSO phase and a small quantity of 14H-type LPSO phase

was prepared using rapid solidification [114]. Notably, the LPSO phases were transformed into

MgH., MgzNiH4, and YH3 after the first hydrogenation, and the transformations could not be

reversibly occurred during the subsequent hydrogenation reaction. The catalytic roles of YHy and

Mg2NiH4 substantially improved the hydrogen storage properties of the composite, rendering its

reversible hydrogen sorption being ca. 5.8 wt%. Besides, this composite could achieve a full

hydrogen release at 250 <C. Ouyang et al. [43] reported that the dehydrogenation/rehydrogenation

performance of Mg-based alloy was dramatically enhanced by combining the catalytic effect of in-

situ formed Ni nanoparticles and “hydrogen pump” effect of CeHaz73 in CeHz73-MgH2-Ni

nanocomposites obtained from the hydrogenation of as-melt MgsoCeisNi: alloy. The results showed

that there were two steps in the hydrogenation of MggoCe12Ni> alloy: MgsCeNig1 + H, — Mg + Ni

+ CeHa.73 + Ho — MgH; + Ni + CeH..73, where the CeH2 73 hydride was preferentially formed with

a crystalline size of ~5 nm as well as in-situ formed Mg and Ni at a crystallite size of ca. 25 nm (As

shown in Fig. 18 and Fig. 19). Due to the synergistic catalysis of Ni and CeH..73, this composite

showed a reversible H-capacity of > 4.0 wt% H. with rapid kinetics and long cycling life, at a

relative low desorption temperature. The full de-/hydrogenation cycle temperature of the system

was reduced to 232 <C, ~100 <C lower than that for bulk Mg. The dehydrogenation activation energy

was 63 kd/mol H., much lower than that of MgsCe alloy or pure Mg (104 and 158 kJ/mol H,

respectively). More importantly, in-situ formed Ni nanoparticles located on the crystallite

boundaries of CeH.73/Mg particles could restrain the migration of the crystallite boundaries, thus

hindering the growth of grains. In the meanwhile, the existence of in-situ formed Ni enables the
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transformation of CeH273 into CeHs, accounting for the higher practical hydrogen capacity. The

hydrogen capacity remained up to 80% after 500 hydrogen absorption/desorption cycles (Fig. 20),

wherein the capacity loss is mainly caused by the partial oxidation. Overall, the synergistic effect

of in-situ formed Ni and CeHa.73 in CeH,.73-MgH>-Ni nanocomposite enables thermodynamic and

kinetic dual tuning for the composite, which may provide a novel strategy for tailoring the

thermodynamics and Kinetics of Mg-based alloys.

Fig. 16. (a) Bright-field TEM image, (b) high-resolution TEM image and (c) SAED pattern of the 18R phase in the

crystallized Mgi2YNi alloy. Reprinted with permission from ref [113]. Copyright 2011 Elsevier.
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Fig. 17. The fine structure of Mgo19Nia3Y3s alloy with 18R- and 14H-LPSO phases. Reprinted with permission

from ref [114]. Copyright 2013 Elsevier
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Fig. 18. TEM images of partially hydrogenated MgsoCe1sNiz alloy. (a) Bright field image, (b) corresponding FFT

patterns of MgsCe (zone axis [Oli]), and (c) magnified HRTEM image of MgsCe. Reprinted with permission from

ref [43]. Copyright 2014 ACS Publications.

A

Fig. 19. TEM images of the microstructure of the partially dehydrogenated CeH2.73-MgH2-Ni sample demonstrate

the catalyst effect of CeH2.73 and Ni on MgH2 dehydrogenation process. (a) Bright field TEM image of the in situ
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formed CeH:.73-MgH:-Ni composite and (b) selected area diffraction patterns of MgH: (zone axis [Oli]). Mg nuclei

preferentially nucleate along the surface of CeHz.73/CeHz and Ni phase at the starting transition stage of MgH: to

Mg during the dehydrogenation process. Reprinted with permission from ref [43]. Copyright 2014 ACS Publications.
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Fig. 20. Evolution of the maximum hydrogen sorption capacities versus cycle times of CeHz.73-MgH2-Ni composite.

Reprinted with permission from ref [43]. 2014 ACS Publications.

2.4.2. Establishing novel Mg-based solid solution alloys

Both of the aforementioned Mg(In) binary [45] and Mg(In, Al) ternary solid solution [104] have
achieved the thermodynamic regulation, but still suffer from poor kinetics. Ouyang et al. [115]
synthesized Mg(In) solid solution with in-situ formed MgF; acting as a catalyst via plasma-assisted
ball milling (P-milling), realizing the dual tuning of the thermodynamics and kinetics of MgH. with
a H-capacity of ~5.16 wt% of H,. As shown in Fig. 21, the dehydrogenation AH of the hydrogenated
Mg(In)-MgF. composite is reduced to 69.2 kJ/mol from 79 kJ/mol H; for bulk MgH,. Moreover,
the dehydrogenation Ea is calculated to 127.7 kJ/mol Hz, much lower than those for pure MgH-
(~160 kJ/mol) as well as Mg(In) binary (161 kJ/mol). Subsequently, they [46] successfully
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synthesized Mg(In)2Ni solid solution by introducing In into MgzNi. This system exhibited a

completely reversible hydrogen capacity in hydrogen release/uptake cycles. Significantly, the Mg-

In-Ni system achieved the dual tuning of the thermodynamics and kinetics of Mg.Ni without

catalysts, rendering the dehydrogenation Ea and AH being decreased from 80 kJ/mol and 64.5

kJ/mol H to 28.9 kJ/mol and 38.4 kJ/mol H,, respectively [34]. Similarly, the dual tuning of

thermodynamic and Kkinetic properties of MgH. was realized in the MggsInsAlsTis-MgF, system

synthesized by P-milling (Fig. 22 shows a synthesizing schematic illustration) [116]. The

dehydrogenation AH and Ea for the hydrogenated MggsInsAlsTis-MgF. composite were lowered to

65.2 kJ/mol H, and 125.2 kJ/mol Hy, respectively.

The dual tuning of kinetics and thermodynamics of Mg-based hydrides was also achieved in Mg-

In-Y [117] and Mg-In-Ni ternary systems [118]. With regard to MggolnsY's solid solution [117], the

reaction enthalpy of 62.9 kJ/mol Hy, was lower than that of MggsIns binary alloy (67.8 kJ/mol Hy)

or pure Mg (74.1 kJ/mol Hy). The Ea for the dehydrogenation was reduced to 147 kJ/mol, slightly

less than the value for pure MgH.. In MgiglniNis ternary system [118], the overall reversible H-

capacity was ca. 3.8 wt%, and the lowest dehydrogenation temperature was downshifted to 230 T

(Fig. 23), much lower than both of Mg (315 <C) and MggsIns solid solution (313 <C). Also, two new

Mg-In-Ni ternary alloy phases were reversibly formed in the two-step hydriding and dehydriding

processes, where partial Ni participated in dehydrogenation reaction. Notably, the equilibrium

pressure of the MgigIn:Nis alloy was 3.62 bar at 300 <T, much higher than those of pure MgH (0.96

bar) and MggsIns solid solution (2.23 bar) under the same conditions. On the other hand, the Ea for

hydrogen desorption reaction was lowered to 107 kJ/mol H., which can be attributed to the addition

of Ni.
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Fig. 23. PCI patterns and isothermal dehydrogenation kinetic curves of MgisIniNis alloy. Reprinted with permission

from ref [118]. Copyright 2014 Elsevier.

3. Complex hydrides
3.1. Overview

Complex hydrides, namely group | and I salts of [AlH4]" (alanates), [NH2]" (amides), and [BH.4]
(borohydrides), consist of an alkali or alkali earth metal cation and a coordination complex anion
where hydrogen is covalently bonded to the central atom (Al, B, and N, etc.) [31]. In comparison
with Mg-based materials and other traditional metal hydrides, complex hydrides have been in the
limelight over the last few decades as solid-state hydrogen materials. Their unparalleled theoretical
hydrogen densities make them promising candidates for a wide range of applications in on-/off-
board hydrogen storage areas [4, 119]. The hydrogen supply of complex hydrides could be achieved
via hydrolysis or thermolysis [120]. Compared to thermal composition, hydrogen supply from
hydrolysis shows precisely controllable hydrogen release, high-purity Hz, and mild operating
temperature, etc [119, 121, 122]. Nevertheless, the hydrolysis reactions are highly irreversible and
cannot be applied for rechargeable hydrogen storage systems. Homogeneously, the difficulty in
reversibly hydrogen uptake of pyrolysis products under moderate conditions, makes it impractical
for vehicular commercial application [123, 124]. Not until the mid-nineties did a significant
paradigm shift occur, when Bogdanovic observed reversible hydrogen sorption/desorption for
titanium-catalyzed NaAlH: at mild conditions [125]. Followed by reversible nitrogen-based
complex hydrides, e.g. LiNH,-LioNH-LiH, discovered by P. Chen [126] in 2002 while A. Zuttel

and K. Yvon and co-authors were among the first to investigate metal tetrahydroborates, e.g. LiBH4
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in 2003 [127, 128]. As the strength of the covalent bonds increases, so does the decomposition

temperature of complex hydrides. Note that the strength of the covalent bond of complex hydrides

is positively correlated with the Pauling electronegativity xP of element A in MAHs complex

hydrides, such as [BH.]" (borohydrides) and [AlH4] (alanates), where [BH.]" (borohydrides) possess

the higher Pauling electronegativity. With the same alkali or alkali earth metal element M, therefore,

the complex hydride MBH. should be more stable than MAIH4. Table 5 presents the theoretical

hydrogen capacity and decomposition temperature of some representative light-metal complex

hydrogen storage materials. This review summarizes recent advances upon complex hydrides and

effective strategies applied to improve the hydrogen release and uptake properties, such as

catalyzing, nanostructuring, cation/anion substitution, and so on.

Table 5. Representative complex hydrides and theoretical hydrogen storage capacity [31].

Complex hydrides Density (g/cm®) Gravimetric density (wt%) Decomposition temperature (<€)

LiAlHq 0.92 10.5 187
NaAlHq 1.28 75 220
Mg(AlH2): - 9.3 135
LiBHa 0.67 18.4 268
NaBH. 1.07 10.7 505
KBHa 1.17 75 585
Mg(BHa)2 0.99 14.8 260
Al(BH2)s 0.79 16.9 -64
LiNH2 1.18 8.8 372
NaNH; 1.39 5.2 210
Mg(NHz2)2 1.39 7.2 360

3.2. Hydrogen supply via thermal decomposition in potential reversible systems
3.2.1. LiAlH4/ NaAlH4/Mg(AlH4)2 hydrogen storage systems

Alanates, one of most typical members of complex hydrides family, consist of a metal cation and
a [AlH4] tetrahedron (where four hydrogen atoms are covalently bonded to a central aluminum
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atom) connected through the ionic bond, such as LiAlH4, NaAlH4, and Mg(AlH4)2, etc. The crystal

structures of the above alanates are shown in Fig. 24, where Li cations are surrounded by five

isolated [AID4] tetrahedral and Na atoms are surrounded by eight [AlH.] tetrahedral, whereas

Mg(AlH,), shows six-coordinated Mg and four-coordinated Al in a distorted MgHs octahedral

geometry. One engaging feature of alanates is that both lithium and sodium salts are readily

available commercially. Also, Mg(AlH4)2 can be easily synthesized via a metathesis reaction

between NaAlH4 and MgH2 [129]. Nonetheless, alkali metal alanates undergo hydrogen release at

a relatively high temperature due to their intrinsic nature combining both ionic bonds and covalent

bonds. For instance, not until the temperature of over 220 € does NaAlH. begin to release hydrogen

slowly [31]. Moreover, the hydrogen desorption of MAIH4 (where M = Na, Li, K) is a complicated

and multi-step process (see in eq 1-3) which starts with melting of the hydride as well as trialkali

metal, hexahydroaluminate (MsAlHs) as the intermediate, where the temperature and pressure of

single-step reaction vary greatly [130, 131].

MAIH; — 1/3M3AIHg + 2/3Al + H; 1)
1/3Ms;AlHs — MH + 1/3Al + 1/2H> (2)
MH — M + 1/2H; 3)

Based on the extremely high decomposition temperature of MH, it may be unsuitable as the

hydrogen storage material for practical vehicular applications [132]. To date, tremendous efforts

have been made to solve the issues of hydrogen sorption/desorption thermodynamics and kinetics,

including catalysis, nanostructuring and composite systems.
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Fig. 24. The crystal structures of (a) LiAIDa4, where Li cations are surrounded by five isolated [AlD4]" tetrahedra.
Reprinted with permission from ref [133]. Copyright 2002 Elsevier; (b) NaAlD4, in which Na atoms are surrounded
by eight [AlH4] tetrahedra in a distorted square antiprismatic geometry. Reprinted with permission from ref [134].
Copyright 2003 Elsevier; (c) Mg(AlHa4)2, showing six-coordinated Mg and four-coordinated Al in a distorted MgHs
octahedral geometry. Views along (A) the a-axis and (B) the c-axis. Reprinted with permission from ref [135].

Copyright 2005 Elsevier.

(1) Catalysis

Since the successful discovery of the Ti-doped NaAlHs system with a reversible hydrogen
capacity 3.1-4.2 wt% H; [125], great efforts on state-of-the-art dopant precursor and doping
technologies have been made to explore the hydrogen release/uptake behaviors of alanates systems.
Generally, the most favorable dopants for the NaAIH4 system are still recognized to be Ti-based
compounds. Initially, Majzoub et al. [136] and Anton’s group [137], reported that the catalytic
activity of TiFs is in accordance with that of TiCls. Subsequently, Wang et al. [138] synthesized Ti-
doped NaAIHs composite by a multi-step mechanically ball milling method, where TiF; exhibited
more superior hydrogen storage performance over analog TiCls, including the considerably reduced

operating temperature and pressure conditions. Besides, Li et al. [139] found that TiN could also
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significantly enhance the hydrogen desorption kinetics and lower the temperature of NaAlHa.
Interestingly, the onset dehydrogenation temperature of 2% TiC-doped system was reduced to ~130
€, and the dehydriding rate reached a maximum value at 183.5 <€, with a hydrogen desorption of
~5.44 wt% at 190.0 €. The Ea for the first and second dehydrogenation steps in the TiN-NaAIH4
system was determined to be 91.70 and 99.93 kJ/mol- Hy, respectively. They [140] also found that
the Co-B catalyst could facilitate hydrogen desorption of NaAlH4, of which the onset temperature
was downshifted to 90 € with the Ea being only 67.95 kJ/mol™. Considering the reversible
gravimetric hydrogen storage density of Ti-doped NaAlH, system, pure Ti was adopted to replace
Ti-based halides to reduce the “dead-weight” of the system, whereas it suffers from extremely
limited enhanced absorption/desorption performance [141]. It may be ascribed to good plasticity of
Ti, thus it’s hard to be well-dispersed in the vicinity of NaAIH4 via ball milling process. To solve
this issue, Fichtner et al. [142] doped small Ti clusters into NaAlH4, in which the launching
desorption temperature was 120 €€ with a hydrogen capacity up to ~5.0 wt%. The Ti-doped system
could be fully hydrogenated within 35 min, and the hydrogen content maintained ~4.2 wt% even
undergoing 20 cycles for de-/hydrogenation. However, the difficulty lies in the synthesis of
nanoscale Ti. Recently, Liu et al. [143] successfully fabricated ultrafine metallic Ti nanoparticles
(3-5 nm) supported on amorphous carbon (nano-Ti@C) through a facile, scalable calcination
process. The as-received nano-Ti@C exhibited remarkable catalytic activity for hydrogen behaviors
in NaAlH4, wherein the NaAIH4 doped with 7 wt% Ti@C released hydrogen from 75 <€ with an
available hydrogen capacity of 5.04 wt% H, within 20 min at 140 <€, as shown in Fig. 25a.
Moreover, the dehydrogenated sample could absorb hydrogen at room temperature and full re-
hydrogenation was achieved within < 3 min at 100 € under 120 bar H; (Fig. 25b.). As shown in
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Fig. 25c. the reversible hydrogen capacity still maintained at 4.97 wt% after 100 cycles,

corresponding to 98.6 wt% of capacity retention.
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Fig. 25. (a) Isothermal dehydrogenation curves of nano-Ti@C-containing NaAlHa, (b) isothermal hydrogenation

curves of the dehydrogenated samples, (c) cycling curves of NaAlH4-7 wt% nano-Ti@C. Reprinted with permission

from ref [143]. Copyright 2019 Royal Society of Chemistry.

Rongeat and co-workers [144, 145] put forward a one-step mechano-chemical synthesis of

NaAlH, with diverse additives (TiCls, CeCls, ScCls, etc.) and compared the reversible hydrogen

release/uptake performance of various doped systems. The catalytic effect of the above dopants was

followed by: TiClz > CeClz > ScCls > Ti. In this regard, TiCls exhibited optimal hydrogen desorption

properties, whereas CeCl; was the best dopant for absorption. Bogdanovic™ et al. [146] applied

trichlorids of Sc-, Ce- and Pr-doped as alternative dopants for TiCls, where ScCls was found to be

highly efficient, for either a nearly theoretical hydrogen capacity (> 4.5 wt% at ~125 <€, expected
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5.0 wt%) or fast kinetics with ~3 times desorption rate as high as the Ti-doped NaAlH. in Fig. 26.

The Ce-doped system exhibited similar kinetics as Sc-doped one, absorbing 4.4 wt% of H»

(calculated maximum: ~4.8 wt%) within 35 min under 10 MPa H-pressure and at 129 <. Especially,

the CeCls-doped system showed excellent cycle stability, and no visible hydrogen capacity loss

occurred even after 29-cycle tests. Recently, Hu et al. [147] compared the catalytic effect of Ce,

CeHy, CeCls and CeAls dopants upon the absorption/desorption performance of NaAlH.. The results

indicated that NaAlH, doped with the Ce-based precursors delivered excellent sorption kinetics and

stable cycling capacity. The rehydrogenation of CeCls-doped system was able to be fulfilled in

approximately 10 min. They considered CeAls to be catalytic active center with the intermediate

CeAl; being observed during sorption and desorption cycles. Furthermore, the NaAlH4 system

doped with CeAl, instead of CeCls possessed higher hydrogen capacity, as a result of bypassing the

formation of the ineffective NaCl. The highest capacity of 4.9 wt% H, close to the theoretical value,

was obtained from NaAlH4 doped directly with metallic cerium. Recently, Liu et al. systematically

studied the catalytic properties of transition metal-based oxides or nitrides supported on porous

carbon (TiO>@C, ZrO@C, TiN@N-C, etc.) upon the hydrogen storage performance of NaAlH4

[148-152]. For instance, the NaAlH4-9 wt% TiO>@C composite started releasing hydrogen from

~63 € and re-hydrogenated starting from 31 <€ (Fig. 27b). As shown in Fig. 27a, the doped system

could rapidly release approximately 4.2 wt% H» (93% of the available hydrogen capacity) within

10 min at 140 < and desorb 4.1 wt% H in 30 min at 140 <€, and the full re-hydrogenation was

achieved at temperatures as low as 50 €€ under 100 bar H» (Fig. 27c). More importantly, the

nanocrystalline TiO.@C-doping sample exhibited a quite good cyclability with the hydrogen

capacity retention remaining 98.9% even after 10 cycles in Fig. 27d-e [148].
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44



dehydrogenation/hydrogenation curves (2 € min) of the 9 wt% TiO@C-containing sample at the 1st and 10th

cycles. Reprinted with permission from ref [148]. Copyright 2015 Royal Society of Chemistry.

Similarly, doping and catalyzing process could greatly enhance the hydrogen release performance

of LiAlH4 [153, 154]. Balema et al. [155] found that LiAlH4 could be converted into LisAlH¢ and

Al at ambient temperature after mechanical milling with 3 mol% TiCls for 5 min. Chen and co-

workers [156] found that the decomposition Ea of LiAlH4 and LizAlHe was estimated to be 43 and

55 kJ/mol Ha, respectively. The initial dehydrogenation temperature was downshifted to 100 <€ after

doping with 2 mol% TiCls. Compared to undoped LiAlH4, the onset dehydrogenation temperature

for the alanate doped with 2 mol% TiC was as low as 85 € and the dehydriding rate of the doped

system was accelerated by 7-8 times at 115 €€ with the hydrogen release amount up to 6.9 wt% at

188 € [153]. The Ea for the dehydrogenation of LiAIH4 and LizAlHs was estimated to be 59 and

70 kJ/mol Ho, respectively. Varin et al. [154] synthesized LiAlH4 + 5 wt% nano-Ni composites via

a ball milling process, which could release ~4.8 wt% of H, within 35 min at 120 € and ~7 wt% H»

at 140 € within 120~170 min. Recently, Ouyang et al. [157] investigated the catalytic activity of

ScCls upon the dehydrogenation performance of LiAlH4 and revealed the catalytic mechanism of

ScCls-doped LiAlH.. The results showed that the onset hydrogen evolution temperature of the

composite doped with 5 mol% ScCls was decreased to 90 €, much lower than undoped LiAIHa, as

shown in Fig. 28. Moreover, the doped system could desorb ~3.6 wt% of Hz in 180 min at 150 °C,

which was twice as much as the desorbed H, from as-milled LiAlH4 under same conditions (Fig.

29). The catalytic effect of the ScCls-doped system lies in the intermediate ScH. formed during the

ball milling process, which promotes the hydrogen release of LiAlH4. However, the hydrogen

uptake capacity of the dehydrogenated sample was merely 0.22 wt% of H> in 6 h under the given
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conditions, and thus further works on exploring the poor reversibility of the ScCls-doped system are

still in demand.
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Fig. 28. Temperature Programmed Desorption (TPD) curves of raw LiAlHas, as-milled LiAlH4 10 min, as-milled

LiAIH4 60 min, LiAlHs-5 mol% ScCls 10 min, LiAlH4-5 mol% ScCls 60 min. Reprinted with permission from ref

[157]. Copyright 2018 Elsevier.
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Fig. 29. Hydrogen desorption curves at 150 °C: (a) raw LiAlH4, (b) as-milled LiAlH4 and (c) LiAIH4-5 mol% ScCls.

Reprinted with permission from ref [157]. Copyright 2018 Elsevier.
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In contrast to the alkali metals alanates, former studies [158, 159] of Mg(AlH,). showed that, the
dehydrogenation of the hydride proceeded without the involvement of [AlHg]s™ as an intermediate

phase, as the Eq. 4-5 listed below:

Mg(AlH4)2 — MgH; + 2Al + 3H, 4)

3MgH: +4A1 — MgyAlz + Mg-Al +3H> (5)

DSC analysis [160] demonstrated that there is a minor endothermic peak located at 147 <C (Fig.
30), corresponding to the first-step decomposition of Mg(AlH4), into MgH» and Al metal. And the
enthalpy calculated from the peak area is ~2 kJ/mol, indicating that Mg(AlH4)> may be unsuitable
as reversible hydrogen material for potential vehicular applications. Fichtner et al. [129]
investigated the kinetic behaviors of Mg(AlH4). by doping with 2 mol% TiCls and they found that
the peak decomposition temperature for the TiCls-doped system could be reduced by up to 45 <C.

However, full dehydrogenation to MgH still requires heating to ~200 <C.

a 0.00

1) Mg(AIH,), — MgH, + 2Al + 3H,
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Fig. 30. DSC curve of Mg(AlH4)2 at a heating rate of 2 <T/min. Reprinted with permission from ref [160]. Copyright

2003 Elsevier.
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(2) Nanostructuring

Nanoscaling is also an effective approach to tailor the hydrogen storage performance of alanates.
Several nanoscaling techniques developed to date include ball milling, vapour deposition, and
nanoconfinement. Andreasen et al. [161] studied the influence of the ball milling process on crystallite
size and desorption kinetics of LiAIH4. As seen in Fig. 31, the first-step dehydrogenation rate is
negatively correlated with the rising the crystallite size. Latter studies also confirmed that ball milling
could enhance the hydrogen desorption kinetics of LiAlIH4. Analogously, Xiao et al. [162] successfully
synthesized nanocrystalline NaAlH4 by ball milling the NaH/AI and 4 mol% TiFs hybrids at H-pressure
of 1.5~2.5 MPa within 50 h. The as-received NaAlH, displayed a highly reversible H-capacity over 4.7
wt % H; with rapid reaction Kkinetics, and it could absorb ~3.5 wt% of H, even at ambient temperature.
The de-/rehydriding curves of the as-received NaAlH, at various temperatures are shown in Fig. 32, of
which the hydrogen uptake capacity ranges from 2.0 wt% at 40 <C to 4.8 wt% H» at 120 <C within 60
min. With regard to the dehydriding process, the hydrogen release capacity increases from 2.5 wt% to

4.7 wt% H; as the temperature varies from 100 to 125 <C in 120 min.
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Fig. 31. Rate constants for first-step dehydrogenation reaction as a function of crystallite size. Reprinted with
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permission from ref [161]. Copyright 2005 Elsevier.
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Fig. 32. Hydriding/dehydriding curves of NaH/Al+4 mol% TiFs ball milled for 50 h and 2.5 MPa H-pressure at

different temperature. Reprinted with permission from ref [162]. Copyright 2009 Elsevier.

To solve the troublesome issue upon the maintenance of nanoscale size of alanates obtained from the
ball milling method, researchers and scientists proposed space-confinement accordingly. The
nanoscaffold materials, including carbon-based materials [163], ordered mesoporous silica [164] and
metal-organic materials [165], have been developed to support alanates up to now. A typical space-
confined procedure [164] is illustrated in Fig. 33, where NaAlH, is loaded into ordered mesoporous silica
(OMS) with a pore size of 10 nm through THF solvent-mediated infiltration. The space-confined system
showed a lower dehydrogenation temperature and faster kinetics than that of NaAlH.. Moreover, the
rehydriding of the dehydrogenated NaAlH4 composite could be achieved at 125~150 <C under 3.5~5.5
MPa of hydrogen pressure. Stephens et al. [166] successfully incorporated NaAlH, into carbon aerogel
with pore size up to 13 nm by melt infusion under ~18 MPa H2 overpressure at 189 <C. The

dehydrogenation temperature was reduced to ~140 <C from above 230 <T in the bulk catalyst-free alanate
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and a facile rehydrogenation process with ~85% of the initial capacity was achieved at ~160 < under

10 MPa H,. De Jong’s group [163] prepared nanosized NaAlH, particles supported on a surface-oxidized

carbon nanofiber support (CNFox), of which the initial desorption temperature of the NaAlH4/CNFox

was downshifted to 40 <C, much lower than that of the physical mixture (150 <C) under the same

conditions. Afterwards, Jensen et al. [167] proposed that TiCls-doped NaAIH. constrained in nanoporous

carbon aerogel could facilitate far more rapid dehydrogenation, compared to both confined TiCls-free

NaAIlH4 and bulk milled samples of NaAIH4/TiCls. Its onset dehydrogenation temperature was as low as

33 T and the hydrogen release rate reached a maximum at 125 <C, indicating favorable synergetic effect

between space-confinement and catalyst addition. Moreover, NaAlH, in the TiCls-modified scaffold

desorbed 2.9 wt% of H; in the first dehydrogenation and 1.6 wt% H, for the fourth cycle. Recently, Sun

and co-workers [168] put forward a nanoconfinement system, of which NaAlHs was exclusively

embedded in ordered mesoporous carbon (MC) with a pore size of 4 nm. The confined NaAlH, exhibited

faster dehydrogenation kinetics than that of pure NaAlH4 with a reduction by ~70 kJ/mol H; for Ea.

Specifically, the nanoconfinement system could release 5.0 wt.% of H, at 180 <T in > 40 min, whereas

the hydrogen release content of the pristine material was 0.5 wt.% H; even over 90 min under the same

conditions. The cycling properties for the space-confined NaAlHs were also improved remarkably

relative to the pristine material. During cycling, the confined system released 5 wt% H, for the first cycle,

which was marginally downshifted to 4.6 wt% in the later five cycles, and remained at ~4.2 wt% H,

through subsequent cycles (Fig. 34). This slight reduction for capacity may be the loss of active

byproducts, because of the oxidation or migration at the openings of pores. By comparison, the hydrogen

desorption capacity of the pristine NaAIH4 was merely 0.5 wt% in the first cycle and decreased to < 0.2

wt% of H, after five cycles for the equivalent conditions.
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Nanoconfinement can also enhance the hydrogen storage properties of LiAlHs and Mg(AIH4).

Recently, Wang et al. [169] demonstrated a reversible space-confined LiAlH, hydrogen storage system,

of which LiAlH4 with particle size varying from 3 to 15 nm was incorporated into the porosity of graphite

with a high surface area. The onset hydrogen desorption temperature of the space-confined LiAIH, was

near 100 <C and the composite could be rehydrogenated at 300 T and 7 MPa H; pressure. The result

indicated that the nanoconfined LiAIH4 demonstrated direct hydrogen reversibility through the LizAlHg

route. Pan’s group [170] first proposed a mechanical-force-driven physical vapor deposition procedure

for preparing the support-free Mg(AlH.). nanorods with diameters of 20-40 nm (Fig. 35). As shown in

Fig. 36, the hydrogen storage performance of the support-free Mg(AlH4), was more superior to those of

the bulk counterparts, of which the total hydrogen capacity maintained 9.0 wt% and the dehydrogenation

temperatures were lowered markedly with the reduction of the onset and end temperatures by ~30 <C

and ~80 T, respectively. The dehydrogenated Mg(AlH4), nanorods absorbed hydrogen from 120 <TC,

much lower than that (~150 <C) of the microrods. Notably, the morphology of the Mg(AlH4), nanorod

persisted throughout the dehydrogenation and hydrogenation processes, suggesting a great potential for

reversible storage.

Multiple NaAlH, resided on
NaAlH, / THF * impregnation external surfaces
solution . <:\
v Incipient wetness £ £ Washing /~._ Solvent

with THF _/evaporation

OMS NaAlH/OMS

Fig. 33. Preparation process for NaAlH4 nanoparticles space-confined in OMS. Reprinted with permission from ref

[164]. Copyright 2008 ACS Publications.
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(3) Composite systems
Multi-phase and multi-scale integrations have been developed for optimizing the comprehensive
properties of alanates. For example, Vittetoe’s group [171] studied the hydrogen evolution

behaviors for the composite of LiAlH4 and nano-MgH- obtained via mechano-chemical milling at
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ambient temperature. They found that the nanosized MgH; had superior hydrogen performance on

the parts of onset desorption temperature, hydrogen release amount and kinetics over the

commercial one. For the 2 h-milled mixture, the initial hydrogen release temperature was decreased

to 90 <C with a H-capacity of ~5.2 wt% (200 <C). The life-cycle tests revealed that the destabilized

composite possessed ~5 wt% reversible capacity at a temperature below 350 <C, though the AH for

dehydrogenation was estimated to be 85 kJ/mol Hy. Ismail et al. [172] reported the enhanced

hydrogen storage behaviors of LiAlHs-MgH, composites doped with Fe.Os nano-powder. The

results indicated that the addition of 5 wt% Fe,O3 into the composite could decrease the initial

desorption temperature to 95 <C, ~40 <C lower than the undoped one. Moreover, the Ea for the

dehydrogenation was lowered from 125.6 to 117.1 kJ/mol H; for the Fe,O3z-doped system. They

believed that the intermediate LixFesOs worked as an actual catalyst in the MgH-LiAlIHs-Fe20s3

composite, which was favorable for the interaction of MgH» and LiAlHa.

A similar effect occurs in the NaAIH4-MgH system. Yu’s group [173] prepared 4MgH>-NaAlH.

composite by mechanically ball milling, of which the onset desorption temperature was downshifted

by ~50 <T (as shown in Fig. 37) with the Ea for the MgH,-relevant decomposition being decreased

to 148 kJ/mol (20 kJ/mol less than that for as-milled MgH_). Nevertheless, both of the absorption

kinetics and hydrogen capacity of MgH2-NaAlH. were inferior to MgH: (Fig. 38). Subsequently,

they [174] introduced TiFs to further improve the dehydrogenation properties of the MgH,>-NaAIH4

composite system. The results indicated that the system doped with 10 wt% TiFs exhibited lower

dehydrogenation temperature and remarkably reduced Ea for each step dehydrogenation process

compared to the undoped one. It was believed that the in-situ formed Ti-Al phase during the ball

milling process acted as a true catalyst in the TiFz-doped composite. Recently, Cheng et al. [175]
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introduced TiH; to the above composite by ball milling method, resulting in the onset hydrogen
release temperature of ~100 <C (which is lower by 50 T than that of 4MgH2-NaAIH4 composite)
with much lower Ea (68 kJ/mol H;) than the undoped system (159 kJ/mol H>). Significantly, the Ea
for rehydrogenation in the TiH.-doped system was markedly reduced from 161.6 kJ/mol H of
4MgH,-NaAIlH4 to 125.8 kd/mol Hz. The enhanced Kinetics may be the formation of intermediate
phase AlsTi, facilitating the recombination of MgH> during the hydrogen absorption process. Wang
at el. [176] systematically investigated the synergetic effect of NaAlH4 and TiFs upon dehydriding
performance of Mg(AlHa4).. The initial temperature for hydrogen release for the co-doped composite
was reduced to 74 <C, ~59 T lower than that of pristine Mg(AlH4)2. On the other hand, the
desorption kinetics of the co-doped system was also enhanced, releasing ~94% of the total amount

hydrogen in 48 min with the Ea being 85.6 kJ/mol H..

5k !
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-6 | —e— as-milled MgH,

. [ —4— 4MgH, + NaAIH,
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Fig. 37. TPD curves of the as-milled MgH2, the as-milled NaAlHa4, and the MgH2-NaAlH4 composite. Reprinted

with permission from ref [173]. Copyright 2011 Elsevier.
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3.2.2. LiBH4/NaBH4/Mg(BHa)2 hydrogen storage systems

In comparison with alanates, light-metal borohydrides possess higher theoretical hydrogen
content (> 10 wt% Hy, see in Table 5), such as LiBH4, Mg(BHa)., and NaBHa4, etc. The light-weight
metal borohydrides are recognized as one of the most promising solid hydrogen materials for their
unparalleled hydrogen densities [177, 178], much higher than the ultimate target of 6.5 wt% by
DOE. The crystal structures of the exemplary borohydrides are shown in Fig. 39, where the low-
and high-temperature phases of LiBH4 are determined to be orthorhombic and hexagonal structures
and the structure of NaBHa4 is cubic as well as a crystal structure of hexagonal Mg(BHa).. The overall
decomposition reaction of alkali metal borohydrides is ascribed as [31]:

MBH; — MH + B + 3/2H, (6)

or MBH;— M+B+2H; (M
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The thermal decompositions of alkaline earth borohydrides proceed as the follows [179-181]:

M(BH.), — MH; + 2B + 3H; )]
or M(BH4)2 — MB> + 4H> (9)
or  M(BH4)2 — 2/3MH> + 1/3MBg + 10/3H; (10)

Some theoretical calculations and thermal desorption experiments demonstrated that the

decomposition temperature of the single metal borohydrides was empirically well-related to the

Pauling electronegativity of the metal cations. The charge transfer between M™ and [BH4] is a

critical factor for the stability of M(BH4)n, where the decomposition temperature of M(BH.)n is

negatively correlated with the Pauling electronegativity yP of M. Note that the Pauling

electronegativity of Na and K is lower than that of Li, rendering NaBH4 and KBH4 unsuitable as

reversible hydrogen storage materials for potential on-board applications. For example, NaBH4 and

KBH, deliver dehydrogenation temperatures over 500 <C [31]. On contrary, the hydrolysis of

NaBH4 possesses numerous appealing features, such as high gravimetric hydrogen storage capacity

(up to 10.8 wit%), precisely controllable hydrogen release, high hydrogen purity, and

environmentally benign by-products. More importantly, the regeneration of NaBH4 can be readily

achieved from its hydrolysis product (NaBO xH,0) in the presence of reductants, enabling a wide

utilization of NaBH. for hydrogen storage. With regard to Mg(BHa)2, the decomposition products

could hardly be rehydrogenated back to Mg(BHsa)., apart from some extreme conditions (400 T

and 95 MPa H; pressure) [182]. Few studies are focused on Al(BH4)3 because of its spontaneous

hydrogen release below room temperature [183, 184]. Of late, researchers and scientists are

primarily devoted to investigating the hydrogen absorption and desorption behaviors of LiBH..

LiBH4 undergoes three-stage for hydrogen release with ~13.8 wt% of H, desorption at a low heating
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ramping rate of 0.5 </min with LiH and B as dehydrogenation products [185], as shown in Fig. 40.

Orimo et al. [186] confirmed the existence of the intermediate phase Li;B12H12 during the hydrogen

release process and they also observed other impurity gases (such as ByHg) released in

dehydrogenation. Fig. 41 shows the schematic enthalpy diagram of the hydrogen evolution reaction

for LiBHg4, including the intermediates and thermal decomposition products. The most stable state

is LiBH4 with the low-temperature phase Pnma and it would convert into the high-temperature

modification (P6smc) at the temperature of ~118 <C, followed by melting around 280 <C.

Subsequently, hydrogen desorption starts and undergoes the above-discussed intermediate phase(s),

resulting in LiH and solid boron as final products. Due to the high stability of LiH (AHf = -181.4

kJ/mol) of Hy)), its dehydrogenation proceeds at temperatures above 727 <C, thereby making it

usually not practical in technical applications. Generally, the main dehydrogenation temperature of

pristine LiBH4 is ~400 <C under ambient pressure and the rehydrogenation conditions of LiH and

B mixtures are extraordinarily harsh (at 600 < and under 35MPa H; pressure), caused by chemical

inertness of boron [124]. In this review, we mainly summarized the recent progress upon LiBHs,

particularly emphasizing on the thermodynamic and kinetic tailoring strategies via nanostructuring,

catalysis, cation/anion substitution, and reaction destabilized systems.
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Fig. 39. (a) Low- and high-temperature structures of LiBH4 determined from XRD. Blue, green, and red spheres

represent boron, lithium, and hydrogen, respectively. Reprinted with permission from ref [185]. Copyright 2007

Elsevier. Crystal structure of cubic (b) a-NaBHa. Reprinted with permission from ref [187]. Copyright 2010 ACS

Publications, (¢) y-Mg(BHa4)2. Reprinted with permission from ref [188]. Copyright 2011 Wiley Online Library.
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Fig. 40. Integrated thermal desorption from LiBHs4 measured at various heating rates. The structure for an

intermediate phase of Li2B12H12 is shown as the inset. Reprinted with permission from ref [185]. Copyright 2007

Elsevier. Inset reprinted with permission from ref [186]. Copyright 2006 American Institute of Physics.
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permission from ref [185]. Copyright 2007 Elsevier.

(1) Cation/anion substitution

Orimo et al. [189, 190] systematically investigated the thermodynamics of borohydrides with a
single cation through first-principles calculations and thermal desorption experiments. They found
that the decomposition temperature of the single metal borohydrides is empirically related fairly
well with the Pauling electronegativity of the metal cations. Accordingly, the first-principles
calculations indicated that charge transfer between Mn* and [BH.] is a linchpin factor for the
stability of M(BHa)n, where the decomposition temperature of M(BHa4), is negatively correlated
with the Pauling electronegativity yp of M [191], as shown in Fig. 42. Therefore, it may be possible
to tailor the thermodynamic stability of LiBH. via introducing more electronegative elements to
reduce the charge transfer from Li* to [BH.]", thereby weakening the ionic bond between Li* and
[BH4]". Orimo’s group [192] proposed the partial substitution of Li with Cu, because of almost the
same ionic radii of Cu* and Li* as well as the larger electronegativity of Cu. Assuming the same
crystal structure as orthorhombic LiBHa, the calculations on (Li;-xCux)BHa4 were performed for x =
0.25, 0.5, 0.75, and 1. It was confirmed that the heat of formation is increased by ramping content
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x of Cu. The optimum x was predicted to be x ~ 0.3 for practical applications. Subsequently, several

typical multi-cation borohydrides have been synthesized, such as LiZr(BH4)s, LixZr(BHa)s,

LiZna(BH4)s, LiK(BHa)2, LisAl3(BH4)13, LiMn(BHa4)s, LiSc(BHa4)s, etc [193-199]. The novel

borohydrides mostly exhibits moderate thermodynamics between LiBHs and M(BH4)n. Normally,

two main strategies are applied to synthesize MLi(BH4)m. One is mechanically ball milling the

mixture of LiBH4 and M(BHa),, and another is the mechanochemical synthesis scenario based on

the following reaction [200]:

MCIn + leBH4 — MLim-n(BHA)m + nLlCI (11)

Recently, Lindemann et al. [201] synthesized AlsLis(BH4)1s (Fig. 43 shows a cubic unit cell

structure) via high-energy ball milling AICI; and LiBH4 mixtures. The onset dehydrogenation

temperature of the Al-Li-borohydride was as low as ~70 °C, accompanied by the formation of

LiBH4 in the meantime. Unfortunately, the release of diborane (BzHs) and the Al evaporation

restricted the reversibility of AlsLia(BHa4)13. This bottleneck might be broken by the formation of a

boride.

Apart from cation substitution, partial substitution for [BH4] ligand or H- in the complex anion

can also lower the thermodynamic stability of LiBH4. For instance, a density functional theory study

indicated that LiBHs.xFx with an orthorhombic structure may be obtained by partially replacing H-

in LiBH4 with F. As the substitution mass of F- reaches 7% (i.e., LiBHz 75Fo.25), the computational

decomposition enthalpy is reduced from 60.9 to 36.6 kJ/mol H,. This gives an expected

dehydrogenation equilibrium pressure of 1 bar H; at ~100 T with a theoretical H-capacity over

11.3 wt% H, [202]. Fang et al. [203] put forward a reversible dehydrogenation system of LiBH4

doped with titanium halides (TiCls or TiFz) combining the synergetic effect of catalysis and anion
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substitution. In particular, TiFz; exhibited a more superior promoting effect than TiClz, on the
reversible dehydrogenation of LiBHa. The results revealed that the catalytic effect may be attributed
to in-situ formed Ti hydride in the milling or heating process. On the other hand, the F anion could
readily substitute H- located in both LiBH4 and LiH lattices (Fig. 44), delivering a favorable
thermodynamic modification, where AH for the dehydrogenation of LiBH4-0.04TiF3; composite was
decreased to 45 kJ/mol from 54 kJ/mol H, for neat LiBH4. This result may provide a new conceptual

basis for designing novel hydrogen storage materials with the united effect of functional cation and

anion.
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Fig. 42. Dehydrogenation temperature (Tq) as a function of the Pauling electronegativity yp. The inset shows the

correlation between Tq and estimated AHaes for the desorption reaction. Reprinted with permission from ref [191]

Copyright 2008 Elsevier.
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Fig. 43. Unit cell of AlsLia(BHa4)13. Four [BH4]" tetrahedra (blue) and one AI3* cation (green) form the complex anion

[Al(BH4)4]". Four Li* cations (red) bonded to one [BH4] tetrahedron (brown) in the centre form the complex cation

[Lis(BH4)1**. Reprinted with permission from ref [201]. Copyright 2010 Wiley Online Library.

) 4 %9 0:5°0, + + ©9©
LiBH, LiH, 5 1.5H,

Fig. 44. Reversible dehydrogenation in the F-substituted LiBH4 system. Reprinted with permission from ref [203].

Copyright 2011 ACS Publications.

(2) Catalyst modification

The catalyst doping is an effective strategy to lower the Ea for multiple-step reactions, enabling
fast de-/rehydrogenation kinetics of LiBH4. The catalysts can be summarized into three groups:
metals and compounds, metal oxides and metal halides, and carbon-based materials (carbon
nanotubes, activated carbons or graphene).
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For metal and compound dopants, taking Al catalyzed LiBH4 for instance, over 7.2 wt% of Hy is

liberated in ~3 h at 450 <C, but the rehydrogenation H-capacity is reduced to 3 wt% after 4 cycles

at 400 <C under 100 bar H; [204]. Yu et al. [205] found that the hydrogen desorption kinetics of Ni-

doped LiBH,; was enhanced remarkably. The desorption plateau pressure of the composite was

0.023 MPa, 0.057 MPa and 0.103 MPa, respectively, at 320 T, 350 <C, and 400 <C, whereas no

plateau is observed for pristine LiBH4 even at ~404 <C. In addition, the dehydrogenated products

could be converted partly into LiBH4 at 600 <C under 10 MPa H-pressure. Puszkiel et al. [206]

synthesized MgsoNi-LiBH4 composite by ball milling under an argon atmosphere, which delivered

a considerable hydrogen capacity of 7 wt% H; at 300 T in only 5 min. Further analysis of the

composite confirmed that a new irreversible Mg-B interaction, i.e., MgNisBz phase, was formed

during hydrogen cycling, which might influence the kinetics of the respective composite. Recently,

Zhu’s group [207] synthesized CoB with different nanostructures via a chemical process and then

doped with LiBH.. It was found that CoB could facilitate the de/rehydrogenation of LiBHa, and the

catalytic activity of CoB depends heavily on its morphology, being approximately in the order of

mulberry-like > waxberry-like > chain-like > flake-like > rod-like. The onset hydrogen release of

LiBH, took place at 170 <C and the majority of H, release was ~ 350 <C with a maximum H-capacity

of 10.4 wt% H,. Significantly, almost full reversibility was achieved at 400 < under 10 MPa H,

remaining 9.6 wt% of H. even after four cycles. The de-/rehydrogenation curves of LiBH catalyzed

by mulberry-like CoB and the associated catalyzing mechanism are shown in Fig. 45. The excellent

catalytic effect may be attributed to the uncompensated electronic structure of CoB resulted from

the electron transfer from B to Co, making boron electron-deficient and cobalt electron enriched.
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Fig. 45. The reversible dehydrogenation of LiBH4 doped with the mulberry-like nanostructured CoB and schematic

illustration of de-/rehydrogenation mechanism. Reprinted with permission from ref [207]. Copyright 2014 Elsevier.

Metal oxides (SiOz, V20s, ZrO,, TiO2, SnO3, and Fe,0s, etc.) and halides (TiCls, TiFs, and ZnCl,,
etc.), have been discovered to facilitate the dehydrogenation of LiBH.. Zuttel et al. [178] found that
the hydrogen evolution of LiBH4 was successfully catalyzed with SiO; and the major hydrogen
desorption started at approximately 200 T as well as the hydrogen capacity of 9 wt% H, below
400 <C (Fig. 46). Yu et al. [208] investigated the hydrogen desorption of LiBH4 doped with various
oxides (V20s, SiO», TiO2 and so on) and they found that the LiBHJ/oxide mixtures possessed much
lower dehydrogenated temperature. For example, the initial dehydrogenation temperature was
reduced as low as 100 <C for LiBH4/Fe;O3 mixtures (mass ratios of 1:2), and the majority of the
hydrogen (~6 wt %) could be released after heating to 200 <C (Fig. 47). The order of destabilization
effect of LiBH4 for the oxides was Fe;Oz > V205 > Nb,Os > TiO, > SiOs, as shown in Fig. 48.
Further results revealed that the enhanced desorption behaviors in LiBHa4/oxides were resulted from
a redox reaction: xLiBH4 + MyO; — LixMy0O; + XB + 2xH.. Particularly, they systematically studied
the effect of TiO. with different addition amount upon the dehydrogenation of LiBH4 [209]. As the
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weight ratio of LiBH4-TiO2 was 4:1, there were three main hydrogen evolutions observed at 325 <C,

405 <C, and 525 <T with the full hydrogen release capacity of 11.9 wt% (Fig. 49). For the LiBHa-

TiO, sample with a ratio of 1:1, of which the onset temperature decreased to 150 <T as well as three

peak temperatures at 245 <C, 390 <C, and 465 <C with the total weight loss up to 9.0 wt% H,. Only

one dehydrogenation peak was observed for the LiBH4-4TiO, sample at 245 <C as well as a shoulder

at ~ 180 T, as opposed to the other samples. These implied that the doping quantity of TiO also

played a significant role in destabilizing LiBH4. Moreover, XRD and in-situ neutron diffraction

revealed that the destabilization of LiBH4 by the oxide was caused by the formation of lithium

titanate. The oxide-modified borohydride (75% LiBH4 + 25% TiOy), reported by Au and co-workers

[210], could release 9 wt% of H, when heated from 100 to 600 <C and absorb ~8 wt% H; at 600 T

under 7 MPa H-pressure. The pressure was much lower than that for pristine LiBH4 (350 bar) at the

same temperature. With respect to metal halides, several types, including TiCls, TiFs, and ZnF», etc.,

could dramatically reduce the hydrogen desorption temperature of LiBH4, whereas a number of

other halides, such as MgF,, MgCl,, CaCl,, SrCly, or FeCls, could scarcely influence the

dehydriding temperature [211]. The hydrogen desorption of LiBH4-0.1TiF3 composite was ~3.5 wt%

H; at 150 <C and ~8.5 wt% H; at 450 <C, respectively, with a rehydriding capacity up to 6 wt% H,

at 500 < and 7 MPa pressure. The initial H release temperature of LiBH4 + 0.5TiCls, LiBH4 +

0.5TiFs, and LiBH4 + 0.5ZnCl, was reduced to room temperature, but they suffered from

irreversibility owing to the unrecoverable boron loss caused by diborane emission. Yu et al. [212]

systematically studied the role of TiFs upon the de-/rehydriding behaviors of LiBH4 and they found

the LiBHa-TiFs mixtures showed remarkably improved thermodynamics and Kinetics for hydrogen

release. The desorption temperature was decreased as low as ~100 <T and the 3LiBHs-TiF3
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composites could release 5 wt% H; below 250 <C and 6.4 wt% H; at < 500 <C. Meanwhile, the
dehydrogenated by-products were partially rehydrogenated under 10 MPa H; at 350 <C. The results
revealed that the unfavorable dehydrogenation conditions for LiBHs-TiFz may be resulted from an
exothermic reaction:

3LiBH4 + TiFs — 3LiF + TiBz + B + 6H; AH = -157.1 kJ/mol (12)
The above exothermic process appears to be thermodynamically unfeasible for rehydrogenation.
Further investigations indicated that the poor reversibility may be attributed to the formation of

another new borohydride.
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Fig. 46. Thermal desorption spectra of LiBHa4. The sample was heated after evacuation at room temperature with a
heating rate of 2 K/min. The gas flow was measured as a function of time and the desorbed hydrogen was computed
from the integrated gas flow: (a) pure LiBH4 and (b) LiBH4 mixed with SiO2 as catalyst. Reprinted with permission

from ref [178]. Copyright 2003 Elsevier.
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Fig. 47. MS (a) and TGA (b) results for the hydrogen evolution from ball milled LiBH4 and TiO2 mixtures with a
mass ratio of 1:4, LiBH4/Nb2Os (1:4), LiBH4/Fe20s (1:2), and LiBH4/V20s (1:2), respectively. Reprinted with

permission from ref [208]. Copyright 2009 ACS Publications.
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Fig. 48. MS (a) and TGA (b) results for the hydrogen evolution from LiBH4-TiO2 (mass ratios of 1:4), LiBH4-Nb20s
(1:4), LiBH4-Fe203 (1:2), and LiBHs-V20s (1:2) mixtures after 5 min hand milling. Reprinted with permission from

ref [208]. Copyright 2009 ACS Publications.
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Fig. 49. MS (a) and TGA (b) results for the hydrogen evolution from LiBH4 (S1) and LiBHs-TiO2 mixtures with
mass ratios of 4:1 (S2), 1:1 (S3), and 1:4 (S4) after 1.5 h of ball milling. Heating rate was 10 <T/min. Reprinted with

permission from ref [209]. Copyright 2008 ACS Publications.

With respect to carbon-based materials for the dehydrogenation of LiBH4, Wang’s group [213]
found that almost the carbon additives, including graphite (G), single-walled carbon nanotubes
(SWCNT) and activated carbon (AC), could improve the H-exchange kinetics and H-capacity of
LiBH4 to some extents. In particular, Yu et al. [214] explored the hydrogen behaviors of LiBH4
doped with diverse ratios of carbon nanotubes (Cnano) Via the ball milling process. The LiBH4-Crano
mixtures exhibited superior dehydrogenation behaviors, wherein the hydrogen desorption started
from 250 <C and the majority of H, was released as low as 360 T (Fig. 50). Subsequently, Fang et
al. found [215] that as-received SWNTSs had a striking promoting effect on the de-/rehydrogenation
properties of LiBHa, thus rendering it reversibly for hydrogen release/uptake under markedly
reduced operating temperature and pressure conditions. For the 1 h-milled LiBH4-30 wt% SWNTs
composites, ~11.4 wt% of H, was released in 50 min at 450 <C, and over 6.0 wt% H> could be
recharged at 400 <C under an initial H-pressure of 10 MPa within 10 h. On the other hand, carbon

nanotubes also exerted a space-confined effect to some extent.
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Fig. 50. MS signals for the evolution of hydrogen from LiBH4 and LiBH4-Cnano mixtures milled for 1 h. SO, LiBH4;
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S1, LiBHs-Cnano (mass ratio of 2:1); S2, LiBH4-Crano (1:1); and S3, LiBH4-Cnano (1:2). Reprinted with permission

from ref [214]. Copyright 2007 American Institute of Physics.

(3) Nanostructuring

Nanoengineering has been demonstrated to be an effective method in tailoring both kinetics and
thermodynamics of LiBH4 during hydrogen release/uptake, mainly including space-confinement and
direct synthesis strategies. Table 6 summarizes the de-/rehydrogenation properties of LiBH4 loaded
upon various scaffolds or directly synthesized without supports. Similar to MgH», confined
borohydrides may be obtained via incorporating host materials into various carbon-based porous
nanostructures, ordered mesoporous silica or other mesoporous templates. Gross et al. [216] firstly
proposed to incorporate LiBH4 into nanoporous carbon scaffolds with the diameter pore size of 13
nm. The dehydrogenation rate of the space-confined system was ~50 times faster than that for the
bulk counterpart at 300 <C. The dehydrogenation Ea was downshifted to 103 kJ/mol H; from 146
kd/mol for the bulk one. Furthermore, the nanostructured LiBH, also exhibited a considerable
cycling stability over multiple de-/sorption cycles. Fang et al. [217] adopted the same approach to
incorporate LiBH4 into AC scaffolds with a pore diameter of 2 nm, wherein both of the hydrogen sorption
kinetics and thermodynamics were dramatically improved. The LiBH4/AC composite began to release Ha
from merely 220 °C, ~150 °C lower than that from the bulk counterpart. Moreover, the dehydrogenation
rate and dissociation H> pressure of LiBH4#/AC composite were increased by nearly one order of
magnitude than those for pristine LiBH4. Liu et al. [218] systematically investigated the pore-size effects
of space-confined LiBH4 upon the phase transition, de-/rehydrogenation properties and emission of

diborane. It was indicated that both of the structural phase-transition and melting point of LiBH4 shifted
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to lower temperature with the reduction of pore size and finally vanished below a pore size around 4 nm.

Accordingly, both of the sorption temperature (Fig. 51) and the emission of B,He showed a monotonic

dwindling with decreasing pore size (Fig. 52). Excellent reversibility was achieved under 6 MPa H-

pressure at 250 °C, and it might be reversible under even more moderate conditions (Fig. 53). This

demonstrates that the reaction routes and hydrogen storage properties of LiBH4 could be tailored by the

pore-size effects of nanoconfinement.

Recently, Sun et al. [219] incorporated LiBH4 into SBA-15 (a kind of ordered mesoporous silica) with

a pore size of 9 nm through impregnation (Fig. 54). The space-confined system was firstly reported to

release the majority of H» at ~100 °C without other impurity gases being discharged (Fig. 55). The onset

desorption temperature of the confined system was lowered to 45 °C with a H-capacity of 8.5 wt%

(calculated by LiBHy itself) within 10 min at 105 °C. Unfortunately, no visible reversible hydrogen storage

could be observed for the LIBH4/SBA-15 system even at 450 °C under 7 MPa H-pressure. Li et al. [220]

developed an evaporation-induced self-assembly strategy to diversely distribute LiBH4 nanoparticles with

a controllable sphere, polygon and hollow geometries in poly-methylmethacrylate (PMMA). The particle

size of LiBH4 could be readily controlled by varying the concentrations of LiBH4/THF solution (Fig. 56).

These LiBH4 nanoparticles with altered sizes exhibited remarkable effects on the dehydriding properties,

where the main dehydrogenation peak evolved to 72 °C for a ~10 nm sample from 488 °C for a bulk one,

as shown in Fig. 56d. However, the dehydrogenation capacity was not delivered by the authors. In the

same year, Huang et al. [221] prepared an air-stable LIBH4@PMMA composite with a loading weight of

28 wt% LiBH4 as well as the diameter distribution of nanoparticles ranging from 19~73 nm. The

LiBH4@PMMA composite showed dramatically enhanced desorption properties in comparison with the

bulk counterpart, which began to release hydrogen at 53 °C with the first main dehydrogenation peak
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located at 116 °C and hydrogen desorption reached 5.2 wt% H» at 162 °C within 1 h (Fig. 57). Recently,

Zang et al. [222] confined LiBH4 into a novel two-dimensional layered Tiz;C, MXene through the

impregnation method, where the onset desorption temperature was reduced to 172.6 °C. The

LiBH4@2Ti3C; hybrid could release 9.6 wt % of H> at 380 °C in 1 h, whereas bulk LiBH4 merely desorbed

3.2 wt% H, under the same conditions. The remarkably lowered desorption temperature and enhanced de-

/rehydrogenation kinetics may be the synergetic effect of destabilization and nanoconfinement caused by

the unique layered structure of TizCo.

With regard to low hydrogen storage capacity with a small amount loading ratio of hydrides on a

nanoscaffold or matrix, novel support-free synthesis strategy of nanoscaling complex hydrides has

been developed. For example, Aguey-Zinsou’ group [177] prepared NaBHj particles with the size

of < 30 nm by an antisolvent precipitation method, delivering a reduction of the melting point as

well as the onset temperature for hydrogen release at 400 <C. Further encapsulation of these

nanoparticles upon the reaction of nickel chloride at their surface enabled the synthesis of a core-

shell nanostructure, NaBH4@Ni. The majority of hydrogen was released as low as 418 <C, and a

reversible and steady hydrogen capacity of 5 mass % was achieved within 60 min at 350 <C for

NaBH4@NIi, corresponding to 80% of the theoretical hydrogen content.

Table 6. Hydrogen de-/rehydrogenation properties of space-confined LiBHj4 in different templates.

Hydrides/supports Loading Infiltration Hydrogen capacity @ Conditions: temp (C)  Ref.
ratio (Wt%)  methods (Wt%) (Pressure: Mpa)
1t Dehyd. 1%t Rehyd. Dehyd. Rehyd.

LiBH4/SWCNT 33 Ball milling 12 - 200-500 - [223]
LiBHa/carbon 30 Solvent 13.3 - 200-300 - [224]
LiBH4/SBA-15 33 Solvent 8.5 - 105 - [219]
LiBH4/SiO2 50 Solvent 7 - 200-350 - [225]
LiBH4/AC 28.4 Solvent 11.2 6.6 220-350 300 (5) [217]
LiBH4/NPC 10-30 Melt 75 ~4 <350 250 (6) [218]
LiBH4/Cu-MOFs 10 Solvent 9.5 - 60-200 - [226]
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LiBH4/TiO2 50 Solvent 11 - 220-300 - [227]

LiBHJ/PMMA 28 Solvent 5.2 - 53-162 - [221]
LiBH4/Ni@C 25 Melt 10 - 200-400 - [228]
LiBH4/TisC2 33 Solvent 12.6 6.5 173-380 300 (9.5)  [222]

2 Hydrogen capacity is given with respect to LiBHa.
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Fig. 51. Pore-size dependence of temperature with maximum dehydrogenation rate for nanoconfined LiBHa in

different carbon templates with a loading of 10 wt%. Reprinted with permission from ref [218]. Copyright 2011 ACS

Publications.
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from ref [218]. Copyright 2011 ACS Publications.
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Fig. 54. TEM images of (A) SBA-15 and (B) LBH4/SBA-15 viewing normal to the pore axis; (C) LBH4/SBA-15

along the pore axis; (D) dehydrogenated LBH4/SBA-15. Reprinted with permission from ref [219]. Copyright 2012

Elsevier.
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Fig. 55. TPD-MS spectra for LBH4/SBA-15 and the pristine LiBH4. Reprinted with permission from ref [219].

Copyright 2012 Elsevier.
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Fig. 56. TEM images for LiBH4 nanoparticles with different sizes formed by changing the LiBH4/THF concentration
from (a) 0.10 mol/L, to (b) 0.25 mol/Land to (c) 0.50 mol/L, and (d) the normalized hydrogen desorption curves for
the above three samples and bulk LiBHa4. Reprinted with permission from ref [220]. Copyright 2014 Royal Society
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Fig. 57. MS signals of the LiBHs@PMMA composite (c) and after exposure of the LiBH4@PMMA composite to
air for 1 h (d), 4 h (e), 8 h (f), compared with the pure PMMA (a) and LiBH4 (b) (left). Isothermal dehydrogenation
kinetic curves of the LiBHs@PMMA composite under a vacuum at 62 <C, 101 <C, 141 <T and 162 T, compared
with pure LiBH4 at 260 <C (right). Reprinted with permission from ref [221]. Copyright 2014 Royal Society of

Chemistry.

(4) Reaction destabilized systems

The thermodynamics of complex hydrides can be tailored by compositing with metal hydrides to
alter the reaction pathway. A representative instance for the destabilization of complex borohydrides
is a 2LiBHs-MgH, system [44, 106, 229]. The de-/hydrogenation reaction of LiBH4s-MgH:
composite could be described as: MgH: + 2LiBH4 «» 2LiH + MgB; + 4H; (11.6 wt% of theoretical
H-capacity), where the formation of MgB: reduces the enthalpy by 25 kJ/mol H, compared with
pure LiBH4 [229]. Fig. 58 shows the structural transformation of the LiBHs-MgH: system in the
dehydrogenation process [230]. This destabilized composite exhibited a considerable reversible H-

capacity of approximately 8 wt%, reaching 70% of the theoretical value. In addition, the
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dehydrogenation temperature of the destabilized system was 225 <C under 1 bar of equilibrium H;
pressure. To clarify the destabilized mechanism in the MgH,-LiBH. system, Ichikawa et al. [231]
introduced the hydrogen isotope tracer method. They concluded that there was a mutual interaction
(H-D exchange, as seen in Fig. 59) between MgD- and LiBH4, because of the observations of HD
gas and the B-D stretching wagging at ~1688 cm below the dehydrogenation temperature of LiBHa.
The hydrogen behaviors of LiBH. could also be tailored by ball-milling with Al or its compounds.
AlB: intermediate was formed during de-/rehydrogenation cycles, which could improve the stability
of the products and thus resulting in a lower desorption temperature of LiBHa4. The LiBH4-Al system
possessed a theoretical capacity of 8.5 wt% H; and could be reversibly operated at 400-450 <C, as
reported by Kang et al [204]. Recently, Jiang et al. [232] investigated the effect of Al upon the
dehydrogenation of LiBH4 by first-principles density-functional theory calculations. The results
showed that the doping of Al lowered the structural stability of LiBH4, delivering a reduction in the
dehydrogenation energy (Eq4) with the order of LigBgHs2 > LisB7AIH32 > LizAIBgH32 > LisBsAlH3,.
They believed that the weaker covalent bonding strength of B-H, the metal-like nature and the
formation of Al-B bond were all beneficial for the improvement of dehydrogenation capability of
LiBH4-Al systems.

Stimulated by the above works, numerous metal or metal hydrides (Ti, Sc, V, Cr, CaHa, TiHa,
ScH», CeH,, or YHs) were investigated theoretically and experimentally to obtain reversible
composites with LiBH4 [233-238]. The reactions of LiBH4-M composites are expressed as similar
to the LiBH4-MgH2 composite [233]:

2LiBH4 +M < MB; +2LiH +3H; [where M = Cr, Ti, Sc, V* (V* forms V2H)] (13)
For LiBHs-MHy systems, the dehydrogenation reactions proceed as follows [235-238]:
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6LiBH, + CaH, <> 6LiH + CaBg + 10H,  (11.7 wt%) (14)

2LiBH4 + ScHz <> ScBz + 2LiH + 4H, (8.9 wt%) (15)
ALiBH4 + YHs <> 4LiH + YB4 + 7.5H,  (8:5 wt%) (16)
BLiBH4 + CeHy <> 6LiH + CeBg + 10Hz (7.4 Wt%) 17)

The maximum theoretical capacity is up to 11.7 wt% and practical dehydrogenation capacity of

ca. 9.3 wt% is achieved in the LiBHs-CaH- system. Kou et al. [239] proposed that doping 10% NbFs

into 2LiBH4-MgH, composite could comprehensively improve thermodynamics/kinetics and

cycling performances. The doping composite could stably desorb hydrogen of ~8.31 wt% within

2.5 h under 4 bar H; and absorb ~8.79 wt% H. in 10 min under 65 bar H; at 400 <C even up to 20

cycling (Fig. 60). This means that the combination of establishing reaction destabilized system and

doping catalyst or other synergies may enhance hydrogen storage behaviors in many aspects.

Recently, Pan’s group developed a series of reaction destabilized systems by introducing alanates

or multi-hydries [240-242]. Especially, there was a significant improvement in hydrogen behaviors

as MgH, was doped into the 6LiBH4-CaH, system, wherein ~8.0 wt% of hydrogen could be

reversibly stored in the 6LiBH-CaH2-3MgH» composite below 400 <T under 100 bar H; with a

stepwise reaction [241].
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Fig. 58. In situ XRD measurement of the desorption reaction of MgH2-2LiBH4 composite. Reprinted with permission

from ref [230]. Copyright 2007 Elsevier.
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Fig. 59. Schematic illustration of H-D interaction between MgD2 and LiBHa. Reprinted with permission from ref

[231]. Copyright 2010 ACS Publications.

(@10 (b)

10
— ]
8}
3 X st
E z
e 6 — 18t Pt
S 2nd S 61
= T st 3rd g
o4t ——5th &,
<] ——8th s T
= ——10th £
o 2} ——13th o o=l
—— 15th
1ot RE@400°C, 65bar Hz ——20th
oL DE@400°C, 4bar Hz —— 20th o} J
2 1 1 1 1 1 1 1 1 1 1 1 1 1
0.0 05 1.0 15 20 25 30 35 0 2 4 6 8 10 12 14
Time (hrs) Time (min)

Fig. 60. Cyclic dehydrogenation (a) and rehydrogenation (b) curves of 2LiBHs-MgH2 with NbFs in weight ratios

of 40:4 for the first 20 cycles. Reprinted with permission from ref [239]. Copyright 2014 Elsevier.
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3.2.3. LiNH2/NaNH2/Mg(NH2)2 hydrogen storage systems

In comparison with alanates and borohydrides, the studies upon amides as hydrogen storage

materials are relatively less, mainly caused by NH3; evolution during thermal decomposition [243].

Alkali-metal amides have traditionally been used as reagents in synthetic organic chemistry. In 2002,

Chen et al. [126] firstly reported the feasibility of LisN as reversible hydrogen material, arising

much attention to amides in solid hydrogen applications. Scientists and researchers have developed

a great deal of complex hydrogen storage systems by incorporating amides and hydrides. Table 7

Summary of some typical composites and their theoretical hydrogen content. Detailed information

for the de-/rehydrogenation performance of amide-based hydrides systems could refer to a recent

review [244].

Table 7. Hydrogen release and uptake properties of some metal N-H systems.

Systems Reaction mechanism Theoretical H content (wt%) Ref.
] ) LiNHz + 2LiH < LisN +2H: 10.3 [126]
LiNHz-LiH .
LiNHz + LiH < Li2NH + H2 6.5 [126, 245]
2LiNH2 + MgH2 — Li2Mg(NH)2 + 2H2
] 5.6 [246, 247]
. — Mg(NH2)2 + 2LiH
LiNH2-MgH:2 . .
2LiNH2 + MgH2 — Mg(NH2)2 + 2LiH
) 5.6 [248]
<> Li2NH + MgNH + 2H2

LiNH2-LiBH4 2LiNH2 + LiBH4 < LisBN2 + 4H: 11.9 [249]
LiNH2-LiAIH4 2LiNH:z + LiAlHs < LisAIN2 + 4H: 9.6 [250]

Mg(NH2)2 + 8/3LiH < 1/3MgsN2 +
_ 6.9 [251]

) 4/3Li2NH + 8/3H:
Mg(NHz2)2-LiH ]
Mg(NH2)2 + 4LiH < 1/3MgsN2 +
_ 9.1 [252]
4/3LisN + 4H:
Mg(NH2)2 + 2MgH2 < MgsN> + 4H, 7.4 [253]
Mg(NHz2)2-MgH2

Mg(NH2)2 + MgH2 < 2MgNH + 2H; 4.9 [254]
NaNH2-NaBH4 2NaNH:2 + NaBHs <> NasBN2 + 4H: 6.9 [255]

NaNH: + LiAlHs <> NaH + 0.67Al +
NaNH:-NaAIH4 5.2 [256]

LiAlo.3sNH + 2H>
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3.2.4. Ammoniates of borohydrides

Inspired by Mg(BH.)2 2NH3; system [257], where the hydrogen evolution is compelled through
the combination of H* and H- with the onset of hydrogen evolution at ~120 <C, various ammine
complexes of borohydrides have been developed recently, including LiBHs XNHs (x = 1-4),
M(BH.)2 2NHs (M = Mg, Ca, and Zn), Mg(BHa)2 6NHs, Mg(BHa)2 2NH3-xMgH,, Ca(BHa)2 XNH3
(x =1, 2, and 4), and Al(BH4)3 6NHs, etc. [258-266]. Among these ammoniates of borohydrides,
LiBH4 NHs holds the highest H-density of ~18 wt% with the peak temperature of hydrogen release
at ~280 °C. But the coordinate bond N: — Li* in LiBH4 NH3 is readily broken, thereby liberating
ammonia at the lower temperature. To suppress the ammonia release and improve the hydrogen
desorption from the ammoniate, Yu et al. [259] applied MgCl,, ZnCl,, and AICI; to form stable
metal ammonia complexes via coordinating with ammonia. In particular, the AICIs/LiBHs NH3
composite could release a majority of H, by 150 T (~9 wt.%, as shown in Fig. 61). Al(BH4)s 6NHs,
another most prospective complex hydride with long-term stability in the air as well as an ideal H-
capacity of 17.4 wt.%, is merely inferior to LiBH4 NH3 [266]. It was indicated that Al(BH4)s 6NH3
enabled a hydrogen release over 10 wt.% H; below 140°C. In addition, they found the
dehydrogenation of Al(BH4)2 XNHs/LiBH4 composites could be tailored via the combination of
altering coordination number and doping mixed cations [267], of which over 12 wt% of pure Ha
was released for Al(BH4)2 4NH3-LiBH4 at 120 T (Fig. 62). Yu et al. [261] also investigated the
dehydrogenation properties of Al(BH.)s 6NHs incorporated with various metal borohydrides
M(BHa4)» (M = Na, Li, Ca, Mg) and chlorides MCl, (M = Sc, Ni, Cu, Zn, Mg, Ca, Li). They found
that the addition of metal cations could remarkably enhance the dehydrogenation kinetics, exceeding
10 wt.% high-purity H release in 30 min at < 120 <C for 0.5Mg(BHa)2/Li>Al(BH4)s 6NH3. However,
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the difficulty in the regeneration of borohydride ammoniates mainly restrains their wide applications

as mobile hydrogen carriers, though they enable high capacity hydrogen release at moderate

temperatures.
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Fig. 61. MS signals for dehydrogenation of ZnCl2/LiBHs NHs (mole ratio: 1:2), AICIs/LiBHs NH3 (1:5) and
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4, Summary

The present review provides the recent advances of light-metal based hydrides for potential off-
or on-board hydrogen applications, predominantly including Mg-based hydrides and complex
hydrides (alanates, borohydrides, and amides). These solid materials can supply hydrogen via
thermal decomposition or hydrolysis/alcoholysis. The threshold of commercial viability for
potential reversible systems, mainly lies in relatively high decomposition temperature and poor
reversibility under moderate conditions resulted from unfavourable de-/hydriding thermodynamics
and/or Kkinetics. To overcome the thermodynamic and kinetic challenges of light-metal hydrogen
materials, tremendous efforts and associated progress have been made by applying the sole strategy
of catalysis, nanoscaling, alloying or compositing, etc. But the comprehensive improvements upon
operating temperature, reaction kinetics and reversibly cycling properties are barely desirable.
Therefore, it is expected to tailor both thermodynamics and kinetics by developing novel multi-
functional materials with the combination of the above-mentioned tuning approaches, thereby
achieving a synergistic effect. For instance, the integration of space-confinement and doping
catalysts or reaction destabilized components could not only enhance the kinetics of hydrides with
the nanoscaling and catalyzing effects, but also destabilize the thermodynamics due to the
surface/interfacial role or altered reaction route in the multi-phase and multi-scale composites.
Actually, the majority of the aforementioned hydrogen storage systems are barely reversible under
suitable conditions for practical on-site or on-board applications. With respect to the hydrolysis
and/or alcoholysis in irreversible systems, they have excellent application potential in on-site
hydrogen production or fuel cell field with the advantages of mild operating temperature,
environmentally benign by-products, precisely controllable hydrogen release, and high-purity Ho.
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Based on the one-pass drawback of alcoholysis/hydrolysis materials, it’s necessary to establish low-
cost and abundant material systems that enable the high-efficient energy conversion and storage as

well as facile and economic regeneration of spent raw materials in the near future.
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