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A B S T R A C T

Hydrogen energy has been recognized as “Ultimate Power Source” in the 21st century. It is a boon in these days of
energy crunches and concerns about climate change because of the characterized advantages, such as high energy
density, large calorific value, abundant resource, zero pollution, zero carbon emission, storable and renewable.
State-of-the-art perspectives on tuning the stable thermodynamics and sluggish kinetics of dehydrogenation and
re-hydrogenation of LiBH4, which has been regarded as a promising hydrogen storage alternative for onboard
energy carrier applications have been discussed. Five major technological approaches are involved, including
nanoengineering, catalyst modification, ions substitution, reactant destabilization and a novel process termed as
high-energy ball milling with in-situ aerosol spraying (BMAS). It is worth noting that BMAS has the potential to
help overcome the kinetic barriers for thermodynamically favorable systems like LiBH4 þ MgH2 mixture and
provide thermodynamic driving force to enhance hydrogen release at a lower temperature.
1. LiBH4 as onboard hydrogen storage

Currently, lithium borohydride (LiBH4) has been studied extensively
as a reversible hydrogen storage material for onboard energy carrier
applications because of its high gravimetric and volumetric hydrogen
densities of 18.5 wt.% and 121 kg H2/m3, respectively [1–3]. LiBH4 with
the density of 0.66~0.68 g/cm3, is a type of white crystalline and deli-
quescent solid-state materials at ambient conditions. The synchrotron
radiation X-ray diffraction analysis indicates that, for the orthorhombic
structure at room temperature, every [BH4]- is surrounded by four Liþ,
and every Liþ is also surrounded by four [BH4]-, both of which are pre-
sent in tetrahedral [1]. According to the estimation of the first-principles
calculation [4,5], a boron atom with sp3 hybridization is linked with four
adjacent hydrogen atoms by covalent bond, thus create a [BH4]- tetra-
hedron, and then combine with Liþ by ionic bond to form LiBH4. Due to
the above mentioned strong bonds between the constituent elements
atoms, LiBH4 behaves good thermodynamic stability.

As known, there are four endothermic peaks during the hydrogen
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release from decomposition of LiBH4 [2,6–10]. With the release of only
~0.1wt.% H2, the first desorption peak is polymorphic transformation of
LiBH4 from orthorhombic (Fig. 1 (a)) to hexagonal structure (Fig. 1 (b)),
which happens at 105~112 �C. The second desorption peak occurs at its
melting point of 275~278 �C and coincides with the release of
0.5~1.0wt.% H2. The third desorption peak ranges from 400 �C to 680 �C,
which is also the largest desorptionwithmore than 9.0wt.%H2 release. The
last desorption peak is the decomposition of LiH, which will not occur until
the temperature is higher than 680 �C due to the high stability of LiH, is not
usually accessible in practical technical applications. Therefore, the general
decomposition of LiBH4 is expressed in the following reaction [2,7,9,10]:

2LiBH4(s) ¼ 2LiH(s) þ B(s) þ 3H2(g) (1)

Here, LiBH4 has the ability to release 13.8 wt% H2 when temperature
ranges from 380 �C to 680 �C under ambient pressure condition. More-
over, it has been proved that LiBH4 could be formed from LiH and B
under 690 �C and 200 bar of H2, which means, LiBH4 is able to release
and uptake hydrogen reversibly [11].
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Fig. 1. (a) Orthorhombic structure of LiBH4 at ambient temperature, and (b) hexagonal structure of LiBH4 at 105–112 �C. Red, green and blue spheres represent
Lithium, Boron and Hydrogen atoms, respectively [14].

Fig. 2. Schematic of the attritior ball-milling [33].

Z. Ding et al. Nano Materials Science 2 (2020) 109–119
However, bulk LiBH4 can only be dehydrogenated and re-
hydrogenated significantly above its melting temperature (~280 �C)
because of its unfavorable thermodynamics and sluggish kinetics for
dehydrogenation and re-hydrogenation [2]. Specifically, in order to
release most of the hydrogen from LiBH4, temperature higher than
500 �C is required [2,7,12,13]. Therefore, the application of LiBH4 as an
onboard hydrogen alternative is facing serious challenges of thermody-
namics and kinetics.

2. Dehydrogenation and Re-hydrogenation properties
improvement of LiBH4

The hydrogen release and uptake of the traditional metals and alloys
is realized by the reversible entry and exit of hydrogen atoms through the
crystal lattices of the metals and alloys, while in contrast, the hydrogen
release and uptake of the complex metal hydrides is accompanied by the
wholly destroy and reconstitution of the crystal lattices. The choice of the
most efficient technological approach of improving the hydrogen storage
properties, is based on the essential of the corresponding dehydriding
and re-hydriding reactions, which can be fully demonstrated on the
representative complex metal hydride, LiBH4. Thanks to the recent ef-
forts by the scholars all over the world, several effective methods have
been proposed to improve the thermodynamic and kinetic properties of
hydrogen release and uptake from LiBH4.

2.1. Improvement of kinetics by nanoengineering

Nanoengineering is a well-known and important technology to
improve the hydrogen storage properties. Most of the hydrogen storage
materials present as crystalline powders at ambient temperature, and the
nano-structural process for them includes two layers of meanings. The first
one is to reduce the grain size into nanometer scale, and the other one is
particle size nanocrystallization. The ratio between disorder-regime on the
grain boundary and order-regime in the grain for nanocrystalline mate-
rials, is much larger than that of microcrystal materials and coarse grain
materials [15]. It is the disorder-regime on the grain boundary that results
in superior kinetic performance of hydrogen adsorption and desorption for
nanocrystalline hydrogen storage materials, which could provide faster
diffusion channel for hydrogen atoms [16].

2.1.1. Ball milling – mechanical attrition
Attrition mill, also known as the attritor or stirred ball mill, is a simple

and useful processing technique that is being employed in production of
nanomaterials or nanocrystals from all material classes [17–20].
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High-energy ball milling is very effective not only for tuning the ther-
modynamic, but also for improving the kinetic properties of dehydro-
genation and re-hydrogenation [20–23] by many researchers [7,12,13,
24–31], due to the formation of the ultrafine particle size, large surface
area, high defect concentration, and nanosized grain after long-time
high-energy ball milling. The schematic of the attritor ball-milling is
shown in Fig. 2, inside the air-tight canister, the balls are set in motion by
rotation of the central shaft on which secondary arms are fixed. Noted
there is a huge water-cooled stationary tank outside the canister and the
water is flowing during the milling while the whole cylinder itself is
totally sealed. Mechanical attrition produces nanoscale powder with
uniform particle size by grinding coarser-grained materials through
repeated severe plastic deformation, cold welding and fracture during
milling. Through mechanical-force-driven physical vapour deposition
(MFPVD) procedure, LiBH4 nanobelts with widths of 10–40 nm, which
shows a significant hydrogen release event at approximately 60 �C are
successfully obtained [32]. The most important step for this method has
been mentioned as, high-energy ball milling in a specially designed jar
equipped with a filter, substrate and ice-water bath [32].

2.1.2. Nanoscaffold confinement by the infiltration approach
As mentioned above, ball milling technique has been used widely to

prepare the nanoscale hydrogen storage materials. However, the parti-
cles coarsening occur with the increasing cycles of hydrogenation and
dehydrogenation, which will cause the gradual decay in the reversible



Fig. 3. The hydrogen release of bulk LiBH4–Ca(BH4)2 (top), infiltrated LiBH4–Ca(BH4)2 into carbon aerogel (middle) and CO2-activated carbon aerogel (bottom), from
the first to the third cycle at 500 �C [37].
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hydrogen storage capacity of the ball-milled powder. The other tech-
nology is to confine LiBH4 through nanoporous materials, the particle
agglomeration of LiBH4 during long time heating has been obviously
relieved, and furthermore, the hydrogen diffusion distance would be
shorten significantly, which would definitely enhance the hydrogen
release and uptake rates.

Gross and Vajo [34,35] have claimed the rate of dehydrogenation
from LiBH4 that incorporated with 13 nm nanoporous carbon scaffolds,
can increase by as much as 50 times at 300 �C, which also results in 75 �C
lower of the dehydrogenation temperature. In addition, the capacity loss
over three cycles is only 40% for LiBH4 confined in nanoporous hosts,
which is much less than that of 72% for bulk LiBH4 [34].

Through nano-confining in the a templated carbon (TC) with ordered
small pores of ~4 nm and a carbon aerogel (CA) with pores size of
~30 nm, LiBH4�Mg2NiH4 has been reported to exhibit a single-step
dehydrogenation at ~ 300 �C, and would form the MgNi2⋅5B2 com-
pound at 450 �C [36]. However, the hydrogen storage capacity decays
seriously, hydrogen release amount has been decreased to 2.3 wt.% and
1.7 wt.% for the second and fifth cycle, respectively, from 3.8 wt.% for
the first cycle [36]. Another interesting effort is the low initial hydrogen
desorption temperature of 0.7 LiBH4-0.3 Ca(BH4)2 (243 �C) when
confined by CO2-activated carbon aerogel, and furthermore, this
CO2-activated carbon aerogel-confined 0.7 LiBH4-0.3 Ca(BH4)2 can
release 11.3 wt.% H2 within 8 h but at 500 �C, the Sieverts’measurement
of the hydrogen desorption cycles 1~3 is shown in Fig. 3 [37].

2.2. Catalysts modification

Catalysts doping is a significant and prospective approach to improve
the absorption and desorption kinetics of hydrogen storage materials. Its
high efficiency has been fully validated in the catalytic system of Ti-
NaAlH4 model, but few improvement of high-performance catalyst on
LiBH4. Although some metal oxides, such as SiO2 and TiO2, and halides,
such as TiCl3 can improve the hydrogen desorption kinetic performance
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to some extent [2,28,29,38], they have little effect on the subsequent
hydrogen re-absorption, which is far below the catalytic effect of Ti on
NaAlH4. It is found, metal hydrides has strong ability of selective cata-
lysts because of the chemical bonding between the constituent atoms.

Ball milling with the catalytic nickl- and cobalt-based mesophorous
oxide nanorods, the initial hydrogen desorption temperature of the
LiBH4�NiCo2O4 has been reduced to be 80 �C, but complete release of
16.1 wt.% H2, which is very close to its theoretical capacity, requires
temperature as high as 500 �C [39]. Ball milling LiBH4 – nanostructured
CoB with different morphologies (rod-like, flake-like, chain-like,
waxberry-like and mulberry-like) have been evaluated and the
mulberry-like CoB shows the best catalytic effect that 10.4 wt.%
hydrogen can be released at 350 �C within 1 h, the schematic illustration
of dehydrogenation and re-hydrogenation mechanism of CoB catalyzed
LiBH4 is shown in Fig. 4 [40]. Furthermore, the onset dehydrogenation
temperature of mulberry-like CoB doped LiBH4 is 179 �C, but the
maximum desorption peak occurs at about 367 �C, and the
re-hydrogenation cannot happen when temperature is lower than 400 �C
[40]. LiBH4–2LiNH2 as another promising material has been reported to
release ~10.0wt% hydrogen in the presence of 5 wt.% prepared nano-
sized Co@C (shown in Fig. 5) at 130~230 �C [41]. However, the for-
mation of Li3BN2 and BN in the final product makes the direct
re-hydrogenation extremely difficult [42], so only 0.5 wt.% hydrogen is
absorbed by the dehydrogenated Co@C-catalyzed sample under 100 bar
of H2 [41]. Recently, the mechanochemaically prepared 2LiBH4-SiS2
composite has exhibited considerable hydrogen release rate initiating
from 88 �C, releasing ~4.3wt.% hydrogen at 385 �C, but only 1.5 wt.%
hydrogen could be cycled, which limits its further application [43].SiB4
has been discovered to be able to the kinetically facilitate the structural
destabilization of LiBH4 during dehydrogenation, and nearly 10.3 wt.%
hydrogen is released at the temperature of 350 �C. Moreover, SiB4 could
also thermodynamically improve the re-hydrogenation of the dehydried
LiH products, and close to 9.3 wt.% hydrogen would be absorbed under
moderate conditions of 10MPa H2 at 400 �C [44]. Another latest effort is,



Fig. 5. SEM images (a), HAADF-STEM (b) and enlarged images (c), EDS mapping (d

Fig. 4. Schematic illustration of dehydrogenation and re-hydrogenation mech-
anism of CoB catalyzed LiBH4 [40].

Z. Ding et al. Nano Materials Science 2 (2020) 109–119

112
with the addition of 20wt.% Fe3O4 nanoclusters anchored on porous
reduced graphene oxide (Fe3O4@rGO), the onset dehydrogenation is
74 �C, and can release 3.36wt% hydrogen at 400 �C within 1000 s [45].
Besides, it has been shown to reversibly release and uptake 5.74 wt.%
hydrogen under 5MPa H2 at 400 �C, and 65% of the hydrogen storage
capacity (3.73wt.%) is still present after 5 cycles of dehydrogenation and
re-hydrogenation [45].

2.3. Thermodynamic tuning

The stability of metal borohydrides M(BH4)n depends closely on the
electronegativity of the central metal atom [46]. Taking the ionic alkali
metal and alkaline-earth metal borohydrides for example, the lower
electronegativity of the central metal atom will lead more stable
borohydrides.

2.3.1. By ions substitution

2.3.1.1. By partial substitution of Liþ cation. Based on the first-principles
calculations for LiBH4, Miwa and Nakamori [14,46] have revealed that
the charge compensation by Liþ cations is a key feature for the stability of
and e), TEM (f) and HRTEM images (g) of the prepared Co@C composite [41].



Fig. 6. Formation heat of (Li1-xCux)BH4 [47].

Fig. 8. Crystal structure of orthorhombic LiBH4 (1� 2� 1) phase. Noted red,
green, blue and yellow spheres stand for Li, B, H, and F atoms, respectively [50].
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internal bonding [BH4]�anions. Therefore, partial substitution of the Liþ

cations by other elements with higher electronegativity, which would
weak the ionic band between Liþ cation and [BH4]- anion and thus
suppress the charges transfer, as a result in the destabilization of LiBH4.
This study has been further confirmed theoretically and experimentally,
by the first-principles calculations on the ideal orthorhombic (Li0⋅7Cu0.3)
BH4 [47] and Sc substitution induced by ball milling ScCl4 with LiBH4
[48], respectively. The formation heat of (Li1-xCux)BH4 and crystal
structure of LiSc(BH4)4 are shown in Figs. 6 and 7, respectively.

A recent study [49] on the liquid ball milling M(BH4)n-LiNH2 (1/2 n
molar ratio, n¼ 1 or 2, M¼ Li, Mg, Ca) has confirmed that, by
substituting of Liþ cations with Ca and Mg metals with higher electro-
negativity, [BH4]- groups would be discharged from Ca(BH4)2 and
Fig. 7. Crystal structure of LiSc(BH4)4 viewed along the α-axis (a) and approximat
tetrahedra (b) [48].
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Mg(BH4)2 more easily, which would initial hydrogen release at a lower
temperature. Moreover, the activation energies have been decreased
26.2% and 29.3% for Ca(BH4)2-4LiNH2 and Mg(BH4)2-4LiNH2, respec-
tively, when compared to that of LiBH4-2LiNH2.

2.3.1.2. By partial substitution of [BH4]- anion. While we are studying the
substitution of Liþ cation, the research [50] shows that, partial substi-
tution of functional anion is hopeful to become another novel approach
to improve the metal borohydrides thermodynamics. Based on the
first-principle calculation, doping appropriate amount of F to substitute H
in the lattice hydrogenated (LiBH4) and dehydrogenated (LiH) states of
the hydrides, would generate the Li8B8H32-xFx lattice for dehydrogena-
tion and LiH1-xFx crystal lattice for hydrogenation, through which the
thermodynamic has been improved significantly [50]. The model of
substitution of F at H site in LiBH4 is based on the crystal structure of
Li8B8H32–xFx (x¼ 1–4) in Fig. 8. According to the zero-point energy
corrections, when the substitution of F anions has reached 25%,
Li8B8H30F2 has a dehydrogenation enthalpy change of 36.5 kJ/mol H2,
from which, we can predict the decomposition temperature is about
100 �C under 1 bar H2. Meanwhile, the theoretical capacity of hydrogen
storage of this compound is 9.6 wt.%, which even shows a level prom-
ising for onboard H-storage application.

Yin [51] has also studied the functions of F� and Cl� anions in the
ely along the [1–10] direction showing the coordination of Li and Sc by BH4



Fig. 9. Idealized structures of the (a) pure 1� 2� 2 LiBH4, (b) Mg-substituted
cell, (c) N- substituted cell, and (d) Mg þ N co- substituted cell. Green, or-
ange, purple, blue, and white spheres represent Li, Mg, B, N, and H atoms,
respectively [52].
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dehydrogenated and hydrogenated states of the Na3AlH6 and NaH ac-
cording to the DFT calculations. Doping chlorides would generate the
“dead weight” NaCl, while fluoride doping would modify the thermo-
dynamics by the partially replacement of H� by F� anion in the hydride
Fig. 10. (a) Crystal structure of the LiM(BH4)3Cl. Light blue tetrahedral stands for th
(b) Isolated tetranuclear anionic clusters [M4Cl4(BH4)12]

4– (M¼ La or Gd) with a di
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lattice. This phenomenon offers the best explanation for the better cat-
alytic effect of TiF3 on the crucial hydrogen storage performance than
that of TiCl3.

2.3.1.3. By substitution of Liþ cation with in-situ substitution [BH4]-

anion. The thermodynamic destabilization has been discovered by the
co-doped of Mg and N in LiBH4, as its formation enthalpy is increased
from �0.332 to �0.293 eV⋅atom�1 [52], the crystal structure of this
compound is shown in Fig. 9. Moreover, density functional theory cal-
culations indicates that the onset dehydrogenation temperature of Mg þ
N co-substituted system has been reduced to 160.5 �C [52]. Novel
compounds LiLa(BH4)3Cl and LiGd(BH4)3Cl with the 5.36 and 4.99 wt.%
H2 release amount at the temperature of 200~400 �C respectively, can be
synthesized through ball milling LaCl3-3LiBH4 mixture and
GdCl3-3LiBH4 mixtures [53], the corresponding crystal structure is
shown in Fig. 10. The high Li-ion conductivity discovered for the
LiM(BH4)3Cl (M¼ La, Ce, Gd) compounds, has been attributed to the Li
disorder [53]. Furthermore, Frommen [54] has experimentally
confirmed that, LeCe(BH4)3Cl would decompose into CeH2 and amor-
phous boron-containing species, and release H2 above 220 �C, which is
considerably lower than the decomposition temperature of prime LiBH4.
Fig. 11 exhibits the crystal structure of LeCe(BD4)3Cl, ~13wt.%
hydrogen can be re-hydrogenated at 340 �C under 80 bar of hydrogen
[54]. Similar results have also been discovered from the novel com-
pounds of Ca((BH4)1-xIx)2 [55], K2Zn(BH4)xCl4-x and K3Zn(BH4)xCl5-x
[56].

For now, it is still a long way for the industrialization of this tech-
nology, because extremely rigorous conditions are required for the
partially substitution of LiBH4. However, the predictions from first-
principles calculation [57–62] have been experimentally confirmed one
by one, therefore, it certainly deserves in-depth investigations.

2.3.2. Reactant destabilization by introducing MgH2
Since first reported by Vajo and Skeith [7] in 2005, the studies on the

dehydriding and re-hydriding mechanisms of the LiBH4 þ MgH2 system
have been very active, one of the most important reason is its theoretical
hydrogen storage capacity is as high as 11.45 wt.% [30,63–71]. Based on
the “Reverse Stability” criterion, introducing corresponding additives
could stabilize the dehydrogenated state, and thus thermodynamically
destabilize LiBH4, which will finally improve the hydrogen desorption
and re-absorption performance. The reversible dehydrogenation and
re-hydrogenation of the LiBH4 þ MgH2 mixture is generally accepted in
the following reaction [7].
e BH4 groups, blue, red spheres represent M metal (M¼ La or Gd) and Li atoms.
storted cubane M4Cl4 core [53].



Fig. 11. (a) LiCe(BD4)3Cl supercell. (b) Local coordination around the central Ce3þ cation. (c,d) Local coordination for the two independent lithium positions in the
structure of LiCe(BD4)3Cl [54].

Fig. 12. Enthalpy diagram of LiBH4, MgH2 and 2LiBH4/MgH2 system.

Fig. 13. Schematic diagram of the BMAS set-up [70].

Z. Ding et al. Nano Materials Science 2 (2020) 109–119
2 LiBH4 ðsÞ þ MgH2 ðsÞ ¼ MgB2ðsÞ þ 2 LiH ðsÞ þ 4 H2 ðgÞ (2)
As shown in Fig. 12, the dehydrogenation enthalpy change for the Li-
Mg-B-H system is ~46 kJ/mol H2 [7], which is much lower than the
decomposition enthalpy changes of ~67 kJ/mol H2 and ~76 kJ/mol H2
for LiBH4 alone and MgH2 alone, respectively. This phenomenon has
been attributed to MgB2 product from reaction (2) is much more stable
than B from the decomposition of LiBH4 and Mg from the decomposition
of MgH2, and thereby minish the energy gap between the hydrogen
adsorption state and hydrogen desorption state.
2.4. High-energy ball milling with in-situ aerosol spraying

The prospect of LiBH4 þ MgH2 mixture has been limited by its slug-
gish kinetics, despite its excellent hydrogen storage capacity in theory.
Take the above discussion into consideration, our group has developed a
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novel-innovative technology named BMAS, through which will result in
uniformly mixing of reactants at the low-nm level. As shown in Fig. 13,
aerosol droplets of the 2M LiBH4/THF solution are sprayed into the air-
tight canister of the attritor, while high-energy ball milling of the MgH2
þ C mixture is taking place [70]. The modified Szegvari attritor without
the formation of dead zone is employed as the ball milling chamber [18,
71–78]. As shown in Fig. 14, the high-velocity Ar jet through the orifice
will attack the LiBH4/THF solution that is pressed upwards by
high-purity Ar gas, which would lead the larger and bigger drops of so-
lution flow back into the bottle, and also force fine spray of droplets with
sizes range from 20 to 100 nm [70,71] go out from the block from the
top, the schematic of Model 3076 constant output atomizer used for the
aerosol generator, is shown in Fig. 14.

Through the novel BMAS process, we have demonstrated that the



Fig. 14. Schematic of the aerosol generator assembly block [85].

Fig. 15. (a) The principle of the automated BMAS apparatus and (b) its work
flow. Should be noted that, “1” stands for “on” and “0” stands for “off” on the Y
axis, where, BM represents ball milling and AS represents aerosol spraying, the
automated BMAS program is controlled independently by Eaton EASY 512-AC-
RC programmable control relay module [85].
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nanoscale LiBH4 produced from the aerosol spraying during ball milling
can release H2 to form Li2B12H12 according to reaction (3).

12 LiBH4 (s)¼ Li2B12H12 (s) þ 10 LiH (s) þ 13 H2 (g) (3)

The Li2B12H12 product then reacts with nanoscale MgH2 to release
additional H2 via reaction (4).

Li2B12H12 (s) þ 6 MgH2 (s)¼ 6 MgB2 (s) þ 2 LiH (s) þ 11 H2 (g) (4)

These two reactions have been predicted through ab initio DFT cal-
culations previously [79,80], but are experimentally proved, for the first
time in our group, which are able to occur during ball milling if cooling is
not implemented during ball milling. However, with cooling these re-
actions can be prevented, and thus the nanoscale LiBH4 þMgH2 mixture
synthesized via BMAS process can be utilized for near room temperature
hydrogen release and storage in the future [70]. It is worth noting that,
our study is the first to show that the LiH and MgB2 can be successfully
synthesized through high-energy ball milling of LiBH4 þ MgH2

nano-mixture at ambient temperature, in contrast, previous studies on
high-energy ball milling of LiBH4 þ MgH2 mixture, have failed to pro-
duce LiH and MgB2 at this temperature [63,64,73,74,81–84].

However, the obvious disadvantage of the BMAS system employed in
that study should also be noted. Calculation based on reaction (2) shows,
89.3 ml solution of 2M LiBH4/THF is needed to spray into the canister,
since 2.35 g MgH2 is used for ball-milling per test, in order to release
11.45 wt.% H2 ideally. Since the whole process is operating in a
completely closed system, the spraying rate becomes slower and slower
while the pressure inside the canister becomes larger and larger during
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BMAS. According to our estimation, the amount of LiBH4/THF solution
we sprayed is far from enough for the complete reaction between MgH2
and LiBH4 [70]. To overcome this barrier, we have designed and built an
automated BMAS apparatus [85,86], as shown in Fig. 15 (a), which can
control the on-and-off functions of aerosol spraying, ball milling, and
vacuuming independently and repeatedly during BMAS so that the Ar
pressure inside the canister would decrease by vacuuming while ball
milling and aerosol spraying are temporarily off.

The specific work flow of the automated BMAS apparatus is shown in
Fig. 15 (b). For a better mixing, MgH2þ C mixture is pre-ball milled for 6
h. It doesn't take much imagination that the nano-particles would remain
suspended aloft after pre-milling, so at the beginning of BMAS cycles, it is
very necessary to program a “rest” step for 3 min to allow the nano-
particles settle down to the bottom of the canister. After “rest”, “vac-
uum” step is set for 30 min, making sure Ar gas have been evacuated



Fig. 16. FESEM images: (a) hand-mixed MgH2 þ 5 vol.% C mixture and (b) BMAS sample [85].
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completely. It should be noted that, two 0.5 μm filter papers are
employed, one is under the vacuum nozzle inside the canister, and the
other one is on the top of the nozzle of vacuum pump. Subsequently, both
ball milling of the MgH2 þ C mixture and aerosol spraying of the LiBH4/
THF solution are switched on simultaneously but for different durations
(i.e., aerosol spraying for 45 s and ball milling for 5min). It has been
proved that, the local temperature created by the high-speed collision of
balls could be 200–250 �C [73,87,88], which is more than enough for the
vaporization of THF and thus form solid LiBH4 nanoparticles, because the
boiling temperature of THF is only 66 �C. During ball milling, the
repeated fracture and cold-welding of MgH2 particles will lead to oc-
clusion of the nano-LiBH4 into MgH2 nanoparticles, help generate a
uniform mixture of MgH2 and LiBH4 at nanoscales. As shown in Fig. 15
(b), the system will go to “rest”, “vacuum” and the simultaneous “ball
milling” and “aerosol spraying” again with different durations. As shown
in Fig. 16, the particle sizes have been successfully reduced from ~1 μm
for the hand-mixed MgH2 þ 5 vol.% C mixture (Fig. 16 (a)) to ~100 nm
for the BMAS powder with 25% LiBH4 (Fig. 16 (b)) [89]. Furthermore, it
is discovered that the large particles (see Fig. 16 (b)) are in fact composed
of many small particles which can be even smaller than 100 nm.

According to Fig. 17, through the automated BMAS apparatus, the
reversible hydrogen storage capacity of the BMAS powder with 25%
Fig. 17. Dehydriding and re-hydriding curves of the BMAS mixtures. (a), (b),
(c), (d) (e) and (f) stand for the first to the sixth dehydrogenation, where (a’),
(b’), (c’), (d’) and (e’) represent the first to the fifth re-hydrogenation, and the
relationship between the reaction temperature and time is shown in (g) [85].
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amount of required LiBH4 for the complete reaction (2), has reached
~5.0 wt.% H2 in solid state, which has been proved to the highest ever
reported for the LiBH4 þ MgH2 system without any catalysts at temper-
ature� 265 �C. This ranking hydrogen storage property is achieved
through two parallel reaction pathways. One is nano-LiBH4 decomposes
to form Li2B12H12 and H2 through reaction (3) first and then Li2B12H12
reacts with MgH2 to form MgB2, LiH and H2 through reaction (4). It
should be noted that, the typical temperature for forming Li2B12H12 from
LiBH4 is in liquid state at around 425~457 �C [90]. These temperatures
are about 160 �C higher than the temperature of our BMAS sample,
indicating that our synthesis method can lead to a nano-composite can
overcome the kinetic barriers to achieve H2 release even in its solid state.
The other is nano-MgH2 decomposes to formMg and H2 through reaction
(5) first and then the newly formed Mg reacts with LiBH4 to form MgB2,
LiH and H2 through reaction (6). The H2 release temperature from MgH2
at 265 �C through this reaction pathway is also lower than ~300 �C as
reported in the U.S. Department of Energy report [91]. This result again
indicates that BMAS has the distinct advantages in synthesizing nano--
LiBH4 þ nano-MgH2 mixtures which can initial the hydrogen release at a
lower temperature. We have attributed the superior property to the
presence of nano-LiBH4 and nano-MgH2 and their intimate mixing,
enabled by the BMAS process. Furthermore, the detail kinetic study [89]
on the solid-state dehydrogenation of the BMAS powder with 25% LiBH4
has revealed, the rate-controlled step for the hydrogen release at 265 �C
is the nucleation-and-growth of the reaction products LiH and MgB2 at
the interfacial area between MgH2 and LiBH4, so we can draw a
conclusion that preventing agglomeration of BMAS particles during cy-
cles of dehydrogenation and re-hydrogenation should be one of the most
effective approaches to avoid the hydrogen storage capacity decay with
increasing discharging and recharging cycles.

MgH2 (s) ¼ Mg (s) þ H2 (g) (5)

2LiBH4 (s) þ Mg(s) ¼ 2LiH (s) þ MgB2 (s) þ 3 H2 (g) (6)

3. Conclusion

Since, LiBH4 possesses the highest gravimetric hydrogen density at
room temperature known today, it is now the leading candidate for on-
board hydrogen storage. However, the onboard application of LiBH4 is
facing both rigorous thermodynamic and kinetic challenges. Centered at
these problems, researchers have proposed several technological ap-
proaches, which have been confirmed to be effective to improve the
reversible capacity of hydrogen storage of LiBH4.
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Not surprisingly, the novel BMAS process, which can not only modify
the thermodynamics of LiBH4 by introducing MgH2, but also refine the
kinetics by long time high-energy ball milling with in-situ aerosol
spraying, has been proved to be very efficient to improve the hydrogen
storage property of LiBH4 þ MgH2 system. Furthermore, BMAS powder
has the ability to release hydrogen at a lower temperature. The principle
established here also opens up a new direction for investigating and
improving the dehydrogenation and re-hydrogenation properties of
many similar systems containing multiple hydride components that have
favorable thermodynamic properties for reversible hydrogen storage,
such as CaH2 þ LiBH4, Mg(BH4)2 þ LiBH4, Ca(BH4)2 þ LiBH4, and
Mg(BH4)2 þ LiBH4 þ MgH2, as revealed by a recent ab initio DFT
calculation [79], but all of these systems have present extremely poor
kinetics for dehydrogenation at temperature� 300 �C [31,92–95]. From
what has been mentioned above, BMAS process as proposed in our group
has been regarded as the most promising approach to address these
challenging issues.
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