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Abstract: Mg;Al,—hydride (abbreviated as MAH) was selected as a destabilization agent to improve de/rehydrogenation properties
of LiBH,. S8LiBH4+Mg;;Al;,—hydride composite was prepared by ball-milling. It is found that the dehydrogenation of ball-milled
LiBH4/MAH composite presents a two-step reaction for hydrogen release. The composite starts desorbing hydrogen at about 300 °C
and yields 9.8% of hydrogen (mass fraction) below 500 °C. By adding MAH, the dehydrogenation kinetics of LiBH, is improved and
the dehydrogenation temperature of LiBH, is also lowered by 20 °C. High rehydriding capacity of 8.3% was obtained for the
dehydrogenated composite in the first cycle at 450 °C. The XRD analysis shows the formation of MgB, and AlIB, in the
dehydrogenation process, which reduces the thermodynamics stability of LiBH, system and is beneficial to the reversible hydrogen

storage behaviors of LiBH/MAH composite.
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1 Introduction

Lightweight hydrogen storage materials, such as
alanates [1,2] and borohydrides [3,4], are regarded as
promising energy carrier in mobile applications due to
their large hydrogen capacities compared with traditional
metal hydrides [5—7]. Of all lightweight hydrogen
storage materials, LiBH; has a high theoretical
gravimetric capacity beyond 18.5% in mass fraction [3].
Unfortunately, its practical application is limited for both
thermodynamic and kinetic deficiencies. Under moderate
conditions, reversibility of LiBHj, is rather limited [8].

Doping additives is one of the most effective
methods to improve the performance of hydrogen storage
materials [9-11]. By doping additives, hydrogen storage
properties of traditional metal-hydrogen systems are
becoming favorable [12]. Similarly, metals, metal halides
and metal hydrides are added to LiBH,4 [13—15]. Among
these composite systems, LiBH,—MgH, system exhibits
greatly improved hydrogen storage performance [16].
The enthalpy change is decreased by overall 27 kJ per

mol H, for reaction (1) in comparison with neat LiBH,
[16]. Meanwhile, the lower kinetic barrier of reaction (1)
favors the re-formation of LiBH4; [17]. This novel
pathway stimulates extensive explorations on the
reactions of LiBH, with additives to obtain metal borides,
such as, AIB, [13,18] and CaBg [19,20].

Among metal—boride systems, MgB, and AIB, exert
an important influence on both reversibility and
improved kinetics [16,18]. MgH,—Al mixture showed
enhanced destabilization in LiBH,~MgH,—Al system
compared with LiBH,~MgH, and LiBH;—Al systems
[21]. A synergistic effect of MgH, and Al generated from
Mg(AlH,), was observed in modifying LiBH, [22].
However, above studies did not consider the function of
Mg—Al composition in destabilizing LiBH,. Melting
effect of Mg;,Al;, was rarely taken into account on the
formation of MgB, and AlIB, before. Additionally, the
previous work indicated that alloy or compounds could
act as catalyst in NaAlH, system [23,24]. Here we
present that LiBH, can be reversibly dehydrogenated and
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rehydrogenated with a reduced temperature by adding
MAH. The dehydrogenation reactions are put forward as
well.

In this study, the dehydrogenation and
rehydrogenation were experimentally investigated by
differential scanning calorimetry/mass spectrometry
(DSC-MS), temperature programmed desorption (TPD)
Sievert-type apparatus. The
microstructures were characterized by X-ray diffraction
(XRD) and Fourier transform infrared spectrometry
(FT-IR).

measurements in a

2 Experimental

LiBH4 powder (95% purity) was purchased from
Acros and used without further purification. Magnesium
(ingot from Goodfellow, China) and aluminum (foil from
Sigma-Aldrich, China) had 99% purity and were not
further purified. Mg;;Al;, was prepared under the
stoichiometric of Mg;Al;; by magnetic
levitation melting. Considering the losses during melting,
extra 6% of Mg in mass fraction was added. The
Mg;Al;;, was firstly remelted thrice to
homogeneity. Then, the sample was ground to powder
size less than 75 um and loaded into an autoclave for
hydriding for 12 h under 4 MPa H, (99.99% purity) at
350 °C. Hereinafteryr MAH is referred to the
Mg ;Al,—hydride (17MgH,+12Al). Mixture of LiBH,
and MAH was ball-milled on a planetary mill at a speed
of 400 r/min under argon atmosphere for 4 h. Mass ratio
of ball to powder was 30:1. The mole ratio of LiBH, to
MAH was 58:1 according to the reaction (2), assuming
that MAH reacts with LiBH, to generate MgB, and AlB,
completely. The prepared LiBH/MAH mixture in this
work has a maximum hydrogen capacity of 10.3%. For
comparison, LiBH; was ball-milled and investigated
under the identical conditions.

S8LiBH4+17MgH,+12Al—

amount

ensure

TPD and rehydrogenation were measured in a
Sieverts-type apparatus. About 200 mg sample was used
each time. The TPD measurements were carried out
under initial pressure of 1 Pa, and temperature was
ramped at a heating rate of 5 °C/min from ambient to a
given temperatures, such as 400 °C. The rehydrogenation
measurements were performed isothermally under 8 MPa
H, at 450 °C.

X-ray diffraction (XRD) measurements were
performed using an X’Pert-PRO diffractometer with Cu
K, radiation at 40 kV. Samples were sealed in a unique
carrier to keep from oxygen and water vapor. Samples
were also analyzed by the DSC-MS analyses on a
Netzsch STA449F3 equipped with a Netzsch Q430 mass

spectrometer, programming the heating system from
room temperature to 500 °C and employing argon as gas
carrier with a purge rate of 50 mL/min. The Fourier
transform infrared spectrometry (FT-IR) analyses were
using a Bruker Tensor 27. The mass ratio of
sample-to-KBr was 1:100 and the wave numbers range
was 4000—400 cm '. All samples were prepared and
handled under a continuously purified argon atmosphere
in an MBraun glovebox maintained with O, and H,O
vapor levels below 1x10°°.
3 Results and discussion
The X-ray diffraction measurements were
performed to examine the phase evolution of the
as-prepared LiBH4/MAH composite. Figure 1 displays
the XRD patterns of as-cast Mg;;Al;;, MAH and
ball-milled LiBHy/MAH samples. The result shows that
the various diffraction peaks of as-cast Mgj;Al;, are
sharp. After hydrogenation under 4 MPa H,, Mg;Al;,
phase has completely transformed into MgH, and Al
phases. After ball-milling, the diffraction peaks of MgH,,
Al and LiBH, are still visible, but the corresponding
peaks are broadened, indicating that the grain size is
decreased during ball-milling.
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Fig. 1 XRD patterns of as-cast Mg;;Alj, (a), MAH (b) and
ball-milled LiBH4/MAH composite (c)

The thermal properties of ball-milled LiBH/MAH
composite were investigated by DSC and MS to analyze
the effect of MAH on structural transition temperature,
melting temperature and dehydrogenation temperature of
LiBHy. For comparison, the ball-milled LiBH, was also
measured under the identical conditions. The DSC and
MS curves of ball-milled LiBH, and ball-milled
LiBH4/MAH composite are shown in Fig. 2. For the
ball-milled LiBH,;, the first endothermic peak
around 113 °C is due to the phase transformation from
orthorhombic to hexagonal system, the second one at 285
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Fig. 2 DSC (a) and MS (b, c) profiles of ball-milled LiBH, and
LiBH4/MAH composite

°C is ascribed to the melting of LiBH4 and the third
endothermic peak around 470 °C indicates the
dehydrogenation reaction of LiBH, [25]. After adding
MAH, the temperatures of phase transformation and
melting point are slightly lowered to 110 °C and 282 °C.
For the LiBH4/MAH composite, the third DSC
endothermic peak (329 °C) is due to the decomposition
of MgH,. As the temperature is further escalated, LiBH,4
starts to decompose at temperature higher than 400 °C.
Figure 2 shows that both the starting temperature and
peak temperature of dehydrogenation of the LiBH/MAH
composite are decreased. The possible decomposition

process will be discussed later. Moreover, it can be found
that no other volatile boron-containing gases (like B,Hs,
m/e=27) were detected throughout the dehydrogenation
process. In brief, the major dehydrogenation peak of
LiBH, shifts to lower temperature by 20 °C after adding
MAH in the LiBH4/MAH system. This result suggests
that MAH could lower the decomposition temperature of
LiBH.,.

TPD curves of the ball-milled LiBH, and
LiBH4/MAH composite are shown in Fig. 3. The TPD
measurements were carried out under an initial hydrogen
pressure of 10°° MPa with different temperatures. For the
ball-milled LiBH,, its dehydrogenation temperature is
above 400 °C and it desorbs about 9.0% of H, after 2.5 h
with slow kinetics. For the ball-milled LiBH,/MAH
composite, when the composite is heated from room
temperature to 400 °C and kept at this temperature, it
begins to release hydrogen at 320 °C and slowly desorbs
about 2% of H, in 10 h. When the composite is heated to
450 °C, the dehydrogenation performance is improved
and it yields about 4% of hydrogen. As the composite
heated to 500 °C, the release of hydrogen becomes faster
and the composite desorbs about 7% of H, before
performing holding at 500 °C. After keeping the reactor
at 500 °C for 30 min, the composite gives off more than
9.8% of H,, which is close to the theoretical value
(10.3%) of the LiBH4/MAH composite. As shown in
Fig. 3(c), there are two evident dehydrogenation steps at
310-360 °C and 400-500 °C for the ball-milled
LiBH4/MAH composite, which agrees well with the
DSC-MS results. Moreover, no incubation period is
detected between these two dehydrogenation steps. The
first one is very fast and related to the decomposition of
MgH,, and the second one is the decomposition of
LiBH, and relatively slow.

After complete dehydrogenation, the isothermal
rehydrogenation was executed at 450 °C under 8 MPa H,.
The LiBH4MAH composite exhibits a much better
reversibility as shown in Fig. 4. For the ball-milled
LiBH4/MAH composite, approximately 8.3% and 7.4%
of hydrogen are achieved in 5 h for the second and the
third rehydrogenation, respectively, while the ball-milled
LiBH, shows very poor reversibility (below 1%) under
the same condition. In addition, the FT-IR spectra of
different states shown in Fig. S5 confirm the
rehydrogenation of LiBH,; under the established
condition of 450 °C and 8 MPa H, for the LIBH/MAH
system.

Figure 6 displays the XRD patterns of LiBHY/MAH
composite dehydrogenated at different temperatures.
Before dehydrogenation, the LiBH,, MgH, and Al are all
well present with strong diffraction peaks shown in
Fig. 1(c). After dehydrogenation at 360 °C, the intensity
of LiBH, phase becomes weakened, while MgH, phase
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Fig. 3 Temperature programmed desorption curves of ball-milled LiBH,/MAH composite at 400 °C (a), 450 °C (b), 500 °C (c), and
ball-milled LiBH, at 500 °C (d) for comparison (initial hydrogen pressures 1 Pa; final pressures 0.01-0.015 MPa)
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Fig. 4 TPD curves (a) of rehydrogenated LiBH,/MAH sample
in the second cycle (I), third cycle (II), and rehydrogenated
LiBH, the second cycle (III), isothermal
rehydrogenation curves (b) of dehydrogenated LiBH,/MAH
sample in the first cycle (IV), second cycle (V), and
rehydrogenated LiBH, sample in the first cycle (VI) (The
samples were hydrogenated at 450 °C under 8 MPa H,
pressure)
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Fig. 5 FT-IR spectra of LiBH,/MAH sample in different states:
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and Al phase are disappeared completely. Meanwhile,
Mg,;Al}, phase is markedly present in the products at
360 °C. This result indicates that the MgH, decomposes
and reacts with Al to form Mgj;Al;,. The reaction
pathway of the MgH, and Al could be described as
follows:

17MgH,+12A1—>Mg,7Al ,+17H,(g) ®)

When the temperature is further increased from 360
°C to 470 °C, the LiBH, phase becomes evidently
weakened. At the same time, some diffraction peaks of
Mg,;Al, disappear and the first main peak of Mg;;Al;,
phase is overlapped by the ones of Al;Mg, phase. The
diffraction peaks of MgB, and LiH become visible in the
products. This result suggests that Mg;;Al;, can react
with LiBH4 to form new phases of MgB, and Al;Mg,.
Figure 6(c) indicates that MgB,, AlB,, LiH and Al;Mg,
are the main phases after dehydrogenation at 500 °C. The
Mg;Al;, and LiBH,; completely disappear. The trace
amount of LiOH is due to oxidation during transport in
the XRD test procedure.

It is noteworthy that the thermodynamics stability of
LiBHy/MAH system could be reduced for the formation
of MgB, and AlIB,. Meanwhile, LiBH/MAH system
could achieve good reversibility because of MgB, and
AlB, [26,27], which was confirmed by Figs. 4 and 5. It
was reported that hydrogen pressure during
dehydrogenation is important for the formation of MgB,
[28]. However, the experiments were carried out under
initial vacuum and final pressures were still low ranging
from 0.01 MPa to 0.015 MPa. This means that the
pressure has little effect on the formation of MgB, and
AlB, in LiBH4/MAH system. Hence, the study of the
formation mechanism of MgB, and AIB, is very
significant to in-depth understand the reversible reaction
process in the LiBH4/MAH system. The theoretical
melting point of Mgj;Al;; is 460 °C according to the
Mg—Al binary diagram. It was also reported that the
Mg;;Al; compound presents a melting peak at 460 °C
[29]. Therefore, it is considered that Mg;;Al;, is melting
at approximately 460 °C in our study. The melting
Mg,;Al,, provides favorable condition for the generation
of MgB, and AlB; as the following reactions:

Mg17A112(1)+45LlBH4(1)—>
1 .3Al3Mg2(s)+ 1 44Mng(S)+8 1A1B2(S)+
45LiH(s)+67.5Hs(g) o)

13LiBH4(1)—> 13LiH(s)+13B(s)+19.5Hx(g) (5)
4 Conclusions
The  dehydrogenation  and

behaviors of LiBHy/MAH system were investigated.
1) It is found that 9.8% of hydrogen is released

rehydrogenation

below 500 °C in this system. More than 8.3% of
hydrogen can be reabsorbed for the dehydrogenated
sample at 450 °C.

2) The LiBH4/MAH composite goes through two
dehydrogenation steps, corresponding to
dehydrogenation of MgH, and decomposition of LiBH,,
respectively.

3) The dehydrogenation temperature of LiBH4 can
be lowered by 20 °C after adding MAH. The
thermodynamics stability of LiBH4/MAH system could
be reduced due to the formation of MgB, and AlB,.
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