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a  b  s  t  r  a  c  t

To  improve  the  dehydrogenation  properties  of  LiBH4, a novel  hydrogen  storage  system,  LiBH4–Li3AlH6,
was  synthesized  by mechanical  ball  milling.  The  dehydrogenation/rehydrogenation  properties  of
LiBH4–Li3AlH6 (molar  rato:  1:1)  composites  were  studied  via  thermogravimetry  (TG),  differen-
tial  scanning  calorimetry  (DSC),  mass  spectral  analysis  (MS),  powder  X-ray  diffraction  (XRD),  and
Fourier  transform  infrared  spectroscopy  (FTIR).  The  experimental  results  show  that  the hydrogen
desorption  capacity  reaches  8.5 wt%  and  that the whole  dehydrogenation  is  a three-step  process:

◦

eywords:
ydrogen storage materials
omplex hydrides
ydrogen storage properties
ydrogen

(1)  a decomposition  reaction  Li3AlH6 →  3LiH  +  Al +  3/2H2, occurring  at 160 C;  (2)  formation  of an
intermediate  product  from  300 ◦C  to  350 ◦C,  and  then  subsequent  transformation  into  Al,  AlB2,
and  H2.  (2LiBH4 + Al →  [Li2B2AlH4] →  x(AlB2 + 2LiH  +  3H2) +  (1  −  x) [Li2B2AlH4], (0  <  x <  1));  and  (3)  final
dehydrogenation  of LiH  +  Al  →  LiAl  +  1/2H2, occurring  at 415 ◦C, with  sequential  decomposition  of
the  remaining  intermediate  ((1  −  x)[Li2B2AlH4]→(1  − x)(AlB2 + 2LiH  +  3H2),  (0  <  x <  1)).  Furthermore,  the
dehydrogenated  products  can  be  rehydrogenated  to LiBH4  at 8 MPa  H2 and  400 ◦C.
. Introduction

Hydrogen as an energy vector is taking more and more impor-
ant action in the world energy systems because of its non-polluting
haracteristics. One of the key steps for the application of hydro-
en energy is the development of appropriate hydrogen storage
aterials that have extremely high gravimetric and volumetric

ydrogen storage densities, and perfect reversibility. In 2009, the
.S. Department of Energy (DOE) set final targets of 7.5 wt%  (gravi-
etric hydrogen density) and 70 g H2 L−1 (volumetric hydrogen

ensity) for the vehicular application of hydrogen storage mate-
ials [1].  Traditional metal hydrides (e.g., LaNi5, TiFe, TiMn2) have
elatively low hydrogen storage capacity, thus cannot meet the
equirements of vehicular application of hydrogen storage systems.
he research and development of new hydrogen storage materi-
ls with high hydrogen storage capacity and good reversibility is
f great importance for the improvement of vehicular hydrogen
torage systems.

Over the past few years, many studies have been focused on

olid-state hydrogen storage materials using complex hydrides,
ncluding alanates, borohydrides, amide hydrides, and combina-
ions thereof [2–21]. Among these hydrides, lithium borohydride
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(LiBH4) is a potential hydrogen storage material due to its large
theoretical hydrogen capacity (18.5 wt%). Unfortunately, LiBH4 is
thermodynamically stable, the main evolution of hydrogen starts
above 380 ◦C, and only half of the hydrogen can be released below
600 ◦C [18–20].  Furthermore, the conditions for forming LiBH4 from
its dehydrogenated products are rigorous (15.5 MPa  H2, 600 ◦C)
[22]. Therefore, novel strategies and methods must be found to
improve the hydrogen storage properties of LiBH4. Some groups
[23–25] proposed the destabilization of LiBH4 by Al, and the results
indicate that the decomposition of LiBH4 starts at a lower temper-
ature (320 ◦C) than pure LiBH4 and that rehydrogenation can be
achieved under conditions of 15 MPa  H2 and 350 ◦C (reaction (1)).

2LiBH4 + Al ↔ AlB2 + 2LiH + 3H2 (1)

However, Al powders in the reaction easily form oxide lay-
ers which prevent Al from reacting with LiBH4. For this reason, a
LiBH4–LiAlH4 system was reported [26,27].  Furthermore, Li3AlH6
is a good candidate hydrogen storage material [28–30].  Unfor-
tunately, to the best of our knowledge, few papers related to
LiBH4–Li3AlH6 system have been reported.
In the present work, the hydrogen storage performance of the
LiBH4–Li3AlH6 composite (molar ratio: 1:1) without any additives
is investigated. The pathways of dehydrogenation/rehydrogenation
and reversibility of LiBH4–Li3AlH6 composite are discussed. The
above studies would be helpful in improving the properties of
Li–Al–B–H systems.

dx.doi.org/10.1016/j.jallcom.2011.12.054
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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LiBH4/Li3AlH6 composite are observed. The peak maxima are at
112, 205, 272, 395, and 445 ◦C. Among them, peaks at 112 and
272 ◦C correspond to the structural transition and melting reaction
Fig. 1. XRD patterns of as-prepared Li3AlH6, as-received LiBH4 and LiBH4/Li3AlH6.

.  Experimental

.1. Sample preparation

Lithium borohydride (LiBH4, 95%, powder, Acros Organics), lithium alanate
LiAlH4, 97%, powder, Alfa Aesar), and lithium hydride (LiH, 98%, powder, Alfa Aesar)
ere used as received without further purification. All sample storage and handling
ere performed in a Mikrouna glove box filled with high-purity argon (Ar, 99.999%)

nd controlled H2O (<0.5 ppm) and O2 (<0.1 ppm) concentrations. QM-3SP4 plane-
ary  ball mill is used to prepare Li3AlH6 and LiBH4/Li3AlH6 composites.

Li3AlH6 was  synthesized through the mechanochemical reaction between LiH
nd  LiAlH4. LiH and LiAlH4, with a molar ratio of 2:1, were loaded into a 100-ml
tainless milling pot (1Cr18Ni9Ti) with 25 steel balls (10 mm in diameter); the ball-
o-powder weight ratio is about 45:1. Ball milling was performed for 6 h under a
.1  MPa argon atmosphere, and the rotation speed is 500 rpm. LiBH4/Li3AlH6 com-
osites without any additives were prepared by ball milling a mixture of LiBH4 and
i3AlH6 (molar ratio: 1:1) for 0.5 h under a 0.1 MPa  argon atmosphere.

.2.  Sample characterization

Non-isothermal dehydrogenation was investigated using a Netzsch STA449F3
ynchronous thermal analysis (thermogravimetry/differential scanning calorimetry
TG/DSC)) system equipped with a Netzsch QMS403C mass spectrometer (MS) at a
eating rate of 5 ◦C min−1 in a flow of high purity Ar (50 ml  min−1).

Investigations of dehydriding/hydriding reversibility were carried out on a
ieverts-type apparatus [31–33]. About 0.2 g of the sample was  loaded into a
tainless holder connected to a thermocouple to control the sample temperature.
ydrogenation measurements were performed under 8 MPa  H2 by heating from

oom temperature to 400 ◦C at a rate of 5 ◦C min−1, and then holding at 400 ◦C for
00 min.

Powder X-ray diffraction (XRD) analysis was carried out using a PANalytical X-
ay diffractometer (X’Pert PRO, Cu-K�, 3 kW). Samples were mounted onto a 1-mm-
eep glass board in an Ar-filled glove box and sealed with an amorphous membrane
o  avoid oxidation during the XRD measurements.

Infrared measurements were performed on a Beuker-Vector22 Fourier trans-
orm infrared spectroscope (FTIR) in transmission mode. The samples were pressed
ith potassium bromide (KBr) powder at a weight ratio of 1:99 to form a pellet.

o avoid oxidation, a specially designed sample holder, which could fill with Ar,
as  used for FTIR measurements. The sample preparation and transformation are

arried out in an Ar-filled glove box.
All the samples for XRD and FTIR measurements were cooled to room tem-

erature after isothermal dehydrogenation under 0.01 MPa  hydrogen at different
emperatures (T = 160, 220, 250, 300, 350, 415, 450, and 500 ◦C)

. Results and discussion

.1. Dehydrogenation performance

The XRD patterns of as-prepared Li3AlH6, as-received LiBH4, and
s-milled LiBH4/Li3AlH6 are shown in Fig. 1, from which it can be
een that after LiBH4 and Li3AlH6 (molar ratio: 1:1) are mixed and
all milled for 0.5 h, the characteristic diffraction peaks of LiBH4 and

i3AlH6 remain, and no other diffraction peaks are detected. How-
ver, the intensity of the peaks of both LiBH4 and Li3AlH6 decrease.
his suggests that LiBH4 and Li3AlH6 do not interact with each other
uring ball milling.
Fig. 2. The comparison of TG curves for as-received LiBH4, as-prepared Li3AlH6 and
LiBH4/Li3AlH6 composite at a heating rate of 5 ◦C min−1.

Fig. 2 shows the non-isothermal dehydrogenation perfor-
mances of as-received LiBH4, as-prepared Li3AlH6, and as-milled
LiBH4/Li3AlH6 heated from room temperature to 500 ◦C at a heat-
ing rate of 5 ◦C min−1. The as-milled LiBH4/Li3AlH6 clearly shows
three-step hydrogen release. The first step begins at 160 ◦C, which is
20 ◦C lower than the initial decomposition temperature of Li3AlH6.
The particle size reduction may  be one of the main reasons for
the decrease. Approximately 3.9 wt% (Fig. 3) of hydrogen could be
released before 215 ◦C. In the second step, hydrogen is released
over a larger temperature range from 300 to 420 ◦C , and the hydro-
gen desorption capacity reaches 3.7 wt% (Fig. 3). A fluctuation is
observed in the TG curve of LiBH4/Li3AlH6 in the temperature range
of 215–300 ◦C, which is caused by the fusion of LiBH4. After this
fluctuation, the TG curve of the LiBH4/Li3AlH6 composite dipped,
corresponding to the weight loss of the composite. This indicates
that the second hydrogen-release step begin after the fluctuation
at 300 ◦C. After heating to 415 ◦C, the third step of dehydrogenation
occurs with 0.8 wt%  hydrogen released.

Fig. 3 presents the TG/DSC/MS curves of the LiBH4/Li3AlH6
composite at a heating rate of 5 ◦C min−1. In the DSC curve,
five endothermic peaks during the dehydrogenation of the
Fig. 3. TG/DSC/MS curves of LiBH4/Li3AlH6 composite at a heating rate of 5 ◦C min−1.
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ig. 4. XRD patterns for the LiBH4/Li3AlH6 composite obtained at different temper-
tures (160, 220, 250, and 300 ◦C) and ball milled sample.

emperatures of LiBH4, respectively, which are in good agreement
ith the results reported in the literature [17,34]. In the MS  curve,

hree peaks for hydrogen release are observed, corresponding to
eight losses at 205, 395, and 445 ◦C in the TG curve. This suggests

hat three reactions occurred at 205, 395, and 445 ◦C lead to hydro-
en release in the three-step dehydrogenation of the LiBH4/Li3AlH6
omposite.

.2. Dehydrogenation mechanism

From Fig. 2 it seems that the first step dehydrogenation curve
f LiBH4/Li3AlH6 composite is similar to the decomposition curve
f Li3AlH6. This leads us to suppose that the first dehydrogenation
tep of LiBH4/Li3AlH6 composite is mainly caused by the decompo-
ition of Li3AlH6 (reaction (2)), and that LiBH4 may  not participate
n the reaction at below 250 ◦C. Based on this supposition, the the-
retical dehydrogenation capacity of LiBH4/Li3AlH6 composite in
he first dehydrogenation step is 4.0 wt%. The experimental hydro-
en release capacity (3.9 wt%) in the first dehydrogenation stage
f LiBH4/Li3AlH6 composite agrees well with the above theoreti-
al hydrogen capacity. In order to further confirm this mechanism,
RD analysis was carried out on the samples collected after isother-
al  dehydrogenation at various temperatures (160, 220, 250, and

00 ◦C), and the results are shown in Fig. 4. After the LiBH4/Li3AlH6
omposite was heated to 160 ◦C, no changes were observed for
iBH4 and Li3AlH6, but the weak characteristic diffraction peaks of
l (2�  = 38.4◦) were detected. This suggests that Al begins to appear
t the initial dehydrogenation temperature (160 ◦C). After heating
o 220 ◦C more Al and LiH are formed, and the diffraction peaks of
i3AlH6 disappear. However, the diffraction peaks of LiBH4 remain
nd no other boron (B)-related phases are observed at below 300 ◦C.
hese results indicate that Li3AlH6 is consumed by decomposition
o Al and LiH according to reaction (2);  LiBH4 seems not participate
n the reaction during the first dehydrogenation step. From Fig. 3
t can be seen that reaction (2) in the first dehydrogenation step of
iBH4/Li3AlH6 composite is an endothermic reaction, which agrees
ith the results reported in the literature [29].

i3AlH6 → 3LiH + Al + 3/2H2 (2)

To understand the reaction pathways of the second and third
ehydrogenation steps of the LiBH4/Li3AlH6 composite, XRD anal-
sis was carried out for the samples collected after heating to

00–500 ◦C. When the composite is heated to 350 ◦C, the diffraction
eaks of LiBH4 disappear, and the peaks of AlB2 and an unknown
hase (marked “?” in Fig. 5) are simultaneously detected. The
esults reveal that reaction (3) can continue and LiBH4 can be turned
Fig. 5. XRD patterns for the LiBH4/Li3AlH6 composite obtained at different temper-
atures (300, 350, 415, 450, and 500 ◦C).

into an intermediate product corresponding to the unknown phase.
After the composite is heated to 415 ◦C, LiAl is gradually formed.
The formation of LiAl is caused by reaction (4),  which mainly leads
to the third dehydrogenation step. The intensity of the Al diffrac-
tion peaks is obviously weakened and finally the peaks disappear
at 500 ◦C, as shown in Fig. 5. This suggests that Al is gradually
involved in the reaction with LiBH4 and LiH during the second and
third dehydrogenated steps. The diffraction peaks of LiH appear
from 300 to 500 ◦C in Fig. 5. From Eqs. (2)–(4),  it is easy to show
that LiH, which is both a reactant and a product, is in excess dur-
ing the dehydrogenation of the LiBH4/Li3AlH6 composite. As shown
in Fig. 3 a turn at around 415 ◦C in the TG curve is also observed,
which is caused by reaction (4).  The two  endothermic peaks and
two hydrogen release peaks at 395 and 445 ◦C in the DSC and MS
curves of Fig. 3, correspond to reactions (3) and (4),  respectively.
The reaction temperature ranges of the two reactions in our work
are consistent with those reported in the literature [23,35]. Based
on reactions (3) and (4),  the theoretical dehydrogenation capacities
of the second and third dehydrogenation steps of the LiBH4/Li3AlH6
composite were found to be 4.0 and 0.7 wt%, respectively. However,
the experimental values for the second and third dehydrogenation
steps yielded 3.7 and 0.8 wt%, respectively, as shown in Fig. 3. This
suggested the decomposition of the intermediate product during
the second and third dehydrogenation stages.

2LiBH4 + Al → AlB2 + 2LiH + 3H2 (3)

LiH + Al → LiAl + 1/2H2 (4)

The diffraction peaks of the unknown phase (marked as “?” in
Fig. 5), which other researchers also found in their works [27,36], is
found at 49.2◦ (2�). As the temperature increases, the peak inten-
sity first increases, gradually decreases from 415 to 450 ◦C, and
then finally disappear at 500 ◦C. The strongest diffraction peaks of
the AlB2 phase theoretically occur at 44.4◦ (2�), but the diffraction
peaks detected at 34.1◦ (2�), which also belong to AlB2 phase, are
stronger than the peaks at 44.4◦ (2�) at 350 and 415 ◦C, as shown in
Fig. 5. The intensity of the diffraction peaks at 34.1◦ (2�) also grad-
ually weakens, similar to the diffraction peaks at 49.2◦ (2�). This
result indicates that the diffraction peaks of the intermediate and
AlB2 overlapped at 34.1◦ (2�). In addition, the diffraction peaks of
LiBH4 disappear and the diffraction peaks of Al weaken after heat-
ing to 350 ◦C. The unknown phase is likely to be the intermediate
product, which is formed by LiBH4 and Al from 300 to 350 ◦C and
decomposed mostly into AlB2, LiH, and H2 in the second step (reac-
tion (5)). The remaining intermediates decompose during the third

dehydrogenation step (reaction (6)).

2LiBH4 + Al → [Li2B2AlH4] → x(AlB2 + 2LiH + 3H2)

+ (1 − x)[Li2B2AlH4], 0 < x < 1 (5)
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Fig. 6. FTIR spectra for (a) the LiBH4/Li3AlH6 composite obtained at different tem-
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1/2AlB2 + 1/2LiAl + 7/2LiH + 7/4H2 → LiBH4 + 3LiH + Al (7)
eratures (160, 220, 250, 300, 350, 415, 450, and 500 ◦C) and ball milled sample, and
b)  related substances included KBr, LiH, amorphous B, Li3AlH6, and LiBH4.

1 − x)[Li2B2AlH4] → (1 − x) (AlB2 + 2LiH + 3H2), 0 < x < 1 (6)

Fig. 6 shows the FTIR spectra of the LiBH4/Li3AlH6 compos-
te dehydrogenated at various temperatures. First, the vibrational
eaks of Li3AlH6 (1410 and 875 cm−1) disappear when the com-
osite is heated to 220 ◦C. This means that Li3AlH6 decomposes
ccording to reaction (2) before 220 ◦C, which is in good agreement
ith the XRD analysis (Fig. 3). Second, three characteristic vibra-

ional peaks (2292, 2224, and 1125 cm−1) of LiBH4 are found below
00 ◦C, fading away when the temperature increased to 350 ◦C. This
henomenon indicates that LiBH4 reacts with Al (reaction (5)) at the
emperature range of 300–350 ◦C. Third, LiH, whose characteristic
ibrational peak is at 3676 cm−1, is found to exist in the tempera-
ure range of 160–500 ◦C, which is also in good agreement with the
RD analysis (Fig. 3). Fourth, as is known, the B phase of relevant
ehydrogenated samples of LiBH4 is usually amorphous [37]. No
haracteristic vibrational peaks corresponding to amorphous B are
etected in the FTIR spectrum of the dehydrogenated samples. This
eans that the formation of amorphous B may  be restrained by the

ormation of AlB2.
In summary, the dehydrogenation of LiBH4/Li3AlH6 composites

elow 500 ◦C is found to occur in three steps: (1) a decomposi-
ion reaction (reaction (2)), occurring at 160 ◦C; (2) formation of
n intermediate product from 300 to 350 ◦C, and then subsequent
ransformation into Al, AlB2, and H2 (reaction (5)) during heating

o 415 ◦C; and (3) final dehydrogenation (reaction (4)), occurring at
15 ◦C, with sequential decomposition of the remaining interme-
iate (reaction (6)).
Fig. 7. The rehydrogenation curves of dehydrogenated LiBH4/Li3AlH6 sample under
8  MPa  H2 at 400 ◦C.

3.3. Reversibility

The reversibility properties of the LiBH4/Li3AlH6 composites
were investigated. The rehydrogenation of the sample was con-
ducted under 8 MPa  H2 at 400 ◦C after complete dehydrogenation.
And the rehydrogenation kinetics curve of the sample is shown
Fig. 7. The dehydrogenated LiBH4/Li3AlH6 composite can absorb
4.9 wt% of hydrogen after 300 min  of rehydrogenation.

To understand the mechanism of rehydrogenation, XRD and
FTIR analyses were carried out, and the results are shown in Fig. 8.
XRD analysis results show that the characteristic diffraction peaks
of LiAl and AlB2 disappear while the characteristic diffraction peaks
of LiBH4 and Al appear in the rehydrogenated samples. The FTIR
analysis results (Fig. 8b) show that the B–H bond that disappeared
after dehydrogenation reappear in the rehydrogenation sample,
indicating the reformation of LiBH4 during the rehydrogenation
process. Based on the above analysis, we conclude that the dehydro-
genated products contain LiAl, LiH, and AlB2 (Fig. 5) and turn into
LiBH4 and Al (Fig. 8) under 8 MPa  H2 at 400 ◦C. The rehydrogenation
process is as follows:
Fig. 8. (a) XRD patterns of rehydrogenated composite and (b) FTIR spectra of dehy-
drogenated and dehydrogenated composite.
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The theoretical hydrogen absorption capacity for reaction 7 is
.1 wt%, which is in good agreement with experimental results
4.9 wt%).

. Conclusions

In summary, LiBH4/Li3AlH6 composites without any additives
xhibit superior hydrogen storage properties compared with LiBH4
nd Li3AlH6. The composite can release 8.5 wt%  hydrogen below
00 ◦C. The dehydrogenation pathway for the LiBH4/Li3AlH6 com-
osite was identified by XRD, FTIR, and TG/DSC/MS analyses as:

1) Li3AlH6 → 3LiH + Al + 3/2H2;
2) LiBH4 + 1/2Al → 1/2[Li2B2AlH4] → x/2(AlB2 + 2LiH + 3H2)

+ (1 − x)/2[Li2B2AlH4], 0 < x < 1;
3) 1/2LiH + 1/2Al → 1/2LiAl + 1/4H2, (1 − x)/2[Li2B2AlH4]

→ (1 − x)/2 (AlB2 + 2LiH + 3H2), 0 < x < 1.

The dehydrogenated composite can be rehydrogenated under
 MPa  at 400 ◦C, and the reversible hydrogen storage capacity
f the composite reaches 4.9 wt%. The reversible hydrogena-
ion/dehydrogenation process is found to be as follows:

iBH4 + 3LiH + Al ↔ 1/2AlB2 + 1/2LiAl + 7/2LiH + 7/4H2 (8)
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