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Isothermal decomposition of LiAlD4 with and without additives
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Abstract

The isothermal decompositions of pure LiAlD4 and LiAlD4 ball-milled with VCl3 and TiCl3 · (1/3)(AlCl3) have been studied by synchrotron
X-ray diffraction. The changes of the different phases are examined during the decomposition and the activation energies and kinetics parameters
are derived. Two periods of decomposition are observed. The first is an induction period governed by the nucleation of new phases. The second
is the main decomposition period where the apparent activation energies and the kinetics are affected by the additives. VCl3 appears to be a
better additive in regard of decreasing the apparent activation energy and enhancing the kinetics of the decomposition.
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. Introduction

In order to develop high gravimetric capacity hydrogen
torage units for mobile applications, the alanates appear to be
ne of the most promising hydrogen storage materials to ful-
l the requirements, e.g. by the International Energy Agency
working temperature 80–100◦C, capacity more than 5 wt%
ydrogen). Among these compounds, lithium aluminium hy-
ride, LiAlH4, is very attractive with a total hydrogen con-

ent of 10.6 wt% of hydrogen in total, and 7.9 wt% being
ccessible at temperatures below 250◦C [1]. Upon heating,
ydrogen is released in a three-steps decomposition reaction

2,3]:

LiAlH 4 → Li3AlH6 + 2Al + 3H2

5.2 wt% H, T ≈ 160◦C) (1)

i3AlH6 → 3LiH + Al + (3/2)H2

2.6 wt% H, T ≈ 210◦C) (2)

∗ Corresponding author. Tel.: +47 63 80 60 67; fax: +47 63 81 09 20.

3LiH + 3Al → 3LiAl + (3/2)H2

(2.6 wt% H, T ≈ 400◦C) (3)

The last decomposition step occurs at too high temper
to be considered as accessible for practical purpose.

A breakthrough for the possible use of alanates
hydrogen storage material was achieved by the succe
catalysis of NaAlH4 with Ti-compounds giving reversib
hydrogenation, enhanced kinetics and lowered desor
temperatures[4]. Several studies have been carried ou
LiAlH 4 with solid-sate additives introduced by ball-millin
TiCl3 · (1/3)(AlCl3) [5,6], TiCl4, TiH2 and Al3Ti5 [7] or
VCl3 [6] as additives, the first and second decompos
temperatures are decreased by 50–60 and 20–25◦C, respec
tively. The best results are obtained with VCl3. However, the
pressure needed for absorption of hydrogen in the LiA4
system is currently not known.

The origins of the desorption kinetics enhancement
the reduced decomposition temperatures are not under
Detailed studies of the desorption and absorption proc
in alanates with different additives are needed to improv
understanding of the involved mechanisms. In the pre
E-mail address: didier.blanchard@ife.no (D. Blanchard). study, isothermal decomposition of pure LiAlD4 and LiAlD4
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ball-milled with two different additives, VCl3 and TiCl3 ·
(1/3)(AlCl3), has been investigated by in-situ synchrotron
powder X-ray diffraction (PXD).

2. Experimental

The compounds, LiAlD4 (≥95% purity, containing
∼0.2 mol% LiCl), TiCl3 · (1/3)(AlCl3) (99.99%) and VCl3
(99.99%) were purchased from Sigma–Aldrich. All sample
handling was carried out in glove box in a dry argon atmo-
sphere. Typically, 1.0 g of LiAlD4 was ball-milled for 5 min
in a Pulverisette 7 planetary ball mill at a gyration rate of
400 rpm. Hardened steel vial of 12 cm3 sealed under argon
with three steel balls (7 g each) were used.

In situ PXD data were collected at the Swiss–Norwegian
beam line (station BM1A) at the European Radiation Source
Facility (ESRF) in Grenoble, France. A capillary-based cell,
0.5 mm in diameter, that allowed collection of PXD data dur-
ing heating by a hot air blower under dynamical vacuum,
was used. The sample was contained in a boron–silica-glass
capillary and kept in place by a glass needle. The sample
was placed under the air blower once the set temperature was
reached. An imaging plate system (MAR 345) was used to
collect two-dimensional powder diffraction patterns with ex-
posure times of 30 s. Data were collected every second minute
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Fig. 1. The PXD patterns during the isothermal decomposition at 156◦C of
LiAlD 4 with 2 mol% VCl3.

ics of the decomposition can be found from a linear fit of
ln[− ln(1 − ϕc)] plotted versus ln(t) according to the Avrami
equation[12]:

ϕc = 1 − exp(−(kt)n) (4)

wherek represents the rate of the reaction andt is the time
during the decomposition.

3.1. The changes in phase compositions

Fig. 2 shows the evolution of the crystalline volume
fractions during the isothermal decomposition of pure
LiAlD 4 and LiAlD4 with 2 mol% VCl3 or 2 mol% TiCl3 ·
(1/3)(AlCl3) additives. It is important to notice that att = 0
the samples composition are different between pure and sam-
ples with additives. During ball milling some of the LiAlD4 is
decomposed to Al, LiCl and Li3AlD6because of the additives
reduction as well as its thermal decomposition[6,13]. This ef-
fect is more pronounced for the TiCl3 · (1/3)(AlCl3) additive
than for VCl3 (Fig. 2b). When the first step decomposition is
finished, the amount of Al is always larger than expected from
the stoichiometry from Eq.(1). Despite the low temperatures
(<167◦C) some thermal decomposition of Li3AlD6 occurs
(Eq. (2)). This second decomposition is rather important for
the samples with additives; the kinetic of reaction describes
b and
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owing to the read and erase time for the image plate).
avelength was 0.7100̊A. The data range was 3–34◦ in 2θ

nd rebinned with a step size of 0.015◦. The program Fit2D
8] was used to reduce the raw data to one-dimensional
atterns.

Rietveld refinements were carried out using the prog
ietica [9]. Structural data for LiAlD4 and Li3AlD6 were

aken from[10,11], respectively. Voigt profile functions we
sed, and the background was modelled by Cheby II po
ials.
The isothermal decomposition of (i) pure LiAlD4, (ii)

iAlD 4 with 2 mol% VCl3, and (iii) LiAlD 4 with 2 mol%
iCl3 · (1/3)(AlCl3) were studied at different temperatur
iffraction diagrams were collected for the sample with
dditives at: 154, 156, 163, 167◦C and for the two sample
ith additives at: 139, 148, 152 and 156◦C, respectively.

. Results and discussion

Fig. 1 shows the complete set of PXD patterns m
ured during the decomposition of LiAlD4 + 2 mol% VCl3 at
56◦C. The decomposition (Eq.(1)) of LiAlD 4 into Li3AlD6
nd Al can easily be followed. Different samples, pure lith
lanate or ball milled with TiCl3 · (1/3)(AlCl3) or VCl3 ad-
itives, gave similar patterns.

Rietveld refinements of the diffraction data were use
etermine the composition of each sample, and thereb
rystalline volume fraction,ϕc, of each crystalline phase du

ng the thermal decomposition. Information about the ki
y Eq.(2) is increased at a given temperature by using V-
i-based additives[6].

The plots for the crystalline volume fraction evolut
f pure LiAlD4 and LiAlD4 with 2 mol% VCl3, during the
ecomposition (Fig. 2a and c) show sigmoid shapes. Th
ifferent regions are clearly present and interpreted: (

nduction period with a slow decomposition rate; (ii) a m
ecomposition with a constant rate of decomposition; fin
iii) a reduced decomposition rate until LiAlD4 disappears

.2. The Avrami plots

Fig. 3 shows the logarithm of the Avrami equation
wo different samples: pure LiAlD4 and LiAlD4 with 2 mol%
Cl3 decomposed at 156◦C. The plots clearly indicate tw
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Fig. 2. Changes in the volume fraction of LiAlD4 during the decomposition: (a) pure LiAlD4 at 154, 156, 163 and 167◦C; (b) Comparison between pure
LiAlD 4 and LiAlD4 with 2 mol% VCl3 and 2 mol% TiCl3 · (1/3)(AlCl3) at 156◦C; (c) LiAlD4 with 2 mol% VCl3 at 143, 148, 152 and 156◦C; (d) volume
fractions of LiAlD4, Li3AlD6 and Al for the pure sample at 156◦C.

separate regions covering the induction and the main decom-
position period. This result may indicate that the two first
periods are not driven by the same mechanisms of decompo-
sition.

3.3. The induction period

The induction period indicates that the beginning of the
decomposition is governed by a slow production rate of Al or
Li3AlD6 nucleus[14]. When the nuclei size or concentration

-

has reached a certain level, the rate of the reaction increases. It
is difficult to establish here if the decomposition is controlled
by the nucleation itself or by the diffusion of the species or
the interface process.

This period is shortened or even not observed at all when
the samples are mixed with additives. Indeed some nucle-
ation has already been achieved during the ball milling. The
induction period is not observed for LiAlD4 with 2 mol%
TiCl3 · (1/3)(AlCl3). The sample already contains a sig-
nificant amount of Li3AlD6 and Al after the ball-milling,
and the phase composition att = 0 is: LiAlD4 ∼ 40 mol%,
Li3AlD6 ∼ 43 mol%, Al ∼13 mol% and LiCl∼ 4 mol%
(Fig. 2b).

3.4. The main decomposition

After the induction period the rate of decomposition
rapidly increases to reach a constant value.Fig. 4shows the
Avrami plots for this period for pure LiAlD4 and LiAlD4 with
VCl3 decomposed at different temperatures. Thek values are
determined using the best-fitted lines. The rate of decompo-
sition depends on the temperature, and can be described by
the familiar Arrhenius-type equation[15]:

k = A e−Ea/RT (5)

w r,
c ation
hereA is the temperature independent frequency factoEa
ontains both the overall free energy change for the form
Fig. 3. Logarithmic form of the Avrami equation during the whole decom
position for pure LiAlD4 and LiAlD4 with 2 mol% VCl3 decomposed at
156◦C.
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Fig. 4. Logarithmic form of the Avrami equation during the main decom-
position period for pure LiAlD4 and LiAlD4 with 2 mol% VCl3.

Fig. 5. lnk vs. 1/T in K for pure LiAlD4, LiAlD 4 ball milled with 2 mol%
VCl3 and 2 mol% TiCl3 · (1/3)(AlCl3) during the bulk decomposition.

of a nucleus and the activation energy for short-range diffu-
sion of the atoms,R the gas constant andT is the absolute
temperature. The natural logarithm of thek values versus 1/T

(Arrhenius-type plot) is shown inFig. 5for the three LiAlD4
samples.

The derived apparent activation energies,Ea, are 102,
95, 90 kJ/mol for pure LiAlD4, LiAlD 4 with 2 mol% TiCl3 ·
(1/3)(AlCl3) and with 2 mol% VCl3, respectively. These
values are higher than the activation energy of 42.6 kJ/mol
published for LiAlH4 with 2 mol% TiCl3 · (1/3)(AlCl3) [5].
This result was obtained by volume measurements of H2
release using a Sieverts-type apparatus. TheEa values are
consistent relating the desorption temperatures for LiAlD4
with and without additives. The decomposition temperature
is lower with VCl3 than with TiCl3 · (1/3)(AlCl3) additives
[6]. Furthermore,Ea LiAlD4 > Ea LiAlD4+TiCl3·(1/3)(AlCl3) >

Ea LiAlD4+VCl3 indicates that the rates of decomposition are
less temperature dependent when additives have been used
Finally it is found that the decomposition rates are enhanced
with additives. At 156◦C, kVCl3 ∼ 1.15kTiCl3·(1/3)(AlCl3) ∼
1.20kpure, indicating that the rates of decomposition are larger
with VCl3 additive.

4. Conclusions

a

been studied by in-situ synchrotron X-ray diffraction under
dynamical vacuum at isothermal conditions. Rietveld refine-
ments of each diffraction pattern have been used to determine
the crystalline volume fractions for each phase during the
isothermal decompositions.

For the pure LiAlD4 and LiAlD4 with V-based addi-
tives, the decompositions consist of an induction period fol-
lowed by a main decomposition. Avrami plots indicate that
the two first periods do not follow the same route of de-
composition. The induction period may correspond to the
time needed to obtain the first clusters of Al or Li3AlD6.
Its duration, and thereby the whole decomposition period,
is affected by the presences of Al or Li3AlD6 prior to the
decomposition. This observation can help to find a strat-
egy to enhance the kinetics of alanates. Available seeds
for nucleation are important to decrease the duration of the
decomposition.

During the main decomposition, the apparent acti-
vation energies differ for the different additives. They
are correlated with the decomposition temperatures and
rates. Summing up, the activation energies (Ea), the de-
composition temperatures and the inverse of the decom-
position rates (1/k), can be ranked in the following
sequence: pure LiAlD4 > LiAlD 4 + 2 mol% TiCl3 · (1/3)
(AlCl3) > LiAlD 4 + 2 mol%VCl3.
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The first decomposition reaction (Eq.(1)) of pure LiAlD4

nd LiAlD4 with 2 mol% VCl3 or TiCl3 · (1/3)(AlCl3) have
.
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