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Abstract

Mechanical processing of polycrystalline LiAlH, in the presence of titanium- and iron-based catalysts induces the transformation of
LiAlH, into Li,AlH,4, Al and H, at room temperature. Several catalysts were tested and it was established that their activity gradually
decreases from TiCl, to Fe in the series TiCl ,>Al,,Ti > Al ,,Fe,Tig>Al ;Fe>Fe. The high catalytic activity of TiCl, has been attributed
to microcrystalline intermetallic Al Ti, which rapidly formsin situ from TiCl, and LiAIH, during mechanical processing and then acts as
a heterogeneous dehydrogenation catalyst. [ 2001 Elsevier Science BV. All rights reserved.
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1. Introduction

High capacity solid-state storage of hydrogen at ambient
conditions is expected to become increasingly important as
fuel cell power plants approach broad use in automotive
and electrical utility applications. Aluminum-based com-
plex meta hydrides, such as sodium and lithium
aluminohydrides (NaAlH, and LiAlH,), attract consider-
able attention as potential ultra-high-capacity hydrogen
storage media [1-9] because their hydrogen content
reaches 7.4 to 10.5% of hydrogen by weight, respectively.
Severa fundamentally different approaches to the develop-
ment of aluminohydride-based hydrogen storage technolo-
gy were proposed during the last few years. The first group
of methods, which was developed for a low-temperature
(i.e. a ambient conditions) generation of hydrogen gas
from complex akali metal aluminohydrides, involves
chemical decomposition of hydrides with appropriate
chemical reagents such as water [10—13] or ammonia [11].
Although this approach enables extraction of the entire
hydrogen content from alkali metal aluminohydrides, it is
unsuitable for the development of a reversible hydrogen
storage system as it results in complete chemical decompo-
sition of aluminohydrides. The second approach is based
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on the reversible therma decomposition of sodium
aluminohydride (NaAlH,) in the presence of transition
metal catalysts [2—7]. It has been reported that Ti-, Zr- and
Fe-based inorganic or organometallic catalysts lower the
decomposition temperature of NaAlH, by approximately
80°C. The Zr and Ti catalysts also make hydrogen release
from sodium aluminohydride partially reversible at accept-
able conditions, i.e. absorption of hydrogen occurs at
temperatures between 150 and 165°C, and hydrogen
pressure between 100 and 200 atm [6]. However, since the
nature of the transition metal intermediates catalyzing
hydrogen release and uptake in the doped NaAlH, is
unknown [2—7], there is no clear understanding of how
further development of auminohydride-based hydrogen
storage materials could be carried out most effectively.
Furthermore, because of the relatively low hydrogen
content (5.6 wt.% H, when NaAlH, decomposes to NaH,
Al and H,), sodium aluminohydride appears to be inferior
to other hydrides such as lithium auminohydride (7.9
wt.% H, when decomposed to LiH, Al and H,) and
magnesium hydride (7.6 wt.% H,).

Recently, we reported that lithium aluminohydride can
be easily transformed into lithium hexahydroaluminate
(Li;AlHg), aluminum and hydrogen in the presence of
catalytic amounts of metallic iron or titanium tetrachloride
(TiCl,) during high-energy ball-milling at room tempera-
ture [8,9]. Here, we describe our most recent results on
mechanochemical transformations in LiAlIH, in the pres-
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ence of Ti- and/or Fe-based catalysts. The experimental
data presented below demonstrate that the high catalytic
activity of TiCl, reported in Ref. [8] is associated with in
situ formation of a microcrystalline intermetallic Al Ti
phase from TiCl, and LiAlH, during ball-milling. Once
formed, Al,Ti acts as a heterogeneous dehydrogenation
catalyst.

2. Experimental

LiAIH, (=98 wt.% pure) and TiCl, (99.995 wt.% pure)
were purchased from Sigma—Aldrich. TiH, (99 wt.% pure)
was purchased from Alfa The intermetallic compounds
were prepared from titanium, iron and aluminum (all were
99.999 wt.% pure), purchased from various commercial
vendors. All operations on lithium auminohydride,
titanium hydride and titanium tetrachloride were carried
out in a helium atmosphere in a glove box. Ball-milling of
various quantities of materials, usually 0.5-1.0 g, was
performed using 21 g of steel balls in a Spex mill in a
hardened-steel vial sealed under helium. Forced air-cooling
of the vial was employed to prevent its heating during
ball-milling experiments. The majority of hydrogen formed
during solid-state transformations promoted by mech-
anochemical processing of LiAlIH, in the presence of
different catalysts remained inside the vial and was de-
tected during its opening. However, it is feasible that some
hydrogen gas escaped the via during the processing and/
or was absorbed by the via walls, and therefore no
measurements of the quantities of hydrogen built-up inside
the vial during the processing were carried out.

Intermetallic alloys with Al,Ti, Al,,Fe;Tig and Al Fe
stoichiometries, approximately 10 g each, were prepared
by arc-melting mixtures of pure metals in an argon
atmosphere on a water-cooled copper hearth. To ensure
alloy homogeneity, samples were turned over eight times
during arc-melting. Since weight losses during the prepara-
tion of aloys did not exceed 0.8 wt.%, the compositions of
the aloys were assumed unchanged.

The X-ray powder diffraction (XRD) characterization of
the obtained materials was carried out on a Scintag powder
diffractometer using Cu Ka radiation. A full profile
Rietveld analysis of the powder diffraction data, which
were collected at room temperature with a 0.02° 260 step,
was employed for crystal structure refinement. To protect
air-sensitive hydride samples from the atmospheric oxygen
and moisture during X-ray powder diffraction experiments,
the sample holder containing a hydride powder was
covered with an X-ray-transparent polymer film in a glove
box under helium.

#’Al nuclear magnetic resonance (NMR) experiments
were performed on a Chemagnetics Infinity spectrometer
operated at 9.4 T (104.2 MHZz). Following the preparation,
the samples were transferred to the 3.2-mm magic angle
spinning (MAS) rotors within a glove box in a helium

atmosphere. The *’Al NMR spectra were acquired in a
Chemagnetics MAS probe using single-pulse excitation
and a spinning rate of 20 kHz. A two-pulse phase
modulation (TPPM) decoupling scheme was used to
eliminate the line broadening due to the heteronuclear
dipolar interaction with *H nuclei [14]. The *’Al spectra
reported in this work use the § scale, with positive values
downfield, and are referenced with an aqueous solution of
aluminum nitrate.

Differentia therma analysis (DTA) of the powder
samples was carried out on a Perkin-Elmer DTA 7 unit
between 20 and 300°C with a heating rate of 10°C/min in
an argon atmosphere. Aluminum oxide crucibles were used
as holders and aluminum oxide was used as a reference
material. Chemical analysis of selected samples was
performed using an ICP-AES technique on a Thermo
Jerrell Ash IRIS spectrometer according to a standard
ICP-AES procedure [15].

3. Results and discussion

Unlike complex boron- [16] and magnesium-based
hydrides [17], little is known about mechanically induced
solid-state transformations of complex derivatives of
aluminum hydride. Except for a few reports on mechani-
caly induced solid-state reduction of several transition
metal halogenides by alkali metal aluminohydrides [18,19]
and on mechanochemical preparation of complex
aluminohydrides of Li, Na, Mg and Sr [5,9,20-23], no
systematic data about mechanochemical behavior of this
class of materials is available in the literature.

As we reported in our earlier communication [8], ball-
milling of material consisting of 97 mol% of LiAIH, and 3
mol% of TiCl, for 5 min a room temperature causes
complete transformation of LiAIH, into Li,AlHg, Al and
H,. Only Bragg pesks corresponding to the microcrystal-
line LizAlHg4, Al and LiCl can be seen in the X-ray powder
diffraction pattern of the ball-milled hydride (Fig. 1). The
differentia thermal and gas-volumetric analyses of the
mixture (i.e. only one thermal event associated with the
decomposition of Li,AlH, was observed, and the amount
of hydrogen released during heating to 650°C corresponds
to the amount of produced Li,AlH¢) confirmed the results
of X-ray powder diffraction indicating that the transforma-
tion proceeds according to Eq. (1), and showed that no
other nano-crystalline or amorphous hydride phases unde-
tectable by X-ray powder diffraction formed during the
mechanochemical processing (see Ref. [8] for more de-
tails):

2.91LiAIH, + 0.09TiCl,, = 0.85Li ,AlH, + 0.36LiCl
+ 2.06Al + 0.09[Ti] + 3.27H,
(1)
We aso found that LiAIH, is stable during the mech-
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Fig. 1. X-ray powder diffraction patterns of LiAlH, ball-milled in the
presence of 3 mol% TiCl, for 5 min (8 and Li,AlHs prepared
mechanochemically (b). Vertical bars at the bottom of the plot indicate
calculated positions of Bragg peaks in LiCl and Al.

anochemical treatment without a catalyst for up to 35 h [9].
Therefore, the transformations occurring in the TiCl,-
doped LiAlIH, during short-term ball-milling were attribu-
ted to the presence of an unknown catalytically active
titanium species formed from titanium tetrachloride and
lithium aluminohydride. Our earlier study [8] also revealed
that mechanical treatment is required for these transforma
tions to occur.

To understand the catalytic effect of TiCl, and to
explore the nature of Ti species that catalyze the mech-
anochemical transformations of LiAlH,, we performed a
detailed study of the mechanically activated reaction
between stoichiometric amounts of LiAIH, and TiCl, (4:1
ratio) as well as the processes occurring in LiAIH, in the
presence of titanium hydride (TiH,). Due to the high
reactivity of the starting materials, we anticipated that TiH,
might have formed as a product of the mechanochemically
promoted reduction of TiCl, by LiAlH, and further acted
as a catalyst of the mechanochemical transformations of
LiAIH,. If this assumption were true, the following
reactions would be most likely to describe the mechanism
of the observed solid-state rearrangement:

TiCl, + 4LiAIH, = [TiH,] + 4LiCl + 4Al + 7H, )
[TiH,] + LiAIH, = [LiTiAIH] 3)

[LiTIAIH] + 2LiAIH, = Li,AlH, + [TiH,] + Al + 3H,
(4)

However, the experimental data do not support this
hypothesis. X-ray powder diffraction analysis of the sam-
ple obtained after ball-milling of stoichiometric amounts
(4:1 retio) of LiAIH, and TiCl, for 10 min did not reveal
the presence of TiH,. Only Bragg peaks corresponding to

a) 4LiAIH, + TiCl,
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g *
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Fig. 2. X-ray powder diffraction patterns of the powder formed after
ball-milling of four equivalents of LiAIH, with one equivalent of TiCl,
for 10 min (a) and the conventionally prepared Al,Ti (b). Vertical bars at
the bottom of the plot indicate calculated positions of Bragg peaksin LiCl
and Al. Asterisks indicate the strongest Bragg peaks of the tetragonal
Al,Ti found in both diffraction patterns.

microcrystalline lithium chloride, aluminum and a Ti—Al
phase are found in the XRD pattern of the ball-milled
material (Fig. 2). Furthermore, gas-volumetric analysis
showed no detectable hydrogen gas evolution from the
ball-milled sample during heating in vacuum up to 650°C,
indicating the absence of any metal hydride phase(s) in the
investigated material. The experiments on ball-milling of
LiAIH, with TiH, aso did not support the mechanism
described by Egs. (2)—(4). Finally, mechanica aloying of
LiAIH,—TiH, mixtures containing between 3 and 50
mol% TiH, for 10 min to 6.5 h did not result in the
formation of detectable amounts of LiAlH,.

Another possible explanation of the catalytic effect of
TiCl, on the mechanochemical transformations in LiAIH,
is the formation of a micro/nano-crystalline Al,Ti inter-
metallic phase from TiCl, and LiAlH,, which acts as a
dehydrogenation catalyst. The formation of Li,AlH, from
LiAIH, in the presence of TiCl, could then be described
by a sequence of mechanically promoted solid-state mech-
anochemical reactions as shown by Egs. (5)—(8). Accord-
ing to the phase diagram of the Ti—Al system [24], Al,Ti
is the richest in aluminum intermetalic phase and, there-
fore, its formation in the presence of an excess of
aluminum (Eq. (6)) isfeasible. Since Li,AlH, easily forms
during mechanochemical processing of LiH and LiAIH,
[9], it is likely that the transformation of LiAlH, into
LizAlHg proceeds through the intermediate formation of
LiH as a product of the dehydrogenation of LiAIH, (Eq.
(74)), and a subsequent mechanochemical reaction between
LiH and the remaining LiAIH, (Eg. (7b)). On the other
hand, Li,AlH; may also form as a result of the direct
solid-state rearrangement of the tetrahedral [AIH,]  into
the octahedral [AIH]®" as shown by Eq. (8). Therefore,
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complete understanding of this catalytic solid-state trans-
formation process requires further detailed studies before it
is completely understood:

TiCl, + 4LiAIH, = Ti + 4LiCl + 4Al + 8H, (5)

Ti + 4Al = Al Ti + Al (6)
. Al3Ti catalyst .

LIAIH, =~ -  LiH+Al+15H, (73

2LiH + LiAIH, = Li ,AlH, (7h)
. AlgTi catalyst

3LIAIH, = -  LisAlH,+ 2Al + 3H, (8)

The most intense Bragg peak in the X-ray powder
diffraction pattern of the sample obtained after ball-milling
of TiCl, with four equivalents of LiAIH,, which could not
be assigned to either LiCl or Al, islocated at 2@ = 39.18°
(see Fig. 2). According to the literature [25-27], the Al Ti
intermetallic phase may crystallize in two polymorphic
modifications: tetragonal (DO0,,) or cubic (L1,). It is also
well known [27] that the metastable Al,Ti alloy with the
cubic L1,-type crysta structure can be prepared by
mechanical alloying of Ti and Al powders. Furthermore,
Al,Ti does not react with Al even during prolonged ball-
milling [28]. Regardless of which polymorph of Al,Ti is
considered, the strongest Bragg peaks of both the tetragon-
a DO0,, (Fig. 2) and cubic L1, (Fig. 3) phases are located
at 20 = 39.2°, i.e. a the same Bragg angle as the peak in
the X-ray powder diffraction pattern of the ball-milled
LiAIH,—TiCl, mixture mentioned above. Unfortunately,
the low intensities of the other peaks, which could belong
to DO,,- or L1,-type Al,Ti, do not provide the definite
inference of the crystal structure of this intermetallic phase.

To verify that Al,Ti intermetallic compound acts as a
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Fig. 3. X-ray powder diffraction patterns of the conventionally prepared
Al,Ti aloy (8) and the materials formed during its ball-milling for 75 min
(b) and 8 h (0).

catalyst of mechanochemical transformations in LiAIH,,
we prepared the Al,Ti (DO0,,) alloy by arc-melting of pure
Ti and Al metals, taken in 1:3 atomic ratio, and investi-
gated its influence on mechanically induced transforma
tions of LiAIH,. We also studied the phase transformations
of the arc-melted Al,Ti alloy during high-energy ball-
milling and confirmed its transformation into the cubic
L1,-type metastable material.

The X-ray powder diffraction pattern of the arc-melted
Al,Ti alloy with the tetragonal (DO,,) crystal structure and
lattice parameters which are in a good agreement with
those published previously {a = 3.8537(8), c = 8.5839(13)
[25]} is shown in Fig. 2. This aloy gradually transforms
into a metastable cubic (L1,) phase during high-energy
ball-milling (Fig. 3). Although the phase transformation is
close to completion after 8 h of ball-milling, the Bragg
pesks corresponding to the tetragonal DO,, phase are still
visible in the X-ray powder diffraction pattern of the
mechanically treated Al,Ti alloy. Chemical analysis of the
obtained powder revealed only minor contamination of the
sample with the via material (Fe). The iron content of
Al,Ti ball-milled for 8 h was found to be only 1.72% by
weight or 0.98 at% Fe. However, since iron is well known
as an aloying element capable of stabilizing metastable
phases in the Al,Ti system [29], its introduction into the
sample during mechanical alloying could aso be respon-
sible for the observed transformation of the DO,, phase
into the metastable L1, phase.

The catalytic effect of Al,Ti on the phase transforma-
tions in LiAIH, was investigated under conditions similar
to those used in the experiments with TiCl,. A mixture
containing 97 mol% LiAIH, and 3 mol% bulk poly-
crystalline Al,Ti with the DO,,-type crystal structure was
ball-milled for 10 min, 75 min, and 7.5 h in a Spex mill
under helium. The obtained hydride powders were investi-
gated using X-ray powder diffraction, solid-state *’Al
NMR and differential therma analysis.

Analysis of the Al,Ti-doped hydride powders formed
during mechanochemical treatment for 10 and 75 min
reveals only minor changes in their phase composition.
Considering the fact that Al,Ti was added in bulk form, it
is not surprising that its interaction with LiAIH, was slow
until the alloy was crushed into a fine powder. However,
ball-milling for 7.5 h has a considerable effect on the
hydride material. Both X-ray powder diffraction and *’Al
NMR spectroscopy unambiguously confirm the catalytic
properties of Al,Ti. The X-ray powder diffraction pattern
of LiAIH, ball-milled for 7.5 h in the presence of 3 mol%
Al;Ti and the diffraction patterns of the starting LiAIH,
and the mechanochemically prepared Li,AlH, [9] are
shown in Fig. 4. The peaks representing Li,AlH4 and the
residual LiAlIH, species along with the strong pesks of
microcrystalline aluminum are clearly distinguishable in
this pattern.

The above results are consistent with the spectra ob-
tained using solid-state *’Al NMR spectroscopy. The Al
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Fig. 4. X-ray powder diffraction patterns of LiAlH, ball-milled in the
presence of 3 mol% Al,Ti for 7.5 h (a), the starting LiAIH, (b) and
Li,AlH, prepared mechanochemically (c). Vertical bars at the bottom of
the plot indicate calculated positions of Bragg peaks in Al.

MAS spectrum of LiAIH, doped with 3 mol% Al,Ti and
ball-milled for 7.5 h contains three resonance signals at
around —34, 104 and 1640 ppm (see Fig. 53), which
represent Li,AlHg, LiAIH, and metallic auminum, respec-
tively. These assignments are based on our previous solid-
state NMR investigations of LiAlH, and Li;AlH4, which
revealed that the shifts of *’Al in these materials are 103.8
(+0.8) ppm and —33.7 (=0.8) ppm, respectively (see Fig.
5b,¢) [30]. The large shift of the resonance at around 1640
ppm is attributed to the so-called Knight shift interaction in
metallic aluminum [31]. Since none of these resonances
could be assigned to Al,Ti, we also acquired two supple-
mentary “’Al MAS NMR spectra of pure Al,Ti aloy
before and after ball-milling for 8 h. In its origina state

Al LiAIH
AR LisAIHe
a) LiAlHs + 3mol% of AlsTi
’/J ball — milled for 7.5h
[;]
=Y U § SN
=
s
@ b) LiAlH4
2
‘@ ;
cl—J
9
£
c) LizAlHs

1800 1600 1400 1200 1000 800 600 400 200 O -200
PPM

Fig. 5. Al MAS NMR spectra of LiAIH, ball-milled in the presence of
3 mol% Al,Ti for 7.5 h (8), the starting commercial LiAIH, containing
trace amounts of Al (b) and Li,AlH, prepared mechanochemically [9] (c).
Isotropic NMR resonances are marked by arrows.

Al;Ti has the tetragonal crystal structure, whereas the
mechanical treatment produces a nearly amorphous cubic
phase. However, only the crystalline form of Al,Ti has
been observed as a narrow resonance at 2645 ppm with
full width at half magnitude (FWHM) of 2.3 kHz (spec-
trum not shown). The resonance signal in the *’Al spec-
trum of the ball-milled sample was too broad to be
observed under the conditions used in our experiment.

We note that the spectra in Fig. 5 are not completely
guantitative due to several complicating factors. First, the
resonances at 104 and —34 ppm represent only the so-
called central (m= + 1/2m= — 1/2) transition of *’Al
nuclei, which corresponds to 9/35 of the total intensity for
these sites [32]. Due to the considerable quadrupolar
broadening, the satellite transitions for these sites are
observed as wide manifolds of spinning sidebands. In
contrast, metallic aluminum has a cubic structure, which
leads to degeneracy of al the transitions [31]. Thus, the
entire intensity of the metal peak is accounted for in the
resonance at 1640 ppm and a couple of associated spinning
sidebands (which are best observable in Fig. 58). Second,
the rf excitation and the probe tuning were optimized for
the central transition of LiAIH,, which had the opposite
effect of reducing the intensity of the peak at 1640 ppm.
Therefore, we calibrated the spectral intensities in Fig. 5
using the same experimental conditions to acquire a *’Al
MAS NMR spectrum of a known 1:1:1 molar mixture of
LiAIH,, LizAlHg and Al. The results showed that
50(*+5)% of LiAIH, in the ball-milled sample was trans-
formed into LizAlHs and Al.

Differentia thermal analysis also reveals significant
changes in the thermochemical behavior of the hydride
doped with Al,Ti and ball-milled for 7.5 h as compared
with the pure LiAlH,. We note that the thermochemical
behavior of pure LiAIH, has been studied extensively (e.g.
see Refs. [9,33-35]), and it is well known that the thermal
decomposition of LiAIH, into LijAlHg, H, and Al is
exothermic, while the decomposition of LizAlH, into LiH,
Al and H, is endothermic. As shown in Fig. 6, the number
of thermal events in the DTA trace of the Al,;Ti-doped and
ball-milled material between room temperature and 300°C
is reduced to only two — an exothermic effect between
122 and 150°C, with a maximum at 132°C, and an
endothermic effect between 178 and 242°C, with a mini-
mum at 207°C. Furthermore, the exothermic event (122—
150°C, minimum at 132°C), which most certainly corre-
sponds to the decomposition of LiAlH, remaining in the
Al Ti-doped sample after ball-milling, occurs at ~50°C
lower temperatures when compared with that observed in
pure lithium aluminohydride (178—220°C, maximum at
188°C) [9]. The endothermic effect seen in pure LiAIH,
(160-178°C, minimum at 170°C) due to melting of
LiAIH, [9] disappears from the DTA trace of the Al,Ti-
doped and ball-milled LiAIH,. Simultaneously, the intensi-
ty of the endothermic event (185—-240°C, minimum at
207°C) accompanying the decomposition of LiAlH,
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a) LiAlH, + 3 mol % Al,Ti
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Fig. 6. DTA traces of LiAIH, ball-milled in the presence of 3 mol%
Al,Ti for 7.5 h (), the starting LiAIH, (b), and Li,AlH, prepared
mechanochemically (c).

significantly increases in the Al,Ti-containing and pro-
cessed material. The position of this event is also shifted
by ~20°C towards lower temperatures compared to pure
LiAIH, [9]. Since our previous investigations of the
mechanochemical stability of LiAIH, [9] revesled fairly
high stability of this aluminohydride during prolonged
ball-milling without catalysts, the mechanochemical trans-
formations observed in LiAIH, in the presence of the
Al;Ti aloy are attributed to the catalytic effect of the
Al;Ti intermetallic compound. We aso note that Ti-based
catalysts have a similar effect on the therma decomposi-
tion of sodium aluminohydride; see Refs. [2—7] for more
details.

The obtained results offer a plausible explanation of the
catalytic behavior of TiCl, during the mechanochemical
transformation of LiAIH, into Li;AlHg, Al and H, [8]. It
appears that TiCl, is rapidly reduced by LiAlIH, giving
rise to nano/microcrystalline Ti and Al, which further
react with the formation of a Al,Ti intermetallic phase
(Egs. (5) and (6)). The latter then acts as a heterogeneous
dehydrogenation catalyst enabling the mechanochemical
transformation according to Egs. (7ab) or Eqg. (8). It is
also quite obvious that the activity of an in situ prepared
nano/microcrystalline heterogeneous metal catalyst with
an extremely large active surface area significantly exceeds
that of a bulk metal [36], which explains the higher
catalytic activity of TiCl, in comparison to the Al Ti aloy.

Since the phase transformation in the Al Ti alloy during
high-energy ball-milling for 8 h raises the possibility that
iron impurities stabilize the L1,-type Al,Ti, which in turn
may be responsible for the catalytic properties of the Al Ti
aloy, we prepared a polycrystalline L1,-type material with
the chemical composition Al,,Fe,Tig, and tested its cata-
Iytic activity. We also prepared an iron—aluminum alloy
with the chemical composition Al Fe and investigated its
effect on the behavior of LiAIH, during high-energy ball-

milling. Both Al;Fe and Al,,Fe,Tiy were prepared by
arc-melting stoichiometric amounts of the pure metals and
were found to be essentialy single phase materials. The
lattice parameters of both materials agree well with those
published previously {Al,,Fe,Tig, this work, space group
Pm3m, a=3.94(1); Ref. [26], space group Pm3m, a=
3.93 A. Al,Fe, this work, space group C2/m, a=
15.5242(6) A, b= 8.0474(4) A, c=12.4612(5) A, B =
107.717(2)°; Ref. [37], space group C2/m, a = 15.509(3)
A, b=8.066(2) A, c=12.469(2) A, B =107.72(2)°}.

Our experiments on mechanical alloying of LiAIH, with
3 mol% of Al,,Fe,Ti, aloy show that the catalytic activity
of this material is considerably lower than that observed
for Al Ti. According to the *’Al NMR data of Fig. 7 (after
calibrating the intensities as described above) only about
16 and 10% of LiAlH, has reacted when the hydride was
doped with Al ,,Fe,Tig, and Al,Fe, respectively. We note,
however, that the catalytic activity of Al,Fe is considera-
bly higher than that of pure iron observed in our previous
experiments [9].

Because of the complex nature of chemical and phase
transformations, which occur simultaneously in LiAIH,
and Al,;Ti during mechanochemical processing, it is rather
difficult to conclude whether and how the crystal structure
of the Al,Ti aloy influences its properties as a catalyst. So
far, we have found no direct evidence supporting the
possibility that the catalytic behavior of Al,Ti aloy is
dependent on its crystal structure. A substantial decrease in
the ability of the Al-Ti—Fe system to promote mechanoch-
emical transformations in LiAIH, with increasing iron
content is, however, in line with previously reported data
on the behavior of metalic aloys as heterogeneous
catalysts [36]. It is well known that dilution of an active
metal (i.e. Ti) with an inactive one causes significant
reduction of the hydriding—dehydriding activity of the

‘LiAIH4

a) LiAlH4 + 3mol% of AlsFe
ball — milled for 7.5h
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)

!
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Fig. 7. *’Al MAS NMR spectra of LiAIH,, ball-milled in the presence of
3 mol% Al,Fe (8 and 3 mol% Al,,Fe,Tig (b) for 7.5 h. Isotropic
resonances are marked by arrows.
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metallic aloy in comparison to that of the pure active
metal.

4. Conclusions

Our investigations of the ability of Ti- and Fe-based
catalysts to promote the mechanochemical transformation
of lithium aluminum hydride into lithium hexahydroalumi-
nate, aluminum and hydrogen revealed that the activity of
the tested catalysts gradually decreases from TiCl, to Fein
the series TiCl,>Al,Ti> Al,,Fe,Ti;>Al ,Fe>Fe. The
high catalytic activity of TiCl, in the mechanically induced
transformation of LiAlH, is attributed to the in situ
formation of a nano/microcrystalline Al,Ti phase from
TiCl, and LiAIH, during ball-milling. The high catalytic
activity of the Al;Ti formed in situ is in line with the
expectation that an extremely large Al Ti/LiAIH, inter-
face area is achieved during mechanical alloying of
LiAIH, with a catalytic amount of TiCl,.
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