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ARTICLE INFO ABSTRACT
Keywords: a-AlHj; is one of the most promising hydrogen storage materials due to its high gravimetric hydrogen capacity
Synergistic effect and low dehydriding temperature. In present work, a convenient and cost-efficient solid-state mechanochemical
Mechanochemical reaction reaction is proposed to obtain a-AlH3 nano-composite. With the addition of TiFs, a-AlH3 nano-composite was

a-AlH3 nano-composite
Dehydriding property

formed in a short period by milling of LiH and AlCl3. Based on XRD and NMR results, the average grain size of
the a-AlHj; in the nano-composite was 45 nm. The reaction pathway as well as the synergistic effect of TiF3 on the

solid state reaction between LiH and AlCl; were confirmed. In the a-AlH3/LiCl nano-composite, TiF3 reduced the
temperature of dehydriding reaction and improved dehydrogenation rate of a-AlH;. Within the temperature
range between 80 and 160 °C, dehydrogenation of the as-milled a-AlH3 nano-composite showed fast kinetics. At
160 °C, a maximum hydrogen desorption of 9.92 wt% was obtained within 750s, very close to the theoretical

hydrogen capacity of a-AlHj.
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1. Introduction

Hydrogen, as a clean and renewable energy source, has received
wide attention [1-3]. However, the major obstacle for a widespread
hydrogen utilization is the challenges in storage [4]. The hydrogen
storage technology includes gas storage, liquid storage and solid-state
hydrogen storage method which is different from other storage tech-
nologies such as CO, adsorption and storage technology [1,5,6]. Solid-
state hydrogen storage methods offer advantages, such as the lower
safety risk, over high-pressure and cryogenic approaches [7]. Ad-
ditionally, solid materials have excellent volumetric and gravitational
storage capacities. Therefore, a lot of efforts have been undertaken in
research and development of solid-state hydrogen storage materials as
well as storage systems [8-16]. Research of safe, recyclable and cheap
hydrogen storage materials, such as the light metal hydrides and their
complexes, is the focus of the most recent studies; however, several
issues still remain unsolved [4,10-12]. Aluminum trihydride (AlHs),
also known as alane, has a large hydrogen capacity (about 10 wt%) as
well as a high volumetric density equal to 148kg/m> of hydrogen
[17-211, both of which exceed United States Department of Energy (US
DOE) requirements, i.e., 7.5wt.% and 70 g/1 [7,20,22,23]. AlH3 com-
pletely decomposes with a desirable rate at relatively low temperatures
(100-200 °C), which is essential for the compatibility requirements
with proton-exchange membrane fuel cells [24]. AlH; releases hy-
drogen leaving only metallic Al, a residue that is convenient to recycle.
Thus, similar to RhAu, carbon nanotubes and transition metal compo-
sites [25-32], AlH; is considered as an excellent reversible hydrogen
storage source with potential applications in rocket and fuel cell in-
dustries [33-37].

Currently, seven different polymorphs for AlH; are known: a, o/, f3,
Yy, 8, ¢ and ¢ [38-46]. All but a-polymorph are metastable at ambient
conditions. a-AlHj; is the most studied polymorph because of the high
stability. It is stable at room temperature but thermodynamically un-
stable at 150 °C under 10 kbar [40]. Although AlH; has many promising
attributes, it is still not fully utilized as a hydrogen storage material,
mainly because of the lack of an efficient and convenient industrial
production method. Until 1976, the most popular methods to prepare
AlHj; polymorphs were the wet chemical synthesis proposed by Brower
et al. It involved LiAlH, and AlCl; as the starting materials and LiBH, as
a desolvation aid, and ether as the solvent. Alane- ether complexes form
according to Eq. (1) [47]:

3LiAlH, + AICl; + nEt,0 — 4AlH;nEL,0 + 3LiCl eh)

Bulychev et al. [48-50] later modified this method and synthesized
AlHj; by reacting lithium aluminum hydride (LiAlH,) with a strong acid
like sulfuric acid (H,SO4) in ether, with crystallization from diethyl
ether-benzene solution (see Eq. (2)):

In general, AlH; can be synthesized from alkali and/or alkaline
earth metal tetrahydroaluminates, or hydrides based on wet chemical
reactions [45-47] through the formation of alane—ether complexes.
However, despite being less expensive and/or very reactive, these
methods of a-AlHj3 synthesis involve large amounts of environmentally
harmful organic solvents, and are highly sensitive to temperature and
time. It is impractical to handle volatile organic liquids and the methods
are not suitable for large-scale AlH3 production. Thus, a solvent-free
synthesis yielding non-solvated and adduct-free AlHj3 is highly desir-
able.

Saitoh reported synthesis of adduct-free AlH; by hydrogenation of
Al (see Eq. (3)) [51]. However, this method can only be accomplished
under H, pressure with at least 10 GPa at 25 °C because of the stabi-
lizing surface aluminum oxide layer or low diffusivity of hydrogen [34].
Saitoh also demonstrated a H, pressure as high as 6 GPa at 300-800 °C
could be used to perform efficient Al hydrogenation [52].
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Thermodynamically, hydrogenation of Al to obtain AlHj; is not a pre-
ferred method. Thus, such high pressures during AlH; synthesis make
this method less attractive for large-scale AlH; synthesis.

2Al + 3H, — 2AIH; 3

Mechanochemical method is a well-known technique, which is
green and sustainable and offers several economic benefits [53]. It was
demonstrated by several groups that this process can be solvent-free
and consumes less energy comparing to solvent-based reactions
[54,55]. Thus, mechanochemical method is gaining attention as an
alternative to conventional solution-based processes and was proposed
to synthesize metal hydrides by solid-state reactions with ball milling
[53-58]. For example, Fernandez studied milling processes of LiAlH,
with different metal halides (VCls, VBr3 and AlCls) and observed AlH;
formation by a mechanochemical reaction between LiAlH, and AlCl;3
[59]. To date, mechanochemical milling has been successfully used for
the solid-state synthesis of AlH3 [40,60-63]. Mechanochemical method
for AlD5 synthesis was employed by Brinks [40]. AlD3 mixture of var-
ious polymorphs was synthesized by mechanically-assisted reaction
between LiAlD,4 and AlCl; at 77 K and room temperature (see Eq. (4))
[36].

3LiAID,) + AlCly) — 4AID; + 3LiCl )

Lately, Paskevicius obtained a mixture of several polymorphs of
AlHj; (a-, -, and y) by a mechanochemical reaction of LiAlH, and AlCl3
[61]. The final crystalline size of AlH; was 15-17 nm. Sartori reported
that the yield of (a+a’)-AlH; increased from 6.1-49.9 mol% when
NaAlH,4+ AlCl3 and LiAlD, + AlBr; were used as reagents (see Egs. (5)
and (6)) [62,63]:

3LiAlID4 + AlBrz — 4AID3 + 3LiBr 5)

(6)

Prior studies mainly focused on mechanochemical method for AlH;
composite synthesis rather than the selective synthesis of certain
polymorphs during mechanochemically activated reaction process.

Ti and its halides are well-known as effective catalysts for the synthesis
of various hydrides. However, most of previous research focused on the
effect of Ti-based additives on hydrogen sorption or desorption properties
on/from the hydrogen storage materials. For example, Ma demonstrated
that presence TiF3 significantly enhanced dehydrogenation of MgH, [64].
Ismail confirmed catalytic role of Ti-containing compounds for perfor-
mance of NaAlH,-TiF; system and promotes dehydrogenation of NaAlH,
[65]. Balema [66,67] recently demonstrated synthesis of LizAlHg using
solid state reaction at ambient temperatures, which proceeded faster with
addition of TiCly. Moreover, Sartori [63] added FeFs to the cryomilled
LiAID,/AICl; mixture to accelerate nucleation of the as-milled product and
alter its a/a’-AlH; ratio. This could be attributed to the isostructure be-
tween FeF3 and a’-AlH3; which may lead to larger amount of a’-AlH; in the
as-milled product [63]. Because TiF; and a-AlH3 have similar structure
[68], it is possible that fine TiF5 crystals may act as nucleation seeds for a-
AlH; formation.

In this work, we studied formation of a-AlH; by the mechan-
ochemical process. We used solid-state reaction to obtain AlH; by
milling using cheaper AlCl; and metal hydrides as starting materials.
Without solvent addition, the separation is omitted and the cost of
production can be reduced effectively. We introduced TiF; into LiH/
AlCl; reaction system to facilitate nucleation of a-AlH;. This pre-
liminary finding demonstrates that the usage of TiF; during mechan-
ochemical process may be beneficial to the formation of nano-sized a-
AlH;. This simple and efficient synthesis of a-AlH; for the first time
offers a complete suppression of the parasitic formation of metallic Al.
Moreover, the high selectivity of form makes it convenient for further
extraction. Meanwhile we systematically studied effect of TiF; on the
ball-milling assisted reaction rates as well as the underlying mechan-
isms of the TiFs-assisted nucleation of a-AlHs.

3NaAlH, + AICl; — 4AlH; + 3NaCl
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2. Experimental

The Gibbs free energy of the reaction between LiH and AlCl; with a
range of 273-380K is also shown in Fig. S1. The calculation of Gibbs
free energy has been described in detail elsewhere [69]. The Gibbs free
energy for the reaction (Eq. (7)) at 298K is about —269 kJ/mol, and
therefore the reaction can proceed at room temperature.

3 LiH + AICl; — AlH; + 3LiCl @

The starting materials LiH (97%), AlCl3 (99%) and TiF3; (98%) were
purchased from Sigma Aldrich for synthesis of a-AlH3 composite. The
materials, LiH, AlCl; and TiF; were used as-received for this research.
The materials were analyzed shortly prior to the use. Purity of materials
can be seen from Fig. S2 in ESI. Because of potential sensitivity to
moisture, reagents were handled and stored in sealed vials in Ar-filled
glove box. Oxygen and water levels in a glove box were > 5 ppm. In an
Ar-filled glove box, the reagents, LiH/AICl; as well as TiF; were
weighed and mixed in the various molar ratios firstly. The mixtures
were subsequently sealed in a high-pressure ball milling canister for
use. Ambient temperature milling was performed using planetary QM-
SP4 mixer containing custom-built high-pressure 500 cm® stainless steel
(316) canister [69-72]. Each canister was sealed on both ends using an
o-ring. Milling balls were made from stainless steel 316. The containers
were evacuated and filled with H, or Ar to a designated pressure ran-
ging between 5 and 40 MPa. Different ranges of milling parameters,
such as ball to powder mass ratio, milling speed and gas pressure, were
explored to obtain different reaction products. Thus, ball milling was
performed for variable durations with different speeds between 100 and
400 rpm. Ball to powder weight ratios were 40:1, 80:1, 120:1 and
200:1. To ensure that average temperatures in the milling vials were
close to room temperature, the milling procedure involved alternating
milling directions every 20 min. Between every 20 min the milling was
discontinued for 10 min. After completion of the mechanochemical
reaction, the as-milled product was obtained and collected from vials
for further analysis.

For the isothermal desorption measurements, the as-milled samples
were loaded into a stainless holder and sealed in an Argon-atmosphere
glove box. The hydrogen desorption experiments were carried out in a
vacuum apparatus, from which the temperature range from 25 °C to the
specified temperature at a vacuum up to 1 x 10~ 2 Pa. To investigate
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the dehydriding property of a-AlH; composite, the as-milled products
were heated in a vacuum chamber from room temperature to different
temperatures (80, 120, 140 and 160 °C). The time required for the full
dehydriding reaction was fixed within 6500s, respectively. Once the
amounts of hydrogen decomposed from the composite were measured,
the vial vacuum change in chamber can be calculated, the corre-
sponding the contents of AlH; in its composite could be obtained ac-
cording to the ideal gas equation as well as stoichiometric weight of
AlHj; calculated by the chemical reaction.

The samples for X-ray diffraction (XRD), scanning electron micro-
scopy (SEM) and solid-state NMR were also prepared in the glove box.
The powder X-ray diffraction patterns were obtained by a Philips
X’PERT diffractometer equipped with graphite monochromator with a
rotating anode tube and operated with Cu Ka radiation source. The
voltage and tube current were 45kV and 40 mA. The samples were
scanned from 10 to 90° at 0.5°/min. The average grain size of the a-
AlHj; in the composite was obtained by XRD analysis and the following
Scherrer formula.

D= K
Bcosd

®

Where D is the average grain size, k a constant of 0.89, A and f3 the X-ray
wavelength and the half-width, 6 the diffraction angle.

The as-milled product was placed on carbon tape, coated with a thin
layer of gold (Au) by sputtering (EMITECH K450X) and then observed
on a scanning electron microscope (SEM, Quanta 200 FEG). The solid-
state NMR spectra were collected with a Bruker Avance NMR spectro-
meter, equipped with a wide bore 14.1 T magnet and a magic angle
spinning probe head for rotors of 2.5mm diameter. To protect the
samples from moisture, all samples were packed into a 2.5 mm ZrO,
rotor and sealed with a tight fitting kel-F cap. NMR shifts were reported
in parts per million (ppm). Moreover, this shift was referenced ex-
ternally with potassium alum to —0.033 ppm, and recycle delay for
27Al was set to 3s. TEM was conducted on a Tecnai G2 F30 instrument
operating at 200 kV. Differential thermal analysis measurements were
performed using a TG-DSC METTLER TOLEDO instruments, the samples
were handled and transferred to the instrument in T-zero pans and were
heated from 40 to 240 °C.
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Fig. 1. XRD patterns of LiH and AlCl; with a molar ratio of 3:1 milled in various hydrogen pressures for 1 h. BPR and rotation speed were 120:1 and 300 rpm.
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3. Results and discussion
3.1. Mechanochemical synthesis

Solid-state mechanochemical reaction of Li hydride and AlCl; is
regarded as a green pathway for producing adduct-free AlH; [7,20,61].
Brinks reported that ball milling mixture of LiAlH, and AlCl; generates
mainly Al and LiCl, with small amounts of a-AlH; and o’-AlH3 [40,41].
Gupta et al. [20] suggested that gas pressure affects decomposition of
the metastable hydrides into the metal and hydrogen under the me-
chanochemical conditions. To prevent AlH; from decomposing during
the ball milling and to find an efficient and cost-effective mechan-
ochemical process for a-AlH; synthesis, we conducted LiH/AICl; reac-
tion under various hydrogen pressures. Fig. 1 shows XRD patterns of the
LiH and AICl; mixture (with a 3:1 M ratio) milled for 1h at various
hydrogen pressures. Ball-to-powder weight ratio (BPR) and rotation
speed were 120:1 and 300 rpm, respectively. LiH/AlCl; mixture milled
under 10 MPa of hydrogen pressure demonstrated only XRD peaks be-
longing to the metallic Al, LiCl and unreacted LiH. Thus, the following
reaction occurred during the ball milling Eq. (9):

3LiH + AICl; — 3LiCl + Al + 1.5H, (©)

Under higher hydrogen pressures, AlH; XRD peaks were not ob-
served as well. These results are consistent with the ones obtained by
Hlova [7], who also found that replacing AlH; with metallic Al resulted
in LiH and AlCl3 during ball-milling under 30 MPa hydrogen pressure.
Paskevicius elaborated that high-energy milling at room temperature
might be needed for AlH3; dehydrogenation [61]. Although local tem-
peratures are often quite high during high-energy ball milling, such
temperature spikes are generally very brief. Moreover, each vial has
enough time to cool down during paused milling cycles. Considering
kinetic stabilization of AlH; at room temperature, raising temperature
by a few degrees should not decompose AlH3 The final product ob-
tained after 1h milling under 40 MPa of hydrogen pressure was light
grey in color and consisted of a- and a’-AlH3 as well as LiCl, LiH and
LiAlCl, with no metallic Al. Grain sizes of a and a’ AlH; phases were up
to 83 and 87 nm, respectively. Thus, we conclude that a and a’-AlH;
phases transformed into their corresponding nano-crystalline forms.

To explore whether the milling parameters, especially milling in-
tensity, were related to the formation of metallic Al, we decreased ro-
tation speed from 300 to 100 rpm. BPR was also reduced from 120:1 to
40:1. The hydrogen pressure was set at 10 MPa. Fig. 2 shows the XRD
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patterns of products synthesized by milling LiH/LiCl mixture with
various ratios for 1 h. At 300 rpm and 80:1 ratio, intensities of LiH and
AlCl; XRD peaks are bigger, suggesting a lower reaction rate. However,
metallic Al was formed in these as-milled samples. As the ratio was
further reduced to 40:1, diffraction peaks of LiH and AlCl; were ob-
served. Complete reaction of LiH and AlCl; with metallic Al as a pro-
duct was not achieved during the final milling stage. Fig. S3 shows XRD
results of the as-milled LiH/LiCl mixture milled at various rotation
speeds with the same milling time. The results were the same as shown
in Fig. 2: only Al, LiCl, unreacted LiH and AICl; diffraction peaks were
observed. Although the rotation speed and the BPR have large impacts
on the kinetics of the reaction, these parameters cannot suppress for-
mation of metallic Al during mechanochemical reaction between LiH
and AICl; under a lower hydrogen pressure at room temperature. Thus,
pressure is more influential on the mechanochemical synthesis of AlH;
than milling intensity. Therefore, control of the reaction by changing
the pressure during the reaction may be feasible to obtain pure phase of
AlH;.

Despite the fact that hydrogen pressure has such a dramatic influ-
ence on the mechanochemical reaction outcome, pressure applied in
this work was too high to be used in large-scale AlH; production.
Mechanically activated solid-gas reactions were studied by several
groups [73-76], and many of them confirmed that no gas-solid ex-
changes occur during mechanochemical reaction of LiAlH,/AlCl; [61],
NaAlH,4/AlCl; and LiH/AICl; [7,62,63]. Thus, mechanochemical reac-
tion of the LiH/AICl; mixture can also be performed in other inert at-
mospheres, such as Ar. Therefore, we performed mechanochemical
reaction between LiH and AlCl; (the molar ratio is 3:1) at 300 rpm with
BPR of 120:1 for 1 h under various Ar pressures. XRD patterns of the
products are very similar to those prepared by milling the LiH/AICl;
mixture under 10-30 MPa hydrogen pressure (Fig. 3). XRD peaks at-
tributable to metallic Al were observed in samples milled in Ar at
5MPa. When Ar pressure was 10 MPa, in contrast to the mechan-
ochemical reaction under H,, unreacted LiH, a, a’-AlH;, LiCl and
LiAICl, instead of metallic Al were observed. Thus, pressure is a critical
factor that efficiently suppresses formation of Al during the ball milling
of LiH/AICl; mixture. The value of the critical pressure decreases as the
gas molecular weight increases, demonstrating that the critical pressure
is related to the physical properties of the ambient atmosphere. During
the mechanochemical reaction in the LiH-AICl; system at 10-15 MPa,
the reaction process did not accelerate based on the XRD results.
Complete reaction of LiH and AlCl; was not achieved by milling the
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Fig. 2. XRD patterns of LiH and AlCl; with a molar ratio of 3:1 milled at 300 rpm with various BPR for 1 h. The hydrogen pressure was 10 MPa.
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Fig. 3. XRD patterns of LiH and AlCl; with a molar ratio of 3:1 milled at various Ar pressures for 1 h with a BPR of 120. The rotation speed is 300 rpm.

mixture for 1h, where unreacted LiH was observed in the final milled
product. Therefore, this serves as evidence that the increment in critical
pressure is not important to obtain a lower reaction rate, which is more
likely controlled by the milling intensity.

It was demonstrated by several groups that the rotation speed and
BPR are important parameters in the mechanochemical process. They
effectively enhances the chemical reactivity between the reagents, in-
crease the kinetics of the reaction and deduce the time of reaction
[7,20,69]. To accelerate mechanochemical reaction of LiH/AICl; and
obtain AlH3 composite in a short milling time, the LiH/AICl; mixture
(the molar ratio is 3:1) was milled at 400 rpm with a BPR 200:1 in Ar at
10 MPa with different milling times. When milling time was 0.5 h, LiH
and AlCl; XRD peaks disappeared (see Fig. 4), indicating acceleration of
the mechanochemical reaction rate as the milling intensity increased.
Additionally, peaks attributable to LiAlCl4 and a- and a’- AlH3 phase
were observed in the sample milled for 1 h. Thus, a complete reaction
with the formation of a-AlH; was not achieved. Phases observed after
3h milling were the same as those obtained by milling LiH/AICl;

mixture for 1 h but intensity of AlH3 peaks increases with milling time.
Upon milling for 5 h, diffraction peaks of the intermediate LiAlCl, were
still observed. However, its peak between 10° and 20° broadened sig-
nificantly, indicating formation of an amorphous intermediate com-
pound. Although the BPR and rotation speed accelerate reaction ki-
netics, it is difficult for LiH/AICl; mixture to form AlH3 nano-composite
within 5h of the mechanochemical reaction. Based on calculation, the
average grain size of a-AlH3 can get 124 nm. Thus, it was ineffective to
achieve a complete reaction to generate AlH3 by increasing reaction
intensity. Moreover, formation of different polymorphs of AlH; will
ultimately lead to the complexity of the hydrogen extraction. This
mechanochemical method is considered environmentally friendly be-
cause no solvents were used during the whole milling process. This
method, involving a addition of AlCl; into LiH, is a simple way to
synthesize a-AlH3; nano-composite. This method may not be fully ap-
plicable to the LiH-AlCl3 system, which was confirmed by our in-depth
investigation on formation of a-AlH; during short milling periods.
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Fig. 4. XRD patterns of the LiH and AlCl; with a molar ratio of 3:1 milled at 400 rpm with a BPR 200:1 in Ar at 10 MPa for different milling times.
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3.2. Effect of TiF3; on mechanochemical reaction

Sartori demonstrated that FeF; not only accelerated nucleation of
the as-milled metal hydride [63], but also affected crystalline structure
during cryo-milling processes. TiF3 can act as a seed crystal for for-
mation of a-AlH;. To investigate the influence of TiF3 effect on the
reaction rate of the mechanochemical reaction of the LiH/AICl; mixture
and crystallization of the AlH; more clearly, we studied XRD patterns of
products of mechanochemical reactions of the LiH/AlCl3; mixtures with
the presence of the TiF; powder at a 3:1:0.1 M ratio milled at 400 rpm
with a BPR 200:1 in Ar at 10 MPa for 0.5, 1, 3 and 5 h (see Fig. 5). After
milling for 0.5h, LiH and AlCl; XRD peaks disappeared, however,
complete conversion of the LiH/AlCl; mixture into AlH3 and LiCl phases
did not occur. Similar diffraction peaks were observed when TiF; was
not added. Thus, TiF5 could not accelerate diffusion rate between LiH
and AICl; after 0.5h of ball-milling. XRD pattern of the LiH/AICl3
mixture after milling for 1h contained LiAlCl; and a-AlH; peaks
(Fig. 5), indicating that crystallization of amorphous phases (formed
during the first 30 min of ball-milling) occurred within the second
30 min. Thus, TiF3 can induce quick crystallization of the product from
the amorphous phases resulting in a-AlH; phase. After ball-milling for
3h, diffraction peaks of the intermediate phases, such as LiAlCl,, dis-
appeared, leaving only a-AlH; and LiCl phases in the final product. As
the milling time was increased to 5 h, no substantial changes in the XRD
patterns were observed comparing to the products obtained after 3h
milling. However, peak intensity at “30° decreased suggesting formation
of nano-sized a-AlH;. The average grain size of a-AlH; formed after 5h
milling with the presence of TiF3 was up to 45 nm. Thus, TiF; addition
into the LiH/AICl; mixture can induce nano-sized a-AlH; formation
with much smaller crystallite size than without TiFsz. Crystallization
rate and selective formation of only a-AlH; polymorph occurs because
of the synergetic mechanism.

3.3. Analysis of the mechanochemical process

To better understand the mechanochemical process, LiH/AlCl3/TiF3
mixtures (molar ratio 3:1:0.1) milled at 400 rpm with a BPR of 200:1
for various times were analyzed by SEM (Fig. 6). Milling for 0.5 h did
not reduce particle sizes (Fig. 6a). Moreover, a large amount of ag-
glomerates formed with irregular shapes, which can be attributed to the
brittleness of the rods. Average particle size of the mixture milled for
0.5h was "40pm. After 1h milling, significant amount of large
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agglomerates were still present (Fig. 6b and c), with finer individual
particles adhered to the agglomerates. After 3 h milling, only fine par-
ticles were observed with no agglomerates. With longer milling time,
the powders became granular in shape with uniform size distribution.
The average particle size of the sample milled for 5h is smaller than
1 pm, which is in agreement with the XRD analysis.

We also analyzed milled samples by ?’Al NMR (Fig. 7). Hlova et al.
observed an NMR peak centered at ™ —2 ppm for the mixtures milled for
8 h [7]. They attributed this peak to AlCl;. However, we observed no
AlCl;, likely because AlCl; was consumed after 0.5h of milling
(Fig. 7a). Instead, we observed a dominant spectral band at “95 ppm. It
was demonstrated by Hlova that the peak at “95 ppm is attributed to the
four-coordinated Al [7]. The four-coordinated Al signal may be as-
signed to a superposition of the central transition powder patterns from
LiAlICl, or LiAlH,. With the above XRD analysis, this band corresponds
to the four-coordinated Al in LiAlCl,, which is the intermediate product.
The same results were observed using DPMAS spectra obtained by
Hlova et al. [7]. These results also agree with our XRD analysis. With
1 h milling, NMR spectrum also confirmed the presence of LiAICl, but
the peak intensity was smaller. NMR spectrum of sample milled for 1 h
exhibited broad peaks around at "33 ppm and "6 ppm (see Fig. 7b),
indicating formation of the 6-coordinated Al. The amorphous inter-
mediate products might have more than one Al species because Li-Al-H
and Al-H both have priorities in the formation during the mechan-
ochemical reaction. However, the coordinated Al species in Li-Al-H is
different from that in Al-H. Grubisic demonstrated that for the other
aluminum hydride clusters such as Al;H,.> (3 < X < 8), the poly-
hedral structure of Al-H cannot be formed with six polymorphic mod-
ifications [77]. Thus, it can be deduced that polymers Al-Hy (x =1, 2, 3
the coordinated Al species is six polymorphic modification) in an
amorphous state was formed during the milling process. After milling
for 3h, LiAlCl; NMR peak disappeared (Fig. 7c¢), thus, it is very likely
that LiAICl, as an intermediate product were entirely consumed in the
reaction. Additionally, peak corresponding to the 6-coordinated Al
changed significantly, which was due to the phase conversion of the
intermediate products during extended milling. Thus, NMR can be used
as an indicator of the mechanochemical reaction termination.
Humphries and Hwang associated the resonance bands at “6.0 ppm with
the a-AlH3 phase [78,79]. Thus, after milling for only 60 min, only a-
AlH; was observed in the product. Therefore, TiF3 induced crystal-
lization of the amorphous phase and accelerated crystallization of the a-
AlHj; phase.
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Fig. 5. XRD patterns of the LiH, AICl; and TiF; with a molar ratio of 3:1:0.1 milled at 400 rpm with a BPR 200:1 in Ar at 10 MPa for different milling times.
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Fig. 6. Morphology of the LiH, AlCl; and TiF; with a molar ratio of 3:1:0.1 milled at

(b) 1h, (¢) 3h, (d) 5h.
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ratio of 3:1:0.1 milled at 400 rpm with a BPR 200:1 in Ar at 10 MPa for the 0.5,
1, 3h.

3.4. Reaction and synergetic mechanism

Even though we thoroughly analyzed solid-state mechanochemical
reaction by XRD and NMR, the actual details of the reaction mechanism
and synergistic effect of TiF; were still somewhat unclear. Typically,
AlH3/LiCl composite can form directly during the milling process and

400 rpm with a BPR 200:1 in Ar at 10 MPa for different milling times: (a) 0.5h,

mechanism of the AlH; formation during this process is similar to the
one reported by Paskevicius [61,80]. XRD results (Fig. 1) indicated that
metallic Al instead of AlH; formed during the milling process. To in-
vestigate the mechanism for the Al formation during ball milling of
LiH/AICl3, this mechanochemical reaction was controlled by a step-
wise reduction of Ar pressure. The as-milled LiAlCl,/LiCl composites
comes from 3:1:0.1 LiH:AlCl5:TiF3 mixture at 400 rpm under a 10 MPa
Ar atmosphere, with a BPR of 200:1 for 0.5 h milling conditions were
used as the original compounds to be milled at a lower gas pressure.
During the second stage milling Ar pressure was reduced to 5 MPa but
the other milling parameters remained unchanged. Fig. 8 shows
LiAICl,/LiCl composites milled at 5 MPa for 0.5 and 1 h with the same
BPR and the rotation speeds. LiCl remained present, while some of the
LiAlICl, was consumed after 30 min, based on the lower intensities of
peaks at "29° and "48°. New peaks, corresponding to the metallic Al,
appeared at 38 and 40°. Additional 30 min of milling resulted in dis-
appearance of the LiAICl, peaks. At the same time, peaks corresponding
to metallic Al and LiCl by-products showed high intensities. Thus, this
mechanically activated reaction involves formation of LiAlCl, and
amorphous intermediate product, and their subsequent decomposition.
Thus, comparing to the decomposition of AlH; during the milling, the
above experimental evidence indicated that metallic Al formed at lower
pressures appeared as a result of the transformation of the LiAlCl, in-
termediate products.

It appears that TiF5 has a synergistic effect on the mechanochemical
reaction of LiH and AlCl;. According to the NMR analysis (Fig. 7b),
when TiF; was added into the reaction system, almost all of the 6-co-
ordinated Al in AlCl; was converted into the 4-coordinated Al in LiAlCl,
and amorphous Al-H, (x = 1, 2, 3). With furthermore milling, LiAICl,
and amorphous Al-H, were first converted to amorphous but then to the
6-coordinated Al in a-AlH3. The intermediate LiAlCl, and amorphous
Al-H, were identified by both XRD and NMR, while, its role in the
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Fig. 8. XRD patterns of LiAlCl4/LiCl composites milled at 400 rpm and 5 MPa
Ar pressure with a BPR of 200:1 for different times: a) 0.5h, b) 1h. The as-
milled LiAlCl,/LiCl composites comes from 3:1:0.1 LiH:AlCl3:TiF3 mixture at
10 MPa Ar pressure with the same BPR and the rotational speeds for 0.5h
milling conditions.

mechanochemical process still remains unclear. Ashby et al. [81,82]
demonstrated that the transformation between Al'Y and Al'' species
may occur as a result of Cl replacement by H in LiAlCl4, which leads to
LiAlCl,4Hy (x = 1, 2, 3) formation. Thus, it is assumed that a LiAlICl,.
xHx amorphous intermediate formed during the furthermore milling of
LiAICl, and Al-H,. It is very likely that LiAlCl4,H, amorphous inter-
mediate species are unstable during the ball milling. Compared with
more stable a-AlHj, this intermediate product cannot maintain its
crystalline state during the extended milling times. Therefore, this
LiAlCl, 4Hy intermediate eventually transforms into a-AlH;. TiF; was
introduced into the reaction system to shorten transformation time of
the amorphous intermediate phases into a-AlH; phase. The fine TiF3
might act as seed crystals and accelerate substitution of the Cl by H in
LiAlCl4.H,. Moreover, because of the isostructuralism of TiF; and a-
AlHj3, TiF3 prompts a-AlH; formation during a short milling time. Thus,
an intermediate amorphous LiAlCl, ,H, phase formed during the mil-
ling process. By introducing TiFs, this intermediate phase can be crys-
tallized easily. All Al atoms in the final a-AlH; phase are six-co-
ordinated with hydrogen atoms. The mechanism of this
mechanochemical reaction can be described according to Eq. (10).

3LiH + AICl; — LiAlCl, + AlH, + 2LiCl — LiAICl, (H, + 2LiCl —

3LiCl + a-AlH3 (10)

3.5. Dehydrogenation properties of the a-AlH3; nano-composite

Considering the influence of Ti-based additives on the desorption
properties of hydrogen storage materials, the a-AlH3/LiCl nano-com-
posite with TiF; might have different dehydriding behavior than pure
AlHj3. Thus, we studied dehydriding properties of TiF3-doped a-AlH;/
LiCl nano-composite under isothermal conditions in the temperature
range 80-160 °C. Amount of H, released from the composite was ob-
tained by dividing actual H, content by the stoichiometric AIH; weight.
As shown in Fig. 9, isothermal dehydriding curves exhibit sigmoidal
features with distinct introduction, acceleration and decay periods. This
behavior is similar to decomposition of other comparable materials.
Compared with a-AlH3/LiCl nano-composite obtained without TiFs
(inserting in the Fig. 9), additive TiF3; accelerated decomposition ki-
netics of a-AlH3/LiCl nano-composite. Additionally, desorption kinetics
improved as the temperature was increased to 160°C. Thus,
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temperature can have a large impact on the dehydrogenation reaction
kinetics of a-AlH3/LiCl composite. The reaction of AlH; dehydrogena-
tion can be expressed in Eq. (11):

2A1H; — 2Al + 3H,! a1

As the reaction temperature increased from 80 to 120 °C, the time of
full decomposition decreased rapidly, that a complete decomposition
was obtained within 3000s, suggesting significantly higher decom-
position rate at higher temperature (see the Fig. 9). In comparison, only
8.0 wt% of H, was released at 20-160 °C during a-AlH; decomposition
reported by Chen [83]. After we annealed our as-milled a-AlH; at
140 °C, the shape of the dehydriding curve became step-wise for 1160 s
with the same hydrogen amount as at 120 °C. Graetz reported that full
decomposition time for a-AlH3 at 138°C could be achieved within
1800s [84]. After we annealed our composite at 160 °C, decomposition
curve in Fig. 9 was also step-wise for 750s with higher hydrogen
content equal to 9.92 wt%. Shahi found that among all Ti based ad-
ditives, TiF3 is found to be the most effective catalyst for dehy-
drogenation kinetics of nano MgH, [85]. However, full decomposition
for the MgH,/TiF; at 300 °C could be achieved within 1800s with a
maximal hydrogen content of 6.3 wt%. Therefore, TiF3 not only influ-
enced decomposition temperature of a-AlHj3 but also improved dehy-
driding kinetics of a-AlHs. Although numerous papers showing a de-
hydriding rate enhancement with the addition of transition metal
additives in AlH; [86,87], the excess transition metal additives have
little influence on the dehydriding property of AlH;. The a-AlH3/LiCl
nano-composite with different amounts of TiF3 (molar ration of LiH/
AlCl3/TiF3 are 3:1:0.1, 3:1:0.2, 3:1:0.3) were heated at 160 °C for dif-
ferent times. As shown in Fig. S4, desorption kinetics were improved as
the molar ratio of TiF; increased. However, increment of TiF5 results in
a relatively small increase in the rate. After we annealed our as-milled
a-AlH3/LiCl/TiF3 composite at the same temperature, the full dehy-
driding time of the curve(III) was reduced from 750s to 570s.

DSC analysis was performed to further understand the dehydriding
process [88,89]. Fig. 10a shows DSC thermograms of as-milled a-AlH;
composite with TiF; at several heating rates(composite synthesized
from LiH/AICl;/TiF; with a molar ration of 3:1:0.1). The DSC ther-
mograms contain only one endothermic peak within the range of
40-240 °C. The endothermic peak between 80 and 190 °C corresponds
to the dehydriding reaction of the a phase [90]. This result indicates
that no new phases formed, and a-AlH3 does not react with TiF3 during
its dehydrogenation. Based on the above non-isothermal analysis, the
dehydriding temperature of a-AlH; is remarkably reduced with the TiF3
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Fig. 9. The dehydriding curves of final a-AlH;/LiCl/TiF3 nano-composite at
different temperatures. Insert is the dehydriding curves of a-AlH3/LiCl com-
posite without TiF3.



C. Duan, et al.

Journal of Hazardous Materials 373 (2019) 141-151

0.6
146.0°C
a)

o°r —s— 3°C/min 85 » Experimental points
o0 o : —— Fitting curve
Z04f 136.6° ——5 C/mlp
ey —4—10°C/min _
=03 —v— 15°C/min Nﬁ' 100
N S
502 A K=6267
a 105 Ea=52.1K.J/mol

0.1

0.0L B — -11.0 -

1 1 1 1 1 1 1
40 80 120 160 200 240 0.0024 0.0025 0.0026
Temperature(°C) 1/Tp

Fig. 10. (a) DSC curves and (b) The Kissinger plot of the a-AlH3/LiCl/TiF; nano-composite doped with TiF;. Composite synthesized from LiH/AICl;/TiF;with a molar

ration of 3:1:0.1.

in the composite. To determinate the apparent activation energy (Ea) of
this process, we studied desorption kinetics of the a-AlH3/LiCl nano-
composite using the Kissinger’s method. Moreover, the relationship
between the activation energy (Ea, KJ/mol), the heating rate (c, K/
min), the gas constant (R, 8.314 J/mol K) and the peak temperature of
dehydriding (Tp, K) in the DSC curve is described by following Kis-
singer’s equation:
In(c/T}) = -(Ea/RT,)+A 12)

E, for the dehydrogenation reaction calculated from DSC data are
shown in Fig. 10b. The E, for the hydrogen desorption of a-AlHj; in the
composite was 52.1 KJ/mol. This value is significantly lower than the
value 104 KJ/mol of the a-AlH; without TiF; reported by Gabis [91]. It
was reported by Nakagawa that with NbFs in a-AlHj3, the a-AlH3;/NbFs
present a quite high hydrogen desorption capacity and fast kinetics. It is
worth noting that the activation energy of dehydriding of a-AlH; was
reduced from 104 to 96 kJ/mol(AE is 8 kJ/mol) [92]. Based on above
analysis, this decrease in the kinetic barrier contributed to the im-
provement in the hydrogen desorption kinetics of a-AlH3/LiCl/TiF3
nano-composite.

3.6. Microstructural evolution during the dehydriding process

Morphology of the a-AlH3/LiCl/TiF3; composite during the dehy-
driding process was studied with SEM images. Fig. 11 shows the SEM
images of product heated at 160 °C for various times. As observed in the
Fig. 11a, the particles after desorption for 10 min at 160 °C with a range
of 400-500 nm is generally smaller than those of the as-milled a-AlH3/
LiCl/TiF; sample, indicating particle refinement of the product during
dehydrogenation of AlH;. When the heating time was increased to
20 min, it is observed form Fig. 11b that the difference in surface
morphology is significant due to the aggregation of the composite after

further desorption. The morphological characteristics of the product in
Fig. 11c, indicate that when heating time was extended to 30 min, the
inhomogeneity in particle distributions is significant and most in-
dividual particles had an average size between 5-7 um. This may con-
tribute to the further aggregation of the composite. Based on above SEM
observation, it can be seen that the particles in the composite tend to
aggregate with the longer heating time. Graetz found that the ag-
gregation of particles will result in the reduction of the gateways for
hydrogen diffusion [36]. This can explain the phenomenon that the
dehydriding rates of the a-AlH;/LiCl/TiF; composite declined with
dehydriding time in the later stage of the isothermal dehydriding pro-
cess. Thus, particle aggregation may give rise to the decline of the de-
hydriding kinetics of the a-AlH3/LiCl/TiF; nano-composite.

After the desorption process of the a-AlH3/LiCl/TiF; composite, the
phase transformation, structural and morphological changes were not
clearly understood. Fig. 12 shows the TEM of the a-AlH3/LiCl/TiF3
nano-composite heated at 160 °C for 10 min. A large amount of much
finer crystallines are observed from Fig. 12a. The nucleation and quite
uniform in size distribution of the crystallites indicates that the dehy-
drogenation of the a-AlH3; has occurred simultaneously after heating.
This phenomenon has a good agreement with the above dehydriding
outcomes. The average size of nano-composite after heating process is
approximately to be 50 nm. A selected area diffraction pattern (SADP)
of the same material is also shown in Fig. 12b. Lattice fringes confirmed
that finer crystalline particles matched Al, LiCl and TiF3 phases (see
Fig. 12b). Lattice spacings equal to 2.34 and 2.02 A correspond to (111)
and (200) planes of metallic Al. Moreover, the typical lattice spacing
which is determined to be 1.55, 1.29 and 3.88, 1.94 A are attributed to
the (311) and (400) planes of the LiCl and (012) and (024) planes of the
metal TiFs, respectively. These observations indicated that the a-AlH;
phase decomposed without reacting with TiF3, which is in agreement
with the DSC results.

Fig. 11. SEM images of as-milled a-AlH/LiCl/TiF3; nano-composite heated at 160 °C for various times:a) 10 min, b) 20 min, ¢) 30 min.
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Fig. 12. TEM images of the a-AlH5/LiCl/TiF3 nano-composite after dehydriding at 160 °C for 10 min: (a) and (b) are the bright field image and corresponding ED

pattern.

4. Conclusions

We demonstrated that milling could be used as a simple and effi-
cient method to prepare nanocrystalline a-AlHs. The type of gas and the
pressure are important for the mechanochemical synthesis of a-AlH;
nano-composite. Using proper gas and pressures, we were able to en-
tirely suppress formation of metallic Al. When TiF3 was introduced into
the reaction system, LiH and AlCl; underwent several intermediate
stages before the final product - nano-structured a-AlH3/LiCl was
formed. The average grain size of a-AlH3 nanoparticles embedded in
LiCl reached "45 nm after milling in Ar for 5h. TiF; has significantly
affected dehydriding properties of AlHj;, compared to the a-AlH3/LiCl
nano-composite without TiFs;. The as-milled a-AlH;/LiCl-TiF3 compo-
site has a hydrogen desorption of 9.92wt% at 160 °C within 750s,
which is very close to the theoretical hydrogen capacity of AlHj.
Apparent activation energy of a-AlH3; hydrogen desorption in the
composite was 52.1 KJ/mol with the addition of TiFs.
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