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This paper presents the preliminary findings of the effects of 3d
transition metals on the synthesis of an AlH3/MgCl, nanocomposite
and its de-hydriding properties. The average grain size of as-milled
AlHsz is 4—6 nm with a desirable hydrogen desorption content of
9.69 wt%, indicating that AlHs is a promising hydrogen-storage
material.

Because of efficient power generation and zero greenhouse gas
emission, hydrogen storage has proved to be one of the most
considerable interests for researchers.'” However, there are
many technical barriers in its implementation, such as the lack
of lightweight, high-density, low-cost hydrogen storage mate-
rials.*” Over the recent decades, many solid media including
complex chemical and metal-organic hydrides have been
explored as promising hydrogen storage candidates,®'° among
which aluminum hydride (AlH;) is a desirable metastable
binary hydride and crystalline solid at room temperature. It has
a hydrogen content of 10.1 wt% and a volumetric hydrogen
density of 148 g H, per L.'"™ AlHjz-etherate was initially
synthesized by Finholt in 1947," but the experimental results
did not attract significant attention (see eqn (1)). Brower
successfully synthesized non-solvated AlH; from LiAlH, and
AICI; in diethyl ether in 1976, demonstrating that AIH; has at
least six different crystal structures (o, B, v, d, €, {) using various
synthesis routes, as shown in eqn (2).

3LiH + AICl; + nEt;O — AlH;-nEt,0 + 3LiCl (1)
3LiAIH, + AICL; + Et,0 — 4AIH; + 3LiCl| + E,OT  (2)

Nowadays AlH; is typically synthesized with organic
methods. However, this route of synthesis has drawbacks in
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industrialization due to the high cost of the reagents and the
complicated techniques dealing with AlH;. Therefore, it is
imperative to perform chemical conversion in a solvent-free
condition for direct synthesis of non-solvated AlH;." One
solvent-free mechanochemical method to synthesize AIH; was
investigated by cryomilling LiAlD, and AICl; at —196 °C.*®
Decomposition of AlH; can be remarkably reduced with this
route. But the whole process of solid state reaction has to be
kept at a very low temperature, which probably hinders the
large-scale production of AlH;. It was also demonstrated by
Dinh that thermochemical transformation to AlH; is possible at
a low temperature of 75 °C using LiAlH, and AICI; as reagents,"”
as shown in eqn (3). Nevertheless, this thermochemical trans-
formation needs continuous mixing in heating treat and may
encounter some problems on formation of low melting
eutectics.

3LiAIH4 + AICl; — 4AlH; + 3LiCl (3)

With the development of efficient and cost-effective mecha-
nochemical methods to synthesize AlH;," the effects of fluoride
as the catalyst during reactive ball milling were demonstrated.*®
It was later reported by Sartori that the relative content of o’
phase can increase to 1.05 by adding FeF; to the reagents.”
Followed by the above reports, it was discovered that the crystal
structure of additives could play an important role in synthe-
sizing various alane polymorphs,* and additives with the same
crystal structure of alane could lead to the formation of iso-
structural AIH; phase. Graham et al.>* also proposed a method
of synthesizing AIH;-TEDA with Ti as the catalyst, which
regenerated AlH; under lower hydrogen pressure. Moreover, it
was confirmed by Sandrock that the addition of LiH has a
destabilization effect on AlH; and can enhance H, desorption
kinetics.*

Among the considerable additives, it was clarified by Hanada
and Isobe®*** that 3d transition metals have excellent catalytic
effects on hydrogen-storage materials such as Mg-based alloys,
sodium alanate and so on. Moreover, recent studies show that
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the reaction kinetics of hydride can be effectively improved
using transition metals as catalysts. Although Tsuda* demon-
strated that the catalytic activities of element Zn is considerably
low due to full occupancies of the 3d and 4s orbits, it was later
described by Hu® that mixing with catalytic transition elements
such as Zn and Zr could improve the hydriding kinetics of Mg
efficiently at ambient temperature. Solid—-gas reaction on the
full hydrogenation of Mg-5.5% Zn-0.6% Zr (mass%) alloy was
applied to accelerate the reaction. The average grain size of the
MgH, phase obtained by milling can reach between 8 and
10 nm. Previously, we found that the solid state reaction milling
is a cost-effective way to synthesize AlH; when reagents are
chosen properly, and nano-sized AlH; can be successfully
synthesized in a shorter time using cheaper nanocrystalline
MgH, and AICl; as reagents. As described in the present work, it
is surprising to find that the reaction rate and the dehydroge-
nation of the product may be regulated in the presence of the 3d
transition metals. Therefore, this preliminary finding presents a
rare example of elements Zn and Zr on synthesis of the nano-
sized AlH; phase as well as its de-hydriding properties.

All the steps were carried out inside a glove box filled with
purified argon gas. The nanocrystalline MgH,, (I) was formed by
full hydrogenation of pure Mg powders, while MgH, (II) was
formed by milling Mg-5.5% Zn-0.6% Zr (mass%) alloy in
hydrogen (see Fig. S1 and S2, ESIt). AlCl; powders (3 : 2) were
used as the starting reagents in both MgH, nanocrystallines
without further purification. The MgH,-AICl; reaction is
finished accompanied with the formation of y-AlH; after
milling for 25 h (refer to ESIT).

The hydrogen desorption was measured with a special home-
made vacuum apparatus by volumetric method (refer to ESIT).
The amounts of hydrogen were calculated by the ideal gas
equation using the obtained data. Subsequently, the content of
AlH; in its nanocomposite was obtained. Based on theoretical
yield of mechanochemical reaction and above results, the
de-hydriding kinetics curves of AIH;/MgCl, nanocomposite are
presented. Moreover, thermal analysis was performed on a
differential scanning calorimeter (refer to ESIt).

In order to investigate the effects of Zn and Zr on the
synthesis of the AlH;/MgCl, composite, Fig. 1 shows the XRD
patterns of both MgH, (I) and MgH, (II) with AICl; powders by
mechanical milling for 4, 16 and 25 h. As can be seen in Fig. 1a,
the XRD pattern of the MgH,-AICl; mixture after milling for 4 h
consisted of obvious peaks assigned to y-AlHj3, indicating that
elements Zn and Zr contained in MgH, (II) could accelerate the
mechano-chemical reaction. Meanwhile, diffraction peaks of
the MgH, phase can also be detected from Fig. 1a and it was
attributed to the wunfinished mechanochemical reaction
between MgH, and AICl;. After milling for 16 h, the diffraction
peaks of the MgH, phase disappeared, and MgH, in the powder
was completely transformed into AlH; and MgCl, phases
(see Fig. 1b). Therefore, XRD pattern results could be used as an
indicator of termination of the reaction. In addition, the
phenomenon that the peak for AlH; synthesized by MgH, (II) is
wider than the diffraction peak without adding Zn and Zr. Even
milling for 25 h, the diffraction peaks of the y-AlH; phase
produced by MgH, (II) was still wider than MgH, (I). This is
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Fig. 1 XRD patterns from mechanochemical synthesized AlHz/MgCl,
composite milled by (1) and () with ALCl; for different time: (a) 4 h, (b)
16 h, (c) 25 h.

attributed to elements Zn and Zr contained in MgH, (II) which
can form nano-sized y-AlH; phase with much thinner crystallite
size. Finally, compared with AlH; synthesized by MgH, (1), it
was clarified that the average grain size of y-AlH; produced by
MgH, (II) milled for 25 h can reach 5.5 nm. From the above
results, it is possible that the reaction rate and grain size of AlH;
may be partially responsible for the catalytic mechanism, which
needs future investigation.

Although AlH; is sensitive to high energy electron beam,
Beattie revealed the TEM image and the selected area diffrac-
tion pattern (SADP) which obviously respond to the o phase.””
Fig. 2 shows the AlH; nano-composite synthesized at room
temperature which was still embedded with the MgCl,. It can be
seen from Fig. 2a that when the mixture was milled by MgH, (I)
and AICI; for 25 h, particles and spots can be observed from the
bright field image and the corresponding electron diffraction
(ED) pattern. It is evident that AIH; which was transformed into
nanocrystalline at the ultimate milling stage and the nano-
particles with whose size was around 12 nm were detected in
the composite. The details of the crystal structure of the
as-milled nano-particles was further studied by High Resolution
Transmission Electron Microscopy (HRTEM), which character-
istically suggests that the AlH;/MgCl, nano-composite is con-
sisted of fine crystallized particles with different crystal
orientations. Besides, the lattice fringes observed in Fig. 2b
correspond to (107), (113) and (214) planes with distances of
0.198, 0.173 and 0.115 nm respectively. The typical lattice
spacing which is determined to be 0.152, 0.226 and 0.302 nm is
attributed to the lattice distance of y-AlH; phase. The TEM
image shown in Fig. 2¢ is the composite milled by MgH, (II) and
AICI; for 25 h. Compared with the above results without Zn and
Zr in the reagents, it is shown that the crystallite size of y-AlH;
was approximately 5.5 nm on average, which is in accordance
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Fig. 2 TEM images as well as electron diffraction patterns and cor-
responding HRTEM photos of AlHz/MgCl, nanocomposite milling for
25 h: (a) and (b) were obtained by milling (1) and AlCls. (c) and (d) were
gained by synthesizing (Il) and AlCls.
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with the XRD results. The ED pattern (inset of Fig. 3c) of the
selected region suggests that this nanocomposite is crystalline
containing (101) plane of the MgCl, and AlH; crystal lattice.
Moreover, the parallel lattice fringes shown in Fig. 2d further
identified that the product has a perfect match with the y
phase in the miller index (the distance of 0.288, 0.185,
0.170 nm between planes results from the lattice spacing of the
v phase).

The dehydriding properties of the AlH3;/MgCl, nano-
composite were studied under isothermal processes between
150 and 220 °C. It can be seen from Fig. 3 that the curves exhibit
similarly with other materials in decomposition with an accel-
erating stage followed by decaying stages. Fig. 3a shows the
hydrogen desorption curves of the composite synthesized by
MgH, (I) and (II) heated at 150 °C. It is found that dehydriding
process did not terminate at 2 x 10* s. Besides, the as-milled
v-phase existing in the composite presents relatively undesir-
able dynamic properties. According to the report by Graetz that
full dehydrogenation of y-AlH; can be achieved at 138 °C within
6 x 10° s, resulting from the mechanism that the solid-state
decomposition is primarily affected by the nucleation and
growth of Al in two and three dimensions.*® While in this study,
it is attributed to the obtained AlH;/MgCl, composite consisted
of a large amount of MgCl, as a byproduct which hindered the
growth of the Al phase in progress of the decomposition. With
the dehydriding temperature increasing from 150 to 220 °C, the
time of full decomposition decreased rapidly. Compared with
the AlH;/MgCl, composite produced by MgH, (I) without add-
ing Zn and Zr, AlH; has a perfect dehydriding property with a
9.69 wt% of hydrogen content at 205 °C for 8 x 10° s
(see Fig. 3c). When the temperature increased to 220 °C for
approximately 2.2 x 10° s, it is also identified that the de-
hydriding rate of nano-sized AlH; was faster than the product
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Fig. 3 The de-hydriding kinetics curves of AlHs/MgCl, nano-
composite synthesized by (I) and (ll) with various temperatures: (a)
150 °C, (b) 170 °C, (c) 205 °C, (d) 220 °C.
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Fig. 4 (a) DSC curves of AlH3/MgCl, nanocomposite synthesized by
MgH> (Il) in temperature ranges from 40 to 260 °C; (b) the apparent
energy for the decomposition obtained from DSC measurements.

heated at 205 °C, and AlH; added with Zn and Zr has a more
desirable dehydriding dynamics. Consequently, the elements
Zn and Zr probably come into play with the decomposition
kinetics of AIH; and can accelerate the dehydriding reaction of
AlH;. The results have good correspondence with the report
addressed by Graetz who also found that decomposition
kinetics of AIH; can be accelerated with the diffusion effect of
the Ti doping.*

In order to gain a deep insight into the effects of Zn and Zr
addition on the desorption property, the dehydriding kinetics of
AlH;/MgCl, composite synthesized by MgH, (II) were further
investigated by Kissinger's method, and the apparent activation
energy (E,) was formulated by eqn (4).

c E.
In — = — & A 4
R (4)

where ¢ is the heating rate during the DSC process, T, is the
absolute temperature corresponding to the maximum desorp-
tion rate, which can be obtained from the measured DSC
curves. R is the universal gas constant with a value of 8.314 ]
mol ' K™, and 4 is a constant. Fig. 4a shows the DSC plots of
AlH;/MgCl, composite synthesized by MgH, (II) at various
heating rates. An exothermic peak and two endothermic peaks
are observed at the temperature range of 94-98 °C, 105-110 °C
and 120-160 °C, respectively. It is clear that three reactions
including the transition and decomposition of y-AlH; as well as
the decomposition of a phase occurred in the whole heating
process, and this result has a similarity on the report addressed
by Graetz.*® It was illustrated by Ouyang et al. that the dehy-
driding process can be catalyzed by the combination of CeH, ;3
and Ni to MgH,.* Also, Liu verified that NbFs addition
dramatically reduced the activation energy and improved the
hydrogen desorption kinetics of the MgH,-AlH; composite.**
According to the DSC outcomes, the apparent activation energy
for the dehydriding reaction is calculated based on the slope
measurement (see Fig. 4b). For the decomposition of y phase,
E, is estimated to be 51.8 KJ mol . As expected, this value is
lower than MgH,-AlH; composite (77.6 KJ mol ).3* Addition-
ally, it is discovered that the activation energy of a-AlH; which
transformed from the y phase changed remarkably compared
to that of the pure phase. All the above phenomena are
attributed to the effects of Zn and Zr addition on the AlH;
composite.
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Conclusions

The effect of elements Zn and Zr on synthesis of AlH;/MgCl,
nano-composite and its dehydrogenation behaviour were
reported as a rare example in this paper. Firstly, addition of
elements Zn and Zr could accelerate the process of
mechanically-activated solid state reaction. Secondly, when
milling for the same time, the average grain size of y-AlH;
doped with Zn and Zr was much finer which can reach 5.5 nm.
The de-hydriding rate of nanosized AlH; which was synthesized
by MgH, (II) was faster than un-doped AlH;. The apparent
energy for the hydrogen desorption of y-AlH; in its composite
was estimated to be 51.8 KJ mol™!, which is much lower than
undoped vy phase. If the temperature increased to 220 °C, the
hydrogen desorption of AlIH; can reach 9.69 wt% which
impelled AlH; as a promising hydrogen storage material.

It should be noted that although AIH3;/MgCl, nano-
composite is synthesized in this study, extraction process to
get pure AlH; is needed before it can be applied as a hydrogen
storage candidates. Presently, the most popular method for
extracting AlH; is to generate etherate first and then extract
AlH; by subsequent thermal cleavage. However, this method is
complicated and not economical because of a large mount of
ether is needed to wash the LiAlH,.** Similarly, Paskevicius et al.
achieved great success in extracting AlH; from LiCl by washing
it with nitromethane.'® However, satisfactory results could not
be obtained with this method in our extracting process, because
the by-product (MgCl,) can not be dissolved in nitromethane.
Although AlH; is very reactive with many solvent due to its
reducibility, the extraction can still be performed when an
appropriate solvent is selected. The extraction process will be
studied and discussed in details in the future.
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