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Magnesium-based alloys are among the promising materials for hydrogen storage and fuel cell applica-
tions due to their high hydrogen content. In the present work, we investigated the hydrogen release/uptake
properties of the Mg-Ti-H system. Samples were prepared from the mixtures of MgH, and TiH, in molar
ratios of 7:1 and 4:1 using a high-energy-high-pressure (HEHP) mechanical ball-milling method under
13.8 MPa hydrogen pressure. Thermogravimetric analysis (TGA) showed that a relatively large amount
of hydrogen (5.91 and 4.82 wt.%, respectively, for the above two samples) was released between 126
and 313 °C while temperature was increased at a heating rate of 5°Cmin~! under an argon flow. The
onset dehydrogenation temperature of these mixtures, which is 126 °C, is much lower than that of MgH,
alone, which is 381 °C. The activation energy of dehydrogenation was 71 k] mol~', which is much smaller
than that of as-received MgH; (153 k] mol~1) or as-milled MgH, (96 k] mol~1). Furthermore, the hydrogen
capacity and the dehydrogenation temperature remained largely unchanged over five dehydrogenation
and rehydrogenation cycles.
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1. Introduction

Hydrogen is widely regarded as the most promising alternative
energy source to replace fossil fuels as a clean energy carrier. It
can be produced from a variety of renewable sources and yields
a non-polluting waste, i.e. water. However, one of the key obsta-
cles to the use of hydrogen as a fuel, especially for vehicles, is
the lack of practical methods to store it on board. Because hydro-
gen is a gas under practical conditions, it is difficult to store it
compactly and safely. Hydrogen storage systems developed so
far are liquid hydrogen, compressed gas cylinders and solid-state
storage materials. Compared to the physical approaches such as
liquefaction and compression, hydrogen storage in the solid state
has merits in terms of high volumetric and gravimetric hydrogen
contents and, most importantly, safety [1]. Research in many labo-
ratories around the world has focused on the solid-state hydrogen
storage materials that are based on three primary approaches:
(1) using inorganic solid hydride materials that have reversible
dehydrogenation and rehydrogenation characteristics [2-9], (2)
using the hydrolysis of alkali- and alkaline-earth metal hydrides
and complex hydrides (such as MgH,, LiH, LiAlH4 and LiBH4)
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[10,11] and (3) using carbon or other adsorbent materials to store
hydrogen based on surface adsorption and desorption [12-14].
The critical characteristic properties of a solid hydrogen storage
material include storage capacity, dehydrogenation temperature,
plateau pressure and the reversibility of dehydrogenation and rehy-
drogenation. To meet the requirements of on-board storage for
vehicles established by the U.S. Department of Energy, the stor-
age capacity must be high, the kinetics of hydrogen release/uptake
reactions must be satisfactory in an acceptable temperature range,
and the reactions must be reversible under reasonable conditions
[15].

Among the many different candidate materials based on metal
hydrides, magnesium and magnesium-based alloys are consid-
ered very attractive candidates as rechargeable hydrogen storage
materials because of their high hydrogen capacities (theoreti-
cally up to 7.6wt.%), reversibility and low costs. However, the
potential for practical use of MgH, is severely limited because
of the poor rates of its hydrogen release/uptake reactions, espe-
cially at temperatures below 300°C [16]. The poor kinetics is
attributed to the fact that MgH, has strong ionically bound
hydrogen, and thus is thermodynamically very stable within
the temperature range that is practically useful. In another
aspect, the equilibrium temperature T (1bar) for MgH,, defined
as the minimum temperature required to reach 1bar H, pres-
sure during dehydrogenation, is 275°C—too high for envisioned
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practical vehicular applications [17]. Therefore, an important chal-
lenge for enabling MgH, for practical applications is to find
a way to destabilize it to lower its dehydrogenation tempera-
ture.

In the past several decades, a great deal of research efforts
has been reported in the literature to improve the hydrogen stor-
age properties of MgH, [18-42]. There are several approaches
for modifying MgH, such as reducing the particle size, doping it
with catalytic materials, and more recently using thin film to syn-
thesize binary or ternary magnesium-based metal hydrides. For
instance, the hydrogen storage properties of Mg or MgH, doped
with small amounts of transition metals (such as Ti, V, Mn, Fe, Co,
Ni, Cu, and Pd) have been investigated to improve the hydrogena-
tion/dehydrogenation kinetics without reducing its high hydrogen
capacity [18,20-23,28,30,31,33,36,37]. Liang et al. reported that the
hydrogen storage properties of MgH, can be improved with 5 mol.%
of transition micro-particles of metals (Ti, V, Mn, Fe, and Ni). For
example, a composite with V released ~5wt.% hydrogen within
200s at 300°C under hydrogen pressure of 0.0015MPa [20,21].
Zaluska et al. [18] have found that ~6 wt.% hydrogen was released
at 330°C within 30 min when MgH, was doped with 1wt.% of
transition metals Pd and Fe (corresponding to 0.3 mol.% of Pd and
0.5 mol.% of Fe).

One of the most notable results was reported by Hanada et al.
[33]. They investigated the catalytic effect of nanoparticles of 3d-
transition metals on the hydrogen storage properties of MgH,. They
found that the 2 mol.% Ni""°-doped MgH, composite prepared by
mechanical milling with short time and low rpm exhibited the most
significant improvement of the kinetics of the dehydrogenation of
MgH,. It was shown that a large amount of hydrogen (6.5 wt.%)
can be released in the temperature range from 150 to 250°C at a
heating rate of 5°Cmin~! under a He flow with a sufficiently low
partial pressure of hydrogen [33]. Zaluska et al. [18] demonstrated
that even a small amount of transition metal catalyst is sufficient
for improving the reaction kinetics by the use of uniform mixture
of metal nanoparticles and Mg/MgH, obtained by milling. Besides
the transition metals, some transition metal oxides, fluorides and
halides also showed positive catalytic effects on the dehydrogena-
tion of MgH, [24,27,35,38,41].

Recently, it was reported that metastable alloys or ternary
hydrides based on magnesium can be obtained using thin film
deposition, which possesses unique hydrogen storage properties
[29,39,40,42]. For example, Vermeulen et al. [39] reported that
MgyTi(;_y)H thin film made by electron-beam deposition at room
temperature, which has an fcc fluorite structure in contrast to
the rutile structure of typical magnesium hydride, exhibited an
enhanced electrochemical hydrogenation property superior to a Mg
film. This is an encouraging result that has prompted many research
groups to attempt to synthesize the same kinds of metastable
phases in powder form, which were recently demonstrated by
Kalisvaart et al. [43] and Rousselot et al. [44]. On the other hand,
Kyoi et al. [29] have synthesized a new ternary magnesium-
titanium hydride, Mg;TiHy, in a high-pressure anvil cell by reacting
a mixture of MgH, and TiHg at 8 GPa and 873 K, which showed a
better dehydrogenation property than binary magnesium or tita-
nium hydrides.

Mechanical ball milling is well known to change various
properties of materials, as a result of the formation of special
microstructure, metastable phases, and modified surface. This tech-
nique has been found to be an effective way to improve the
hydrogen release and uptake kinetics of metal hydrides. Hydro-
genation properties are very sensitive to these modifications, and
in some cases, substantial changes of the hydrogenation behav-
ior can be obtained after milling. For example, the formation
of nanocrystalline or amorphous structure produced by milling
results in dramatic changes in hydrogenation properties, especially

by eliminating the need for activation and improving hydrogena-
tion/dehydrogenation kinetics [33,45,46].

In the present work, we investigated the feasibility of synthesiz-
ing Mg-Ti-H hydride systems using a high-energy-high-pressure
(HEHP) mechanical milling method. The capability of HEHP milling
for synthesizing hydride particles in a reactive atmosphere allows
one to obtain nanoscaled materials without any formation of
oxides. The synthesized Mg-Ti-H materials showed that the release
and uptake of hydrogen are reversible with reasonable kinetics at
a relatively low temperature.

2. Experimental apparatus and procedure

The initial materials, magnesium hydride (MgH,, 98%) and tita-
nium hydride (TiH,, 99%), were purchased from Sigma-Aldrich
(Milwaukee, WI) and Alfa-Aesar (Ward Hill, MA), respectively, and
used as received without any further purification. All the mate-
rial handling was carried out in a glove box filled with purified
argon (99.999%) in the presence of an oxygen scavenger and a dry-
ing agent to prevent raw materials and samples from undergoing
oxidation and/or hydroxide formation. Three grams of the mixtures
of MgH, and TiH; in molar ratios of 7:1 and 4:1 were milled using
an HEHP mill under 13.8 MPa hydrogen pressure. The weight ratio
of balls to powder was 35:1 and the milling time was 12 h at room
temperature.

The hydrogen release from the mixtures was examined by the
use of a thermogravimetric analyzer (TGA, Shimadzu TGA50) in
which 10 mg samples were heated under flowing argon up to 350 °C
at a heating rate of 5°Cmin~! and then held at this temperature
for a certain period of time. This equipment was placed inside the
glovebox so that the TGA measurements could be achieved without
exposing the samples to air. The hydrogenation properties of the
mixtures 7MgH,/TiH, and 4MgH, /TiH, were evaluated by using a
custom-made autoclave with a hydrogen pressure limit of 34.5 MPa
at 500°C. In the rehydrogenation process, 300 mg of the mixtures
was held at 350 °C for 6 h under vacuum to ensure complete release
of hydrogen, and then kept at 150°C for 12 h under 10.3 MPa of
hydrogen pressure for rehydrogenation.

The identification of phases in the reactants and products
before and after the TGA was carried out using an X-ray diffrac-
tometer (XRD, Siemens D5000) with Ni-filtered Cu Ka radiation
(A=1.5406A). Each sample for XRD analysis was mounted on a
glass slide and covered with a Kapton® tape as a protective film
in the glove box. The X-ray intensity was measured over diffraction
angle 26 from 10 to 100° with a scanning rate of 0.02° s~!. Using
the XRD peak broadening, the crystallite size and effective internal
strain of sample were obtained by the Stokes and Wilson’s formula
[47].

A scanning electron microscope (SEM, TOPCON SM-300)
equipped with energy dispersive X-ray spectrometry (EDS) was
employed to observe the morphology of the samples before and
after milling and determine the particle size. The samples were
protected from exposure to air by a conductive tape in the glove
box during the transfer to the SEM sample chamber.

For additional measurements of the particle size, a particle size
analyzer (The Brookhaven Instruments ZetaPALS) which can detect
the size range from 1 to 6000 nm was used. As the precision of
the particle size analyzer is largely affected by the clarity of the
carrier and dispersion of the particle in the liquid, the sample was
suspended in heptane using an ultrasonic bath for several hours
before the measurement.

A transmission electron microscope (TEM, FEI Tecnai 30) with
an accelerating voltage of 120kV was employed to further con-
firm the grain size of the sample. For the TEM observation, a dilute
suspension was dropped onto a TEM grid, and dried.
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Fig. 1. SEM images of a mixture of (A) 7MgH,/TiH, before milling, and (B) 7MgH,/TiH, after 12 h milling under 13.8 MPa hydrogen pressure.

3. Results and discussion
3.1. Synthesis and characterization of the Mg-Ti—H system

In this work, the Mg-Ti-H system was first synthesized using
an HEHP milling process under 13.8 MPa hydrogen pressure. The
custom built planetary mill was applied not only for the prepara-
tion, doping or synthesis of powders by high-energy milling, but
also to enhance the kinetics of dehydrogenation/rehydrogenation
reactions. The high-energy planetary mill allowed the formation of
highly defective and nanocrystalline storage materials as well as the
synthesis of metastable phases of ternary metal hydrides such as
the Na-Si-H system in our previous work. The results in that work
showed that the most significant reduction in particle size occurred
during the first 12 h of milling and this milling time induced suffi-
cient contact between starting chemicals, i.e. further milling did not
cause significant differences in the results. A hydrogen pressurized
canister, which contains the Mg-Ti-H mixture or just MgH;, was
employed for the HEHP milling. Fig. 1 shows a typical SEM micro-
graph of the 7MgH,/TiH, mixed powder before and after milling.
It shows that the particles before milling (Fig. 1(A)) have angular
shapes and sizes in the range of 20-200 pm. Although the particles
after milling (Fig. 1(B)) were aggregated, the sizes of the aggregated
particles along with a small fraction of dispersed particles have
been reduced to 0.3-6 wm. The atomic ratio of Mg and Ti in Fig. 1(B)
is approximately 7:1 by EDS analysis using the Mg(K) and Ti(K) lines
in the spectra, and no trace of Fe is detected. The image of EDS com-
positional mapping also shows a homogeneous distribution of TiH,
among MgH, particles after milling.

A particle size analyzer, described earlier in Section 2, was used
to measure the average particle size and the particle size distribu-
tion of the as-milled 7MgH,/TiH, mixed powder. Fig. 2 presents
the particle size distribution as a lognormal function. It can be seen
that the value of the average size is 390 nm and the minimum and
maximum particle sizes are 168 and 902 nm, respectively.

Fig. 3 shows the XRD diffraction patterns of the 7MgH,/TiH,
mixture. First of all, they indicate that the powder consisted of
MgH, and TiH; as in the raw material. There is no indication of Fe
which may come from the erosion of the milling tools and the for-
mation of any new phases. More specifically, it can be concluded
that under the experimental conditions of this study, there is no
formation of the Mg;TiH..1g phase. Secondly, XRD analyses in Fig. 3
show that after milling for 12 h, some of the peaks of MgH; and TiH,
phases are absent, compared with that of MgH, /TiH, before milling.
This may be explained by the fact that the crystal structures of MgH,
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Fig. 2. Particle size distribution of the as-milled 7MgH; /TiH,.

and TiH, phases were gradually weakened and deformed into
amorphous structures upon milling. Finally, despite the presence of
large particles, the as-milled 7MgH, /TiH, mixture presents broad
diffraction peaks in the XRD pattern, as shown in Fig. 3(B), com-
pared with that of 7MgH,/TiH, before milling, shown in Fig. 3(A).
The broadening of diffraction peaks indicates the refinement of the
crystallite size and the presence of the lattice micro strain in the as-

® MgH,
O TiH,
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Fig. 3. XRD patterns of (A) 7MgH,/TiH, before milling, and (B) 7MgH,/TiH, after
milling.
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Fig. 4. TEM image of the as-milled 7MgH, /TiH,.

milled 7MgH, /TiH, mixture. On the basis of the peak broadening,
the grain size of 7MgH,/TiH, mixture after milling was estimated
using the Stokes and Wilson’s formula [47]. The average crystal-
lite size of MgH, in the as-milled 7MgH, /TiH; mixture was 15 nm.
This value was much smaller than that from SEM and particle size
analyzer, mainly because the latter only measure the particle size
rather than the crystallite size, and the particles after milling were
aggregated. TEM is then used to further confirm the crystallite size
obtained using the S-W formula. Fig. 4 shows a typical TEM image
of the as-milled 7MgH,/TiH, mixture, in which an average crystal-
lite size of about 23 nm was observed. This value is comparable to
that calculated using the S-W formula.

It is also worthwhile to point out that no MgO peaks were
detected in the mixture after HEHP milling. Magnesium oxide,
which was reported to form during milling, causes the degrada-
tion of hydrogen capacity during the subsequent dehydrogenation
and rehydrogenation cycles [21]. Thus, the milling method under
pressurized reactive gas used in this study has the advantage of pre-
venting reactants from oxidation during the process. The as-milled
samples were then analyzed using TGA to study their dehydrogena-
tion and rehydrogenation characteristics.

3.2. Hydrogen release/uptake behavior of the Mg-Ti-H system

It has been pointed out earlier that the rate of dehydrogenation
of MgH, can be increased by using transition metals as catalysts
in the form of metallic nanoparticles dispersed on MgH, parti-
clesurface[18,20-23,25,28,30,31,36,37]. To demonstrate the effects
of additives and mechanical milling, Fig. 5 shows the TGA pro-
files for the as-milled 7MgH,/TiH, mixture, as-milled MgH,, and
as-received MgH,. The TGA experiment was run under an argon
atmosphere at a heating rate of 5°Cmin~! up to 350 °C, after which
the temperature was held at this value for 1h. It is seen that
there are substantial differences in the onset temperature of dehy-
drogenation and time for complete hydrogen release for the two
as-milled samples (7MgH;/TiH, and MgH>). The result shows that
the hydrogen started to be released at about 126 °C and the weight
loss accelerated at about 200 °C for the as-milled 7MgH, /TiH, sam-
ple. It shows that the temperature is considerably lower and the
time is considerably shorter to complete hydrogen release from the
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Fig. 5. TGA results for (A) as-milled 7MgH,/TiH,, (B) as-milled MgH,, and (C) as-
received MgH, with a heating rate of 5°Cmin~! up to 350°C and holding for 1h.
Curve (D) shows the temperature profile corresponding to curves (A)-(C).

as-milled MgH, than from the un-milled, as-received MgH,. More
importantly, it is noted that the as-milled 7MgH,/TiH, releases
nearly 100% of hydrogen within 60 min by the time the temper-
ature reaches only 313 °C, indicating a significant improvement of
the kinetics compared to either as-received or as-milled MgH,.

The onset temperature is more easily shown in Fig. 6, which
is a plot of weight loss vs. temperature. It is seen that the onset
temperature in the TGA curve of the as-milled 7MgH,/TiH; (curve
A) is approximately 255 and 144 °C lower than those of as-received
MgH, (curve C) and as-milled MgH, (curve B), respectively.

The total weight loss amounted to 5.91 wt.% of the initial weight,
which takes place within the temperature range from 126 to 313 °C.
Assuming all the weight losses were due to the release of hydrogen,
the dehydrogenation can be described as:

7MgH, +TiH, = 7Mg + TiH; + 7H, (1)

The experimental weight loss is close to the theoretical hydro-
gen release of 5.98 wt.% from this reaction. In order to confirm
if the dehydrogenation reaction indeed follows reaction (1), XRD
analyses were conducted. Fig. 7 compares the XRD profiles of the
7MgH, [TiH, mixture before and after releasing hydrogen by heat-
ing to 350 °C and holding for 1 h. Crystalline phases were identified
by comparing the experimental data with the JCPDS files from the
International Center for Diffraction Data. Fig. 7(B) shows the XRD
pattern of the sample after dehydrogenation. The peaks marked
with (¢) represent the Mg phase and those marked with (O) are
the TiH, phase. It is clearly seen that the products are a mixture of
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Fig. 6. Weight loss vs. temperature: (A) as-milled 7MgH, /TiH,, (B) as-milled MgH,,
and (C) as-received MgH,.
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Fig. 7. XRD patterns of (A) as-milled 7MgH,/TiH,, (B) dehydrogenated prod-
ucts of as-milled 7MgH,/TiH,, and (C) hydrogenated products of dehydrogenated
7Mg/TiH,. [The amorphous-like broad peak is from a Kapton® tape used to cover
the powders.]

Mg and TiH, and this suggests that the hydrogen release reaction
under 350°C from the as-milled 7MgH;/TiH, can be expressed by
reaction (1).

A separate TGA result (not shown here) showed additional
hydrogen release above 400 °C, according to:

TiH, = Ti + Hy 2)

This step, which is outside the temperature range considered in this
study, contains another 0.86 wt.% of hydrogen making the overall
theoretical capacity 6.84 wt.% for the 7MgH, /TiH, mixture, accord-
ing to the following overall reaction:

7MgH, +TiH, = 7Mg + Ti + 8H, (3)

In order to test the reversibility of the Mg-Ti-H system, the
dehydrogenated products of reaction (1), was hydrogenated by
using a custom-made autoclave under 10.3 MPa hydrogen pressure
and 150°C for 12 h. The hydrogenated product was analyzed using
XRD and TGA. The XRD profile of hydrogenated products of dehy-
drogenated 7Mg/TiH; is shown in Fig. 7(C), which suggests that the
hydrogenation reaction was carried out successfully at the above
experimental conditions. Fig. 8 shows the TGA profiles of the hydro-
genated sample which indicates that the sample took up hydrogen
amounting to about 5.61 wt.% of the hydrogenated products. It can
be seen that the TGA profiles for the sample after the initial milling
and after five cycles of dehydrogenation and rehydrogenation have
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Fig. 8. TGA results for (A) 7MgH,/TiH, after the initial milling and (B) 7MgH,/TiH,
after 5 cycles.

almost the same shape and only a small amount of degradation
amounting to a weight loss of 0.3 wt.% compared with the initially
as-milled one was found. In other words, the hydrogen capacity
and the starting hydrogen release temperature remained largely
unchanged over five dehydrogenation and rehydrogenation cycles.

3.3. Kinetic analysis of the dehydrogenation reaction

Non-isothermal runs described above were performed to
determine the activation energy for reaction (1) by using the
Ozawa-Flynn-Wall method [48-50]. TGA profiles of the as-milled
7MgH,[TiH, mixture under various heating rates are shown in
Fig. 9. The method is based on the following rate equation:

& =A@exp () @)

where « is the fractional conversion, t the reaction time, A the
pre-exponential factor of the Arrhenius equation, fla) a kinetic
function that is related to the reaction mechanism and R the gas
constant. Integration of Eq. (1) and the subsequent approximation
under the condition with constant heating rate (T=Ty + 8t; B=the
heating rate; Ty =the starting temperature) result in the following
equation:

0.457E, R [ da
logf = — RT _2'3]5_10g(f\53/0 f(oz)) (5)

Based on Eq. (5), the activation energy, E,, can be calculated from
the slope of a plot of log B vs. 1/T at a given value of «.

According to the results in Fig. 9, the TGA profiles of the as-
milled 7MgH, /TiH, move to a higher temperature with increasing
heating rate from 1 to 20°Cmin~!, as expected. The activation
energy is then evaluated using the heating rates (=1, 2, 5, 10
and 20°Cmin~!) and a fractional conversion (« = 0.4) from the TGA
profiles by plotting log 8 vs. 1/T. Fig. 10 presents the results for
the dehydrogenation of (A) as-milled 7MgH,/TiH,, (B) as-milled
4MgH, [TiH;, (C) as-milled MgH,, and (D) as-received MgH,. The
results show that the activation energy (E,) for the dehydrogenation
of the as-milled 7MgH,/TiH, is approximately 71 k] mol~!, which
is much lower than the results determined for the as-received
MgH; (153kJmol-') and as-milled MgH, (96 k] mol-1), respec-
tively. The activation energy is further reduced to 68 k] mol~! when
the molar ratio Mg:Ti was decreased from 7:1 to 4:1, which unfor-
tunately causes the decline of hydrogen storage capacity from 5.91
to 4.82 wt.%.

The effect of TiH, may be due to its ability to destabilize MgH,,
similar to the observed effects of other elements. It has been
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Fig. 9. TGA results for the as-milled 7MgH, /TiH, under various heating rates.
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Fig. 11. Effect of different titanium compounds: (A) as-milled 7MgH,/TiH,, (B) as-
milled 7MgH,/Ti, and (C) as-milled 7MgH,/TiCl5.

reported that MgH, can be destabilized by alloying with Si, which
forms a more stable compound, Mg,Si [32]. However, the MgH,/Si
system is kinetically limited in the rehydrogenation step. It has
also been reported that with a small amount of doping with a
3d-transition metal, especially Ni nanoparticles, the dehydrogena-
tion of MgH, took place at relatively lower temperatures [33]. The
present work showed for the first time that the hydrogen release
of MgH, can occur at a much lower temperature by the addition of
TiH,. In order to further understand the effect of TiH,, different Ti
species including Ti metal and TiCl3 were used instead of TiH, in the
same molar ratio to MgH,. These mixtures were milled under the
same condition as that of 7MgH, /TiH,, and their dehydrogenation
properties were then investigated by TGA. The results are shown
in Fig. 11, which includes the TGA curve of as-milled 7MgH, /TiH,
for comparison. It is clearly seen that the onset temperature of the
dehydrogenation is increased when TiH, is replaced by Ti metal or
TiCls.

4. Conclusions

In this work, the dehydrogenation of the Mg-Ti-H system
prepared by a high-energy-high-pressure milling technique was
investigated. The analyses of TGA and XRD data indicate that
the 7MgH,/TiH, mixture decomposes into metallic Mg and TiH,,
releasing a large amount of hydrogen (5.91 wt.%) between 126 and
313 °C. This hydrogen release temperature is lower by about 255 °C

than that of as-received MgH,. The complete dehydrogenation of
the 7MgH,/TiH, was achieved within 60 min at a heating rate of
5°Cmin~!, which is again much faster than that of MgH, under
similar conditions. The hydrogenation experiment of the dehy-
drogenated sample proved that the properties of dehydrogenation
reaction of the Mg-Ti-H system remained nearly unchanged after
five cycles of dehydrogenation and rehydrogenation.
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