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A specimen consisting of 90 wt.% Mg and 10 wt.% TiCl3 (called 90 Mg + 10 TiCl3) was made by transformationaccompanying milling, and its hydrogenation and dehydrogenation features were checked. The activation of
90 Mg + 10 TiCl3 was not demanded. 90 Mg + 10 TiCl3 revealed an useful hydrogenation-dehydrogenation capacity (the
quantity of hydrogen absorbed in 60 min) of about 5.6 wt.%. At Cn = 1, the specimen absorbed 4.06 wt.% of hydrogen in
5 min, 5.09 wt.% of hydrogen in 10 min, and 5.59 wt.% of hydrogen in 60 min at 593 K in 1.2 MPa H2. At Cn = 1, the
specimen desorbed 0.47 wt.% of hydrogen in 2.5 min, 3.81 wt.% of hydrogen in 30 min, and 5.20 wt.% of hydrogen in
60 min at 593 K in 0.1 MPa H2. The XRD pattern of 90 Mg + 10TiCl3 dehydrogenated at the 4th hydrogenationdehydrogenation cycle included Mg, β-MgH2, MgO, and a small amount of TiH1.924 phases. The P (equilibrium
hydrogen pressure)-C (composition)-T (temperature) curve at 593 K revealed an equilibrium plateau pressure at about
0.25 MPa. 90 Mg + 10 TiCl3 had a higher early hydrogenation rate and a larger amount of hydrogen absorbed in 60 min
than Mg, 90 Mg + 10 Fe2O3, 90 Mg + 10 MnO, and 90 Mg + 10 TaF5, the hydrogenation and dehydrogenation features
of which were before informed of.
Keywords: hydrogen storage, magnesium-based alloys, transformation-accompanying milling, hydrogen sorption rates.

1. INTRODUCTION 

absorption/desorption kinetics of magnesium hydride
(MgH2) superiorly over TiCl3. Both TiF3 and TiCl3
additives generated highly dispersed active TiH2 phase and
inactive magnesium halides. The reaction of TiCl3 with
MgH2 produced TiH2 and MgCl2.
Magnesium hydride milled with different halides was
prepared by Malka et al. [11] to check the optimum
percentage of added halide and preparing conditions. They
investigated the influences of these added halides on the
dehydrogenation temperature of MgH2 and the decrease in
activation energy for dehydrogenation. Catalytic
efficiencies of the chlorides and fluorides of the different
metallic elements in the samples were compared.
Considering electronic states of the metals in selected
halides, the effects of the selected halides on MgH2
decomposition temperature were also discussed. They
informed of that TiCl3 was one of the halides with the best
catalytic effects for the dehydrogenation of magnesium
hydride, among the studied halides.
The influence of 7 wt.% dopants, such as ZrF4, TaF5,
NbF5 and TiCl3, on the kinetics of absorption and
desorption of magnesium hydride was studied by Malka et
al. [12]. They reported that the valence state of the metal
halides changed during processing and NbF5, TaF5 and
particularly TiCl3, took part in the disproportionation
reactions that created a significant amount of structural
defects.

The storage of hydrogen using metal hydrides as
hydrogenation and dehydrogenation media has several
strengths over storage by compression, storage by
liquefaction, and storage by adsorption with carbon
nanotube: metal hydrides own a higher hydrogenation and
dehydrogenation capacity on the basis of volume and
hydrogen storage by metal hydrides is safer than storage by
compression and storage by liquefaction. To release
hydrogen out of metal hydrides, squandered heat can be
employed. Besides, selective hydrogen storage and release
of metal hydrides enables us to produce hydrogen with
high purity [1].
Magnesium owns a high hydrogenation and
dehydrogenation capacity (7.6 wt.%), is of relatively low
price, and has a great deal of deposit in the earth’s crust.
However, it has low hydrogenation and dehydrogenation
rates. Much research to heighten the hydrogenation and
dehydrogenation rates of magnesium has been conducted
by preparing magnesium and transition metal alloys [2]
such as Pd [3], Ni [4], Sm [5], Ni and B [6], Pr and Ni [7],
and Sc, Ti, V, Cr, Y, Zr, Nb, and Mo [8], and by making
magnesium and transition metal compounds like Mg17Ba2
[9].
Ma et al. [10] reported that TiF3 improved the
*

Corresponding author. Tel.: +82-63-270-2379; fax: +82-63-270-2386.
E-mail address: songmy@jbnu.ac.kr (M.Y. Song)

227

In the present study, TiCl3 was picked for additive to
heighten of hydrogenation and dehydrogenation rates of
Mg. Mg was used as a starting material because it is less
expensive than MgH2. The preparation of MgH2 is quite
hard; it requires high hydrogen pressures and long periods.
In our previous works [13, 14], the best percentage of
additives, to improve hydrogenation and dehydrogenation
features of Mg, was about ten. A specimen consisting of
90 wt.% Mg and 10 wt.% TiCl3, which includes 10 wt.%
additive, was prepared by transformation-accompanying
milling. The conditions for optimum transformationaccompanying milling, which were studied in our previous
works [15, 16], were used for the preparation of specimens.
Its hydrogenation and dehydrogenation features such as
hydrogenation and dehydrogenation rates and P-C-T
(equilibrium hydrogen pressure-composition-temperature)
curve, were then studied. Hydrogenation was done under a
relatively low hydrogen pressure (1.2 MPa H2) and
dehydrogenation under a relatively high hydrogen pressure
(0.1 MPa H2), compared with the hydrogen pressures
applied in other works for the hydrogenation and
dehydrogenation features of metal hydrides. We designated
the specimen consisting of 90 wt.% Mg and 10 wt.% TiCl3
as
90 Mg + 10 TiCl3.
The
hydrogenation
and
dehydrogenation properties of 90 Mg + 10 TiCl3 were
compared with those of oxide-added specimens, such as
90 Mg + 10 Fe2O3
and
90 Mg + 10 MnO,
and
90 Mg + 10 TaF5 which were reported before.

quantity.
The phases in the specimens after transformationaccompanying milling and after hydrogenationdehydrogenation cycling were analyzed by X-ray
diffraction (XRD) with Cu Kα radiation in a powder
diffractometer (Rigaku D/MAX 2500). Scanning electron
microscope (SEM) micrographs of the specimens were
obtained in a JSM-5900 SEM operated at 15 kV.

3. RESULTS AND DISCUSSION
The XRD diagram of 95 Mg + 10 TiCl3 after
transformation-accompanying milling showed that the
specimen included Mg, β-MgH2, and small quantities of γMgH2 and TiH1.924 phases. β-MgH2 and γ-MgH2 were built
by the combination of Mg with hydrogen during
transformation-accompanying milling. β-MgH2 and γMgH2 are low-pressure and high-pressure forms of MgH2,
respectively, each being belong to tetragonal and
orthorhombic crystal systems. The combination of Ti with
hydrogen during transformation-accompanying milling
also led to the development of TiH1.924.

2. EXPERIMENTAL DETAILS
Pure Mg powder (particle size 74 – 149 m, purity
99.6 %, Alfa Aesar), and TiCl3 (Titanium (III) chloride,
Aldrich) were utilized as the initiating substances.
Specimens were got ready in an argon atmosphere.
Transformation-accompanying milling was performed at
250 rpm in a ball mill (Planetary Mono Mill; Pulverisette 6,
Fritsch) in about 1.2 MPa H2. A 90 wt.% Mg and 10 wt.%
TiCl3 mixture with a weight of 8 g was mixed with 105
hardened steel balls of a total weight of 360 g in a sealed
250 ml container made of stainless steel. The milling time
was 6 h by iterating milling for 15 min and resting for
5 min. Hydrogen was replenished every 2 h.
The amount of hydrogen absorbed or desorbed was
quantified as the hydrogenation or dehydrogenation
reaction proceeds, using a Sievert-type volumetric
hydrogenation and dehydrogenation apparatus [17]. During
quantifying the amount of hydrogen absorbed or desorbed,
the hydrogen pressure was maintained nearly constant by
making up the absorbed hydrogen from a small reservoir of
a measured volume during hydrogenation or taking out the
desorbed hydrogen to the small reservoir during
dehydrogenation. The weight of the specimen utilized for
these measurements was 0.5 g. After the absorbed and then
desorbed hydrogen quantities were measured at 593 K
under 1.2 and 0.1 MPa H2 for 1 h, respectively, the
specimen was then dehydrogenated at 623 K in vacuum for
2 h. The P (equilibrium hydrogen pressure)-C
(composition)-T (temperature) curve was obtained by
repeating waiting for equilibrium and then measuring
equilibrium hydrogen pressure and taking some hydrogen
out of the reactor and then measuring the taken hydrogen
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Fig. 1. SEM
micrographs
of
90 Mg + 10 TiCl3
transformation-accompanying milling

after

SEM micrographs of 90 Mg + 10 TiCl3 after
transformation-accompanying milling are exhibited in
Fig. 1. The particle sizes are not homogeneous and the
shapes of particles are irregular. Small particles are also
observed on the surfaces of the relatively large particles.
Some big particles have smooth surfaces. Agglomerates
are also found.
The percentage of hydrogenated hydrogen, Ha, is
defined as 100 x (the weight of hydrogenated hydrogen /
the sample weight). The change in the Ha vs. t curve at
593 K in 1.2 MPa H2 according to the number of
hydrogenation-dehydrogenation
cycles,
Cn,
for
90 Mg + 10 TiCl3 is shown in Fig. 2. At the first cycle, the
hydrogenation rate is very high from the starting to 5 min

around, and then severely low after 10 min. It is believed
that the very high hydrogenation rate until 5 min is due to
hydrogen absorption by small particles, small particles on
the surfaces of large particles, and outer sides, which have
many hydrogen paths such as cracks, of large particles and
agglomerates. The very low hydrogenation rate after
10 min is probably resulted from the absorption of
hydrogen by the insides of particles, which can be
hydrogenated after diffusion of hydrogen through growing
hydride layers. As the number of hydrogenationdehydrogenation cycles increases from Cn = 1 to Cn = 3, the
early hydrogenation rate increases and the amount of
hydrogen absorbed in 60 min decreases. At Cn = 1, the
sample absorbs 4.06 wt.% of hydrogen in 5 min, 5.09 wt.%
of hydrogen in 10 min, 5.57 wt.% of hydrogen in 30 min,
and 5.59 wt.% of hydrogen in 60 min. The useful
hydrogenation-dehydrogenation capacity is defined as the
quantity
of
hydrogen
absorbed
in
60 min.
90 Mg + 10 TiCl3
has
a
useful
hydrogenationdehydrogenation capacity of about 5.6 wt.% at Cn = 1.
Table 1 presents the change in the absorbed hydrogen
quantity with time for 90 Mg + 10 TiCl3 at 593 K in
1.2 MPa H2 at Cn = 1 – 3.

Early hydrogenation rate,
wt.% of hydrogen/min

5.6

1.23

5.5
1.22

1.21
5.4

1.20
1

3

Fig. 3. Changes in the early hydrogenation rate and the quantity
of hydrogen absorbed in 60 min, Ha (60 min), with the
number of hydrogenation-dehydrogenation cycles, Cn, at
593 K in 1.2 MPa H2 for 90 Mg + 10 TiCl3

The percentage of desorbed hydrogen, Hd, is defined
as 100 x (the weight of desorbed hydrogen / the sample
weight). The change in the Hd vs. t curve at 593 K in
0.1 MPa H2 according to the number of hydrogenationdehydrogenation cycles, Cn, for 90 Mg + 10 TiCl3 is shown
in Fig. 4.
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Fig. 2. Change in the Ha vs. t curve at 593 K in 1.2 MPa H2
according
to
the
number
of
hydrogenationdehydrogenation cycles, Cn, for 90Mg+10TiCl3
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Fig. 4. Change in the Hd vs. t curve at 593 K in 0.1 MPa H2
according
to
the
number
of
hydrogenationdehydrogenation cycles, Cn, for 90 Mg + 10 TiCl3

Table 1. Change in the absorbed hydrogen quantity with time for
90 Mg + 10 TiCl3 at 593 K in 1.2 MPa H2 at Cn = 1 – 3

Cn = 1
Cn = 2
Cn = 3

Ha (60 min), wt.% of hydrogen

1.24

Table 2. Change in the desorbed hydrogen quantity with time for
90 Mg + 10 TiCl3 at 593 K in 0.1 MPa H2 at Cn = 1 – 3

Absorbed hydrogen quantity (wt.% of hydrogen)
2.5 min
5 min
10 min
30 min
60 min
3.01
4.06
5.09
5.57
5.59
3.03
4.16
5.15
5.46
5.50
3.09
4.32
5.18
5.37
5.38

Cn=1
Cn=2
Cn=3

Fig. 3 shows the changes in the early hydrogenation
rate and the quantity of hydrogen absorbed in 60 min, Ha
(60 min), with the number of hydrogenationdehydrogenation cycles, Cn, at 593 K in 1.2 MPa H2 for
90 Mg + 10 TiCl3. As Cn increases, the early hydrogenation
rate increases, whereas Ha (60 min) decreases. The
increase in the early hydrogenation rate with
hydrogenation-dehydrogenation cycling is believed due to
decrease in size of the particles on the surface. The
decrease in Ha (60 min) with hydrogenationdehydrogenation cycling is thought owing to sintering of
the particles inside the particles and agglomerates.

Desorbed hydrogen quantity (wt.% of hydrogen)
2.5 min
5 min
10 min 30 min 60 min
0.47
0.88
1.64
3.81
5.20
0.48
0.91
1.66
3.96
5.11
0.38
0.74
1.46
3.70
4.98

The specimen has a slightly higher early
dehydrogenation rates at Cn = 2 than at Cn = 1, and the
early dehydrogenation rate at Cn = 3 is lower than at Cn = 2
and Cn = 1. At Cn = 1, the specimen desorbs 0.47 wt.% of
hydrogen in 2.5 min, 3.81 wt.% of hydrogen in 30 min,
and 5.20 wt.% of hydrogen in 60 min. At Cn = 1, the
quantity of hydrogen desorbed in 60 min is 93 % of that
absorbed in 60 min. The quantity of hydrogen desorbed in
60 min decreases as the number of hydrogenationdehydrogenation cycles increases from 1 to 3. Table 2
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presents the change in the desorbed hydrogen quantity with
time for 90 Mg + 10 TiCl3 at 593 K in 0.1 MPa H2 at
Cn = 1 – 3.
Fig. 5 shows the changes in the early dehydrogenation
rate and the quantity of hydrogen desorbed in 60 min, Hd
(60 min), with the number of hydrogenationdehydrogenation cycles, Cn, at 593 K in 1.2 MPa H2 for
90 Mg + 10 TiCl3. As Cn increases, the early
dehydrogenation rate increases at Cn = 2 and decreases at
Cn = 3. The early dehydrogenation rate at Cn = 3 is lower
than at Cn = 2 and Cn = 1. Hd (60 min) decreases as Cn
increases from 1 to 3.
5.3

0.19
5.2
0.18
5.1
0.17
5.0
0.16

0.15

Hd (60 min), wt.% of hydrogen

Early dehydrogenation rate,
wt.% of hydrogen/min

0.20

4.9
1

2

3

Fig. 6. SEM micrographs of 90Mg+10TiCl3 dehydrogenated at
the 4th hydrogenation-dehydrogenation cycle

Cn

Fig. 5. Changes in the early dehydrogenation rate and the quantity
of hydrogen desorbed in 60 min, Hd (60 min), with the
number of hydrogenation-dehydrogenation cycles, Cn, at
593 K in 1.2 MPa H2 for 90 Mg + 10 TiCl3

The hydrogen pressure decreases abruptly from a
hydrogen pressure of about 1.17 MPa to about 0.27 MPa,
then maintains almost constant at about 0.25 MPa, and
finally decreases slowly. The equilibrium plateau pressure
(about 0.25 MPa) is found at an Hd range of 5.0 – 1.0 wt.%
of hydrogen. The slope of the equilibrium plateau pressure
is believed to appear because other phases, such as
titanium hydride (TiH1.924), are present in addition to Mg-H
solid
solution
and
magnesium
hydride.
The
90 Mg + 10 TiCl3 specimen contains a very small amount
of titanium hydride and the main hydride phase of the
90 Mg + 10 TiCl3 specimen is MgH2. The equilibrium
plateau pressure of about 0.25 MPa for 90 Mg + 10 TiCl3
at 593 K is very similar to that of the Mg-H system at
593 K reported by Stampfer et al. [18]. The data of
Stampfer et al. [18] showed that the equilibrium plateau
pressure in the Mg-H system at 593 K is 0.27 MPa. The
hydrogen-storage capacity of the sample is about 5.0 wt.%.
This sample has an effective hydrogen-storage capacity
(the quantity of hydrogen absorbed for 60 min) of about
5.6 wt.%. The hydrogen-storage capacity of the sample is
believed to be smaller than the effective hydrogen-storage
capacity because the sample was stored for a couple of
months in a glove box and slightly contaminated.
In our former research [19], the hydrogenation and
dehydrogenation
features
were
investigated
for
90 Mg + 10 Fe2O3, 90 Mg + 10 Fe2O3 got ready by spray
conversion, 90 Mg + 10 MnO, and 90 Mg + 10 SiO2
specimens, which were made by transformationaccompanying milling for 2 h under the milling conditions
like those to make 90 Mg + 10 TiCl3 specimen.
90 Mg + 10 Fe2O3 and 90 Mg + 10 MnO had relatively
high hydrogenation or dehydrogenation speeds. In another
previous work of our group [20], the hydrogenation and
dehydrogenation
features
were
investigated
for

Activation is a process which makes the sample have
maximum reaction rates. For metal hydrides, it is
performed by hydrogenation-dehydrogenation cycling.
Fig. 2 – Fig. 5
show
that
the
activation
of
90 Mg + 10 TiCl3 is not demanded.
The
XRD
diagram
of
90 Mg + 10 TiCl3
dehydrogenated at the 4th hydrogenation-dehydrogenation
cycle showed that the sample included Mg, β-MgH2, MgO,
and a small amount of TiH1.924 phases. TiH1.924, which was
formed after transformation-accompanying milling, was
not dehydrogenated even after dehydrogenation at 623 K
in vacuum for 2 h. Titanium hydride (TiH2) was also
reported to form in the dehydrogenated MgH2 + 4 mol %
TiCl3 of Ma et al.’s work [10]. This XRD diagram
exhibited slightly narrower peaks and lower background
than the XRD diagram of 90 Mg + 10 TiCl3 after
transformation-accompanying milling. This suggests that
this specimen has better crystallinity than the specimen
after transformation-accompanying milling.
The SEM micrographs of 90 Mg + 10 TiCl3
dehydrogenated at the 4th hydrogenation-dehydrogenation
cycle are shown in Fig. 6. This specimen has particles of
various sizes with a large number of small particles on
their surfaces. Smooth surfaces of some big particles
disappeared and small particles are found on the large
particles. Particles are agglomerated. The particles on the
surfaces are finer but the size of agglomerates is larger as
compared with those after transformation-accompanying
milling.
Fig. 7 shows a dehydrogenation P-C-T (equilibrium
hydrogen pressure-composition-temperature) curve of
90 Mg + 10 TiCl3 at 593 K.
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Equilibrium hydrogen pressure MPa

90 Mg + 10 TaF5, which were made by transformationaccompanying milling under the milling conditions like
those
to
make
90 Mg + 10 TiCl3
specimen.
90 Mg + 10 TaF5 showed quite high hydrogenation and
dehydrogenation speeds.

hydrogenation and dehydrogenation rates of Mg. The
formed β-MgH2, γ-MgH2, and TiH1.924 are considered to
make these effects stronger.
The
higher
early
hydrogenation
rates
of
90 Mg + 10TiCl3 and 90 Mg + 10 TaF5 than those of
90 Mg + 10 Fe2O3 and 90 Mg + 10 MnO indicate that the
effects of the addition of halides on the increase in the
hydrogenation rates of Mg are stronger than those of the
addition of oxides.

4. CONCLUSIONS
The activation of 90 Mg + 10 TiCl3 was not demanded.
90 Mg + 10 TiCl3
had
a
useful
hydrogenationdehydrogenation capacity of about 5.6 wt.%. At Cn = 1, the
specimen absorbed 4.06 wt.% of hydrogen in 5 min,
5.09 wt.% of hydrogen in 10 min, 5.57 wt.% of hydrogen
in 30 min, and 5.59 wt.% of hydrogen in 60 min at 593 K
in 1.2 MPa H2. At Cn = 1, the specimen desorbed
0.47 wt.% of hydrogen in 2.5 min, 3.81 wt.% of hydrogen
in 30 min, and 5.20 wt.% of hydrogen in 60 min at 593 K
in 0.1 MPa H2. γ-MgH2 was formed in 90 Mg + 10 TiCl3
after transformation-accompanying milling. TiH1.924, which
was formed after transformation-accompanying milling,
was not dehydrogenated even after dehydrogenation at
623 K in vacuum for 2 h. As the number of hydrogenationdehydrogenation cycles increased from Cn = 1 to Cn = 3,
the early hydrogenation rate increased due to decrease in
size of the particles on the surface and the quantity of
hydrogen absorbed in 60 min decreased due to sintering of
the particles inside the particles and agglomerates. The PC-T curve at 593 K showed an equilibrium plateau
pressure at about 0.25 MPa. 90 Mg + 10 TiCl3 had a higher
early hydrogenation rate and a larger quantity of hydrogen
absorbed
in
60 min
than
90 Mg + 10 TaF5,
90 Mg + 10 Fe2O3, 90 Mg + 10 MnO, and Mg, the
hydrogenation and dehydrogenation features of which
were before informed of.

0.0

HdH
, wt.%
of hydrogen
d, w/o hydrogen
Fig. 7. Dehydrogenation P-C-T (equilibrium hydrogen pressurecomposition-temperature) curve of 90 Mg + 10 TiCl3 at
593 K

The Ha vs. t curves at 593 K in 1.2 MPa H2 at Cn = 1
for 90 Mg + 10 TiCl3, Mg [21], 90 Mg + 10 Fe2O3 [19],
90 Mg + 10 MnO [19], and 90 Mg + 10 TaF5 [20] were
compared. Mg, 90 Mg + 10 Fe2O3, 90 Mg + 10 MnO, and
90 Mg + 10 TaF5 were made under the milling conditions
like those to make 90 Mg + 10 TiCl3 specimen. Mg
absorbed hydrogen extremely slowly. 90 Mg + 10 TiCl3
had a higher early hydrogenation rate and a larger quantity
of hydrogen absorbed in 60 min than Mg,
90 Mg + 10 Fe2O3,
90 Mg + 10 MnO,
and
90 Mg + 10 TaF5. 90 Mg + 10 TiCl3 had the highest early
hydrogenation rate, followed in a decreasing order by
90 Mg + 10 TaF5, 90 Mg + 10Fe2O3, 90 Mg + 10 MnO,
and Mg. 90 Mg + 10 TiCl3 had the largest quantity of
hydrogen absorbed in 60 min, followed in a decreasing
order
by
90 Mg + 10 Fe2O3,
90 Mg + 10 TaF5,
90 Mg + 10 MnO, and Mg. 90 Mg + 10 TiCl3 absorbed
4.06 wt.% of hydrogen in 5 min, 5.09 wt.% of hydrogen in
10 min, 5.57 wt.% of hydrogen in 30 min, and 5.59 wt.%
of hydrogen in 60 min. 90 Mg + 10 Fe2O3 absorbed
2.41 wt.% of hydrogen in 2.5 min, 3.52 wt.% of hydrogen
in 5 min, 4.26 wt.% of hydrogen in 10 min, 4.84 wt.% of
hydrogen in 30 min, and 5.16 wt.% of hydrogen in 60 min.
Mg absorbed 0.08 wt.% of hydrogen in 2.5 min, and
0.14 wt.% of hydrogen in 60 min.
The transformation-accompanying milling of Mg with
TiCl3, which forms β-MgH2, γ-MgH2, and TiH1.924 is
thought to produce defects on the surface and inside Mg
particle, to make new clean surfaces, and to curtail the Mg
particle sizes. Producing of defects makes easy nucleation
of magnesium hydride, making of new clean surfaces
increases the reactivity of particles with hydrogen, and
reduction in the Mg particle sizes shortens diffusion
distances of hydrogen atoms. These effects increase the
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