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Abstract: Mg-based Mg—TiO, composite powder was prepared by arc plasma evaporation of the Mg+5%TiO, mixture followed by
passivation in air. ICP, XRD and SEM techniques were used to characterize the composition, phase components and microstructure
of the composite powder. The hydrogen sorption properties of the composite powder were investigated by DSC and PCT techniques.
According to the data from PCT measurements, the hydrogenation enthalpy and entropy changes of the composite powder are
calculated to be —71.5 kJ/mol and —130.1 J/(K-mol), respectively. Besides, the hydrogenation activation energy is determined to be
77.2 kJ/ mol. The results indicate that TiO, added into Mg by arc plasma method can act as a catalyst to improve the hydrogen

sorption kinetic properties of Mg.
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1 Introduction

Mg and Mg-based materials are widely regarded as
promising hydrogen storage carriers for on-board and
stationary applications. This is due to their high
gravimetric and volumetric hydrogen capacity, low cost,
environmental friendliness and abundant resources on
earth. However, Mg hydrides have not been widely used
practically due to their sluggish hydrogen sorption
kinetics and high operating temperature (~300 °C) [1].
To overcome these drawbacks, great efforts have been
taken to improve the hydrogen sorption thermodynamic
and kinetic properties, such as catalysts addition to
Mg/MgH, [2—4], nano-confinement in porous materials
[5], and producing nano-composites by ball milling the
mixture of MgH, and the other hydrides having lower
operating temperature [6]. In the past decade, many
catalysts have been investigated, such as transition
metals and their oxides [7], rare earth elements [8] and
their oxides [9,10]. OELERICH et al [3] reported that

minor addition of transition metal oxides, such as TiO,
and V,0s, to MgH, by ball milling can significantly
improve the reaction kinetics of Mg with hydrogen. In
addition, WANG et al [10] also reported that the addition
of TiO, to Mg by ball milling resulted in a remarkably
improved hydrogenation performance of Mg. For
example, rapid sorption kinetics can be obtained at
relatively low operating temperatures.

Arc plasma method, as a new physical vapor
deposition technique, can be used for producing ultrafine
or nano-structured metal particles [4,8,11]. Compared
with the mechanical milling method, using arc plasma
method to fabricate nano/ultrafine metal particles has
many advantages, such as high production rate, less
contamination, low cost and low reactivity to air.
Recently, some Mg-based nano-composites/alloys with
special core-shell structure were successfully prepared
by arc plasma evaporation followed by passivation.
These core shell structured Mg-rare earth composite
powders show much better hydrogen sorption properties
than pure Mg powders due to the catalytic effects of rare
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earth oxides formed on the Mg particles [8,9]. However,
rare earth elements are costly for practical applications.
Considering the low cost of TiO, and its good catalytic
effects on the hydrogen sorption in Mg, Mg—TiO,
composite powders were prepared by arc plasma method
in the present work and the hydrogen sorption properties
of the composite powder were carefully investigated. The
goal of this work is to provide a new method to produce
Mg-based composite powders with high efficiency and
low cost.

2 Experimental

2.1 Sample preparation

The composite powder samples were prepared by
using a direct current arc plasma evaporation apparatus
[8]. Starting materials, Mg (99.9%, 106 um) and TiO,
(99.9%, 106 pm) were purchased from Aladdin Co. Ltd.
Sample preparation procedure mainly involved three
steps. Firstly, Mg and TiO, powders with a mass ratio of
19:1 were well mixed. The mixture was then compressed
to cylinders under a uniaxial pressure of 20 MPa at room
temperature. Secondly, cylinders were put into the
reaction chamber and used as anode materials. Then the
chamber was filled with 60.795 kPa Ar gas after it was
evacuated to 5x10 *Pa. Thirdly, the Mg—TiO, composite
particles were produced by arc evaporation with the
current of 120 A. In the end, to prevent fine Mg particles
from burning spontaneously in air, they were passivated
in the mixture of 60.795 kPa argon and 40.53 kPa air.
The detailed process can be described as follows. First,
the reaction chamber filled with 60.795 kPa argon was
slowly input 50.67 kPa air every half an hour until the
pressure in chamber reached 101.325 kPa, then it was
kept for 12 h.

2.2 Characterization

The phase components of the composite samples
before and after hydrogenation were characterized by
X-ray diffraction apparatus (D/max 2550VL/PCX)
equipped with a Cu K, radiation source. An inductive
coupled plasma emission spectrometer (ICP) was used to
determine the composition of the Mg—TiO, composite
powders. The morphology and elemental distribution of
the as-prepared powder sample were investigated with a
JSM—7600F scanning electron microscope (SEM)
equipped with an energy dispersive spectrometer (EDX).
The dehydriding behaviors of the hydrogenated sample
were studied with synchronous thermal analysis
(Thermogravimetry/differential ~scanning calorimetry
(TG/DSC), Netzsch STA449F3 Jupiter) under 0.1 MPa
of argon at a heating rate of 10 K/min. The hydrogen
sorption properties of the Mg—TiO, composite were

examined with a Sievert type pressure—composition—
temperature (PCT) volumetric apparatus.

3 Results

Table 1 presents the contents of Mg, Ti and O in the
as-prepared Mg—TiO, powder sample, which are
different from the initial composition (Mg: 95%; TiO,:
5%). Compared with the composition of the starting
mixture, the content of Ti in the as-prepared sample is
2.64% lower, which is similar to the case in the Mg—Ce
oxide composite produced also by arc plasma method
[11]. Generally, this is concerned with the evaporation
rate of different species in the mixture. The species with
low melting point usually has a high evaporation rate.
While in this case, the melting point of TiO, is much
higher than that of Mg. Therefore, the evaporation rate of
TiO, is lower than that for Mg, leading to lower content
of Ti in the sample compared with the one in the initial
mixture.

Table 1 Results of ICP analyses for initial sample
w(Mg)/% w(Ti)/% w(0)/%
96.20 0.36 3.44

The X-ray diffraction patterns of the as-prepared
Mg—TiO, composite powder and the sample obtained
after hydrogenation for 1 h under the condition of 400 °C
and 4 MPa hydrogen pressure are presented in Fig. 1.
Figure 1(a) shows that the as-prepared sample consists of
Mg, TiO, and MgO. According to the relative peak
intensity of each phase, Mg is the majority phase; while
TiO, and MgO are minority phases. MgO forms in the
passivation process and covers on the Mg ultrafine
particles. From Fig. 1(b), it can be seen that
after hydrogen absorption, no other new phases are found
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Fig. 1 XRD patterns of Mg—TiO, composite powder before (a)
and after (b) hydrogen absorption at 400 °C and 4 MPa
hydrogen pressure for 1 h
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except MgH,, which implies that only the reaction
between Mg and hydrogen takes place during
hydrogenation. Apart from the presence of peaks from
MgO and TiO,, the weak peaks from Mg can be still
detected in Fig. 1(b), indicating that some Mg particles
are not completely hydrogenated after the hydrogenation
at 400 °C and 4 MPa hydrogen pressure for 1 h. It may
be attributed to the presence of some large Mg particles
in the composite powder [2].

Figure 2 shows the SEM image of as-prepared
sample and corresponding distributions of different
elements. Figure 2(a) shows the morphology of
as-prepared powder sample. It can be seen that those Mg
ultrafine grains agglomerate into micrometer scale
particles. Figures 2(b), (c) and (d) show the distributions
of elements Mg, O and Ti in the composite powder,
respectively. From these elemental distribution maps, it
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can be seen that, beside the major Mg element, nanosized
particles containing Ti, namely TiO,, are uniformly
distributed in the powder.

Figure 3 presents hydrogen absorption curves of
as-prepared Mg—TiO, composite sample measured at
temperatures 300, 250, and 200 °C under an initial
hydrogen pressure of 3 MPa. In Fig. 3(a), it can be seen
that the Mg—TiO, composite can absorb about 6.2%
hydrogen in 600 s and is eventually saturated at a
hydrogen content of 6.7% after 7200 s at 300 °C, which
is much better than that of pure Mg or some
Mg—RE(RE=Nd,Gd) composites investigated in our
previous studies [8]. In addition, the composite can
absorb about 6.4% and 3.8% hydrogen at 250 and 200 °C
after 2 h, respectively. According to Johnson—Mehl—
Avrami—Kolmogorov (JMAK) model, the hydrogenation
apparent activation energy (£,) is determined from the

Fig. 2 Typical SEM image (a) of Mg—TiO, powder and corresponding elemental distributions of Mg (b), O (c) and Ti (d)
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Fig. 3 Hydrogen absorption curves (a) of Mg—TiO, composite and corresponding In k&~7 ! plot (b)
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experimental data obtained at 300, 250, and 200 °C. The
plots of In k=T ™' (k is the temperature-dependent
reaction rate) are drawn in Fig. 3(b) based on the
Arrhenius equation k=A-exp[—E,/(RT)] (4 is the
temperature independent coefficient which varies with
different systems and conditions). The E, value is 77.2
kJ/mol, which is lower than that for pure bulk Mg [13].
Figure 4(a) shows the PCT curves of Mg-TiO,
composite sample measured at temperatures of 300, 350,
and 400 °C. The data obtained from PCT measurements
are summarized in Table 2. In Fig. 4(a), it can be seen
that with the increase of temperature, the maximum
hydrogen absorption capacity and the reversible
hydrogen capacity increase. However, even at the
temperature of 400 °C the maximum hydrogen
absorption capacity of 6.92% is still lower than the
theoretically capacity of 7.31% for the Mg—TiO,
composite. It is attributed to the presence of some large
Mg particles which are not fully hydrogenated, as
confirmed by Fig. 1(b). Based on the data given in Table
2, the enthalpy (AH) and entropy (AS) changes during the
absorption process can be obtained from the van't Hoff
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Fig. 4 PCT curves (a) of Mg—TiO, composite measured at
different temperatures and corresponding van’t Hoff plot (b)
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Table 2 Data obtained from PCT experiment on Mg—TiO,

composite
Temperature/ Maximum Absorption Desorption
oC hydrogen plateau plateau
content/%  pressure/MPa  pressure/MPa
400 6.92 1.930 1.854
350 6.52 0.648 0.588
300 6.34 0.200 0.133

According to Eq. (1), a plot of the In p versus 7" is
drawn in Fig. 4(b). The linear fitting gives an equation of
In p=—8596.99/7+15.716 for hydrogen absorption. The
enthalpy and entropy changes are equal to the slope and
vertical intercept of the fitting line multiply R,
respectively. Therefore, the enthalpy and entropy
changes during the hydrogen absorption of the Mg—TiO,
composite powder are determined to be —71.5 kJ /mol
and —130.1 J/(K'mol), respectively. The value of
absorption enthalpy change obtained in this work agrees
well with the one in Refs. [8,11,14—16]. This
demonstrates that the hydrogen reaction thermodynamics
of Mg is not changed, which further confirms that TiO,
just acts as a catalyst to improve the hydrogenation
kinetics of Mg.

TG—DSC curves of the hydrogenated composite are
shown in Fig. 5. The DSC curve shows only one
endothermic peak located at 418 °C, which is attributed
to desorption of MgH, and a mass loss of 5.7% is present
in the TG curve correspondingly. From DSC curve, it can
be seen that the hydrogenated Mg—TiO, starts desorption
at about 405 °C, which is lower than that for
hydrogenated pure Mg, Mg—Nd or Mg—Gd powders
investigated in our previous studies [6].
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Fig. 5 TG-DSC curves of hydrogenated Mg—TiO, composite
powder

4 Discussion
It has been shown that arc plasma method can be

used to synthesize nano/ultrafine metal particles with
large quantity [2,6]. Through this method, Mg-based
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hydrogen storage alloys or composites having superior
hydrogen storage properties were produced. In particular,
core-shell structured Mg—RE composite powders were
prepared through arc plasma method, which show high
storage capacity, good anti-oxidation ability and fast
sorption kinetics [13]. According to the previous works
on Mg—Ce oxide, Mg—La—O and Mg—RE composite
powders [2,8,11], the Mg-TiO, composite powder
should also have so called core-shell structure. That is,
Mg ultrafine particles are covered by MgO—-TiO, oxide
layer. Based on the results obtained in this study, it is
clear that TiO, added into Mg by arc plasma method can
act as catalyst and improve the hydrogen sorption
kinetics of Mg through the reduction of the hydrogen
absorption activation energy and the desorption
temperature. It was reported that the transition-metal
atoms or cations in catalysts could help the dissociation
of hydrogen molecule and spill over H atoms to neighbor
Mg atoms to form MgH,, which is the main reason why
transition-metal oxides show significant catalytic effects
for hydrogen sorption in Mg [7,10]. In previous works, it
has been found that transition metal oxides, such as
Ce,03 and Nb,Os, can act as catalysts in this way to
improve the hydrogen sorption kinetics of Mg [9,11]. In
the present work, the nano TiO, covering on Mg particles
plays a similar role, accelerating the dissociation of
hydrogen molecules and acting as the channels of
hydrogen sorption in Mg particles, through which the
hydrogen sorption kinetics of Mg is improved. Besides,
WANG et al [10] pointed out that the promoting effects
of a catalyst depended not only on its own characteristics,
but also the distribution state of the catalyst. In this work,
the TiO, added by arc plasma method dispersed
homogeneously on the surface of Mg, thus providing
good catalytic effects on the hydrogen sorption in Mg.

5 Conclusions

1) A Mg-based Mg—TiO, hydrogen storage
composite powder was successfully prepared through an
arc plasma method followed by passivation.

2) According to the PCT data and using van’t Hoff
equation, the hydrogenation enthalpy and entropy
changes of Mg in the Mg-TiO, composite were
determined to be —71.5 kJ/mol and —130.1 J/(K-mol),
respectively. These values are in good agreement with
the data for pure Mg reported in literature, which shows
that the hydrogen storage thermodynamic properties of
the Mg—TiO, composite are not changed.

3) Based on the isothermal hydrogen absorption
curves measured at different temperatures, the
hydrogenation activation energy was determined to be
77.2 kJ/mol, lower than that of the arc plasma evaporated
pure Mg powder, indicating that the hydrogen sorption

kinetics of Mg is improved through the addition of TiO,.

4) From TG-DSC measurements, the onset
dehydrogenation temperature of the hydrogenated
Mg-TiO, composite was determined to be 405 °C, or
than that of hydrogenated pure Mg, Mg—Nd and Mg—Gd
powders, showing that TiO, added into Mg by arc
plasma method favors the hydrogen desorption.
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