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Abstract

Reactive mechanical alloying (RMA) was used to prepare Mg—20 wt% Ni—1.0 wt% TiO, composite materials. A nanocrystalline composite of
MgH, and Mg,NiH, formed after 60 h of ball-milling. An increase of the nanocrystalline size was found after 20 hydriding/dehydriding cycles. It
absorbed more than 80% of its full capacity in the temperature range of 363—-543 K within less than 1 min and desorbed 3.22 mass% of hydrogen
at 578 K under a hydrogen pressure of 0.1 MPa in 1 h. DSC analysis shows that the thermodynamic property of Mg-based hydrogen storage alloys

do not be changed by the addition of TiO, and ball-milled process.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years much attention has been paid to magnesium-
based system for hydrogen storage because of its high
volumetric and gravimetric storage capacity. However, the
hydriding/dehydriding reaction of magnesium and magnesium-
based alloys is too slow and higher temperature than 573 K is
needed for practical application. One way to overcome these
drawbacks is by reducing the grain size into nanocrystalline
dimensions, which significantly improves the diffusion of hydro-
gen atoms [1,2]. More recently, it has been reported that binding
Mg with various additives by reactive mechanical alloying
improves hydrogen absorption and desorption kinetics [3-5].

TiO, as an important catalyst has been used to improve
the hydrogen absorption kinetics of Mg [6-8]. In this work,
we investigated the synthesis and hydrogen storage proper-
ties of Mg—20 wt% Ni—1 wt% TiO, composite prepared by ball
milling under a hydrogen atmosphere. This composite showed
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very good hydriding/dehydriding kinetics at relatively low
temperature.

2. Experimental details

Magnesium and nickel powders (>99 mass% purity, —200 mesh) were pro-
vided by manufacturer Beijing Chemical Reagent Company. Mg, Ni and TiO»
(Anatase, 20 nm, 99%) powders with the mix ratio 79:20:1 (wt%) were placed
into a stainless steel jar with 300 ml inner volume and evacuated to 10~ MPa
prior to filling with hydrogen gas (3 MPa, 99.9% purity). The jar was refilled
every 5h of milling in order to prevent from any leakage. The mixed powders
of 5g and 25 pieces of Cr steel balls with a diameter of 9 mm were brought
into the jar. The ball to powder weight ratio was 10:1. Mechanical milling was
carried out in a Spex 8000 ball miller with 1425 rpm and milling time was up
to 60 h. After milling, 500 mg samples were removed from the jar and loaded
into the double wall reactor. All the handlings were performed in an argon glove
box.

The hydrogen storage properties of milled composite were evaluated by
using a volumetric method. Absorption rate was calculated by the pres-
sure drop in a constant volume as a function of time. Similarly desorption
rate was measured by the pressure increase from the initial pressure set at
0.1 MPa.

X-ray diffraction was performed before and after milling using Cu Ko radia-
tion on a MXP21VAHF diffractometer. The diffraction angle was from 10 to 90°
with the scan rates 0.01° per step and 2 °/min. The microstructure of the com-
posite was examined by scanning electron microscopy (HITACHI-S4800). The


mailto:lfbml@yahoo.com.cn
dx.doi.org/10.1016/j.jallcom.2006.11.046

422 F. Li et al. / Journal of Alloys and Compounds 452 (2008) 421-424

2400

* Ni
v MgH,
o Mg, NiH,

2200 4

2000 +

1800—-
60h

1600
1400
1200

1000 40h

intensity

800 —
600 —
400 —

200

20h
0

0 20 40 60 80 100

Fig. 1. The X-ray diffraction pattern of Mg—20 wt% Ni-1 wt% TiO, composite
prepared by RMA.

thermal properties of samples were studied by differential scanning calorimetry

(DSC, Netzsch 409) with heating rate of 10°C min~! and argon flow rate of

18 mlmin—'.

3. Results and discussion
3.1. Phase change and morphological observations

Mechanical milling of Mg-20wt% Ni-1 wt% TiO, under
a hydrogen atmosphere directly led to the composite MgH>,
and Mg, NiH4 (see Fig. 1). The diffraction peaks of Mg and Ni
disappeared completely after 60 h milling. The diffraction peaks
of TiOy cannot be seen with 1 wt% addition. The broadening
of peaks indicated that the crystallite size was reduced to the
nanometer range. The crystallite size of MgH, and MgyNiHy
after 60 h milling was calculated by Scherrer’s equation from
XRD data and shown in Table 1.

Fig. 2 shows the X-ray diffraction pattern of this composite
after 20 hydriding/dehydriding cycles at 623 K. All Bragg reflec-
tions of MgH» and Mg;NiHy disappeared after desorption. The
final composite consisted of Mg and MgyNi. Table 2 was the
crystallite size of Mg and Mg, Ni after 20 hydriding/dehydriding
cycles. It could be seen that the crystallite size increased
after hydriding/dehydriding cycles, comparing with milled com-
posite. The reason for the crystallite sizes increase is the

Table 1
Crystallite size of phases after 60 h milling

Phases Crystallite size (nm)
MgH» 24

MgzNiH4 27

Table 2

Crystallite size of phases after 20 hydriding/dehydriding cycles

Phases Crystallite size (nm)
MgH,» 63
MgzNiH4 86
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Fig. 2. The X-ray diffraction pattern of Mg—20 wt% Ni-1 wt% TiO, composite
after 20 hydriding/dehydriding cycles.

elimination of stress and growth of the fine grains during hydrid-
ing/dehydriding cycles at a bit high temperature.

Fig. 3 was the scanning electron micrograph of the 60 h ball
milled composite. The continuous cold welding and fracturing
roughened the surface of the ball-milled powders. With further
ball milling, the agglomerates with many finer particles formed
as the final ball-milling effects. SEM images showed that the
particles are typically around a few micrometers in size.

3.2. Hydrogen storage properties

The composite powders after 60 h of milling were loaded
into the reactor, pumped for 10 min, then heated to 623K
for dehydriding. After five absorption—desorption cycles, the
hydriding/dehydriding capacity and rate remain almost the
same. The kinetic curves at various temperature and pressure
were measured.

Fig. 4 shows the absorption kinetic curves for the 60h
ball milled composite at different temperature under 3.0 MPa
hydrogen pressure. This composite, showing good hydrid-
ing properties, can absorb 2.70 mass% of hydrogen even at
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Fig. 3. SEM morphology of the composite milled for 60 h.
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Fig. 4. Hydrogen absorption kinetics curves of Mg—20 wt% Ni—1 wt% TiO,
composite at different temperatures under a hydrogen pressure of 3.0 MPa.

room temperature within 30 min. It was seen that the compos-
ite can absorb more than 80% of the full hydrogen storage
capacity in 1 min within the temperature range 363-543K
under 3.0 MPa hydrogen pressure. The maximum hydrogen
storage capacity of Mg-20 wt% Ni-1 wt% TiO, composite at
543 K was 5.32 mass%. The absorption rate strongly depended
on the absorption temperature. The hydriding properties of
the composite at 453 K under different hydrogen pressure
were also investigated and shown in Fig. 5. The hydrogen
absorption rate increased with the increasing hydrogenation
pressure.

The desorption curves of the composite materials are given
in Fig. 6. This composite desorbed 3.22 mass% of hydrogen
at 578 K and 3.76 mass% of hydrogen at 593 K in 1 h under a
hydrogen pressure of 0.1 MPa. The dehydriding rate increases
with the increase of reaction temperature.

Fig. 7 shows the DSC profile of 60 h milled of Mg-Ni-TiO»
composite. The curve showed a double endothermic peak, the
525.6 K of endothermic peak attributed to hydrogen desorption
from MgyNiHy and 574.1 K of endothermic peak attributed to
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Fig. 5. Hydrogen absorption kinetics curves of Mg-20 wt% Ni—1 wt% TiO,
composite under different hydrogen pressure at 453 K.
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Fig. 6. Hydrogen desorption curves of the composite at different temperature
under a hydrogen pressure of 0.1 MPa.
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Fig. 7. DSC curve of the Mg—Ni-TiO, milled for 60 h.

hydrogen desorption from MgH;. The thermodynamic proper-
ties of the composite did not change.

Henrich et al. has studied the sorption of hydrogen at TiO;
surfaces and found that perfect TiO»-single crystal surfaces are
inert towards reactions with H,. However, H, can be absorbed
by TiO; surfaces that contain a higher density of defects in the
crystal structure [9-10]. During high energy ball milling, high
defect density is introduced at the surface of the metal oxide par-
ticles. Ball milling also introduces much grain boundaries and
disorder into nanocrystalline composite. Furthermore, Mg, Ni
hydride has well catalytic effects on absorption/desorption of
Mg and MgH; [11]. The nanocrystalline Mg, NiH4 and TiO; cat-
alytic phases enable quick and effective absorption/desorption
of hydrogen at lower temperature.

4. Conclusions

Reactively mechanical milling has been used to produce
MgH; + Mgy NiHy + TiO2 composite material. Under 3.0MPa
hydrogen pressure, it absorbed more than 80% of its full capac-
ity in the range of 363-543 K for less than 1 min. The maximum
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capacity at 543 K is 5.32 mass%. The thermodynamic properties
of this composite did not change after the addition of TiO; by
reactive mechanical alloying.
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