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ABSTRACT
Rechargeable nickel-metal hydride (Ni-MH) batteries employing hydrogen storage
alloys as their negative electrode materials have been some of the most promising
power sources for many important applications. For most commercial Ni-MH

batteries, their negative electrodes are of rare-earth system alloys, which have l

theoretical discharge capacities (e.g., LaNi5 alloy has a theoretical discharge ca
of only about 370 mAh/g). The capacities of the negative alloy electrodes restrict
further improvement of the capacities of nickel-metal hydride batteries.

Magnesium-based hydrogen storage alloys are promising energy conversion and
storage materials because they possess very high theoretical hydrogen storage
capacity, eg., the theoretical discharge capacity of Mg2Ni alloy is approximately

mAh/g. Also magnesium is abundant in nature, light in weight and relatively low in
cost. FeTi-type hydrogen storage alloys are also prime candidates for hydrogen

storage systems and have high theoretical discharge capacities of about 500 mAh/g.
FeTi-type alloys are also the cheapest of the promising hydrogen conversion and
storage alloys. However, for a long period, it has been thought that Mg-based and
FeTi type hydrogen storage alloys were unsuitable for Ni-MH negative electrodes
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because of their slow hydriding/dehydriding kinetics at ambient temperature and their
susceptibility to corrosion in alkaline solution.

Amorphous and nanocrystalline metals and alloys have the features of new alloy
compositions and new atomic configurations, which are different from those of
crystalline alloys. These features enable various kinds of characteristics to be
achieved such as excellent mechanical properties, useful physical properties and
unique chemical properties, which have not been obtained for conventional
crystalline alloys. Thus, there appear to be some possibilities to achieve high
discharge capacities for amorphous and nanocrystalline Mg-based and FeTi-type
alloys.

The purposes of this study are to exploit the electrode properties of novel amorph
and nanocrystalline Mg-based and FeTi-type hydrogen storage alloys as high
performance and low cost negative materials for the Ni-MH batteries. For these
purposes, amorphous and nanocrystalline Mg-based and FeTi-type hydrogen storage
alloys were prepared by mechanical alloying and milling methods using a planetary

ball mill. Their structures were determined by X-ray diffraction, differential th
analysis and transmission electron microscopy. Their electrode behaviour was
investigated in a 6 M KOH solution at room temperature.
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A nanocrystalline FeTi alloy with an average grain size of about 8 n m can be

obtained by mechanically milling a crystalline FeTi alloy for 40 hours. Alternativ
an amorphous FeTi alloy can be obtained by mechanically alloying mixtures of Fe

and Ti powders for 40 hours. Crystalline FeTi alloy has an extremely low discharge
capacity of only 3 mAh/g at a discharge current density of 50 mA/g, which is
negligibly small compared with its theoretical discharge capacity. Therefore,

crystalline FeTi alloy is not suitable for use as a rechargeable anode material in
alkaline solution at room temperature. The nanocrystalline FeTi alloy has an

improved discharge capacity of 54 mAh/g at the first discharge, which is much high
than that of crystalline FeTi alloy, but is only around 10 % of the calculated

theoretical electrochemical capacity of FeTi alloy. Due to its good discharge capa
during the first twenty cycles, it may be possible to improve the electrochemical
discharge capacity of FeTi-type alloy with good cycle life by achieving a

nanocrystalline structure. The amorphous FeTi alloy achieves its highest discharge
capacity of 220 mAh/g at the first charge-discharge cycle at a discharge current

density of 50 mA/g. This discharge capacity is almost comparable with the capaciti
of commercial alloys used in Ni-MH batteries. Although the discharge capacity of

the amorphous FeTi alloy decreases rapidly with prolonged charge-discharge cycles,
it still has a discharge capacity of 78 mAh/g at the twentieth cycle. Thus, it is

effective method in achieving high discharge capacity for the FeTi-type alloy to f
an amorphous or nanocrystalline structure.
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In order to determine the effect of the preparation method for Mg-based alloys on
their discharge capacity, the crystalline Mg-based alloys used were obtained in
ways: sintering elemental powders and induction melting. At a discharge current
density of 50 mA/g, crystalline Mg2Ni alloys prepared by sintering Mg and Ni

powders have extremely low discharge capacities of only 15 or 18 mAh/g. Inductio

melted crystalline Mg2Ni alloy also has an extremely low discharge capacity of 1

mAh/g. The discharge capacity of sintered crystalline Mg2Nio.6Coo.4 alloy is sti

very poor (about 20 mAh/g), demonstrating that cobalt addition does not alter th

discharge capacity of crystalline Mg-Ni alloys. All the discharge capacities are
negligibly small in comparison with their theoretical discharge capacity. Thus,

crystalline Mg2Ni-type alloy is not suitable for use as a rechargeable anode mat
in an alkaline solution at room temperature.

A nanocrystalline Mg2Ni alloy with an average grain size of about 13 nm can be
fabricated by mechanical milling induction melted (TM) crystalline Mg2Ni alloy.

initial discharge capacity of the nanocrystalline Mg2Ni alloy is about 111 mAh/g

which is much higher than that of the TM crystalline Mg2Ni alloy (only 18 mAh/g)

Like the nanocrystalline FeTi alloy, the discharge capacity of nanocrystalline M

alloy is only 10 % of the calculated theoretical electrochemical capacity of Mg2
alloy.
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All the mechanically alloyed sintered M g - N i and Mg-Ni-Co alloy electrodes studied

have completely or mainly amorphous structures, showing very high initial dischar
capacities (around 300 mAh/g) compared with their crystalline counterparts. The

addition of a small amount of Co to amorphous Mg-Ni alloy can increase its initia

discharge capacity and cycle life. Increasing the Co addition in the amorphous Mg

Ni alloy results in a lower initial discharge capacity but a slightly better cyc

All the results indicate that the amorphous structure is a key factor in order t

high initial discharge capacities for Mg-based alloy electrodes. In the mechanica

alloying process, the ball milling parameters have significant effects on the di

capacities of the Mg-based alloy electrodes. Increasing the ball milling time an

ratio of ball to sample weight are effective methods to further improve the disch
capacity for Mg-based alloy electrodes.

Assuming that the composition of amorphous alloys can be obtained in a certain
range, non-stoichiometric miiform amorphous MgNixVy alloys (x = 1, 1.28; y = 0,
0.1, 0.2, 0.4) have been firstly synthesised by mechanically alloying induction
melting Mg2Ni alloy, Ni and V powders based on a stoichiometric amorphous MgNi
alloy component. The results indicate that non-stoichiometric amorphous Mg-based
alloys can be obtained by either increasing the Ni content or adding a range of
vanadium or both, through the mechanical alloying method. The non-stoichiometric

Mg-based alloy electrodes studied have shown improved initial discharge capacitie
(more than 400 mAh/g) compared with the stoichiometric amorphous MgNi alloy
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(about 330 m A h / g ) . These results describe a novel method of achieving better M g -

based alloy electrodes with high discharge capacities. The method enables a large
composition range to be achieved with a range of different elemental additions.

Finally, it is demonstrated that the initial discharge capacity of amorphous Mg-

alloy electrodes is higher than that of rare-earth system and zirconium-based Lav
phase alloys in commercial batteries. Thus, Mg-based hydrogen storage alloys are
very promising negative materials for the Ni-MH battery. Also the results have
shown that FeTi-type alloys having improved discharge capacity and good cycle Me
can be obtained by achieving an amorphous or nanocrystalline structure.
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induction melting

MA
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MM
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MH
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Mm

Misch metal
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radial distribution function
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rare earth metal
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rapid quenching
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INTRODUCTION

Since the 1980s, the rechargeable nickel-metal hydride (Ni-MH) battery employing a
hydrogen storage alloy as its negative electrode material has been one of the most
promising power sources for many important applications such as mobile phones,
lap-top computers and electric vehicles. This is because the nickel-metal hydride

battery has the following attractive features: (1) stores hydrogen in the solid hyd
phase; (2) high energy density; (3) high power; (4) long life; (5) tolerance to
overcharge and overdischarge; (6) quick charge-discharge capability; (7) no memory
effect; and (8) environmentally friendly properties [1,2].

As the anode material in a Ni-MH battery, the properties of the hydrogen storage

alloy play a key role in the performance of the battery. Of all the hydrogen storag
alloys widely studied previously, the rare-earth system alloys (ABs-type) and
zirconium-based Laves phase alloys (AB2-type) have been used for the commercial
production of Ni-MH batteries [1,2].

For most commercial Ni-MH batteries, their negative electrodes are of Mm-based
alloys (Mm: misch metal) which have low theoretical discharge capacities (e.g.,
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LaNi 5 alloy has a theoretical discharge capacity of only about 370 mAh/g). The
capacities of the negative alloy electrodes restrict further improvement of the
capacities of Ni-MH batteries.

On the other hand, the costs of rare earth, zirconium, vanadium, titanium and the
other main elements in rare earth system alloys (AB5-type) and zirconium-based

Laves phase alloys (AB2-type) are so high that the large-scale application of the Ni

MH battery is limited. Thus, the search for high discharge capacity, light weight a
economical anode materials for the Ni-MH battery becomes the most important step
for the large-scale application of this battery.

Mg-based hydrogen storage alloys [3,4] are promising energy conversion and storage

materials because they possess very high theoretical hydrogen storage capacity, e.
the theoretical discharge capacity of Mg2Ni alloy is approximately 1000 mAh/g.
Also magnesium is abundant in nature, light in weight and relatively low in cost.
FeTi-type hydrogen storage alloys are also prime candidates for hydrogen storage
systems [5,6] and have high theoretical discharge capacities of about 500 mAh/g.
FeTi-type alloys are also the cheapest of the promising hydrogen conversion and
storage alloys. However, crystalline Mg-based hydrogen storage alloys have very
poor discharge capacities as Ni-MH electrodes [7,8] because of their slow
hydriding/dehydriding kinetics at ambient temperature.
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It is well k n o w n that amorphous and nanocrystalline metals and alloys are often
novel materials which attract the attention of materials scientists because of their

excellent properties compared with their crystalline counterparts [9-13]. Thus, there
appear to be some possibilities to achieve high discharge capacities for amorphous
and nanocrystalline Mg-based and FeTi-type alloys. These are the reasons for this
study, which is motivated by the need to explore the electrode properties of novel
amorphous and nanocrystalline Mg-based and FeTi-type hydrogen storage alloys
prepared by mechanical milling (MM) and mechanical alloying (MA) using a high
energy ball milling method.

The preparation methods, formation principles, structure, and unique properties of
amorphous and nanocrystalline metals and alloys are reviewed in Chapter 2, in
particular the methods of mechanical milling and mechanical alloying. The
formation, characterisation, and applications of hydrogen storage alloys are also
summarised in Chapter 2. Finally, the basic principles and electrochemical reaction
of metal-hydride electrodes and Ni-MH batteries are also reviewed.

Chapter 3 records the materials including the metals and chemicals, which were used
in this study, and describes the experimental methods and the procedure used to
obtain the research results.
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The investigations of the formation and electrode properties of amorphous and

nanocrystalline FeTi alloys are described in Chapter 4. A nanocrystalline FeTi allo
with average grain size of about 8 nm was produced by mechanically milling the
vacuum arc melted FeTi alloy. An amorphous FeTi alloy with particle size about 10
pm and specific surface area 2.49 m2g_1 was mechanically alloyed by milling Fe and
Ti powders using a planetary ball mill. Both amorphous and nanocrystalline FeTi
alloys exhibited higher discharge capacities as metal hydride electrodes in
comparison with crystalline FeTi alloy.

Although conventional metallurgical techniques can be used to manufacture Mg-Ni
alloy electrodes, MM and MA methods improve the discharge capacities of the

electrodes significantly [14-17]. Chapter 5 describes an investigation of the effect
of the preparation parameters of the MM and MA methods on the discharge
capacities and cycle lives of Mg-Ni alloys. Mg-Ni alloy electrodes were
manufactured by a powder metallurgical technique (PMT) followed by ball mining
(BM) with Ni powders. The discharge capacities of the electrodes were significantly

improved by ball milling. An amorphous structure is a key factor in order to achieve

high discharge capacities. Increasing the ball milling time and the ratio of ball to
sample weight are also effective methods to further improve the discharge capacity
for Mg-Ni alloys.
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Cobalt is a very important element in ABs-type hydride electrodes. It can greatly
improve the cycle Me of AB5-type hydride electrodes [18-21], especially
commercialised ABs-type electrodes. In Chapter 6, an investigation is described of

the effect of Co addition on Mg-Ni alloy hydride electrodes prepared in two differe
ways: 1) by ball milling the Mg2Ni alloy prepared by sintering a mixture of Mg and
Ni powders with Co powders; and 2) by ball milling Mg2Nio.6Coo.4 alloy prepared by
sintering a mixture of Mg, Ni and Co powders with Ni powder. As a negative
electrode, a Mg2Nio.6Coo.4 alloy ball-milled with Ni powder for 60 hours possesses
the highest discharge capacity. The Mg2Ni alloy ball-milled with Ni powder has a

relatively low initial discharge capacity. However, both of these initial discharge
capacities are much higher than that of the Mg2Ni alloy ball-milled with Co powder.

In Chapter 7, the preparation and properties of non-stoichiometric amorphous alloys
are described. Non-stoichiometric amorphous Mg-Ni and Mg-Ni-V alloys were
synthesised by ball nulling induction melted (IM) crystalline Mg2Ni alloy with Ni
and/or V powders. All the non-stoichiometric amorphous Mg-based alloys result in
Mg-based alloy electrodes with very high discharge capacities by comparison with
crystalline Mg2Ni alloys. The results indicate that non-stoichiometric amorphous

Mg-based alloys can be obtained either by increasing the Ni content, adding a range
of other elements or both, using a ball milling method. The non-stoichiometric Mgbased alloy electrodes studied have shown improved initial discharge capacities
compared with the stoichiometric amorphous MgNi alloy. These results describe a
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novel method of achieving better Mg-based alloy electrodes with high discharge
capacities and improved cycle life. The method enables a larger composition range
to be achieved with a range of different elemental additions.

The main research results of the present study are summarised in Chapter 8, followed
by the list of references. Finally, a list is included of the author's publications
completed during the course of this Ph.D. research.
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LITERATURE REVIEW

2.1 Amorphous metals and alloys

2.1.1 Introduction
It has been well known since the 1960s that amorphous alloys can be made by rapid
quenching (RQ) from the liquid and the vapour phase [22-30]. A large number of
investigations have shown that amorphous metals and alloys prepared by rapid
solidification processing (RSP) have the features of new alloy compositions and new

atomic configurations which are totally different from those of crystalline alloys.
These features enable various kinds of characteristics to be achieved such as
excellent mechanical properties, useful physical properties and unique chemical

properties [10,11,31-34], which have not been obtained for conventional crystalline
alloys. Recently, solid state amorphisation (SSA) by mechanical alloying (MA) and
mechanical milling (MM) has become the most effective method to obtain
amorphous alloys [35-46]. In this section (2.1), the preparation methods, formation
and structure of amorphous metals and alloys are briefly reviewed. In section 2.2,
solid state amorphisation by MM/MA, which was used for the preparation of
amorphous hydrogen storage alloys in this study, is discussed in detail.
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2.1.2 Methods for achieving amorphous alloys

2.1.2.1 Rapid quenching (RQ)from melt

This is one of the most commonly used methods in preparing amorphous alloys.
Amorphous alloys formed by RQ are also named metallic glasses because they are

formed when liquids are cooled but fail to crystallise and instead continuously an

uniformly congeal into solids. The basic principle of obtaining amorphous alloys b
RQ from the melt is that the liquid must be converted very rapidly from a droplet
jet into a thin layer or wire in contact with a highly thermally conductive metal
produce thin splats, ribbons or wires. The cooling rates achieved by some rapid
quenching devices are about 106 °C /s.

In 1960, Duwez and his collaborators were successful in making a continuous
metastable series of Cu-Ag alloys without any two-phase region. In the same year
they also discovered the first amorphous alloys made by rapid quenching [22,23].

Later on, the methods of making continuous rapidly quenched ribbons were invented:

single-roller melt-spinning [47], twin-roller melt-spinning [48,49], melt-extractio
[50], and the drop-smasher [51,52]. Figure 2.1 shows the principles of these four
methods. Furthermore, a number of different methods have been used for the
production of RQ wires, such as, in-rotating-water splat-processing [54,55], which
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a variant of melt-spinning: the alloy jet impinges on the inner surface of a rotating
vessel containing water held in an annular shape by a centrifugal force.

Figure 2.1

Principal methods of rapid quenching from the melt: (a) drop-

smasher; (b) melt-spinning; (c) pendant-drop melt-extraction; (d) twin-roller
quenching device [53].
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2.1.2.2 Mechanical alloying (MA) and mechanical milling (MM)

This is another commonly used method in preparing amorphous alloys, which is

promising for the production of amorphous alloys on a large scale, (see section 2
for details).

2.1.2.3 Other methods

Evaporation deposition [56] and sputtering deposition [57] were used to make
various amorphous alloys with more alloy compositions and wider composition
ranges than liquid-quenching. Amorphisation by irradiation, such as ionimplantation [58,59], has also been achieved. Moreover, a laser treatment method
has been employed to make a layered amorphous alloy [60]. Also, amorphous

chromium can be electrodeposited from chromic acid solution with additives [61,62

2.1.3 Formation of amorphous alloys by RQ

2.1.3.1 Criteria for formation of amorphous phase prepared by RQ

In the formation of amorphous alloys prepared by the RQ, the glass-forming abilit

(GFA) is measured by the critical cooling rate, which is necessary to turn a melt

a glass, avoiding crystallisation. For rapid solidification processes, such as mel
spinning, the critical cooling rate should be approximately up to 10 °C /s. Then
alloy can be vitrified by such a process [36].
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2.1.3.2 Composition of amorphous phase prepared by RQ

Amorphous alloys can be achieved in certain ranges of compositions in many alloy
systems. Within a given alloy system, the glass-forming composition range (GFR)

for an alloy system depends on the production method and conditions. Table 2.1 list
some examples of compositions which can be made amorphous by standard
techniques such as melt-spinning.

The glass-forming alloys may be classified as: late transition metal-metalloids, ea

transition metal-metalloid, early transition metal-late transition metal, aluminiumbased, lanthanide-based, alkaline-earth and actinide-based alloys and so on.
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Examples of composition ranges of glass-forming alloys [36,63,64]

Type

Alloy

Late transition metal-

Feioo-xB*

Glass-forming range
(at.%)
x=12-25

metalloids

Niioo-xB*

*=17-18.5, 31-41

Pdioo-xSi*

*=14-22

Ptioo-xSb*

*=34-36.5

Co7o.5Fe4.5Sii5Bio, Fe 80 Pi3C 7
F e ^ L t o B ^ , Pd4oNi4oP2o
Early transition metal- Tiioo-xSijc

*=15-20

metalloid

Re65Si35, W 8 0 N i 2 0 , W6oIr2oB2o

Early transition metal-

CUIOO-^ZTX

*=25-60

Late transition metal

Feioo-xZrx

x=9, 72, 76

Nbioo-xNix

*=40-70

Niioo-xZrx

*=10-20, 33-80

Taioo-xNix
TassRIus, Zr6oNi25Ali5
Aluminium-based

Alioo-xLax

*=10, 50-80

AI75CU15V10, Al7oNii5Sii5,
Al 8 oNi 10 Yio, Al 8 5 Ni 5 Y8Co 2
Lanthanide-based

Laioo-xAlx

x=18-34

Laioo-xAux

x=18-26

Laioo-xGex

x=17-22

La 5 5Al 25 Ni 2 o
Alkaline-earth

Mgioo-xZnx

x=25-32

Caioo-xAlx

x=12.5-47.5

Mg 6 5Cu 2 5 Yio, Be4oZrioTi5o
Actinide-based

Uioo-^Cox

JC=24-40
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2.1.4 Structure characteristics of a m o r p h o u s alloys

2.1.4.1 Structure

In a single-phase solid alloy the distinctive feature of the amorphous state is that i
has no microstructure. There is no crystal lattice in which to have defects such as
grain boundaries and dislocations. But it has a structure in the way its atoms are

arranged, and this structure is important in determining its properties. Some metallic
glass structural models have been established, such as the dense random-packed hard
sphere model [65], local-coordination model [66,67] and so on.

For a metallic glass, however, the structure can be described only on a statistical
basis because there are no unit cells. Almost all the analysis of metallic glass
structure has been based on a radial distribution function (RDF) which is obtained by
neutron and X-ray scattering experiments [68]. The research results indicate the
structure of metallic glasses is similar to the topological and chemical composition
short-range order [68,69].

2.1.4.2 Crystallisation

Since the amorphous state is essentially a metastable one, it inherently possesses the
possibility of transforming into a more stable crystalline state. However, the most

promising properties of metallic glasses, e.g., the excellent magnetic behaviour or th
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high hardness and strength combined with ductility and high corrosion resistance,

have been found to deteriorate drastically during crystallisation. Understanding th

micro-mechanisms of crystallisation to impede or control crystallisation is therefo

prerequisite for most applications, as the stability against crystallisation determ
their effective work limits. Any of the property changes of amorphous alloys may be
used to monitor their crystallisation, but thermal analyses are the most commonly
used methods in determining the crystallisation temperatures of amorphous alloys
[70,71].

2.2 Amorphous alloys prepared by MA/MM

2.2.1 Introduction
Mechanical alloying (MA) is a high energy ball milling technique, in which
elemental blends are milled to achieve alloying at the atomic level. In addition to
elemental blends, pre-alloyed powders and ceramics, such as oxides, nitrides, etc.,
can also be used to produce alloys and composites by this technique. In 1970,
Benjamin [72] and his group developed this technique at the Inco Paul D. Merica
Research Laboratory as a part of the programme to produce oxide dispersion
strengthened Ni-base superalloys for gas turbine applications. In 1983, Koch et al.
[35] from Oak Ridge National Laboratory had done such a breakthrough work that
MA has become a field of research all over the world in many laboratories. In this
seminal work, Koch et al reported the formation of Ni6oNb4o amorphous phase by
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M A , starting with elemental Ni and N b powders, using a Spex 8000 shaker mill.
Two years before this report, Yermakov and his group demonstrated the
amorphisation of several Y-Co [73] intermetalhc compounds (i.e. YCo3, Y2Co5 and
Y2Con) and Gd-Co intermetallic compounds [74] by milling in a planetary mill.
This also opened up a new area which is now commonly referred to as amorphisation
by "mechanical milling" (MM) as opposed to amorphisation of dissimilar powders,
MA, which involves material transfer. The most widely studied solid state
amorphisation technique is mechanical alloying.

Even though Benjimin developed the MA technique, almost all the stable and
metastable structures produced by rapid solidification processing (RSP) have been
realised by MA. In addition, extended solid solution and amorphous phase formation
in the case of liquid immiscible systems [75,76] have been observed by MA which
are difficult to obtain by RSP, making the MA process superior in many respects.

2.2.2 High energy ball mills and milling parameters

Mechanical alloying/nulling is usually carried out in high energy mills such as

vibratory mills [35] (Spex 8000 mixer/mill), planetary mills [9,73,74] (Fritsch and

Retsch mills), and attritor mills [78] (Szegvari attritor). The energy transfer to t

powder particles in these mills takes place by a shearing action or impact of the h
velocity balls with the powder. In addition to the above mills, several other mills
such as the Anutech uniball mill [79,80], rod mill [81], modified rod mill [82] and
Department of Materials Engineering, University of Wollongong, NSW 2522, Australia

Chapter Two

Literature Review

16

other specially designed mills [83] have been used for mechanical aUoymg/milling.
Among the laboratory mills, the Spex 8000 shaker mill and Fritsch Pulverisette are
the mostly widely used.

During MA/MM processes, the kinetics of alloying and other phase transformations

depend on the energy transferred to the powder from the balls. The energy transfer i

governed by many parameters such as the type of mill, milling speed, type and size o
the balls, ball/powder weight ratio, dry or wet milling, atmosphere in the mill and
duration of milling.

2.23 Formation of amorphous alloys by MA/MM

2.2.3.1 Thermodynamics and kinetics

The ball milling sequence consists primarily of collision, shearing, wearing and co
welding. The mechanical alloying process is characterised by repeated cold-welding
and fracturing of the powder particles trapped between the colliding balls during
milling. The mechanical milling process is mainly repeated fracture due to impact
stress and shear stress during milling.
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Composition

Figure 2.2 Schematic free energy changes for MA and MM [84].

The MA process synthesises amorphous alloy powders by reacting elemental

crystalline powders through solid state chemical diffusion, being often accompani

by the negative heat of formation. In the MM process, however, crystalline alloy o
compound powders are transformed into amorphous solid powders by destroying the
periodic long-range order of atomic arrangement without any changes of chemical

composition due to long distance solid-state diffusion. It is usually accompanied
positive heat of formation. As shown in Figure 2.2, MA is a chemical reaction of
mA (crystal) + nB (crystal) -» AmBn (amorphous) proceeding from a higher free
Department of Materials Engineering, University of Wollongong, NSW 2522, Australia
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energy state to a lower one, providing the continuous evolution in the local chemical
composition through long-range solid state chemical diffusion. In MM, a phase
transformation of AmBn (crystal) —> AmBn (amorphous) going from the ground state
to an excited state is caused by destroying the long-range order of atomic
arrangement, without any changes of chemical composition due to long distance
solid-state diffusion [84].

For any transformation, a driving force is required. The solid state amorphous
transformation can be considered as an intermediate stage of transformation of a

metastable crystalline state to an equiUbrium crystalline state as shown in Figure
[37]. The thermodynamic condition for SSA by MA is that the free energy of the
amorphous phase must be lower than that of the initial metal mixture and the
terminal intermetallic compound in that system (Ga < Gc). For the amorphous phase

to form in preference to the more stable intermetallic compounds (Gi < Ga), the tim

scale for the formation of the former, xc.a, should be much shorter when compared t
that of the latter, xc.i. Moreover, as the amorphous phase is metastable, the time
xa-i should be much longer than xc.a so that the amorphous phase formation can be
observed. Thus, the kinetic conditions for SSA are that xc.a« xc-i and xc.a « xa.i.
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G c (metal mixture)

O
><

E>

G a (amorphous phase)

CO

c
0)
03
©
I—

LL

Gi (stable intermetallic compound)

Thermodynamic condition for S S A
Ga < Gc
Kinetic condition for SSA
T

c - a « Tc-i

T

c-a « Ta-i

Figure 2.3

Schematic

diagram

illustrating the relative free energy

relationships and time scales for transformation from a metastable crystalli
phase to the glassy phase and to the equilibrium crystalline phase [37].

2.2.3.2 Glass forming

ranges of amorphous

alloys by

MA/MM

Amorphous phase formation has been most widely investigated by M A [41]. During
MA, the XRD peaks of the pure metals normally become gradually broader and less

intense; finally, the composite becomes amorphous. Eckert et al. [84] have repo
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different glass forming composition ranges (GFRs) at different milling intensities in a
planetary mill in the Ni-Zr system. In the Ni-Zr system, however, Weeber et al.

[85,86] found a new type amorphisation reaction in which ciystalline intermetalli
compounds form as intermediate products when a planetary mill is used for MA.

Mechanical alloying in a vibratory mill results in direct formation of an amorpho
phase without any intermediate stage. Oleszak et al. [87] reported that prolonged

milling times could result in the crystallisation of the amorphous phase formed b

MA at shorter milling times. Recently, in MA of Co-Ti alloys, it has been observed
cyclic amorphous <-» crystalline transformation on continuous milling for the
CosoTiso composition [88], Thus, the formation of amorphous phase by MA/MM is a
very complicated process which not only depends on the alloy system, but is also
affected by many ball milling parameters.

Amorphous phase formation by MA has been observed in a large number of binary
and ternary alloy systems over wide composition ranges. Table 2.2 lists some
examples of amorphous phase formed by mechanical alloying pure metal mixtures.
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Table 2.2 S o m e examples of amorphous phase formed by mechanical alloying pure
metal mixtures

System

Glass forming composition range (at.%)

Reference

Hf-Cu

30-70

89

Nb-Ge

25-27

90

Nb-Ni

20-80

91,92

Ti-Cu

10-87

93

Ti-Ni

10-70

94

Ti-Si

20-60

95

Zr-Co

27-92

96,97

Zr-Cu

40-60

97,98

Zr-Fe

30-78

96,97,99

Zr-Ni

27-85

96,97,100,101

Cu-Nb-M

Cu44Nb 42 Mi4 ( M = Ge,Si, Sn)

102

Fe-Zr-B

(Fe75Zr25)ioo-xBx(^=0-15)

103

Ti-Ni-Al

Ti5oNi*AW(x=10, 25)

104

TieoNi^ALw-x (*=15,20)

104

Ti4oNi60-xCu^ (x=0-40)

94

Ti5oNi5o-xCux(^=0-30,50)

94

Ti6oNi4o-xCux(x=0-20,40)

94

Ti-Ni-Cu
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The mechanical alloying ( M A ) technique has m a n y advantages over the rapid
solidification processing (RSP) technique. One of them is that the glass forming
range of alloys prepared by MA is much wider than that for alloys prepared by RSP.

The glass forming range of alloys prepared by RSP is in general restricted to the d
eutectics because of kinetic constraints. For alloys prepared by MA, the glass
forming range is centred at the equiatomic composition. Figure 2.4 shows the glass
forming range for alloys prepared by MA in the Ni-Nb system compared with other
techniques. The figure clearly shows that the glass forming range obtained by MA is
much wider in comparison with melt quenching. This gives us many opportunities to
manufacture amorphous alloys over a large composition range by MA in which the
amorphous alloys cannot be fabricated by RSP.

2.2.4 Structure of amorphous alloys prepared by MA/MM

X-ray diffraction and calorimetry data [35,99,105], and hydrogen-storage
characteristics [106] suggest that amorphous powders prepared by MA and
amorphous alloys prepared by RSP are structurally quite similar. As shown in Figure
2.5, the total reduced atomic pair radial distribution (G), as a function of the
interatomic distance (r), for amorphous NUoTieo alloys prepared by MA and by RSP

is almost identical, in spite of the large difference between the preparation metho
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2.3 Nanocrystalline materials

2.3.1 Introduction

Materials scientists have been conducting research investigations for many years to
develop materials which are stronger, stiffer and lighter than the existing materials.
The high technology industries in the developed countries have encouraged these
efforts. As discussed in section 2.1 several novel and non-equilibrium processing
methods have been developed during the past few decades to improve the
performance of the existing materials: these include rapid solidification from the
liquid state, mechanical alloying and milling, plasma processing, and vapour
deposition. A central theme in all these methods is to prepare the materials in a
highly nonequihbrium (metastable) state through melting, evaporation, irradiation,
storing of mechanical energy, application of pressure, etc. [56] The material is then
brought to another lower energy metastable state by quenching or related processes
when it can exist as a supersaturated solid solution, metastable crystalline or
quasicrystalline phase, or even in an amorphous state, avoiding the formation of the
crystalline structure.

A novel way of transforming a material to a metastable state is to reduce its grain siz
to very small values of a few nanometers where the proportion of grain boundaries is

equivalent to, or higher than, that of the grains. Materials with such small grain size
Department of Materials Engineering, University of Wollongong, NSW 2522, Australia
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are referred to as nanocrystalline materials. Nanocrystalline materials are defined as
single or multi-phase polycrystals, with a crystal size typically within the range

nanometers. Because of their ultrafine grain sizes, nanocrystalline materials exhibi

variety of properties that are different and often considerably better than those of
conventional coarse-grained polycrystalline materials [9,12]. These include higher
catalytic activity [110], more uniform corrosion [111] and superior localised
corrosion resistance [112], improved strength/hardness [113-123], enhanced
diffusivity [124-127], higher electrical resistivity [128], increased specific heat
[129,130], higher thermal expansion coefficient [131,132] and better magnetic
properties [133-135] compared with conventional coarse grained materials.

2.3.2 Structure of nanocrystalline materials

The structures of nanocrystalline materials are dominated by their ultrafine grain
sizes and their large number of grain boundaries. Much work has been done to study

the structure of nanociystalline materials. Most of the results have been interprete
according to a two component microstructure: perfect long range ordered atomic
arrangement within the grains and a random interfacial atomic arrangement
[9,131,136,137]. Figure 2.6 is a schematic representation of a hard sphere model of
an equiaxed nanocrystalline metal. Two types of atoms can be distinguished: crystal
grain atoms with nearest neighbour configuration corresponding to lattice atoms and
boundary atoms with a variety of interatomic spacings, differing from boundary to
boundary.
Department of Materials Engineering, University of Wollongong, NSW 2522, Australia
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Schematic representation of equiaxed nanocrystalline metal. Solid

circle: individual grain atoms; open circle: grain boundary atoms [9].

A typical high resolution image of a nanocrystalline palladium sample is shown in
Figure 2.7, which indicate that the grains in nanocrystalline palladium are rather
equiaxed, similar to the atom clusters from which they were formed.
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High resolution transmission electron micrograph of a typical area in

nanocrystalline palladium [138].

Because of their ultrafine grain size, nanocrystalline materials have a significant

fraction of their atoms in grain boundary environments, where they occupy positions

relaxed from their normal lattice sites. For conventional high-angle grain boundari

these relaxations extend over about two atom planes on either side of the boundary,

with the greatest relaxation existing in the first plane [139,140]. Figure 2.8 show

the percentage of atoms in grain boundaries (including grain boundary junctions) of

nanocrystalline material as a function of grain diameter, assuming that the average
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grain boundary thickness ranges from 0.5-1.0 n m , about 2 to 4 atomic planes.
Assuming that grains have the shape of spheres, the volume fraction of
nanocrystalline materials associated with the boundaries can be calculated as [142]

Fr = 3B/d (2.i)

where Fr is the volume fraction of nanocrystalline materials associated with the
boundaries, B is the average grain boundary thickness and d is average grain

diameter. Therefore, the volume fraction of nanocrystalline materials will be 3 % fo
100 nm grains, increase to about 30 % for 10 nm grains, and 50 % for 5 nm grains.

2.3.3 Synthesis and processing of nanocrystalline materials

In principle, any method capable of producing very fine grain size polycrystalline

materials can be used to produce nanocrystalline materials. If a phase transformati

is involved, e.g. liquid to solid or vapour to solid, then steps have to be taken to
increase the nucleation rate and decrease the growth rate during formation of the
product phase. The methods include inert gas condensation [143], mechanical
milling [144], chemical vapour deposition [145], sputtering [146], spray conversion
processing [147], electrodeposition [148], sol-gel processing [149], spark erosion
[150], plasma processing [151], quenching a melt under high pressure [152]. Among
these, gas condensation and mechanical milling methods are the most commonly
used to produce 3 dimensionally equiaxed nanocrystalline materials.
Department of Materials Engineering, University of Wollongong, NSW 2522, Australia

Chapter Two

100
CO

.2
to

1

1 1 1 |

."S. ' ' '

r

60

I

i

r

T — i— T T -

1.0 nm
0.5 nm
: \

c
3

1

80

•c

30

Literature Review

-

-

\
\

"
~

\

o
c

-

\

CO

40

(0
V)

\

CD
E

o

—

.

:

\

20

<
1

L

1

• • • 1

10

i

i

1—i—i

7

1>

100

d (nm)

Figure 2.8

Percentage of atoms in grain boundaries (including grain boundary

junctions) of a nanocrystalline material as a function of grain diameter [141].

Chapter Two

Literature Review

31

2.3.3.1 Gas condensation technique

A typical apparatus [9,153] for the gas condensation method which is widely used f

synthesis of nanocrystalline materials by the in situ consolidation of gas-condens

clusters is shown schematically in Figure 2.9. In this method, a metal or a mixtur
metals is evaporated inside an ultrahigh vacuum (UHV) chamber filled with helium

gas. As a result of interatomic collisions with the helium atoms in the chamber, th
evaporated metal atoms lose their kinetic energy and condense in the form of small

crystals of loose powder which accumulate, because of convective flow, on a vertica
liquid nitrogen filled cold finger. The powder is stripped off the cold finger by

moving an annular Teflon ring down the length of the tube into a compaction device.
The scraping and compaction processes also are carried out under UHV conditions to

maintain cleanness of the particle surfaces (and subsequent interfaces) and also t
minimise the amount of any trapped gases.
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Schematic drawing of a gas-condensation chamber for the synthesis of

nanocrystalline materials [153].
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2.3.3.2 Mechanical milling/alloying

Unlike gas-condensation methods, mechanical milling produces its nanostructures
not by cluster assembly but by the structural decomposition of coarser-grained
structures as the result of severe plastic deformation. This has become a popular
method to make nanocrystalline materials because of its simplicity, the relatively
inexpensive equipment needed, and the applicability to essentially all classes of
materials. The major advantage often quoted is the possibility for easily scaling up
tonnage quantities of material for various applications [154].

This process consists of repeated welding, fracturing, and re-welding of powder

particles in a dry high energy ball mill. In this process, a metal, an alloy, or mixtu
of elemental or pre-alloyed powder are subjected to grinding under a protective
atmosphere in equipment capable of high energy compressive impact forces such as

attrition mills, vibrating ball mills, and shaker mills (see section 2.2.2). A majorit
of the work on nanocrystalline materials has been carried out in highly energetic
small shaker mills. It has been shown that nanometre sized grains can be obtained in
almost any material after sufficient nulling time. The grain sizes were found to
decrease with milling time down to a minimum value, which appeared to scale
inversely with the melting temperature. Further, mechanical alloying of immiscible

metals can be achieved in very large metastable solid solubilities, presumably relate
to solute segregation at the nanocrystalline grain boundaries [144,155-157].
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2.4 Hydrogen storage alloys

2.4.1 Introduction

Historically the first interest in metal hydride technology was initiated after the

second world war for nuclear reactor applications. The interest in metal-hydrides a

the development of their applications started in the early 1970s with the discovery
hydrogen absorption by LaNis [158] at Philips Research Laboratories in Holland, and
by FeTi [5] at the Brookhaven National Laboratory in the USA. Since then, the
research and application development of various hydrogen storage alloys have
advanced rapidly. It has been observed that many metals, intermetallics and alloys
react reversibly with hydrogen to form hydrides. In the 1970s and 1980s, the
practical applications for these new materials included hydrogen storage for a
multitude of purposes, hydrogen compression and purification, heat pumps,
refrigeration, and thermal storage [159]. In the later 1980s, utilising hydrogen
storage alloys instead of cadmium as an anode material in alkaline rechargeable
batteries had brought about a revolution in power sources. By 1990, the first Ni-MH

batteries reached the marketing stage [160]. In late 1997, a hybrid electric vehicle
power-assisted by high power Ni-MH battery was commercialised in Japan by

Toyota [1]. The Ni-MH battery is the third practical secondary battery and now a key
component not only for advanced information and telecommunication systems, but
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also for next generation vehicles in which energy could be used efficiently with low
emissions to the environment. The key materials for this high-tech battery would be
the hydrogen storage alloys. Thus, more recently attention has been given to the
investigation and development of various hydrogen storage alloys with high
hydrogen absorption capacities and low costs.

2.4.2 Types of hydrogen storage alloys

Hydrogen is a highly reactive element and has been shown to form hydrides and solid
solutions with thousands of metals and alloys. A hydride "family tree" of the
elements, alloys and complexes is shown in Figure 2.10. The research work in this
thesis focuses mainly on metastable hydrogen storage alloys.

The hydrogen storage alloys in common use are classified in terms of their
stoichiometric composition into four categories including AB5-type, AB2-type
(Laves-phase type), AB-type and A2B-type [161,162]. In these alloys, the A
component is the one which forms the stable hydride. The B component performs
several functions [163]: (i) it can play a catalytic role in enhancing the

hydriding/dehydriding characteristics; (ii) it can alter the equilibrium pressures f

the hydrogen absorption/desorption and raise it or lower it to a desired level, and (

it could also add to the stability of the alloys because some of the A component coul

be readily oxidized. The hydriding/dehydriding characteristics of these alloys could
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be altered by a partial substitution or a small addition of other elements. Anani and

his coworkers [163] summarised the roles of these substitutes or additives as follows:
(i) to increase or decrease the crystal lattice constants thereby changing the
equihbrium pressure for hydrogen absoiption/desoiption; (ii) to decrease the
hysteresis during hydrogen absorption/desorption; (iii) to catalyse

hyariding/dehydriding reactions and (iv) to improve the stability of these alloys th
preventing oxide formation on one or more of the components. Table 2.3 lists some
examples of typical hydrogen storage alloys.

1 Elements |
|Altoy»f
Solid
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Intermetallic
Compounds
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Figure 2.10

Family tree of hydriding alloys and complexes [161]. TM=transition

metal.
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S o m e examples of typical hydrogen storage alloys

Hydrogen storage alloys
LaNi 5 , L a N U C u , LaNi2.5Co2.5, LaNis-^AL (JC=3.5-4.8)
CaNi 5 , LaNi5-^Snx (x =0-5), LaNis-xGe, (x =0-5)
Lao.9Zr0.iNi4.5Alo.5, LaNi3.5Coo.8Mno.4Alo.3
M m N i s ( M m = misch metal),
MmNi4.5Alo.5, MmNi4.5Mno. 5 ,
MmNi3Coi.5Alo.5, MmNi3.5Coo.8Mno.4Alo.3.

AB2

TiCr 2 , TiMn 2 , Z r M n 2 , ZrV 2 , ZrV0^Nii.6,
Tio.5Zro.5Vo.75Nii.5,Zro.8Tio.2Vo.6Mno.3Pdo.iNio.8Feo.2.

AB

FeTi, TiNi, TiFei^Mn, (x=0.1-0.3), TiFeo.gNio.15Vo.05TiFeo.gNio.15Nbo.05-

A2B

M g 2 N i , M g 2 C u , Ti 2 Ni, Mg2Nio.5Cuo.5, Mg2Nio.75V0.25,
Mg2Nio.75Feo.25, Mg L92 Alo.08Ni, Mg1.9Alo.1Nio.8Mno.2Mgi.9Cao.iNio.8Cuo.2.
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2.4.3 Thermodynamics

The typical behaviour of a metal-hydride system is illustrated by a pressurecomposition-temperature relationship (P-C-T curve) or P-C isotherm. For hydrogen

storage alloys, the most important properties are related to the presence of a 'pla
pressure' in the P-C-T curve which represent the coexistence of two condensed
phases when hydrogen is loaded over the solubility limit. Typical pressurecomposition-temperature isotherms (P-C-T curves) of gas-solid reactions are
schematically plotted in Figure 2.11a. Initially, a small amount of hydrogen
dissolves in the alloy as a solid solution (a-phase). The hydrogen occupies

interstitial sites in the lattice and its concentration depends strongly on the hy

pressure. After the solid solution is saturated, a hydride phase (P-phase) nucleat
and grows. During the a-p phase transition at a constant temperature, the
equilibrium pressure ideally remains constant because the number of degrees of
freedom is one, according to the Gibbs phase rule. For the two coexisting solid
phases the hydride grows according to the chemical reaction:

2(y-xy1 MH* + H2 > 2(y-xY1 MH* (2.2)

where x, y correspond to the hydrogen contents of the phase boundaries expressed as
H/M, M: hydride. The hydrogen plateau pressure (Pm) increases with increasing
temperature according to the van't Hoff relation:
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AH AS
RT R

(2.3)

where R is the gas constant, T is the absolute temperature. AH and A S are the
enthalpy and entropy changes per mole H2, respectively. In an equilibrium state,
these thermodynamic data can be calculated from van't Hoff plots in Figure 2.11b.
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Figure 2.11

(a) Pressure-composition-temperature

1/T
(b)
(P-C-T

) curves of the

hydrogen storage alloys H system, and (b) van't Hoff plots [164].

The enthalpy of formation of hydride can be calculated from the slope of the straight
line obtained by plotting In PH2 versus 1/T. The entropy change of hydride can be

calculated from the intercept of the straight line (1/7=0). The bigger the |Afl[ is,
Department of Materials Engineering, University of Wollongong, NSW 2522, Australia
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smaller the Pm is and the more stable the hydride is. Figure 2.12 gives the vant Hoff
plots for various hydrides.
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Figure 2.12 Vant Hoff plots for various hydrides from desorption data (where M is
misch metal) [165].
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2.4.4 FeTi -type hydrogen storage alloys

2.4.4.1 Formation of FeTi hydrides

Figure 2.13 shows the Fe-Ti binary alloy phase diagram, which indicates that iron
and titanium form two stable intermetallic compounds, FeTi and Fe2Ti. The
intermetallic compound FeTi has been considered for many years to be promising
hydrogen storage alloy because it has excellent hydrogen storage properties at room
temperature provided that it has been pre-activated. FeTi-based AB alloys are based
on an ordered body-centred-cubic structure.

Ti

Figure 2.13

Atomic Percent Iron

Fe-Ti binary alloy phase diagram [166].

Fe
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In 1974, Reilly and Wiswall [5] explored the Fe-Ti-H system between the
approximate limits, by weight, of 70% Fe-30% Ti and 37% Fe-63% Ti,

corresponding to the atomic proportions Fe^Ti and FeTi2. At the iron-rich end shown

in Figure 2.14, the composition of the unhydrided alloy, as determined by analysis,
was 53.6% Fe and 46.7% Ti. The only metal phase present is that of FeTi. The

shape of the isotherms were interpreted as follows: on the left, where the isotherm

rise steeply as the hydrogen content of solid increases, is the region of solid so

of hydrogen in the Fe-Ti metal lattice. This solid solubility region may be design

as the a phase of the FeTi-H system. As the hydrogen content of the solid is furthe
increased, the equihbrium pressure remains constant and forms, so to speak, a
plateau. The composition at which plateau begins marks the point at which a new
phase appears and also marks the maximum solubility of hydrogen in the a phase.
At room temperature that composition corresponds to FeTiHo.io (H/M=0.05). The
new phase is the monohydride or P phase of the FeTi-H system. Both the a and P
phase co-exist until the solid composition corresponds to FeTiHi.04 where the
isotherms begin a steep ascent. At this point the a phase had disappeared. As the

hydrogen content of the p phase is increased, a new phase appears, the y or dihydri
phase.

The reaction taking place in the lower plateau region (H/M=0.10 to H/M=0.52) was
written as

Department of Materials Engineering, University of Wollongong, NSW 2522, Australia

Chapter Two

Literature Review

2.13FeTiHo. 10 +H 2 <

43

> 2.13FeTiHi.04

(2.4)

> 2.20FeTiH1.95

(2.5)

which is followed by

2.20FeTiH1.04 + H 2 <

100

^T—i—"—r—i—i—i—r—a—i—«—i—n

70*
55«
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Figure 2.14

wr++

1

U

J

1

I

0.4
0.6
0.8
1.0
ATOM RATIO H/{Fe *Ti)

'

'

'

1.2

Pressure-composition isotherms of FeTi-H system [5].

The P-C-T properties and cost of the FeTi alloy is listed in Table 2.4. FeTi alloy has
good P-C-T properties, good H-capacities and low raw materials costs, but the
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problems associated with activation, gaseous impurities and upper plateau
instabilities.

Table 2.4

P-C-T properties and cost of FeTi alloy hydride at lower plateau
[161]

^H=-28.1kJmol" 1 H 2
AS= -0.106 k J m o l ^ K 1
25°CP d =4.1atm
T for 1 arm Pd= -8 °C
Plateau: Hysteresis= 0.64;
Slope= 0.0

( H M U = 0.975
(Wt.%)max= 1-86
(AH/M)r= 0.79
G4wt.%)r=1.5
O d H / V ^ . O x l O 2 2 H-atoms/cm3
Alloy R a w Materials Cost=$4.68 kg"1
Alloy R a w Materials Cost=$0.31 g"1 H stored

2.4.4.2 Activation of FeTi alloy

The activation process and the reaction kinetics of hydrogenation of metals are of
importance relative to their practical use as hydrogen storage materials. Activation of
the FeTi system is particularly difficult. Activation (usually in powder form)
Department of Materials Engineering, University of Wollongong, NSW 2522, Australia
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involves heating FeTi to higher temperature (about 450 °C) in vacuum and annealing
in H2 at a certain pressure (about 7 bars), followed by cooling down to room
temperature and admission of hydrogen at pressure of 35-65 bars. After activation

FeTi is readily poisoned by exposure to air or other gases and gas mixtures [5, 167],
The activation mechanism has been discussed by many researchers [168-172].
Although their results are not in agreement, they all conclude that the activation
process is necessary because of the presence of an oxide film which obstructs
hydrogen absorption. The samples are activated by performing a number of thermal
and hydrogen absorption-desorption cycles. Thus the activation of FeTi hydrogen
storage alloy is one of the fundamental problems that must be overcome.

2.4.4.3 Amorphous and nanocrystalline FeTi alloys

(a) Preparation of amorphous and nanocrystalline FeTi alloys

Mechanical alloying (MA) and mechanical milling (MM) by ball milling are very
effective methods to achieve non-equilibrium FeTi alloys, especially amorphous and
nanocrystalline FeTi alloys. For instance, an amorphous FeTi alloy can be
synthesized by ball milling an elemental mixture of 50 at.% Fe and 50 at.% Ti
powders using a vibrating frame high energy ball mill (Spex 8000) for 22 hours
[173]. Also, a nancrystaUine FeTi alloy can be obtained by ball milling a

polycrystalline FeTi alloy using a vibrating frame high energy ball mill (Spex 8000)
[175,176].
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Ar, Milling time 86.4ks
10.8ks

FeTi 283K, 2MPa H 2
0

Oks

ii i 1 <-

0.5

Absorption Time, 11 ks
Figure 2.15

Hydrogen absorption curves of the FeTi powders at 10 ° C and 2 M P a

H2 after ball milling for 0, 1.8, 10.8 and 86.4 ks in an argon atmosphere and without
exposure to the air [177,178].

(b) Hydrogenation characteristics of ball milled FeTi alloys

Ball milling can effectively improve the activation process and the reaction kinetic
of hydrogenation of FeTi alloy. Aoki et al. [177,178] reported that ball milling in
argon gas atmosphere and in a vacuum, which give rise to the creation of fresh
surfaces and cracks, is effective for the improvement of the initial hydrogen
absorption rate of FeTi and Mg2Ni alloys. Figure 2.15 shows the hydrogen
Department of Materials Engineering, University of Wollongong, NSW 2522, Australia
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absorption curves of the FeTi powders at 10 ° C and 2 M P a H 2 after ball milling for
different periods in an argon atmosphere. The longitudinal axis represents the
hydrogen contents, H/M, expressed by the number of hydrogen atoms per metal
atoms. No hydrogen absorption is observed in as-pulverised FeTi, in agreement with
the reference [5]. However, hydrogen is absorbed into FeTi after milling for 1.8 ks
or more if it is not exposed to the air. As the milling time increases, hydrogen is
absorbed more rapidly.

i

r

CO

CU

a.
c

0.4

Figure 2.16

0.6
H/FeTi

1.2

Pressure-concentration isotherms (for absorption) for amorphous FeTi

(a), nanocrystalline FeTi alloy (b) and as-alloyed intermetallic compound FeTi (c)
[173,183].
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Activation of amorphous and nanocrystalline FeTi alloys is m u c h easier than that of
their polycrystalline counterpart. Ball-milled amorphous FeTi alloy can be readily
activated after a single annealing at 300 °C under vacuum for 0.5 hours [173,179].
After activation, pressure-concentration isotherms for ball-milled amorphous FeTi
alloy is shown in Figure 2.16a, which exhibits hydrogenation characteristics for
amorphous materials: a monotonic increase of hydrogen content with the logarithm
of applied pressure [180-182] with no plateau.

Nanocrystalline FeTi alloy with grain sizes of about 5 nm can be activated after a
single annealing at 400 °C under vacuum for 0.5 hours [173]. After activation,
pressure-concentration isotherms for nanocrystalline FeTi alloy are as shown in
Figure 2.16b. In contrast to the crystalline FeTi alloys (Figure 2.16c), the
nanocrystalline FeTi alloy showed a relatively large solubility region (up to
0.3H/FeTi) at low pressure.

Above all, amorphous and nanocrystalline FeTi alloys possess very different
hydrogen storage properties compared with their crystalline counterparts. It is
possible that they may have some useful electrochemical hydrogen storage properties
for Ni-MH batteries.
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2.4.5 Magnesium-based hydrogen storage alloys

2.4.5.1 Introduction

Magnesium is the lightest of the commercial structural materials and is

abundant element in the earth. Magnesium can also reversibly store abou
hydrogen according to the reaction:

Mg + H2 < > MgH2 (2.6)

MgH2 contains much more hydrogen than other metal hydrides (see Table 2

Table 2.5

Hydrogen content and energy density in various media [ 184-188]
Hydrogen

Medium

content

Volumetric density Energy density
(H atoms l^xlO19) (mJ kg1) (mJ T1)

(wt.%)
Gaseous H 2 (150 atm)

100.00

0.5

141.90

1.02

Liquid H 2 (-253 °C)

100.00

4.2

141.90

9.92

MgH2

7.65

6.7

9.22

14.32

Mg 2 NiH4

3.60

5.9

4.48

11.49

VH2

2.10

11.4

FeTiHi.95

1.95

5.5

2.47

13.56

LaNi5H6.7

1.50

7.6

1.94

12.77

ZrMn 2 H 3 . 6

1.75

6.0

ZrMn2Feo.8H3.4

1.38

4.8
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Unfortunately, the reaction (2.6) is generally difficult to nucleate because the surface
is usually contaminated by magnesium oxide (MgO), or magnesium hydroxide
(Mg(OH)2) which either inhibits the dissociative adsorption of hydrogen or the
transfer of hydrogen from the surface to bulk. Once nucleated, MgH2 then grows
slowly, the rate-limiting step being the diffusion of hydrogen through the growing
MgH2 layer [189-190]. Dissociative adsorption on the MgH2 surface can also limit

the growth rate [191]. It is known that the oxides and adsorbed gases at the surface

of crystalline magnesium inhibit the hydriding of Mg [192]. Such surface layers also
inhibit dehydriding [193]. Even if one eliminates the oxide layer formation, the
reaction rates are still very low because of the protective layer problem. However,
both the nucleation and growth kinetics of MgH2 can be accelerated by the addition
of a catalyst capable of promoting dissociative adsorption of hydrogen.

2.4.5.2 Mg-Ni hydrogen storage alloys

In order to eliminate the limitations of using Mg alone, studies of numerous metal

additions to Mg (binary, ternary and multi-component) have been carried out in order

to find the optimum alloy for hydrogen storage. Reilly and Wiswall [3, 194] reported
a fairly rapid reaction of Mg2Ni and Mg2Cu with hydrogen at about 300 °C. They
concluded that the presence of Ni or Cu has a catalytic effect on the hydrogenation

Mg. The catalytic effect of these elements is probably due to the formation of oxide
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free penetration sites on the surface of M g particles, as reported for the M g - M g 2 C u
system [189-191].

As shown in Figure 2.17, Mg forms two intermetallic compounds with Ni, namely,
Mg2Ni and MgNi2. The latter does not react with hydrogen at pressures up to 540
atm in the temperature range -196 to 300°C. However, Mg2Ni reacts with hydrogen
to form a ternary hydride, Mg2NiH4,

Mg2Ni + H 2 i

(2.7)

> Mg^iHU
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Binary phase diagram of Mg-Ni system [196].
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Desorption isotherms of M g 2 N i - H 2 system. The initial composition is

45.9 wt.% Mg and 54.6 wt.% Ni [3].

even at room temperature. A t 200°C and a pressure of 14 arm, it will react rapidly

[3]. A series of pressure-composition isotherms for this system is shown in Fig. 2.
The abrupt termination of the isotherms at a composition corresponding to Mg2NiH4

indicates that the hydride has a well-defined stoichiometry. The maximum solubility
of hydrogen in the oc-phase corresponds to a composition of Mg2NiHo.3- The reaction
starting with the hydrogen-saturated alloy m a y be written as:
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> 1.08Mg 2 NiH4

53

(2.8)

The hydrogen content in Mg2NiH4 is about 3.6 wt.%, which is still a better value
compared to other hydrogen storage materials, but it is less then one-half the amount,
by weight, of hydrogen in M g H 2 (Table 2.5). The M g 2 N i - H 2 system is more unstable
thermally than the corresponding M g - H 2 system. A s far as the reaction kinetics are
concerned, the absorption process is faster, and the dissociation of the hydride is
relatively rapid. Table 2.6 listed the P-C-T properties and cost of M g 2 N i alloy.

Table 2.6

P-C-T properties and cost of Mg 2 NiH4 [161]

AH= -64.5 kJ m o l " 1 ^
AS= -0.122 k J m o l ^ K 1
25°C P d =10' 5 arm (extrapolated)
T for 1 arm P d =255°C
(11^)^=1.33
(wt.'&Xna^.e
(411^)^1.23
(Awt.%)r=3.3
O d H / V ^ ^ x l O 2 2 H-atoms/cm3
Alloy R a w Materials Cost=$6.26 kg"1
Alloy R a w Materials Cost=$0.19 g"1 H stored
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2.4.5.3 Substitution ofMg2Ni alloys

Substitution is one of the most widely used methods to control or improve the
hydrogenation properties of the hydrogen storage alloys. Many substituted Mg2Ni
alloys have been investigated to improve their hydrogenation properties.

In the early 1980s, Oesterricher et al. [196] have suggested that the partial
substitution of Mg in Mg2Ni by an element of a more exothermic heat of hydride
formation, such as Ca, Sc or Y, may result in a rise of equilibrium pressure for the
substituted Mg2Ni. This would bring Mg2Ni into the range of reversible room
temperature hydrogen sorption. Yvon et al. [197] suggested that the maximum
hydrogen concentration of this compound is mainly limited by electronic factors, and
that structurally related compounds having more than four hydrogen atoms per

formula unit could possibly be stabilized by partially replacing Ni with a transition
metal of lower valency, or Mg by a non-transition metal of higher valency.

Attempts have been made to prepare such compounds by partially replacing Ni by 3d
elements [198-202], and Mg by non-transition elements [201] in the binary phase of
Mg2Ni. But the alloys obtained failed to yield hydrides having more than four H
atoms per formula unit. On the other hand they show some interesting properties
with respect to hydriding and dehydriding kinetics as well as the dissociation
temperature of the hydride. It was also reported [203-205] that the partial
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substitution of M g by 3d metals on Mg-rich, rare-earth intermetaUic compounds
resulted in improved dehydriding kinetics.

hi order to achieve partial substitution of Ni atoms in Mg2Ni iron cobalt, some
experiments were performed [198]. However, no significant amount of substitution
occurred in the Mg2Nii-JtM.e (M=Fe or Co) systems. The highest substituent
concentrations of about 2 at. % were obtained for Co. The effects of these lowconcentration additives on the stability of the corresponding hydrides were
negligible. The same observation was made by Darnaudery et al. [200] for the
addition of Mn or Ti. On the contrary, Lupu et al. [202] reported that there is no
substitution in Mg2Nii.xFex (x < 0.37) alloys. This was explained on the basis of
Extended X-ray Absorption Fine Structure (EXAFS) measurements with Mossbauer
spectral results. In this range of composition, multiphase alloys were obtained
containing Mg2Ni, Mg and more or less finely dispersed Fe in the form of isolated
atoms or small clusters as proved by the EXAFS technique and Mossbauer

spectroscopy. Thus they confirmed that there is no significant substitution of Ni by

Fe atoms in the Mg2Ni lattice, which is in agreement with the observation of Mintz et
al. [198]. Stable hydrides are formed with Fe substituted Mg2Ni alloys.

A study of the action of hydrogen on Mg2Nii-xMx (M = V, Cr, Fe, Co, Cu, or Zn; x =
0.25) alloys has been carried out [200]. Hydriding of the alloys resulted in the
formation of quarternary hydrides. The hydriding process leads to ternary alloys,
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except in the case of Cu-containing alloy. This behaviour of Mg^io^sCuo.^ seems
to be similar to that of Mg2Cu due to the decomposition of the alloy during the

hydriding reaction [194]. The thermal stabilities of these compounds are close to th
of Mg^iHt. In each case the hydrogen/alloy mole ratio is lower than the
corresponding Mg2NiH4.

The replacement of Ni in Mg2Ni by the 3d elements alters the dissociation
temperature markedly. For example the dissociation temperature in 1 atm pressure
for Cu-containing alloy significantly drops from 250 °C to 227 °C, whereas for the
Co-containing alloy this temperature increases to 267 °C. The absorption and
desorption rates for Mg2Nii.^Mx alloys are close to those obtained with Mg2Ni except
for the Co-containing alloy. Because of the encouraging results obtained with the
Mg^ii.jCu* system, Darnaudery et al. [206] continued their work on the same
system by varying the x values from 0 to 0.85 in order to optimise the alloy. The
absorption and desorption rates for these alloys are close to those obtained with
Mg2Ni.

Au and co-workers [207] have investigated the hydrogen storage properties of multicomponent Mg-based alloys and found that Mgo.833Nio.066Cuo.095Mlo.006 (Ml stands
for La-rich misch-metaT) has good hydriding/dehydriding properties. It can absorb
4.75 wt.% hydrogen at 330 °C under 0.1 MPa pressure in 0.5 hours. The alloying
elements Ni, Cu and RE (rare earth metal) are identified to have positive effects on
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the kinetic properties of Mg-based alloys. The intermetallic compound of M g with
Ni, Cu (and RE), namely Mg2(Cu, Ni), plays the key role in improving the kinetic
properties of the multi-component Mg-based alloy.

2.4.5.4 Amorphous and nanocrystalline Mg-Ni alloys

(a) Mg-based alloys prepared by ball milling (mechanical alloying and milling)

Because Mg and Mg-based alloys are some of the most promising hydrogen storage
alloys, there has been extensive work on Mg-based hydrogen storage alloys for more
than three decades, both from fundamental and applications points of view. In recent
years, it was found that ball milling is an effective method of improving the
hydriding/dehydriding kinetics and hydrogenation characteristics of Mg-based alloys.

In the late of 1980s, Khrussanova et al. reported that ball milling 90 wt.% Mg and 10
wt.% Ti02 mixture in a planetary mill results in improving the absorption and

desorption characteristics of magnesium [208], and ball milling is found to favour th
appearance of a clean Mg surface without the usual thin oxide film [209]. Ball
milled 90 wt.% Mg and 10 wt.% V205 mixture is activated quickly and has a high
hydrogen capacity which is preserved after prolonged cycling. It also has good
desorption characteristics [210]. Ball mining can also improve the hydrogen
absorption rate of Mg2Ni intermetallic compound greatly [177]. Song [211-213]
investigated the hydriding and dehydriding characteristics of mechanical milled Mg
and mechanical alloyed mixtures with the compositions Mg-x wt.% Ni (x= 5, 10, 25
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and 55) using a planetary mill with an acceleration of about 60 ms" 2 for only 5 min.
The results indicated that the Mg-* wt.% Ni and Mg-25 wt.% Ni mixtures are
activated easily, show much larger hydrogen storage capacities and much higher
hydriding rates, and higher dehydriding rates, than other magnesium-based alloys or
mixtures. Mechanical milled Mg-based composites, Mg-G (graphite) and Mg-Pd-G,
were extremely active toward hydrogen absorption even at 27 °C and showed good
reversibility for hydriding/dehydriding [214-217]. A ball milled MgNi alloy with
graphite can also absorb hydrogen at 30 °C in much larger quantities than that
prepared by induction melting [218]. Moreover, more and more work has been done
by ball milling ternary hydrogen storage alloys, such as Mg2Nii.xZr^ (0< x <0.3)
[219], and Mg-based composite [200-223], which lead to better
hydriding/dehydriding kinetics and/or larger hydrogen absorption abilities of the
materials.

(b) Hydrogenation characteristics of nanocrystalline and amorphous Mg-Ni
alloys

Ball milling is also the most effective and simplest method to manufacture
nanocrystalline and amorphous Mg-Ni alloys. In 1995, Zaluski et al. reported that
ball-miUed nanocrystalline Mg2Ni shows hydrogen absorption characteristics
superior to that of the conventional crystalline phase. The activation of
nanocrystalline Mg2Ni is much easier, or even unnecessary. At high temperatures
(about 300 °C) the hydrogen absorption rate is very high, even for the as-made
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nanocrystalline samples. T h e absorption rate can be further improved by applying
one hydrogenation cycle as a pre-treatment. Nanocrystalline Mg2Ni exhibits also
hydrogen absorption at lower temperatures (for instance at 200 °C, i.e. below the
temperature of structural transformation of the Mg2NiH4 hydride) without any
activation [224]. Tanaka et al investigated the hydrogen absorbing rates and
pressure-composition isotherms (P-C-T) of nanocrystalline Mg-Ni and Mg-Ni-Re
(Re=La, Nd) alloys prepared by a melt-spinning and crystallisation method. These
nanocrystalline alloys, particularly of the Mg-Ni-RE systems, exhibit excellent
hydrogen absorbing kinetics and P-C-T characteristics in comparison with those of
the corresponding as-cast alloys with a coarse eutectic structure [225].

Orimo et al. investigated the hydrogenation properties of amorphous Mg-Ni alloys
prepared by ball miUing under a hydrogen atmosphere [226,227]. The hydrogen
pressure-composition isotherms in dehydriding processes of amorphous MgNi alloy
is shown in Figure 2.19. Even at 160 °C, the dehydriding reaction proceeds below
0.1 MPa. The pressure dependence of the hydrogen content is small, compared to the
other amorphous alloys with broad site energy distribution for hydrogen atoms, such
as FeTi system [173,183]. This suggests that the energy distribution is narrower in
amorphous MgNi alloy.

Funaki et al. [228] synthesized the amorphous MgNiCx (x = 0-1.31) by mechanical
alloying of amorphous MgNi and graphite as starting materials. Upon hydrogenation
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of MgNiQt, the atomic ratio of hydrogen plus carbon to metal (H+C)/M remained a
constant value of about 0.9.
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Figure 2.19 P-C-T curves in dehydriding processes of completely hydrogenated
amorphous MgNi alloy [227].

More recently, Tsushio and co-workers investigated the effect of elemental
substitutions on the hydrogenation properties of amorphous MgNio.86Mo.o3 (M=Cr,
Fe, Co, Mn) alloys prepared by ball milling [229]. Most of the P-C-T curves were
completely different from those of the crystalline Mg2Ni-H2, Mg-H2 systems, and
even amorphous MgNi alloy [227]. They show a monotonic increase of hydrogen
content with the logarithm of applied pressure with no plateau. The synthesis and
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hydriding/dehydriding properties of Mg 2 Nii. 9 M 0 .i (M=none, Ni, Ca, La, Y , Al, Si, C u
and Mn) alloys mechanically alloyed from Mg2Nii.9Mo.i and Ni powder were also
reported [230]. Figure 2.20 shows the pressure-composition isotherms of amorphous
Mg2Nii.9Mo.i (M=none, Ca and Cu), which indicates the elemental substitution of
amorphous Mg-Ni alloys can effectively change their hydriding/dehydriding
properties.
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(M=none, Ca and Cu) [230].

Above all, the formation of amorphous or nanocrystalline Mg-based hydrogen
storage alloys produced by baU-milling results in dramatic changes in hydrogen

sorption properties, especially in the elimination of the need for activation and th
improvement of hydridmg/dehydriding kinetics.

Chapter Two

Literature Review

62

2.5 Metal-hydride electrodes for N i - M H batteries

2.5.1 Introduction

In 1963, Barton et al. first proposed the application of a hydrogen storage metal, P
in a rechargeable battery [231]. Because of its high cost, palladium electrode has

only been utilised in limited areas such as a high purity hydrogen generator in which
hydrogen produced by water electrolysis diffuses through the palladium, producing
hydrogen with purity of more than 99.99%. In 1969, Zijlstra and Westendorp

accidentally found that rare-earth intermetallic compounds absorbed large amounts of
hydrogen during research on rare-earth magnets (SmCo5) [232], opening a new

scientific and technical field — hydrogen storage alloys. Soon after this discovery,
intermetallic compounds were applied as "hydrogen storage alloy electrodes", for
instance, TiNi-Ti2Ni [233], LaNi5 [234], and LaNi5.xMx (M=A1, Cr, Cu, Mn) [235237]. Markin et al. constructed and evaluated the rechargeable nickel-metal hydride
(Ni-MH) batteries composed of nickel hydroxide positive electrodes and metal
hydride negative electrodes using LaNi5 [238,239].

After the oil crisis in 1974, hydrogen energy was proposed as the most promising

clean energy system, creating a strong need for a light, compact and safe storage ta
Extensive research and development projects were carried out throughout the world
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on hydrogen storage alloys because they could store larger amounts of hydrogen
(1000 cc/cc) per unit volume than liquid hydrogen (784 cc/cc at -273 °C) and high
pressure tanks (200 cc/cc at 200 atm). Since 1985, a tremendous research and
development effort has been conducted on the MH electrodes and the Ni-MH battery,
leading to significant progress in every area of performance. The good combination
of both metal hydride technology and battery technology resulted in the rapid
commercialisation of the sealed Ni-MH battery in 1990 [160].

Since the invention of the Pb-acid battery in 1859 and the Ni-Cd battery in 1899, no
successful rechargeable battery appeared for 90 years. The Ni-MH battery is the
third practical secondary battery and is now a key component not only for advanced
information and telecommunication systems, but also for the next generation of
vehicles in which energy can be used efficiently with low emissions to the
environment. The key materials for this high-tech battery are hydrogen storage alloys
[1].

The hydrogen storage alloys used for the negative electrode materials of Ni-MH
batteries must satisfy the following requirements [2,251]:
(1) Large electrochemical hydrogen storage capacity.
(2) High electrochemical catalytic activity.
(3) High durability against oxidation in concentrated alkaline solution.
(4) Good electrochemical hydriding-dehydriding kinetics.
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(5) L o w cost.

2.5.2 Principles of N i - M H batteries

A schematic structure of a cylindrical sealed N i - M H cell is s h o w n in Figure 2.21.

Positive
terminal (+)
Cover plate

Spring
Sealing plate
Rubber plate

Gasket
Positive current
collector

Separator

Case (-)

Negative
- electrode
Positive
electrode

Negative
current
collector

Figure 2.21

Schematic structure of a cylindrical sealed N i - M H cell [240].

It is c o m p o s e d of a nickel hydroxide N i ( O H ) 2 positive electrode, a polymeric
separator (polyamide or hydrophilic polypropylene non-woven cloth), electrolyte
solution (6-8 M KOH and 0.5-2 M LiOH aqueous) and a negative MH electrode.
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The hthium ions are intercalated into layers of Ni(OH) 2 , improving the durability of
the electrode.

2.5.2.1 Charge-discharge mechanism

Figure 2.22 illustrates the charge-discharge mechanism of a Ni-MH battery. During
charging, hydrogen is formed at the interface of electrode and electrolyte by
electrochemical reduction of water and is subsequently absorbed by the alloy.

Negative

®^®i3)
® ® ®
Metal Hydride
electrode
Negative

Bectrotyfe
(AJkaline Solution}

MHX+ OH"

M + H 2 0 + e~
discharge

Positive Ni (0H)2 + OH"
Total M + Ni (0H)2

Figure 2.22

NfckelHydtoxfefe
Bsetrode

NiOOH + H,0 + e~
MHY+NiOOH

Charge-discharge mechanism of a N i - M H battery [1]
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is desorbed

and oxidised

electrochemically at the interface. The half-cell reactions and overall-cell react
charge and discharge of the battery can be written as:

at the nickel hydroxide positive electrode

charge
Ni(OH)2 + O H " <
> N i O O H + H 2 0 + e" (£° = +0.490V)
discharge

(2.9)

at the hydrogen storage alloy negative electrode
charge

M + H 2 0 + e" <
> M H + OH"
discharge

(£°« -0.828V)

(2.10)

the over all cell reaction is:

charge
Ni(OH)2 + M <
> NiOOH + M H
discharge

(E° « 1.318V)

(2.11)

The mechanism of the Ni-MH battery is clearly distinguished from other batteries

such as Ni-Cd, Ni-Zn, Ni-Fe, Pb-acid and Li batteries in which their is dissolution

and precipitation of the active materials. The solid state transition mechanism al

the Ni-MH battery to have a more densely packed structure and a greater reliability
[164].
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2.5.2.2 Overcharge and overdischarge reactions

In the sealed cell, the MH has a higher capacity than the Ni(OH)2 electrode, thus
facilitating a gas recombination reaction. During overcharging, the oxygen gas
generated from the nickel positive electrode is consumed by the hydrogen storage
alloy negative electrode, i.e.

(Positive):

20H~

> H 2 0 + l/20 2 + 2e"

(2.12)

(Negative): 2MH+l/202 > 2M + H20 (2.13)

2M + 2H20 + 2e" > 2MH + 20H" (2.14)

During overdischarging, the hydrogen generated from the polarity-reversed nickel
positive electrode is oxidized into water at the hydrogen storage alloy negative
electrode according to the following reactions:

(Positive):

2 H 2 0 + 2e~

> H2 + 20H~

(2.15)

(Negative): H2 + 20H~ > 2H20 + 2e" (2.16)

20H"+2MH > 2H20 + 2M + 2e~ (2.17)
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Thus, for both overcharge and overdischarge reactions, no net change occurs. The

unique protective function of the Ni-MH battery against overcharging or dischargin
allows a completely hermetic design of the battery to be achieved.

2.5.3 Equilibrium potential of metal hydride electrodes
(Electrochemical P-C isotherms)

In the equihbrium state, the hydrogen partial pressure P (H2) on the electrode can
equal to the hydrogen eqmhbrium pressure Peq (H) of the MH. According to the

Nemst equation, the potential of the anode corresponds to a pressure of hydrogen ga

on the surface which is equilibrated with atomic hydrogen in the hydride (H2 <-» 2H
as follows [241,242]:

E(H) - £(HgO/Hg) = [£(H)° - £(HgO/Hg)°] + ( RT/2F) In [a(H20)/a(H2)]
= [E(H)° - £(HgO/Hg)°] + ( RT/2F) In [a(H20)/7(H2)P(H2)] (2.18)

where E(H)° and £(HgO/Hg)° are the standard potentials of the H2OZH couple and

the HgO/Hg couple, respectively; a(H20) is the activity of water; a(H2) is the activ

of hydrogen; XH2) is the fugacity coefficient, P(H2) is the hydrogen partial pressur
Wakao and Yonemura reported that the plateau pressures obtained from
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electrochemical measurement for LaNi5- x M x ( M = C u , Cr, M n , Al) electrodes showed
excellent agreement with those obtained by the conventional Sieverts' method [243].

Sakai and co-workers [20,242] obtained the electrochemical pressure-composition
isotherms at different temperatures for various LaNi-based alloys to evaluate the

charged and discharged pressures of the electrodes. This technique was also applied

for evaluating electrochemical hydrogen desorption behaviours in thin films of allo
[244,245] and amorphous MNi2 (M=La, Ce, Pr, Mm) alloys [246,247].

2.5.4 Kinetic properties of metal hydride electrodes

The mechanism for charging-discharging the MH electrode is shown in Figure 2.23.
First, charge transfer reaction produces adsorbed atomic hydrogen (Had) and OH" on

the electrode surface (Volmer process; eq. 2.19). If the diffusion rate of the atomi
hydrogen can not follow the production rate, the hydrogen evolution reaction occurs

(Tafel process; eq. 2.20). The atomic hydrogen has to diffuse from the surface to th
bulk through the surface layer and grain boundaries before hydride formation in eq.
(2.21):

H20 + e" = H^ + OH~ (Volmer process), (2.19)

2Had = H2 (Tafel process), (2.20)

Had-surface(diffusion process) = MH (Hydride). (2.21)
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The rate of the charge-discharge reaction is expected to depend on [164]:
(1) surface conductivity of the alloy particles,

(2) effective surface area per unit weight of alloy or per unit area of elect
which is always changing by decrepitation, surface oxidation and dissolution
of component elements,
(3) diffusivity of hydrogen from the surface to the bulk alloy,
(4) diffusivity of OH" ion and H20 to/from reaction surface,
(5) contact resistance between alloy and current collector.

H2O O H " H2
HiO O2
Charging \ A A i / Overcharging

Ml V
% H

Figure 2.23

H

H

H >!

Mechanism for charging-discharging the M H electrode [164].
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2.5.5 Electrochemical impedance analysis of M H electrodes

Electrochemical impedance spectroscopy (EIS) is an effective technique for
analysing the mechanisms of interfacial electrochemical reactions. Kuriyama et al.
[248-250] have conducted systematic analyses of the electrode reaction using
electrochemical impedance spectroscopy. A Cole-Cole plot of the impedance of an
MH electrode using a copper-coated MmNi3.5Coo.7Aln.8 alloy was well fitted by the

equivalent circuit shown in Figure 2.24. R\ was assigned to the electrolyte resistance.
R2 was ascribed to the contact resistance between current collector and alloy. R3 was
considered to be due to the contact resistance between alloy particles. R4 was
ascribed to the reaction resistance on the alloy surface. During 440 cycles, R2 and R3
did not change, showing that the copper layer on the alloy could preserve good
electrical conductivity in the electrode, while R4 increased significantly because of
the degradation of the alloy surface. Even storage of the copper coated alloy in air
for 6 months caused an increase in the R*. The Warburg impedance (W4) was related
to the diffusion of hydrogen and electrolyte solution. When the electrode was made
without copper coating, the contact resistances (R2 and Ri) significantly increased
with increasing discharge depth, and with increasing cycles. This result shows that a
suitable electrode structure for giving the alloy powder a good conductivity, is
important in order to test the electrode performance of the alloys.
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Figure 2.24

Schematic representation of (a) a Cole-Cole plot of impedance and (b)

an equivalent circuit for metal hydride electrodes. Rn, resistive components; norma
capacitive component; Qn, capacitive components in order to describe a depressed
semicircle; W4, Warburg impedance; Qb Q((a)) = [Yi0 Qo))n]'\ (1< n <1) [248].
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Summary

Commercial nickel-metal hydride rechargeable batteries using a hydrogen storage
alloy as the negative electrode have been replacing the environmentally dangerous
Ni-Cd batteries. Because of their advantages in terms of rate capabilities, volumetric
energy densities, and long life cycle, they are widely used in mobile phones, lapcomputers, camcorders, shavers, and military applications. Also they are considered
a viable alternative for electric vehicle applications. Although many hydrogen
storage alloys will react directly and reversibly with hydrogen to form hydrides, few
can satisfy all of the criteria required for wide use as negative materials for Ni-MH
batteries. Only the ABs-type (rare-earth system) and AB2 Laves phase-type
(zirconium-based system) hydrogen storage alloys have been well studied and are
used as negative materials for the commercial production of Ni-MH battery.
However, major problems still he in the capacity and the cost of the negative
materials — hydrogen storage alloys.

Magnesium-based alloys, as previously mentioned, are promising materials for
technological applications of hydrogen storage because of their capacities to store
large amounts of hydrogen and their low cost. Iron-titanium-based alloys are also the
cheapest of the promising hydrogen conversion and storage materials. However,
crystalline Mg-based and Fe-Ti type hydrogen storage alloys have very poor
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because

of

their

slow

hydriding/dehydriding kinetics at ambient temperature in alkaline solution.

This literature review has shown that amorphous and nanocrystalline metals and
alloys are novel materials which attract much attention from materials scientists
because of their excellent properties compared with their crystalline counterparts.
The amorphous and nanocrystalline Mg-based and FeTi-type alloys produced by ballmilling results in dramatic changes in gas phase hydrogen sorption properties,
especially by ehmination of the need for activation and improvement of
hydriding/dehydriding kinetics.

Therefore, there appear to be some possibilities to achieve high discharge capacities
for amorphous and nanocrystalline Mg-based and FeTi-type alloy negative
electrodes. The main purpose of this study is to investigate the formation of the
amorphous and nanocrystalline Mg-based and FeTi-type alloys produced by
mechanical milling and mechanical alloying methods, and to examine their
electrochemical hydriding/dehydriding properties as negative electrode materials for
the Ni-MH secondary battery.
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EXPERIMENTAL DETAILS

3.1 Metals and chemicals

Most metals and chemicals used in this work were supplied by the Aldrich Chemical
Company Pty. Ltd. They are detailed in Table 3.1.

The high purity argon gas (99.999 %) used for the preparation and processing of ir
titanium and magnesium-based alloys was supplied by BOC GASES Company
Limited.

3.2 Preparation of alloys
3.2.1 Fe-Ti Alloys

The intermetallic compound FeTi was fabricated by electric arc melting with the

required proportions of iron and titanium under an argon atmosphere. Both iron and

titanium were cut into small pieces before the electric arc melting. After melting
molten solution of iron-titanium was poured into a copper mould cooled by flowing
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water. T o ensure the homogeneity of the alloy, the alloy ingot was re-melted several
times. After repeated melting, the alloy ingot was quite brittle and could very
be broken into pieces. The as-cast ingot was crushed and mechanically ground to
powders for further preparation of samples.

Table 3.1

Descriptions of metals and chemicals

Product

Purity (%), shape
and particle size (mesh)

Magnesium

99.8 (powder), 50 (pm)

Nickel

99.7 (powder), 100 (um)

Iron

99.9 (powder), 80 (pm)

Iron

99.9 (pieces)

Vanadium

99.5 (powder), 325

Cobalt

99.9 (powder), 100

Cobalt

99.9 (pieces)

Titanium

99.9 (powder), 10 (pm)

Titanium

99.7 (rod)

Potassium Hydroxide ( K O H )

85+

Polyvinyl alcohol) hydrolysed

99

(PVA[-CH 2 CH(OH)-] n )
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3.2.2 Magnesium-based alloys

3.2.2.1 Sintered Mg-based alloys

The sintered Mg-based alloys were manufactured by a powder metallurgical method
from chemically pure metal powders. The metal powders were well mixed in the
required proportions and sintered under an argon atmosphere at 620 °C or 700 °C for
9 to 10 hours.

All as supplied powders were carefully opened in a glove box filled by an argon
atmosphere to prevent oxidation. The metal powders prepared according to the
required stoichiometric ratios were thoroughly mixed under an argon gas atmosphere
using a planetary null (Fritsch Pulverisette 5). The well-mixed metal powders were
compressed into pellets at a pressure of 5xl03 kgf cm"2, transferred into sintered
alumina boats, and then put in a vacuum tube furnace. After flushing the vacuum

chamber of the tube furnace with argon gas several times, the pellets were sintered i

the tube furnace under an argon atmosphere at different temperature for certain hours
then finally cooled to room temperature in the furnace to obtain the sintered Mgbased alloys.

3.2.2.2 Induction melted Mg2Ni alloy
The induction melted (TM) Mg2Ni alloy was supplied by the Santoku Metal Industry
Co., Japan. The composition of the IM Mg2Ni alloy was analysed by the Santoku
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Metal Industry Company using an inductively coupled plasma (TCP) method and is
shown in Table 3.2.

Table 3.2

Composition of induction melted Mg 2 Ni alloy

Element

Wt.%

Magnesium

46.58

Nickel

Balance

Aluminium

0.07

Silicon

0.03

Iron

0.09

Calcium

<0.01

3.3 Mechanical milling and alloying

All the mechanical milling and alloying work was performed with a Fr

(Pulverisette 5) planetary ball mill. The vial and balls were made fr

and hardened steel, respectively. To avoid the oxidation of the sampl

vials were degassed using a vacuum pump, and filled with high pure ar
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several times. Then the ball mill vials were well sealed and filled argon gas at a
pressure of about 2 kgf cm"2.

3.3.1 Ball milled Fe-Ti alloys

The starting material was in two forms: the intermetallic compound FeTi, or mixture
of the iron and titanium powders.

For the mechanical milting of the intermetallic compound FeTi, the crushed FeTi

alloy was ball milled at 160 rpm in an argon atmosphere. The weight ratio of ball to
sample was 30:1. After several hours of milling, the milled powders were examined
by X-ray diffraction (XRD). Mechanical alloying was completed using the same
equipment but using pure iron powder and pure titanium powder. The experimental
conditions were the same as for the mechanical milling.

3.3.2 Ball milled sintered Mg-based alloys

To obtain more active alloy powders, the sintered Mg-based alloys and pure metal
powder (nickel or cobalt) were mixed at an atomic ratio of 1:1. Then the sintered
Mg-based alloys and pure metal powder were ball milled in an argon atmosphere for

various periods of time at 150 rpm in an argon atmosphere. The weight ratios of ball
to sample were 30:1 and 100:1, respectively. After each specified number of hours
of milling, the milled powders were examined by X-ray diffraction.
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3.3.3 Ball milling of induction melted Mg-based alloys

For the preparation of nanocrystalline Mg2Ni, the induction melted Mg2Ni alloy wa

ball milled for a period of 70 hours at 200 rpm under the protection of an argon
atmosphere. The weight ratio of ball to sample was 30:1.

The induction melted Mg2Ni alloy was mixed and ball-milled with Ni and V powders
for a period of 70 hours at 200 rpm in an argon atmosphere. The starting alloy
compositions are listed in Table 3.3. After rnilling, the powders were examined
X-ray diffraction.

Table 3.3 Compositions of ball milled Mg-based alloys

Mg2Ni, Ni and V ratio (molar)
Mg2Ni + Ni
Mg2Ni+1.28Ni
Mg2Ni + Ni + 0.1V
Mg2Ni + Ni + 0.2V
Mg2Ni + Ni + 0.4V
Mg2Ni+1.28Ni + 0.1V
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3.4 Electrode fabrication

The as-produced hydrogen storage alloy was crushed into powder and mixed with Ni
powder in the weight ratio of 1:1 to make the electrodes. The addition of the nickel
powder is designed to enhance the electronic conductivity. The hydrogen storage
alloy powders obtained from mechanical milling and mechanical alloying were also
mixed with Ni powder in the weight ratio of 1:1 for electrode preparation. The
polyvinyl alcohol (PVA, 3 % wt.) solution, which was used as a binder, was prepared
by mixing pure polyvinyl alcohol with distilled water at the temperature of 80 °C for
more than 6 hours.

The hydrogen storage alloy electrodes were fabricated by mixing the powders with
the polyvinyl alcohol solution and pasting them into a foamed nickel matrix, which
acted as the current collector for the electrode. The foamed nickel was spot-welded
to a nickel wire for the connection. The alloy electrodes were put into a glove box

filled with argon until they were fully dried. After being compressed at a pressure o
1000 kgf cm"2, each electrode was impregnated with the electrolyte for at least 2
hours prior to the charge-discharge cycle tests, in order to fully soak the test
electrode. The alloy electrodes were then ready for the measurement of the
electrochemical properties.
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3.5 Charge/discharge properties

Electrochemical charge-discharge cycle tests of the hydrogen storage alloy electrod
were conducted in a double compartment cell which were separated from each other
by a porous glass plate. The hydrogen storage alloy electrodes were immersed as the
anodes in the test cell. The test anode was set in one compartment with a sintered
NiOOH/Ni(OH)2 counter electrode in other compartment. The total capacity of the
sintered NiOOH/Ni(OH)2 cathode electrode used was much larger than that of the
anode electrode. The test cell was filled with a 6 M KOH electrolyte solution. A
mercury oxide electrode (Hg/HgO) was used as the reference electrode.

The electrochemical charge-discharge properties of the alloy electrodes were
measured by using an automatic battery test unit, which monitored the potential of
the alloy electrode with respect to an Hg/HgO reference electrode. The battery test
unit was controlled by a microcomputer. The measurement was performed at
ambient temperature. In the charge-discharge cycle tests, the charge cycle was
commenced using a current density of 100 mA per gram of hydrogen storage alloy
for 10 hours. Then, after one minute rest, the discharge was continued using a
current density of 50 mA/g until the voltage of the negative electrode against the

mercury oxide electrode reached -0.5 or -0.6 V. The discharge capacities of the all

electrodes were calculated based on the total weight of the hydrogen storage alloys.
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3.6 Physical analyses

3.6.1 X-ray diffraction and thermal analysis measurements

The phase structure of all the alloys used in this study was identified by an X-ray
diffraction (XRD) method. The X-ray diffraction measurements were conducted in a
Philips PW1010 X-ray diffractometer with Cu K« (^ = 1.540562 A) radiation. The
voltage and current were 40 kV and 20 mA, respectively. The average grain size of
nanocrystalline alloys was calculated from the X-ray diffraction data using the
Scherrer equation [257]:

d = O.S9A/(J3cos0) (3.1)

where X is the X-ray wavelength, j3 is the full width at half height and 6 is the
position of the selected Bragg angle. After subtracting the instrumental broadening
and microstress broadening, the Rvalue was used in the equation.

Thermal analysis was performed using a Setaram differential thermal (DTA) and
thermogravimetric (TG) analyser at a heating rate of 10 °C/min under the protection
of a pure argon atmosphere. The weight of the samples for the thermal analyses was
approximately 0.03 g.
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3.6.2 Particle size, morphology and microstructural examination

Particle distribution and specific surface area analysis of the metal and alloy po
were determined by a Malvern particle analyser (300 Rfmm range and 2.40 mm
beam).

Morphologies, energy dispersive X-ray spectra (EDS) and X-ray mapping analyses of

the alloy powders were carried out using a Leica Stereoscan 440 scanning electroni
microscope (SEM), Oxford ISIS system and an OXFORD Link Pentatet detector.

The ball milled powders were pressed on electric conducting sticky tapes. The tapes
were adhered to the SEM sample holders. Then, the ball milled powders were put
into the chamber and ready to be exainined by SEM and EDS.

The morphology and diffraction patterns of the powders of ball milled hydrogen
storage alloys were examined using a JEOL 2000 FX transmission electron
microscope (TEM). The accelerating voltage was 120 kV. The ball milled powders
were added into an acetone solution and treated in an ultrasonic cleaner for ten
minutes. After the treatment, the powders were dried and ready to be examined by

TEM.
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FORMATION AND

ELECTRODE PROPERTIES OF AMORPHOUS
AND NANOCRYSTALLINE FeTi ALLOYS

4.1 Introduction

FeTi alloy is one of the prime candidates for hydrogen storage systems [5]. It is also
a typical hydrogen storage alloy of the AB-type. However, the intermetallic FeTi
does not absorb hydrogen under normal conditions and has to be activated before the
hydrogen is readily absorbed. Activation (usually in powder form) involves heating
FeTi to higher temperature (about 450 °C) in vacuum and annealing in H2 at a certain
pressure (about 7 bar), followed by cooling down to room temperature and admission
of hydrogen at a pressure of 35-65 bars. Many research results indicate that the
activation process is necessary because of the presence of an oxide film, which
obstructs hydrogen absorption [168-172]. The activation of FeTi hydrogen storage
alloy is one of the fundamental problems that must be solved. In addition, after

activation FeTi is readily poisoned by exposure to air or other gases and gas mixture
[5,167].
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The lowest free energy state of a solid at low temperature is the perfect crystal.
However, it is well known that solids deviating from this perfectly ordered structure
exhibit attractive features. In recent years nanocrystalline and amorphous alloys
have been developed for hydrogen storage. For instance, Zaluski et al. reported that
the activation of nanocrystalline and amorphous FeTi alloys was found to be much
easier than their crystalline counterpart [183]. Up to the present, however, there is
literature reported the research work on the FeTi-type hydrogen storage alloys used
for the negative electrode of the Ni-MH battery at room temperature.

hi this chapter, the nanocrystalline and amorphous FeTi alloys were fabricated by
ball inilling using a planetary ball mill. Their grain size and particle distribution
were determined. Small amounts of oxygen were found to have a significant effect
on the formation of the FeTi alloy during the mechanical alloying process. Both
amorphous and nanocrystalline FeTi alloys exhibited much higher discharge
capacities as metal hydride electrodes in comparison with crystalline FeTi alloy.
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4.2 Formation of nanocrystalline and amorphous FeTi
alloys
4.2.1 FeTi alloy by mechanical milling

After mechanical milling, the structure of intermetalhc compound could be
nanocrystalline [109,116,156,174,252] or amorphous [73,74,90,98,253-256].

Figure 4.1 shows the X-ray diffraction patterns of the FeTi alloy with different
milling times. During the MM process, the peaks of the FeTi phase gradually
broadened with increasing ball milling time. The grain size of the FeTi phase
decreases with ball milling time. By measuring the half-maximum width of the
broadening XRD lines, the average grain size d can be calculated by using the

Scherrer equation: d = 0.&9A/(J3 cos0), where X is the X-ray wavelength, 0 is the full
width at half height and 0is the position of the selected Bragg angle [257].

The reduction of the average grain size of the FeTi phase with increasing ball millin
time is shown in Figure 4.2. The average grain size of FeTi alloy is about 8 nm after

40 hours of ball milling. Hellstern et al. [130] have studied the structure evolution
the intermetallic compound AlRu with ball milling time in a Spex shaker mill. They
used measurements of X-ray diffraction tine broadening to estimate the crystallite
size and studied the microstructural evolution by transmission electron microscopy
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(TEM) and high resolution electron microscopy (HREM). They had observed that at
the early stages of milling the deformation was localized with shear bands
approximately 0.5 to l//m wide. Small grains, 8-12 nm diameter, were seen within
the shear bands and the misorientation angles between the grains were relatively
small. The grain size decreased steadily and the shear bands coalesced for longer
milling times. The small angle boundaries were replaced by higher angle

boundaries, implying grain rotation. Fecht et al. [252,258] studied the formation of
nanocrystalline structures by ball milling several intermetalhc compounds with the
CsCl structure. They observed decreases in grain size as a function of milling time
by using both X-ray diffraction line broadening and TEM measurements. The
intermetalhc compound FeTi also has the CsCl structure. It therefore seems likely
that it also should have the same mechanism of nanocrystalline structure formation
by ball milling.

The differential thermal analysis (DTA) and thermogravimetric analysis (TG) traces
for the MM FeTi alloy after 40 hours milling (Figure 4.3 (b)) are compared with
those for an empty crucible in Figure 4.3 (a). It may be seen that there are some
small exothermic peaks for the MM FeTi alloy above 300 °C, but no weight change
during the heating process from room temperature to 1000 °C in an argon
atmosphere. The results in Figure 4.3 (b) suggest that there is recrystalhsation and
grain growth during the heating process.
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Figure 4.1

X-ray diffraction patterns of the FeTi alloy at different ball milling

times.
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Average grain size of the FeTi phase of the milled FeTi alloy in
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Figure 4 J DTA and TG traces of the empty crucible (a) and MM FeTi alloy after
milling 40 hours (b) at a heating rate of 10 °C min"1.
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4.2.2 FeTi alloy by mechanical alloying

In mechanical alloying the resultant powder develops by the repeated cold welding
and fracture of the powder particles until the final composition of the powders

corresponds to the percentages of the respective constituents in the initial charge.
While the primary application of MA has been the production of oxide dispersion
strengthened alloys, in recent years this technique has been used to make a wide
range of materials including many metastable structures such as amorphous
[35,41,42, 89-101], nanocrystalhne [259-261] and quasicrystalline materials [262].

As shown in Figure 4.4, the X-ray diffraction patterns of the Fe and Ti powders have
an atomic ratio of 1:1 after milling for 0, 10, 20, and 40 hours. The peak of
amorphous FeTi phase appears after nulling for 20 hours. The resultant powders
become a single amorphous FeTi phase after milling for 40 hours. Figure 4.5 shows
the traces of DTA and TG of the MA FeTi alloy after 40 hours of milling It is seen
that there is an amorphous exothermic peak from 436 °C to 576 °C. The
crystallization temperature of the amorphous FeTi alloy is about 464 °C.

Department of Materials Engineering, University of Wollongong, NSW 2522, Australia

Chapter Four

Formation and Electrode Properties of Amorphous and
Nanocrystalline FeTi Alloys

93

F.Fe
T:Ti
*: amorphous FeTi

T
o
F
T

T

o

Oh

CO

c
CD

i • • • • i • • • • i • • • • i • • • • i • • • • i • • • • i • 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

35

40

45

50

55

60

65

70

75

80

1 1 1

85

Degree (20)

Figure 4.4

X-ray diffraction patterns of the Fe and Ti powders after milling for 0,

10,20, and 40 hours.

Chapter Four

Formation and Electrode Properties ofAmorphous and
Nanocrystalline FeTi Alloys

-J

1

1

200

400

1

1

600

1

94

L_

800

Temperature (C°)

Figure 4.5 DTA and TG traces of the Fe and Ti powders after milling 40 hours at a
heating rate of 10 °C min"1.

4.3 Particle distribution and morphologies of FeTi alloys

Figure 4.6 shows the analysis of the particle distribution of (a) the Fe, Ti powd
(b) amorphous FeTi alloy and (c) nanocrystalline FeTi alloy. Before milling, the
and Fe powders were about 8 //m and 70 jum respectively. After milling 40 hours,
the Fe and Ti powders alloyed to form the amorphous FeTi alloy with particle size
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between 2-50 //m. Most of the particles of the amorphous FeTi powders are around

10 /an. The particle size of the nanocrystalline FeTi alloy is in the range of 3-30
Most of particle sizes of the nanocrystalline FeTi powders are about 13 fjm, only a
little larger than that of the MA FeTi powders.
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Figure 4.6

Particle distribution of the (a) Fe and Ti powders, (b) amorphous FeTi

alloy powders and (c) nanocrystalline FeTi alloy powders.
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Table 4.1 lists the specific surface areas of the MA and MM FeTi alloys after mil

40 hours. It is seen that the specific surface area of the MA FeTi alloy is more t

twice that of the MM FeTi alloy although the particle size of MA FeTi alloy is onl
tittle smaller than that of the MM FeTi alloy.

Table 4.1

Specific surface area of M M and M A FeTi alloys

Sample

Specific surface area (n^g*1)

Microstructure

FeTi alloy by M M 40 h

1.18

Nanocrystalline

FeTi alloy by M A 40 h

2.49

Amorphous

The particle size and morphologies of the FeTi alloys can also be determined by
SEM. Figure 4.7 shows the SEM images of the (a) Fe and Ti powders before
milling, (b) after milling 40 hours and (c) FeTi alloy powder after ball milling
hours. The SEM results of the Fe and Ti powders, amorphous FeTi alloys and

nanocrystalline FeTi alloy powders are consistent with the results of the partic

distribution. In Figure 4.7 (a), the small particles are Ti and the large particl
Fe. The MA and MM FeTi alloys have very rough surfaces that should be
favourable for hydrogen absorption.
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Figure 4.7 SEM images of the (a) Fe and Ti powders before milling, (b) after
rnilling 40 hours and (c) FeTi alloy after ball milling 40 hours.

4.4 Effect of small amounts of oxygen on the mechanical
alloying

Figure 4.8 shows the X-ray diffraction pattern of the mechanically alloyed Fe and
powders when there was a small amount of air in the protecting argon atmosphere.

After milling for 100 hours, the peaks of Ti disappear and the peak of Ti02 appears
This means that the most of the Ti powder was oxidized to form amorphous titanium
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oxide. Figure 4.9 shows the DTA and TG traces of the Fe and Ti powders after

nulling 100 hours. The peak 1-2 is the FeTi alloy melting enthalpy and the peak 3-4

is the melting enthalpy of the Fe element. Only a small amount of the Ti appears to
have combined with the Fe to produce the FeTi alloy. During the heating from 45 °C
to 1600 °C, no weight change occurred for the sample. That means no phases
oxidized during the heating. From the EDS spectra of the Fe and Ti powders after

milling 100 hours, it is seen that there is a certain amount of oxygen in the sampl

It can be concluded that oxygen combined with Ti powders to form amorphous
titanium oxide and unoxidized Ti powders reacted with Fe powders to form a small
amount of FeTi alloy. This was too small to be seen in the X-ray pattern. The
results show that small amounts of oxygen present during the mechanical alloying
have a significant effect on the formation of the FeTi alloy.
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Figure 4.8

X-ray diffraction pattern of the mechanical alloying Fe and Ti

powders when there was a small amount of air in the protective argon atmosphere.
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D T A and T G traces of the Fe and Ti powders after ball milling for 100
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4.5 FeTi alloy electrodes

4.5.1 Charge/discharge performance

Based on the electrochemical reversible storage of hydrogen, the hydrogen storag

alloy electrode acts as a rechargeable electrode in an alkaline aqueous solution
charge/discharge reactions which occur during the charging and discharging of a

hydrogen storage alloy electrode (M) in an alkaline electrolytes can be represen
follows:
(i) charge:

M + *H20 + Jce" >MHJt + JcOrT (4.1)

(ii) discharge:

MHx + xOtT »M + xH20 + ;ce~ (4.2)

when x = 1, the £° » -0.828 V vs. standard hydrogen electrode. Equation (4.1)

indicates that on charging, the hydrogen storage alloy (M) will react with H20 a

interface with the electrolyte and the incoming electrons (e") to absorb hydroge
within its structure metal hydride (MH). The hydroxyl ions (OH-) produced are

released to the electrolyte. Equation (4.2) shows the reaction which proceeds on

discharging. The hydrogen charged alloy reacts with hydroxyl ions producing wate
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releasing electrons to the external circuit and becomes depleted of its stored
hydrogen. Each absorbed/desorbed hydrogen atom corresponds to the storage of one
electron. Therefore, the theoretical electrochemical capacity of a metal hydride
electrode may be calculated using Faraday's law:

Cth=xF/(3.6M) (mAhg1) (4.3)

where C,h is the alloy's theoretical electrochemical capacity, x is the number of
hydrogen atoms per alloy unit, F is the Faraday constant and M is the molecular
weight of the alloy. Table 4.1 lists the calculated values of the theoretical
electrochemical capacities of some typical hydrogen storage alloy electrodes.

Table 4.2 Theoretical capacities of LaNisH6, FeTiHi

95

and Mg2NiH4 hydride

electrodes.

Hydride electrode

Theoretical capacity ( m A h g"1)

LaNi 5 H6

372

FeTiHi.95

504

Mg2NiH4

999
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Theoretically, either FeTiHi.95 hydride electrode or Mg2NiH4 hydride electrode has a
much higher electrochemical capacity than that of well known commercialised ABstype hydride electrode. However, there is no literature reporting the FeTi-type
hydrogen storage alloys being used for the negative electrodes of Ni-MH batteries,
and it is known that coarse grained polycrystalline Mg-based hydrogen storage alloys
have very poor discharge capacities as Ni-MH electrodes because of their slow
hydriding/dehydriding kinetics at ambient temperature [7,8,108].

Figure 4.10 shows the galvanostatic discharge curves of the crystalline,
nanocrystalline and amorphous FeTi alloy electrodes at the first charge-discharge
cycle in 6M KOH aqueous solution at 25 °C. The charge cycle was commenced
using a current density of 100 mA per gram of FeTi alloy for 5 hours, then after one
minute rest, the discharge was continued using a current density of 50 mA g" until

the voltage of the negative electrode against the mercury oxide electrode reached -0.
V. The common induction melted crystalline FeTi alloy has an extremely low
discharge capacity of only 3 mAh g"1 which is much less than the capacity obtained
by converting the capacity in the gas-phase reaction into electrochemical units. This
indicates that the crystalline FeTi alloy has very poor electrochemical
hydriding/dehydriding behaviour in the electrolyte, so that the amount of the
electrochemically absorbed hydrogen is much less than that in the gas-phase.

Therefore, it is considered that the common crystalline FeTi alloy is not suitable for
use as a rechargeable anode material in an alkaline solution at room temperature.
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The nanocrystalline FeTi alloy has an improved discharge capacity of 54 mAh g"1 at
the first discharge, which is much higher than that of crystalline FeTi alloy, but is
only around 10 % of the calculated theoretical electrochemical capacity of FeTi
alloy. Because the average grain size of the nanocrystalline FeTi alloy is around 8
nm, the atoms in its grain boundaries could be estimated [141] (also see Chapter 2,
Figure 2.8) and should be about 20 %. Due to the good catalytic activity [109,110]

and electrocatalytic activity [263-265] of nanocrystalline materials, it can be inferre
that the atoms in the grain boundaries of the nanocrystalline FeTi alloy were
electrochemically reacted with hydrogen to form the hydride in the first chargedischarge cycle.

The amorphous FeTi alloy has the highest discharge capacity of 220 mAh g"1 at the
first charge-discharge cycle, even higher than that of the nanocrystalline FeTi alloy.
This is because the amorphous alloys have no long range ordering, their surfaces are
much richer in low-coordination sites and defects which play important roles in the
catalytic activity of materials [266].

The galvanostatic charge-discharge curves of the amorphous FeTi alloy electrode on
the first cycle are shown in Figure 4.11. The charge curve is a typical charge curve
of the FeTi alloy in which the charge voltage goes up quickly. For the amorphous
FeTi alloy, its charge voltage goes up to the maximum after charging for about 30
minutes at a charge current density of 100 mA g"1. During the discharge process, the
discharge curve has a plateau region at around -0.87 V vs. Hg-HgO electrode.
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Figure 4.10

Galvanostatic discharge curves of the crystalline, nanocrystalline and

amorphous FeTi alloy electrodes at first charge-discharge cycle in 6M KOH aqueous
solution at 25 °C.
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Figure 4.11

Charge-discharge curves of the amorphous FeTi alloy electrode on the

first cycle in 6M KOH aqueous solution at 25 °C. The amorphous FeTi alloy was
obtained by ball milling Fe, Ti powders for 40 hours.
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Figure 4.12 shows the charge-discharge curves of the amorphous FeTi alloy

electrode from the first to the tenth cycles at a discharge current density of 50 mA g"
\ It can be seen that the discharge capacity of the amorphous FeTi alloy electrode
decreases quickly with increasing cycle number, the discharge plateau region
becomes small and the mean discharge potential is gradually reduced.

4.5.2 Cycle lives of the FeTi alloy electrodes

Figure 4.13 shows the discharge capacities of the crystalline, nanocrystalline and
amorphous FeTi alloy electrodes after repeated charge-discharge cycles at a
discharge current density of 50 mA g"1. After 20 cycles, the discharge capacity of the
crystalline FeTi alloy is still very poor, which means that repeated chargingdischarging did not alter the electrochemical hydriding/dehydriding kinetics of the
alloy in the alkaline solution. After 20 cycles, the discharge capacity of the
nanocrystalline FeTi alloy shows almost no change, although it is not very high.
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Figure 4.12

Discharge curves of the amorphous FeTi alloy electrode onfirstto

tenth cycles.
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Figure 4.13

Discharge capacities of the crystalline, nanocrystalline and amorphous

FeTi alloy electrodes after repeated charge-discharge cycles at a discharge current
density of 50 mA g"1 at 25 °C.
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Generally, the most commonly used ABs-type alloys hydrogen storage alloy
electrodes reach their maximum values of discharge capacity after a certain number
of charge-discharge cycles [20,267-272]. By contrast, the amorphous FeTi alloy
achieves its highest discharge capacity of 220 mAh g"1 on the first charge-discharge
cycle because the amorphous alloy has high electrocatalytic activity [273]. This
discharge capacity is comparable with the capacities of commercial alloys.
Unfortunately, due to the oxidation of the amorphous FeTi alloy in the alkaline
solution, its discharge capacity decreases rapidly with increasing the chargedischarge cycles, but it still has a discharge capacity of 78 mAh g"1 at the twentieth
cycle.

4.6 Conclusions

In this chapter, the formation of nanocrystalline and amorphous FeTi alloys were
investigated, and the charge-discharge properties of the nanocrystalline and
amorphous FeTi alloys were explored in 6M KOH aqueous solution at room
temperature. It can be concluded that:

• Nanocrystalline and amorphous FeTi alloys can be obtained by ball milling
using a planetary ball mill with an argon atmosphere.

• FeTi alloy after mechanical milling 40 hours became nanostructured powders
with an average grain size of about 8 nm, a particle size of about 13 /mi and a
Department of Materials Engineering, University of Wollongong, NSW 2522, Australia

Chapter Four

Formation and Electrode Properties of Amorphous
Nanocrystalline FeTi Alloys

and
112

specific surface area of 1.18 m2g_1- Fe and Ti powders after mechanical
alloying for 40 hours became amorphous powders with a particle size of about
10 fjm and a specific surface area of 2.49 mV1- Small amounts of oxygen
present during the mechanical alloying process have a significant effect on the
formation of the FeTi alloy.

• The induction melted crystalline FeTi alloy has an extremely low discharge
capacity of only 3 mAh g"1 at a discharge current density of 50 mA g"1, which
is negligibly small compared with its theoretical discharge capacity.
Therefore, the common crystalline FeTi alloy is not suitable for use as a
rechargeable anode material in an alkaline solution at room temperature.

• The nanocrystalline FeTi alloy has an improved discharge capacity of 54 mAh
g"1 on the first discharge, which is much higher than that of crystalline FeTi
alloy, but is only around 10 % of the calculated theoretical electrochemical
capacity of the FeTi alloy. Due to its good discharge capacity during the first
twenty cycles, it may be possible to improve the electrochemical discharge
capacity of FeTi-type alloy with good cycle life by achieving a nanocrystalline
structure.

• Unlike commercial ABs-type hydrogen storage alloy electrodes, the amorphous
FeTi alloy achieves its highest discharge capacity of 220 mAh g on the first
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charge-discharge cycle at a discharge current density of 50 mA g"1. This
discharge capacity is comparable with the capacities of commercial alloys.
Although the discharge capacity of the amorphous FeTi alloy decreases rapidly
on further charge-discharge cycles, it still has a discharge capacity of 78 mAh
g" on the twentieth cycle. Thus, ball milling is an effective method for the
FeTi-type alloy to achieve high discharge capacity as an anode material in the
Ni-MH battery.
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CHAPTER 5 Mg-Ni ALLOY ELECTRODES

PREPARED BY SINTERING AND SUBSEQUEN
BALL MILLING WITH NICKEL POWDERS

5.1 Introduction

Mg-based hydrogen storage alloys possess very high hydrogen absorption capacity.
Magnesium is also abundant in nature, tight in weight and low in cost. As a result,
Mg2Ni-type hydrogen storage alloys are promising energy conversion and storage
materials. For a long period, it has been thought that Mg2Ni-type hydrogen storage
alloys, unlike LaNis-type hydrogen storage alloys, were unsuitable for Ni-MH
negative electrodes because of their slow hydriding/dehydriding kinetics at ambient

temperature and their oxidation in alkaline solution. In recent years, some research
work on the properties of Mg2Ni-type alloys has shown that they are promising
materials for increasing the negative electrode capacity of Ni-MH batteries. The
theoretical discharge capacity of Mg2Ni alloy is approximately 1000 mAh/g, much
higher than that of the main commercial LaNis alloy (which has a capacity of only
about 370 mAh/g).
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The addition of other elements can increase the discharge capacities of M g 2 N i
electrodes. Cui and co-workers reported a discharge capacity of 150 mAh/g for
Mgi.9Alo.iNio.9Yo.i alloy [7,274] and 90 mAh/g for MgLgTio.2Nio.75Feo.25 alloy [275]
compared with only 8 mAh/g for Mg2Ni alloy at a discharge current density of 5
mA/g. Microencapsulation of Mg2Ni-type alloys by metal and alloy coatings can
also improve the electrode performance. Luo and Cui [276] increased the discharge
capacity of Mg1.9Alo.1Nio.9Y0.! alloy to about 175, 200 and 230 mAh/g at a current
density of 10 mA/g by microencapsulation with Ni-B, Ni-P, and Ni-Pd-P
respectively. The discharge capacity of the bare Mg1.9Alo.1Nio.9Y0.! alloy was only
140 mAh/g at the same discharge current density.

Lei et al. obtained improved discharge capacities of around 500 mAh/g for Mg-Ni
alloys prepared by mechanical alloying (MA) at a current density of 20 mA/g
[14,277]. Iwakura et al. [15] have also improved the discharge capacity of MA Mgbased alloy with graphite surface modification by ball milling (BM). After ball
milting Mg2Ni alloys with Ni powders, Kohno et al. have obtained large discharge
capacities at a discharge current density of 20 mA/g [16,278]. A
MgL9Alo.iNio.8Co0.iMno.i alloy was fabricated by ball milling with Ni powder and
good discharge capacity was obtained at a discharge current density of 50 mAh/g

[17].
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Mechanical alloying and milling appear to be effective ways to achieve very high
discharge capacities for Mg-based hydrogen storage alloys. The preparation

processes of mechanical alloying and/or milling are very flexible, allowing differe

preparation conditions to affect the alloy structure and electrode properties. In t
chapter, I have tried to find a relationship between some of these factors and the

properties of the Mg-Ni alloy electrodes prepared by ball milling the sintered Mg2Ni
alloys with Ni powders.

5.2 Effect of sintering process on properties of Mg-Ni alloy
electrodes

5.2.1 Structures of sintered Mg2Ni alloys before and after ball
milling

The Mg2Ni alloys were prepared by sintering Mg and Ni powders in their required
proportions under an argon atmosphere at 700 °C for 10 hours (alloy I) and 700 °C
for 10 hours plus 900 °C for 0.5 hours (alloy H). Table 5.1 lists the sintering
processes for two Mg2Ni alloy samples.

The X-ray diffraction patterns of Mg2Ni alloys I and II are shown in Figure 5.1. The
Mg2Ni alloy I has a single Mg2Ni phase but the alloy II has mainly Mg2Ni phase and
a small amount of an unknown phase. This is probably due to the high temperature
Department of Materials Engineering, University of Wollongong, NSW 2522, Australia
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of 900 °C used in the sintering of alloy H, resulting in the vaporisation of a small
amount of magnesium. Figure 5.2 shows the X-ray diffraction patterns of Mg2Ni

alloys I and II after ball milling with Ni powders in a molar ratio of 1:1 for 50 a
hours at 150 rpm, respectively. The ratio of ball to sample weight was 30:1. Mg2Ni
alloy H after ball milting with Ni powder for 60 h has mainly an amorphous structure
while Mg2Ni alloy I after ball milting with Ni powder for 50 h still shows some Ni

phase. This suggests that the longer the ball milling time, the more amorphous phase
will be formed. In order to obtain a completely amorphous structure of Mg-Ni alloy
prepared by ball milling Mg2Ni with Ni powders using a planetary ball mill, the ball
milling time should be more than 60 hours. Figure 5.3 shows the TEM image and

corresponding electron diffraction pattern of Mg2Ni alloy II after ball milling whic
are typical amorphous morphology and diffraction patterns. In Figure 5.3 (a), a
marker indicates a particle which has amorphous structure.

Table 5.1

Sintering processes of two M g 2 N i alloy samples.

Sample name

Sintering conditions

M g 2 N i alloy I

700 °C for 10 hours

M g 2 N i alloy II

700 °C for 10 hours plus 900 °C for 0.5 hours
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Figure 5.1

X-ray diffraction patterns of sintered Mg 2 Ni alloys.
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Figure 5.2

X-ray diffraction patterns of sintered M g 2 N i alloys after ball milling

with Ni powders.
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Figure 5.3

(a) T E M micrograph and (b) corresponding electron oliffraction of

M g 2 N i alloy II after ball milting for 60 hours.
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5.2.2 Discharge capacities of ball milled sintering M g - N i alloy
electrodes
After ball milling, the most important change in the high discharge capacity Mgbased alloys is that they have completely or mainly amorphous structures. This has
been demonstrated by X-ray diffraction analysis [14,16,17,77,277-286], electron
diffraction and transmission electron microscopy [16,77,280-282,284,285]. After
ball milling the Mg-based hydrogen storage alloys with Ni powders
[16,278,281,282,284-286], the composition has the formula MgNi because the
reaction during the ball milling process can be expressed by the equation:

Mg2Ni+Ni > 2MgNi (5.1)

Thus, all the discharge capacities of the hydrogen storage alloys in this thesis we
calculated based on the total weight of the alloys (Mg2Ni+Ni), rather than only the
Mg2Ni.

The discharge capacities as a function of cycle number for the Mg2Ni alloy I, Mg2Ni
alloy II, Mg2Ni alloy I after BM for 50 h and Mg2Ni alloy II after BM for 60 h are
presented in Figure 5.4. At a discharge current density of 50 mA/g, the initial

discharge capacity of BM alloy I (273 mAh/g) is larger than that of BM alloy II (209

mAh/g). Both discharge capacities are much larger than that of the crystalline Mg2Ni
alloy I (about 18 mAh/g) and Mg2Ni alloy II (about 15 mAh/g). These results
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suggest that ball milling is a very powerful method for Mg-based alloy electrodes to

achieve high discharge capacities. For sintered Mg2Ni alloys it is better to select t
lower sintering temperature for achieving high discharge capacities. Even at a much
larger discharge current density of 50 mA/g, the initial discharge capacity of the
Mg2Ni alloy I ball-milled with Ni powder is still larger than that of the previously
reported bare Mg-based alloys [7,274,275], Mg2Ni-10wt.%Ti2Ni composite [275]
and microencapsulated Mg1.9Alo.1Nio.9Yo.! alloys [276]. It is known that amorphous
alloys have excellent catalytic and electrocatalytic activity [11,273]. Thus the
amorphous structure of Mg-based alloy is a key factor to achieve a large discharge
capacity.

5.3 Effects of ball milling time on discharge capacity

In order to know the effects of the ball milling time on the discharge capacities of
Mg-Ni alloys, the Mg2Ni alloy II was chosen for long time ball milling with nickel.
The discharge capacities of alloy II after BM for 60 h, 120 h and 240 h with Ni
powders are shown in Figure 5.5 as a function of cycle number at a ratio of ball to
sample weight of 30:1. The discharge capacities of the samples after BM for 60 h
and 120 h are almost identical (initial discharge capacity of the sample ball-milled
120 h was 213 mAh/g). The discharge capacity after BM 240 h is higher than that of
the other two samples. Figure 5.6 shows the X-ray diffraction patterns of alloy II

after ball milling for 0 h, 60 h, 120 h and 240 h. After ball milting for 60 hours, i
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was seen from Figure 5.3 that the structure of Mg2Ni alloy II is already mainly
amorphous. After additional milling, the alloy structures after BM 120 h and BM
240 h were not obviously altered, but the discharge capacity of the BM 240 h alloy
was higher than that of the others (its initial discharge capacity was about 271
mAh/g). This could be due to the amorphous structure of the sample ball milled for
240 h alloy becoming more uniform with the additional ball milling and the quantity
of amorphous phase increasing.

5.4 Effects of ratio of ball to sample weight during ball
milling
One of the most important parameters in the BM process is the ratio of the ball to
sample weight. Figure 5.7 shows the discharge curves of Mg2Ni alloy II after BM for
60 hours for ratios of ball to sample weight of 30:1 and 100:1. The 100:1 sample has

a larger initial discharge capacity of 303 mAh/g and longer cycle life (the discharg
capacity is ca. 126 mAh/g at the 6th cycle). The discharge capacity is much higher
than the initial discharge capacity of the corresponding sample where the ratio was

30:1 (209 mAh/g). This probably means that the higher ratio of ball to sample results
in faster milling, so that a uniform amorphous structure is achieved more quickly.

In summary, all the ball milled Mg2Ni alloy electrodes studied have shown improved
initial discharge capacity but they degrade quickly upon cycling even when an
amorphous structure is achieved. It was known that alloy degradation can be reduced
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by adding other elements [17, 278]. A combination of elemental addition and ball
milling appears to offer the prospect of further improvement in electrode
performance.
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Figure 5.4

Discharge capacities of the M g 2 N i alloy I, M g 2 N i alloy II, M g 2 N i

alloy I after BM for 50 h and Mg2Ni alloy II after BM for 60 h electrodes after
repeated charge-discharge cycles at a discharge current density of 50 m A g"-I at 25 C.
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Figure 5.5

Discharge capacities as a function of cycle number for M g 2 N i alloy II

ball milled with Ni powder for 60 h, 120 h and 240 h. The ratio of ball to sample
weight was 30:1.
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Figure 5.6

X-ray diffraction patterns of the M g 2 N i alloy H after ball milling time

for: 0 h; 60 h; 120 h; and 240 h.
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Discharge curves of M g 2 N i alloy II after ball milling for 60 hours at a

ratio of ball to sample weight of 30:1 and 100:1.
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5.5 Discharge performance of ball milled Mg-Ni alloys

Figure 5.8 shows galvanostatic discharge curves of the Mg2Ni alloy II electrodes at
first to fourth cycles in 6M KOH aqueous solution at 25 °C. The charge current

density is 100 mA/g, the discharge current density is 50 mA/g. At the first discharge
process, the discharge curve has a plateau region at around -0.80 V vs. Hg-HgO

electrode. During the four discharge cycles, the potential plateau regions have almos
same value even though the discharge capacities decrease rapidly.

The galvanostatic discharge curves of the Mg2Ni alloy II electrodes after 60 h, 120 h
and 240 h at first discharge cycle are shown in Figure 5.9. It can be seen that the

potential plateau regions of the Mg2Ni alloy II electrodes after 60 h and 120 h are t
same value, but the potential plateau regions of the Mg2Ni alloy II electrodes after
240 h increase. Figure 5.10 shows the galvanostatic discharge curves of the

electrodes of the Mg2Ni alloy II after BM for 60 h for ratios of ball to sample weigh
of 30:1 and 100:1. Increasing the ratios of ball to sample weight results in the
increase of the potential plateau regions of the Mg2Ni alloy II electrode. Because a

plateau of the potential in the discharge process of a hydrogen storage alloy is bas
on the oxidation of absorbed hydrogen [280], both increasing the ball milling time

and the ratios of ball to sample weight in fabricating the Mg-Ni alloy electrodes can
increase their electrochemical equilibrium pressure of hydrogen.
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Figure 5.8

Galvanostatic discharge curves of the B M M g 2 N i alloy II electrodes at

first to fourth cycles in 6M KOH aqueous solution at 25 °C. The charge current
density is 100 mA/g; the discharge current density is 50 mA/g. The ball to sample
30:1.
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Figure 5.9

Galvanostatic discharge curves of the M g 2 N i alloy II electrodes after

ball milling for 60 h, 120 h and 240 h at first discharge cycle in 6M KOH aqueous
solution at 25 °C.
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Galvanostatic discharge curves of the electrodes of the M g 2 N i alloy II

after BM for 60 h at the ratios of ball to sample weight of 30:1 and 100:1.
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5.6 Conclusions

The Mg-Ni hydrogen storage alloy electrodes described in this chapter were
manufactured by sintering and subsequent ball milling with Ni powders using a

planetary ball mill and their electrode properties as a rechargeable anode electrode
the Ni-MH battery were investigated at room temperature. The conclusions are:

• Crystalline Mg2Ni alloys can be prepared by sintering Mg and Ni powders in
their required proportions under an argon atmosphere. The sintered crystalline
Mg2Ni alloys have extremely low discharge capacities of only 15 or 18 mAh g"
at a discharge current density of 50 mA g"1, which is negligibly small in
comparison with their theoretical discharge capacity. Thus, the common
crystalline Mg2Ni alloy is not suitable for use as a rechargeable anode material
in an alkaline solution at room temperature.

• Although conventional metallurgical techniques can be used to manufacture
Mg2Ni alloy electrodes, ball milling improves the discharge capacities of the
electrodes significantly. For sintered Mg2Ni alloys followed by ball milling
with Ni powders, it is better to select the lower sintering temperature for
achieving high discharge capacities of the Mg-Ni alloys.

Chapter Five Mg-Ni alloy Electrodes Prepared by Sintering and Subsequent Ball
Milling with Ni Powders
133

• All the ball milled Mg-Ni alloy electrodes studied have completely or mainly
amorphous structures, showing very high initial discharge capacity compared
with their crystalline counterparts. The amorphous structure is a key factor in
order to obtain high initial discharge capacities for Mg-Ni alloy electrodes.

• In the ball milling process using a planetary ball mill, the ball milling
parameters have significant effects on the discharge capacities of the Mg-Ni
alloy electrodes. Increasing the ball milling time and the ratio of ball to sample
weight are effective methods to further improve the discharge capacity for MgNi alloy electrodes.
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EFFECT OF Co ADDITION ON

Mg-Ni ALLOY ELECTRODES PREPARED BY
SINTERING FOLLOWED BY BALL MILLING

6.1 Introduction

Cobalt is a very important element in metal hydride electrodes. Early in 1973, Van

Mai et al. [288] reported that the partial substitution of cobalt for nickel result
considerable reduction of the volume expansion on hydrogen absorption. In 1984,
Willems [18] examined the LaNis.^Co* system in order to confirm a hypothesis that a
reduction of the lattice expansion during hydriding should lead to a more stable
hydride electrode. Sakai and co-workers [267] found that the decrepitation rate
decreased with decreasing Vickers hardness in the order of M = Mn > Cu > Cr > Al >
Co for LaNi5.xMx, therefore increasing the cycle life of the alloys. With increasing
cobalt content in MmNu.^xCoxAlo.s the cycle life of the electrodes was much
improved [289].
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The Co addition in a battery can also increase its cycle life. Ogama et al. [290] test
MmNi4.3-xCoxAlo.3Mno.4 in a sealed cell and found that the cycle life of the battery
was improved by increasing the cobalt content, developing a practical alloy
MmNi3.55Coo.75Alo.3Mno.4. Cobalt seems to be indispensable in commercial alloys of
the ABs-type hydride electrode, because with only a partial substitution of nickel by
cobalt, the cycling stability can be improved to a competitive level in comparison
with other types of batteries.

In order to improve the cycling stability of ball milled Mg-Ni alloy electrodes, the
effect of Co addition on BM Mg-Ni alloy hydride electrodes was investigated. The
Mg-Ni-Co alloy hydride electrodes were prepared in two different ways: 1) by ball
milling the Mg2Ni alloy prepared by sintering a mixture of Mg and Ni powders with
Ni or Co powders; and 2) by ball milling Mg2Nio.6Coo.4 alloy prepared by sintering a
mixture of Mg, Ni and Co powders with Ni powders. The results show that as a
negative electrode, a Mg2Ni0.6Co0.4 alloy ball-milled with Ni powders for 60 hours
possesses the highest discharge capacity. Its initial discharge capacity is 327 mAh g
at a discharge current density of 50 mA g"1, while the Mg2Ni alloy ball-milled with
Ni powders has an initial discharge capacity of 303 mAh g"1. Both of these initial
discharge capacities are much higher than that of the Mg2Ni alloy ball-milled with
Co powders, which has an initial discharge capacity of only 219 mAh g" .
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6.2 Preparation and structure of the alloys

Following the experimental results in chapter 5, to achieve high discharge capacitie

lower sintering temperatures and higher ratios of ball to sample weight were applied
in these experiments.

The Mg, Ni and Co powders in their required proportions were well mixed and
pressed into pellets at a pressure of 5xl03 kgf cm"2. The pellets were sintered in a
tube furnace under an argon atmosphere at 620 °C for 9 hours to obtain the Mg2Ni
and Mg2Ni0.6Co0.4 alloys. To obtain more active alloy powders, 1 mole of sintered
Mg2Ni alloy was mixed and ball-milled with 1 mole of Ni or Co powder for various
periods of time at 150 rpm in an argon atmosphere. The weight ratio of ball to
sample was 100:1. One mole of sintered Mg2Nin.6Coo.4 alloy was also mixed and
ball-milled with one mole of Ni powder under the same conditions.

The alloys used in this chapter are: (1) sintered Mg2Ni alloy; (2) sintered Mg2Ni all
ball-milled with Ni powder for 60 hours (MgNi); (3) sintered Mg2Ni ball-milled with
Co powder for 60 hours (Mg2NiCo-60); (4) sintered Mg2Nio.6Coo.4 alloy ball-milled
with Ni powder for 60 hours (Mg2Nii.6Coo.4); and (5) sintered Mg2Ni alloy ballmilled with Co powder for 120 hours (Mg2NiCo-120). The X-ray diffraction patterns

of the alloys are shown in Figure 6.1. The pattern (a) is the X-ray diffraction patt
of a sintered Mg2Ni alloy indicating that a crystalline Mg2Ni phase was formed. All
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the X-ray diffraction patterns of (b), (c), (d) and (e) show that the

the alloys were completely amorphous. This was also confirmed by the DT

illustrated in the following section. Thus, the alloying reactions occu
ball milting processes may be represented by the equations:

Mg^i + Ni > 2MgNi (amorphous) (6.1)

Mg2Ni + Co—-> Mg2NiCo (amorphous) (6.2)

Mg2Nio.6Coo.4 + Ni > Mg2Nii.6Co0.4 (amorphous) (6.3)

and the longer time of ball milling (120 hours) does not alter the stru
Mg2Ni alloy ball-milled with Co powder for 60 hours.

6.3 Differential thermal analysis

Amorphous alloys are in a non-equilibrium state and possess high intern

Therefore, amorphous alloys will release energy to change to a more sta

when they are being heated. The thermal stability of the milled amorpho

is similar to the results reported for melt-spun and slowly cooled samp
comparable composition [36,291-295]. Figure 6.2 shows the differential

analysis (DTA) traces of (a) the ball milled MgNi, (b) Mg2NiCo-60 and (

Mg2NiCo-120 alloys. The differential gravity analysis (TG) traces of th
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show straight lines that indicate that there are no chemical reactions during the

heating process. The TG results are same as the FeTi alloys in Chapter 4 (see Section
4.2). But, the DTA trace of the MgNi alloy has two obvious exothermic
crystallisation peaks around 337 °C and 446 °C. These peaks correspond to the
crystallising reaction to Mg2Ni and MgNi2 phase, respectively [226,296]. The
Mg2NiCo-60 alloy has two exothermic crystallisation peaks around 393 °C and 475
°C corresponding to the Mg2Ni-type and MgNi2-type phases, which means Co
substitution increases the two crystallisation temperatures about 50 °C. The two
crystallisation temperatures for Mg2NiCo-120 alloy were decreased to 375 °C and

456 °C, which means its stability decreased. It seems that there is a very small peak
(around 330 °C) in the DTA trace of Mg2NiCo-120 alloy before their crystallisation
temperatures, which may correspond to the structure release of amorphous Mg2NiCo120 alloy, resulting from the longer time milling.

Recently, Ikeda et al. [297] reported the formation and crystallisation of amorphous
MgNii-xT* (T = Co and Cu) in a position range of x = 0-0.5 prepared by mechanical
alloying. By means of measuring the resultants of some MgNii.xT^ alloys after DTA
measurement, they confirmed that the crystallisation of the MgNii-jT* alloys
proceeds in two steps, forming the Mg2Ni-type and MgNi2-type phases. The
crystallisation temperatures increase/decrease by Co/Cu substitution. Also, the
enthalpies of the amorphous alloy formation of the alloys are tittle changed by
substitution. The P-C isotherms indicate that the hydrogen-site energies become
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partially unstable with substitution.

Above all, the DTA results indicate that the addition of Co increases the stability
amorphous Mg-based alloys. Increasing the BM time therefore can decrease the
stability of amorphous Mg-based alloys.

6.4 SEM morphologies and X-ray mapping analysis

Figure 6.3 shows the SEM micrographs of (a) the Mg2Nii.6Coo.4 and (b) Mg2NiCo-60
alloys. We can see that both Mg2Nii.6Co0.4 and Mg2NiCo-60 have very similar
surfaces and particle sizes, around 3~10 \\m similar to the nanocrystalline and
amorphous FeTi hydrogen storage alloys prepared by ball milling [174].

The X-ray mapping analysis of all the ball-milled alloys indicates that they posses
uniform compositions on their surface. Figure 6.4 is an example which shows the Xray mapping of the Mg2NiCo-60 alloy. Figure 6.4, (a) shows the morphology of
Mg2NiCo-60 alloy by SEM while Figures 6.4 (b), (c) and (d) are X-ray maps in the
same field of Mg, Co and Ni, respectively. The Mg, Co and Ni concentrations in
Mg2NiCo-60 alloy are fairly evenly distributed.
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Figure 6.1

X R D patterns of the sintered M g 2 N i alloy (a), sintered M g 2 N i alloy

ball-milled with Ni powders for 60 hours (b), sintered Mg2Ni ball-milled with Co
powders for 60 hours (c), sintered Mg2Nio.6Coo.4 alloy ball-milled with Ni powders
for 60 hours (d) and sintered Mg2Ni alloy ball-milled with Co powders for 120 hours
(e).
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Figure 6.2

D T A traces of (a) the ball milled M g N i , (b) Mg 2 NiCo-60 and (c)

Mg2NiCo-120 alloys at a heating rate of 10 °C nun"1 under the protection of a pure
argon atmosphere.
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(a)

(b)

Figure 6.3

S E M micrographs of (a) ball milled Mg2Nii.6Co0.4 alloy and (b)

Mg 2 NiCo-60 alloy.
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S E M morphology of Mg 2 NiCo-60 alloy (a) and X-ray mapping of M g

(b), Co (c) and Ni (d) of Mg2NiCo-60 alloy in the same field, respectively.
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6.5 Electrochemical discharge ability of the alloys

Figure 6.5 shows the discharge capacities of (a) Mg2Ni, (b) Mg2Nio.6Coo.4, (c)
Mg2NiCo-60, (d) MgNi and (e) Mg2Nii.6Co0.4 after repeated charge-discharge cycles
at 25 °C. The discharge capacities of the sintered Mg2Ni and Mg2Nio.6Coo.4 alloys
are very poor (around 19 mAh/g and 20 mAh/g, respectively). The cobalt addition
does not alter the discharge capacity of sintered Mg-Ni alloys. This could be

attributed to their poor electrochemical hydriding/dehydriding behaviour in alkal
solution, resulting from the incompleted hydriding reaction and oxidation of Mgbased alloys. However, all the alloys after ball milling for 60 hours with Ni, Co
powders achieved very high discharge capacities compared with crystalline Mg2Ni

and Mg2Nin.6Con.4 alloys. The capacities were also much higher than other Mg-based

alloys prepared by the addition of other elements [7] or microencapsulated by met
and alloy coatings [276]. These high discharge capacities are ascribed to the
amorphous structure of the ball-milled alloys.

The Mg2Nio.6Co0.4 alloy ball-milled with Ni powders (Mg2Nii.6Coo.4) possessed the

highest discharge capacity: its initial discharge capacity was 327 mAh g" which w
higher than that of Mg2Ni alloy ball-milled with Ni powder (MgNi) which had an
initial discharge capacity of 303 mAh g"1. It also has improved cycle life in
comparison with the amorphous MgNi alloy. This might have been due to the
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addition and homogeneous distribution of cobalt. Both of their initial discharge
capacities were much higher than that of the Mg2Ni alloy ball milled with Co
powders (Mg2NiCo), which had an initial discharge capacity of only 219 mAh g'1.
However, the Mg2NiCo alloy also exhibits better cycle life. Thus the higher Co
addition in the amorphous Mg-Ni alloy results in a lower initial discharge capacity
but better cycle life.

The effect of BM time on the discharge capacity of the Mg2NiCo alloy is shown in
Figure 6.6. After BM for 120 hours, the initial discharge capacity of the Mg2NiCo120 alloy is 260 mAh g"1, much higher than that of the alloy after BM for 60 hours
which is only 219 mAh g"1. This is because the Mg2NiCo-120 alloy has higher

surface energy which results in a higher electrocatalytic activity. However, at abo

the sixth cycle, the discharge capacities of both alloys are nearly the same; after
the seventh cycle, discharge capacities of the Mg2NiCo-120 alloy decrease slightly
faster. This is probably due to the high internal energy of the Mg2NiCo-120 alloy
resulting in a high corrosion rate in the alkaline solution.

Figure 6.7 shows the discharge curves of amorphous MgNi, Mg2NiCo-60, Mg2NiCo120 and Mg2Nii.6Co0.4 alloys at the first charge-discharge cycle. They have almost

same plateau regions at around -0.79 V vs. Hg/HgO electrode, but their capacities a
very different: MgNi alloy, 303 mAh g"1; Mg2NiCo-60, 219 mAh g1; Mg2NiCo-120,
260 mAh g"1; and Mg2Nii.6Co0.4, 327 mA g"1.
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Discharge capacities of (a) M g 2 N i , (b) Mg2Nin.6Co0.4, (c) Mg 2 NiCo-

60, (d) MgNi and (e) Mg2Nii.6Coo.4 after repeated charge-discharge cycles.
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Conclusions

An investigation of the effect of Co additions on ball milled amorphous Mg-Ni alloy
hydride electrodes is described in this chapter. The Mg-Ni-Co alloy hydride
electrodes were prepared in two different ways: 1) by ball milling the Mg2Ni alloy
prepared by sintering a mixture of Mg and Ni powders with Ni or Co powders; and 2)
by ball milling Mg2Ni0.6Co0.4 alloy prepared by sintering a mixture of Mg, Ni and Co
powders with Ni powders. It can be concluded that:

• The sintered Mg2Ni alloy ball-milled with Ni or Co powders in a molar ratio of
1:1 for extended times can achieve an amorphous structure. The sintered
Mg2Nio.6Coo.4 alloy ball-milled with Ni powders for 60 hours can also achieve
an amorphous structure. In both methods, homogenous amorphous Mg-Ni-Co
alloys can be obtained by ball milling.

• The discharge capacity of the sintered crystalline Mg2Nio.6Coo.4 alloy is still
very poor (20 mAh/g), demonstrating that this alloy is not suitable for use as a
rechargeable anode material in an alkaline solution at room temperature. The
cobalt addition does not alter the discharge capacity of sintered Mg-Ni alloys.
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• All the ball milled alloy electrodes studied have shown improved initial
discharge capacity but they degrade quickly upon cycling. The amorphous
structure of Mg-Ni-Co alloys is also a key factor in obtaining high initial
discharge capacities. The addition of a small amount of Co to amorphous
MgNi alloys can increase their initial discharge capacities and increase their
cycle lives. Increasing the Co addition in the amorphous Mg-Ni alloy results in
a lower initial discharge capacity but a slightly better cycle life.

• Like ball milled amorphous Mg-Ni alloys, increasing the ball milling time is an
effective method of obtaining further improvements in the initial discharge
capacities of amorphous Mg-Ni-Co alloys.
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SYNTHESIS AND ELECTRODE

PROPERTIES OF NON-STOICHIOMETRIC
AMORPHOUS Mg-BASED ALLOYS MADE BY
BALL MILLING

7.1 Introduction

In recent years, it has been shown that the most effective way for Mg-based hydrogen
storage alloy electrodes to achieve high discharge capacities is by mechanical
alloying (MA) [14,277,279,280]: Mg + Ni > MgNi and mechanical milling
(MM) the Mg-based hydrogen storage alloys with Ni powders [16,17,77,278,281283].

After mechanical milting, the most important change in the high discharge capacity
Mg-based alloys is that they have completely or mainly amorphous structures. This
has been demonstrated by X-ray diffraction (XRD) analysis [14,16,17,77,277-286],
electron diffraction and transmission electron microscopy (TEM) [16,77,280-282,
284,285]. After ball milling the Mg-based hydrogen storage alloys with Ni powders
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[16,278,281,282], the composition has the formula MgNi because the reaction during
the ball nulling process may be expressed by the equation: Mg2Ni+Ni > 2MgNi.

There are many possibilities, for example, the Mg could be replaced by Al [17,278],
Ti [283], Zr [283] or V [280] and Ni could be substituted by one or more elements,

such as Co, Mn, Si, Cu, Ti, Zn, Fe, Zr and so on [14,17,277,279]. All the results s
far have proved that the amorphous structure of Mg-based alloys is a key factor in
achieving a large discharge capacity [14,16,17,77,277-285].

For the crystalline hydrogen storage alloys, it is well known that their stoichiom

is the most important factor in order to achieve high storage capacity. That is why

the hydrogen storage alloys usually are classified into four types: AB5 (eg, LaNi5),
AB2 (eg, ZrMn2), AB (eg, TiFe) and A2B (eg, Mg2Ni). The alloy components A and
B can be substituted by many other elements.

In this chapter, nanocrystalline Mg2Ni, amorphous MgNi, non-stoichiometric
amorphous Mg-Ni and Mg-Ni-V alloys were fabricated by ball milting the crystalline
Mg2Ni alloy either with or without Ni and/or V powders. All the non-stoichiometric
Mg-based alloys have amorphous structures, resulting in Mg-based alloy electrodes
with very high discharge capacities by comparison with crystalline Mg2Ni alloys.

These results describe a novel method of achieving better Mg-based alloys electrod

with high discharge capacities and improved cycle life. The method enables a larger
composition range to be achieved with a range of different elemental additions.
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7.2 Nanocrystalline M g 2 N i alloy

Ball milting was performed with a Fritsch (P5) planetary ball mill. The weight rati
of ball to sample was 30:1. The induction melted (IM) Mg2Ni alloy was supplied by
Santoku Metal Industry Co., Japan. To obtain more active alloy powders rapidly, a
higher ball milting speed was applied. The IM Mg2Ni alloy was mixed and ballmilled with Ni and V powders for a period of 70 hours at 200 rpm in an argon
atmosphere. For the preparation of nanocrystalline Mg2Ni, the IM Mg2Ni alloy was
ball-milled for a period of 70 hours at 200 rpm in an argon atmosphere. The alloy
compositions are listed in Table 7.1.

Figure 7.1 shows the XRD patterns of the IM Mg2Ni and ball milled Mg2Ni alloys.
The IM Mg2Ni alloy is composed of a single Mg2Ni phase. After mechanical milling
for 70 hours, the structure of IM Mg2Ni alloy became nanostructured with an average
grain size of 13 nm. Its average grain size d was estimated by using the Scherrer

equation [257]: d = 0.89/l/(y# cos0), where A is the X-ray wavelength, {$ is the pea
width at half height and 6 is the position of the selected Bragg angle.

The IM Mg2Ni alloy was crushed into powder and mixed with Ni powder in the
weight ratio of 1:1 to make electrodes. All the ball milled Mg-Ni based alloy

powders used were also mixed with Ni powder in the weight ratio of 1:1 for electrode
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preparation. The charge cycle was commenced using a current density of 100 mA

per gram of hydrogen storage alloy for 10 hours. Then, after a one-minute rest, the

discharge was continued using a current density of 50 mA/g until the voltage of the
negative electrode against the mercury oxide electrode reached -0.6 V.

Table 7.1

The compositions of ball milled alloys

M g 2 N i , Ni and V ratio (molar)

Alloy formula

Mg2Ni

Mg2Ni

Mg2Ni + Ni

MgNi (Mgo.5Nio.5)

Mg2Ni + 1.28 Ni

MgNii.14 (Mgo.467Nio.533)

Mg2Ni + Ni + 0.1V

MgNiVo.l (Mgo.476Nio.476Vo.048)

Mg2Ni + Ni + 0.2V

M g N i V 0 . 2 (Mgo.455Nio.455Vo.09)

Mg2Ni + Ni + 0.4V

MgNiVo.4 (Mg0.417Ni0.417V0.i66)

Mg2Ni+1.28Ni + 0.1V

MgNii.i4Vo.l(Mgo.446Nio.509V0.045)
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Figure 7.1

X-ray diffraction patterns of I M crystalline M g 2 N i and nanocrystalline

M g 2 N i alloys.
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Discharge capacities of induction melted crystalline Mg2Ni and nanocrystalline
Mg2Ni alloys as a function of cycle number at a discharge current density of 50 mA/g
at 25 °C are shown in Figure 7.2. The IM crystalline Mg2Ni alloy has an extremely
low discharge capacity of only 18 mAh/g, which is much less than the capacity
obtained by converting the capacity in the gas-phase reaction into electrochemical
units. This indicates that IM crystalline Mg2Ni alloy has very poor electrochemical
hydriding/dehydriding behaviour in the alkaline solution, so that the amount of the
electrochemically absorbed hydrogen is much less than that in the gas-phase.

The initial discharge capacity of the nanocrystalline Mg2Ni alloy is about 111 mAh/g,
which is much higher than that of the IM crystalline Mg2Ni alloy, but is only around
10 % of the calculated theoretical electrochemical capacity of Mg2Ni alloy (999
mAh/g). Because the average grain size of the nanocrystalline Mg2Ni alloy is around
13 nm, the atoms in its grain boundaries could be estimated [141] (also see Chapter

2, Figure 2.8) and should be about 16 %. Due to the good catalytic activity [109,110
and electrocatalytic activity [263-265] of nanocrystalline materials, it could also
inferred that only the atoms in the grain boundaries of the nanocrystalline Mg2Ni
alloy were electrochemically reacted with hydrogen to form the hydride.

Woo et al. [298,299] reported that BM nanocrystalline Mg2Ni alloy (the average
grain size was less than 20 nm) has a discharge capacity of 175 mAh/g at a small
discharge current density of 10 mA/g at 30 °C. Inoue and co-workers obtained a BM
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nanocrystalline Mg2Ni alloy with an average grain size of about 10 nm and an initial
discharge capacity of about 200 mAh/g at 30 °C [300]. They also reported that ball
milled nanocrystalline Mg2Ni alloys had initial discharge capacities of only 130
mAh/g [301] and 260 mAh/g [281].

In summary, all the reported BM nanocrystalline Mg2Ni alloys have improved

discharge capacities although they are not identical. This is because the ball millin
process is very complicated, allowing the effects of many preparation parameters.
Also the electrode properties of hydrogen storage alloy electrodes are affected by
many different sample preparation factors.

As show in Figure 7.2, the discharge capacity of the nanocrystalline Mg2Ni alloy
decreases rapidly after several cycles. This result is very similar to the reported
results [281,298-301]. The main cause of the degradation of the nanocrystalline
Mg2Ni alloy electrodes is the formation of a passive Mg(OH)2 layer. These layers
nucleate at the electrode surface to block the absorbing hydrogen at the surface and
decrease the discharge capacity [299].

Above all, most of ball milled nanocrystalline Mg2Ni alloy electrodes have lower
discharge capacities in comparison with amorphous Mg-based alloys described in
this chapter (about 400 mAh/g, at a discharge current density of 50 mA/g) and in
other papers [14,16,277-282].
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Figure 7.2

Discharge capacities of induction melted crystalline M g 2 N i and

nanocrystalline Mg2Ni alloys as a function of cycle number at a discharge current
density of 5 0 m A / g at 25 °C.
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7.3 Amorphous and non-stoichiometric amorphous Mg-Ni
alloys
Figure 7.3 shows the XRD patterns of the IM Mg2Ni alloy ball-milled with Ni
powders in different ratios, indicating that homogenous amorphous MgNi and
MgNii.H were formed:

Mg2Ni + Ni > 2MgNi (Mgo.5Nio.5) (7.1)

Mg2Ni + 1.28 Ni > 2MgNiU4 (Mgo.467Nio.533) (7.2)

Orirno et al [226,302] reported that the high resolution TEM image and its diffract
pattern of compound Mg2Ni ball milled with Ni powder (molar ratio: 1:1, eg., Mg-50
at.% Ni, or MgNi) shows that an amorphous structure was obtained. The ball milled
alloys of the composition of Mg-33 at.% Ni, Mg-38 at.% Ni and Mg-43 at.% Ni only
have a nanostructure or a mixture of partial nanostructure and partial amorphous
structure [226,302]. This means that decreasing the Mg content may cause more

difficulty in obtaining an amorphous structure for Mg-Ni alloys. My result indicate

that an amorphous structure can be obtained even if the nickel content is increased

The hydrogen storage alloy Mg2Ni reacts with H2 readily at 325 °C and 300 Pa, and
the reaction in the plateau region can be expressed by the equation: Mg2Ni + H2
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< » Mg2NiH4 [3]. The theoretical electrochemical capacity of hydride Mg2NiH4
is 999 mAh/g. However, the maximum hydrogen content of the amorphous MgNi
region, is 2.2 wt. %, corresponds to a formula of MgNiHi.9 [226] and a calculated
electrochemical capacity of 613 mAh/g.

The decrease in the discharge capacities of the amorphous MgNi and MgNii.14 alloys

after repeated charge-discharge cycles at a discharge current density of 50 mA/g is
shown in Figure 7.4. The crystalline IM Mg2Ni alloy has a very low discharge
capacity of only about 18 mAh/g (because of its poor hydriding kinetics at 25 °C)
while amorphous MgNi and MgNii.i4 alloys have much higher capacities. The initial
discharge capacities of amorphous MgNi and MgNiU4 alloys are approximately the
same: 336 mAh/g, much higher than that of crystalline IM Mg2Ni compound. After
several charge-discharge cycles, the discharge capacities of both amorphous MgNi
and MgNii.14 alloys decrease rapidly. But non-stoichiometric amorphous MgNiu4
alloy has a slightly better cycle life than that of amorphous MgNi. This result

encourages me to add other elements in a different way from traditional substituti
making non-stoichiometric Mg-based alloy electrodes.
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Figure 7.3

X-ray diffraction patterns of the I M M g 2 N i alloy ball-milled with Ni

powders in different ratios, namely, homogenous amorphous MgNi and nonstoichiometric amorphous MgNii.u (Mgo.467Nio.533) alloys.
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Discharge

capacities of the amorphous

MgNi

and MgNii.14

(Mgo.467Nio.533) alloys after repeated charge-discharge cycles at a discharge cur
density of 50 m A / g at 25 °C.
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Non-stoichiometric amorphous Mg-Ni-V alloys

7.4.1 Structure and stability
Recently, solid state amorphisation by MA and MM has become the most effective
method to obtain amorphous alloys [35-46]. The amorphous composition range

achievable by MA is normally larger than that of other techniques. Lee et al. [9
have reported that the MA Ni-Nb alloy system has a wider amorphous composition
range than that of melt quenching. Therefore, it seems likely that it would be
possible to synthesise non-stoichiometric amorphous MgNi alloy by adding other
elements to MgNi alloy using the MA or MM method.

The XRD patterns of non-stoichiometric MgNiVcu, MgNiV0.2, MgNiV0.4 and

MgNii.uVo.i alloys are shown in Figure 7.5. The patterns indicate that the allo
MgNiVo.1, MgNiV0.2, MgNiV0.4 and MgNii.i4V0.i are amorphous alloys. This

conclusion was also confirmed by the results of differential thermal analysis (
paragraph). These solid reactions correspond to the following reaction:

Mg2Ni+*Ni+yV > 2MgNi(x+i)/2Vy2 (7.3)

where JC and y are molar fractions of Ni and V respectively. Thus, different amo
of vanadium can be added to the amorphous Mg-Ni alloy to make a range of non-
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stoichiometric Mg-based alloys without changing their basic amorphous structure.

The DTA traces of the ball milled MgNi, MgNiVo.i, MgNiV0.2 and MgNiV0.4 alloys
at a heating rate of 10 °C/min are shown in Figure 7.6. The TG traces of the four

alloys show straight lines that indicate that there are no chemical reactions duri
heating process. However, all the DTA traces of the ball milled non-stoichiometric
Mg-Ni-V alloys show obvious exothermic crystallisation peaks which confirm that
their structure was amorphous. The DTA trace of the MgNi alloy has two obvious
exothermic crystallisation peaks around 360 °C and 440 °C. These peaks correspond
to the crystallising reaction to Mg2Ni and MgNi2 phase, respectively [226,296]. The
exothermic crystallisation peak values of MgNiVo.i alloy are around 373 °C for
Mg2Ni-type phase and 450 °C for MgNi2-type phase, respectively. They are about 10
°C higher than that of the MgNi alloy. When vanadium is increased to 0.2,
exothermic crystallisation peak values of MgNiV0.2 alloy are around 364 °C for
Mg2Ni-type phase and 452 °C for MgNi2-type phase, which are almost the same as
for the MgNiVo.i alloy. But when vanadium is increased to 0.4, the MgNiV0.2 alloy
has a large exothermic crystallisation peak with a peak value of 391 °C and a very
small crystalline peak. Orimo and co-workers [303] mechanically alloyed the

mixture of Mg2Ni, Ni and V using a planetary ball mill (Fritsch P7) at a high speed
400 rpm for 80 hours at ambient temperature. However, they could not obtain an
amorphous single phase at a stoichiometric composition of MgNio.6V0.4. My
experimental results indicate that for the amorphous Mg-Ni-V alloys, a larger
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composition range of vanadium can be achieved by the non-stoichiometric addition
of vanadium in Mg-Ni alloys through a ball milting method. A small amount of non-

stoichiometric addition of vanadium in Mg-Ni alloys has no significant effects on t
thermal stability of amorphous MgNi alloy.

7.4.2 SEM morphologies and X-ray mapping analysis

Figure 7.7 (a) shows the SEM micrograph of amorphous MgNiVo.i alloy powders
while Figure 7.7 (b) is the micrograph of a bigger particle of the MgNiVo.i alloy.

Figures 7.7 (c) and (d) are X-ray maps in the same field of V and Ni, respectively.
The particle sizes of the MgNiVo.i alloy powders are around 5-12 um. The powder

surface of the MgNiVo.i alloy (Figure 7.7 (b)) looks concave-convex which should be
a more activated amorphous surface with a high catalytic activity. The V and Ni

concentrations in the MgNiVo.i alloy are fairly evenly distributed, showing that th
alloy has a homogenous amorphous MgNiVo.i component and indicating that the MA
non-stoichiometric Mg-based alloy can achieve a uniform amorphous structure.
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Figure 7.5

X-ray diffraction patterns of non-stoichiometric MgNiVo.i, MgNiV 0 . 2 ,

MgNiV0.4 and MgNii.i4V0.i alloys.
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D T A traces of the ball milled MgNi, MgNiVo.i, MgNiV 0 . 2 and

MgNiVo.4 alloys at a heating rate of 10 °C/min under the protection of a pure
atmosphere.
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(a)

(b)
Figure 7.7 SEM micrograph of (a) the MgNiVo.i ahoy powders, (b) The
micrograph of a larger particle of MgNiVo.i alloy, X-ray mapping of (c) V and
of MgNiVo.i alloy in the same field, respectively.
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7.4.3 Discharge capacities of non-stoichiometric Mg-Ni-V alloys

The discharge capacities of the amorphous alloys MgNi (Mgo.5Nio.5X MgNiVo.i

(Mgo.476Nio.476V0.048), MgNiV0.2 (Mgo.455Nio.455Vo.09), MgNiVo.4 (Mg0.417Nio.4nVo.l66)
and MgNii.i4Vo.i(Mgo.446Nio.509Vo.o45) after repeated charge-discharge cycles at a
discharge current density of 50 mA/g are shown in Figure 7.8. The discharge

capacities were calculated based on the total weight of the alloys. Compared with the
discharge capacity of the amorphous stoichiometric MgNi alloy (336 mAh/g), the
non-stoichiometric alloys MgNiVo.i, MgNiV0.2, MgNiVo.4 and MgNii.uVo.i have
higher discharge capacities and better cycle characteristics. The initial discharge
capacities of alloys MgNiVo.i, MgNiV0.2, MgNiVo.4 and MgNii.i4Vo.i are 414, 357,
361 and 363 mAh/g, respectively. The non-stoichiometric alloys MgNiV0.2,
MgNiVo.4 and MgNii.nVo.i have almost the same discharge capacity and cycle life,
while MgNiVo.i alloy has the highest discharge capacity and best cycle life. This
shows that non-stoichiometric additions of vanadium can increase both the discharge
capacity and cycle life of amorphous MgNi alloy electrodes, and that the amorphous
MgNi alloy containing 0.1 molar addition of vanadium has the best electrode
properties. These initial discharge capacities are higher than those of ABs-type and
AB2-type hydride electrodes. Increasing the V content did not alter the electrode

properties of the amorphous MgNi alloys. If the discharge capacities of the alloys a
calculated based on Mg2Ni content [16,278-282], the capacity of MgNiVo.i alloy will
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be 658 mAh/g at a discharge current density of 79 mA/g. The non-stoichiometric
addition of vanadium and nickel in MgNi alloy cannot further increase its discharge
capacity (MgNii.i4V0.i alloy) although it is still high (363 mAh/g). Because
amorphous alloys have excellent electrocatalytic activity [11,273], all the nonstoichiometric amorphous Mg-based alloys have good hydriding/dehydriding kinetics
at 25 °C and high electrochemical hydrogen storage abilities.

In many previous papers, authors have tried to improve the discharge capacity and
cycle life of amorphous MgNi alloy by conventional stoichiometric elemental
substitution. For examples, Lei et al. [14] reported that the partial substitution of
cobalt, aluminium or silicon for nickel in amorphous MgNi alloy results in a
reduction in discharge capacity. Liu and co-workers [279,304] investigated more
than ten different amorphous Mg-based alloys, in which nickel had been partially
stoichiometric replaced by other elements (Mgo.5Nio.45Mo.05, M = Ti, Zn, Mn, Fe, Co,
Zr, W, Cr, Se and Sb). Their results show that the stoichiometric substitution of Fe,
W, Cu, Mn, Cr, or Al for Ni decreases both the deterioration rate and discharge
capacity, and the substitution of Se, Sb, Co, or Si decreases both the discharge

capacity and cycle life. But my results show that it is possible to achieve better Mgbased alloy electrodes with high discharge capacities and improved cycle life by the
method of making non-stoichiometric amorphous Mg-based alloys. This is because
that the amorphous structure of Mg-based alloys is the key factor in achieving a high
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discharge capacity, and the amorphous alloys can be obtained in a range of alloy
composition.

The discharge capacity degradation of all the non-stoichiometric Mg-based alloys is
still fast due to the oxidation of Mg in the KOH solution [14,280,305]. However, it
is possible for amorphous Mg-based alloys to have longer cycle lives. Some
previous results have shown that amorphous Mg-based alloys have good corrosion
resistance [306,307].

The galvanostatic discharge curves of the MgNi (Mgo.sNio.5), MgNiVo.i

(Mgo.476Nio.476V0.o48), MgNiV0.2 (Mgo.455Nio.455Vo.09), MgNiVo.4 (Mg0.417Nio.417V0.i66

and MgNi1.14Vo.1CMgo.446Nio.509Vo.045) electrodes at the first charge-discharge cycl
are shown in Figure 7.9. The discharge curves of all the non-stoichiometric Mg-NiV alloys have almost same plateau regions at about -0.78 V vs. Hg/HgO electrode
which is as same as that of the amorphous stoichiometric MgNi alloy. This indicates
that the non-stoichiometric addition of vanadium in amorphous MgNi alloy does not
alter its plateau voltage, but increases the discharge capacity of amorphous MgNi
alloy.

In summary, the non-stoichiometric amorphous Mg-based alloys can be achieved by
the mechanical alloying method for a range of V additions. The non-stoichiometric
Mg-based alloy electrodes studied have shown improved initial discharge capacities.
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These results describe a novel method of achieving better Mg-based alloy electrodes
with high discharge capacities and improved cycle life. The method enables a larger
composition range to be achieved with a range of different elemental additions.
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Figure 7.8

Discharge capacities of the amorphous alloys M g N i , MgNiVo.i,

MgNiVo.2, MgNiVo.4 and MgNii.^Vo.i after repeated charge-discharge cycles at a
discharge current density of 50 mA/g.
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Figure 7.9

Galvanostatic discharge curves of the amorphous M g N i (Mgo.sNio.5),

MgNiVo.i (Mgo.476Nio.476Vo.o4s), MgNiV0.2 (Mgo.455Nio.455Vo.09), MgNiV0.4

(Mg0.417Ni0.417V0.i66) and MgNii.i4V0.i(Mgo.446Nio.509Vo.o45) alloy electrodes at fir
charge-discharge cycle.
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Conclusions

In this chapter, nanocrystalline Mg2Ni, amorphous MgNi, non-stoichiometric
amorphous Mg-Ni and Mg-Ni-V alloys were fabricated by ball milling the crystalline
Mg2Ni alloy either with or without Ni and/or V powders. The electrode properties of

all the Mg-based alloys were investigated as rechargeable anode electrodes in the Ni
MH battery. The conclusions are:

• Nanocrystalline Mg2Ni alloy with an average grain size of about 13 nm can be
fabricated by mechanical milting of induction melted crystalline Mg2Ni alloy.
The initial discharge capacity of the nanocrystalline Mg2Ni alloy is about 111
mAh/g, which is much higher than that of the IM crystalline Mg2Ni alloy (only
18 mAh/g), but is only around 10 % of the calculated theoretical
electrochemical capacity of Mg2Ni alloy (999 mAh/g).

• Up to the present time, most of the research work on the Mg-based hydrogen
storage alloy electrodes has been focused on the stoichiometric compositions of
Mg2Ni-type and MgNi-type alloys. My research results indicate that nonstoichiometric amorphous Mg-Ni alloy can be achieved by increasing the
nickel content. The non-stoichiometric amorphous MgNii.u (Mgo.467Nio.533)
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alloy has the same initial discharge capacity and a better cycle life in
comparison with the stoichiometric amorphous MgNi alloy.

• The non-stoichiometric uniform amorphous MgNixVy alloys (x = 1, 1.28; y =
0.1, 0.2, 0.4) have been synthesised by mechanical alloying induction melting
Mg2Ni alloy, Ni and V powders based on a stoichiometric amorphous MgNi
alloy component. The results indicate that non-stoichiometric amorphous Mgbased alloys can be obtained by either increasing the Ni content or adding a
range of vanadium or both through the mechanical alloying method.

• The non-stoichiometric Mg-based alloy electrodes studied have shown
improved initial discharge capacities compared with the stoichiometric
amorphous MgNi alloy. These results describe a novel method of achieving
better Mg-based alloy electrodes with high discharge capacities. The method
enables a larger composition range to be achieved with a range of vanadium
additions.
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SUMMARY

The formation of amorphous and nanocrystalline FeTi alloys were investigated, and

the feasibility of utilising the special structural nanocrystalline and amorphous Fe
hydrogen storage alloys as a low cost and high performance negative electrode

material for the Ni-MH rechargeable battery was exploited for the first time in this
study. The electrode performance of FeTi alloys was greatly improved by making a
nanocrystalline or amorphous structure. An amorphous FeTi alloy electrode with an

initial discharge capacity of 220 mAh/g at a discharge current density of 50 mA/g ha
been obtained, which is almost comparable with the capacities of rare-earth system
negative electrode materials used in commercial Ni-MH batteries.

The preparation and electrode properties of amorphous and nanocrystalline
magnesium-based hydrogen storage alloys were also investigated in this study. Like
the amorphous and nanocrystalline FeTi alloys, the electrode performance of
magnesium-based alloys can be greatly improved by making an amorphous or
nanocrystalline structure. Most of the amorphous magnesium-based alloy electrodes

have very high initial discharge capacities, which are higher than that of rare-eart
system and zirconium-based Laves phase alloys in commercial batteries. A novel
method of achieving better Mg-based alloy electrodes with high discharge capacities
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and improved cycle life has been developed by making non-stoichiometric
amorphous Mg-based alloys. The method enables a larger composition range to be
achieved with a range of different elemental additions.

The following general conclusions can be summarised from this study:

1. Nanocrystalline and amorphous FeTi alloys can be obtained by ball milling

using a planetary ball mill under the protection of an argon atmosphere. Electric ar
melted crystalline FeTi alloy after mechanical milting 40 hours became
nanostructured powders with an average grain size of about 8 nm, a particle size of
about 13 jjm and a specific surface area of 1.18 m2/g. Fe and Ti powders after
mechanical alloying 40 hours became amorphous powders with a particle size of
about 10 fjm and a specific surface area of 2.49 m2/g. Small amounts of oxygen
present during the mechanical alloying process have a significant effect on the
formation of the FeTi alloy.

2. Crystalline FeTi alloy has an extremely low discharge capacity of only 3
mAh/g at a discharge current density of 50 mA/g, which is negligibly small compared

with its theoretical discharge capacity. This is probably because the crystalline Fe
alloy has very poor electrochemical hydriding/dehydriding behaviour in an alkaline

solution. Therefore, crystalline FeTi alloy is not suitable for use as a rechargeabl

anode material in an alkaline solution at room temperature. The nanocrystalline FeTi
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alloy has an improved discharge capacity of 54 m A h / g at thefirstdischarge, which is
much higher than that of crystalline FeTi alloy, but is only around 10 % of the
calculated theoretical electrochemical capacity of FeTi alloy. Due to its good
discharge capacity during the first twenty cycles, it may be possible to improve the
electrochemical discharge capacity of FeTi-type alloy with good cycle life by
achieving a nanocrystalline structure.

3. Unlike commercial ABs-type hydrogen storage alloy electrodes, the amorphous
FeTi alloy can achieve its highest discharge capacity of 220 mAh/g at the first
charge-discharge cycle at a discharge current density of 50 mA/g. This is probably
because the amorphous alloys have no long range ordering, their surfaces are much
richer in low-coordination sites and defects which play important roles in the

catalytic activity of materials. This discharge capacity is almost comparable with th
capacities of commercial alloys used in Ni-MH batteries. Although the discharge
capacity of the amorphous FeTi alloy decreases rapidly with prolonged the charge-

discharge cycles, it still has a discharge capacity of 78 mAh/g at the twentieth cycl
Thus, ball milling is an effective method for the FeTi-type alloy to achieve high
discharge capacity as an anode material in the Ni-MH battery.

4. At a discharge current density of 50 mA/g, crystalline Mg2Ni alloys prepared
by sintering Mg and Ni powders have extremely low discharge capacities of only 15
or 18 mAh/g, induction melted crystalline Mg2Ni alloy has also an extremely low
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The discharge capacity of sintered crystalline

Mg2Nio.6Coo.4 alloy is still very poor (about 20 mAh/g), demonstrating that cobalt
addition does not alter the discharge capacity of crystalline Mg-Ni alloys. All the
discharge capacities are negligibly small in comparison with their theoretical
discharge capacity. These results could be attributed to their very poor

electrochemical hydriding/dehydriding behaviours in alkaline solution, resulting from
the incompleted hydriding reaction and oxidation of Mg-based alloys. Thus,
common crystalline Mg2Ni-type alloy is not suitable for use as a rechargeable anode
material in an alkaline solution at room temperature.

5. Although conventional metallurgical techniques can be used to manufacture
Mg-based alloy electrodes, ball milting improves the discharge capacities of the
electrodes significantly. For sintered Mg-based alloys followed by ball nulling with
Ni powders, it is better to select a lower sintering temperature to achieve high
discharge capacities of the Mg-Ni alloys. In the ball milling process using a
planetary ball mill, the ball milting parameters have significant effects on the
discharge capacities of the Mg-based alloy electrodes. Increasing the ball milling
time and the ratio of ball to sample weight are effective methods to further improve
the discharge capacity for Mg-based alloy electrodes.

6. Nanocrystalline Mg2Ni alloy with an average grain size of about 13 nm can be
fabricated by mechanical milling induction melted crystalline Mg2Ni alloy. The
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initial discharge capacity of the nanocrystalline M g 2 N i alloy is about 111 mAh/g,
which is much higher than that of the IM crystalline Mg2Ni alloy (only 18 mAh/g).
Like the nanocrystalline FeTi alloy, the discharge capacity of nanocrystalline Mg2Ni
alloy is only 10 % of the calculated theoretical electrochemical capacity of Mg2Ni
alloy. The percentage of atoms in the grain boundaries of the nanocrystalline FeTi
and Mg2Ni alloys can be estimated to be about 20 % and 16 %, respectively.

7. All the ball milled sintered Mg-Ni and Mg-Ni-Co alloy electrodes studied have
completely or mainly amorphous structures, showing very high initial discharge
capacities (around 300 mAh/g) compared with their crystalline counterparts. The
addition of a small amount of Co to amorphous Mg-Ni alloys can increase their

initial discharge capacities and increase their cycle lives. Increasing the Co additi
in the amorphous Mg-Ni alloy results in a lower initial discharge capacity but a
slightly better cycle life. All the results indicate that the amorphous structure is
factor in order to obtain high initial discharge capacities for Mg-based alloy
electrodes. The results have shown that the initial discharge capacity of amorphous
Mg-based alloy electrodes is higher than that of rare-earth system and zirconiumbased Laves phase alloys in commercial batteries. Thus, Mg-based hydrogen storage
alloys are very promising negative materials for the Ni-MH battery.

8. Up to the present, the most research work on the Mg-based hydrogen storage
alloy electrodes is focused on the stoichiometric compositions of Mg2Ni-type and
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MgNi-type alloys. M y research results in this study indicate that non-stoichiometric
amorphous Mg-Ni alloy can be achieved by increasing the nickel content, and the
non-stoichiometric amorphous MgNii.w (Mgo.467Nio.533) alloy has the same initial
discharge capacity and a better cycle life in comparison to the stoichiometric
amorphous MgNi alloy.

9. The non-stoichiometric uniform amorphous MgNixVy alloys (x = 1, 1.28; y = 0,

0.1, 0.2, 0.4) have been successfully synthesised by mechanical alloying inductio
melting Mg2Ni alloy, Ni and V powders based on a stoichiometric amorphous MgNi
alloy component. The results indicate that non-stoichiometric amorphous Mg-based
alloys can be obtained by either increasing the Ni content or adding a range of
vanadium or both through the mechanical alloying method. The non-stoichiometric

Mg-based alloy electrodes studied have shown improved initial discharge capacitie
(more than 400 mAh/g) compared with the stoichiometric amorphous MgNi alloy
(about 330 mAh/g). These results describe a novel method of achieving better Mg-

based alloy electrodes with high discharge capacities. The method enables a larger
composition range to be achieved with a range of vanadium additions.
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