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Introduction






World Health Organization (WHO) reports that aitlpon was linked to
the death of seven million people globally in 20IPhe Environmental
Protection Ministry in China reported that, onlya@ of the 74 Chinese cities
monitored by the central government met the natistaandard for healthy air in
2013. Air pollution has become "the world's largeisgle environmental health
risk" according to WHO. While the discussion regagddepletion of energy on
earth continues, environmental hazard has alreatyts short. As a matter of
fact, one quarter of China's electricity is genedaitom hydroelectric, wind and
solar sources, but demand of energy is still toenetelming with current pace
of development of the country. Unfortunately, tr@pds being filled by fossil
fuels. Today, the crucial role that green energgyplcan never be stressed

enough in this era of modern civilization.

However when one investigates further, it appdaas ¢lean energy itself
is in fact not hard to find, such as solar, winelotthermal heat, tides, waves, rain
and so on, but the problem lies in the fact thaergy generation and
consumption are not always concurrent. Therefdne, ultimate goal is the

method of storing energy, which can be used inradeamand manner.

When it comes to energy storage, one naturallykthof battery, as the
most common form of energy is electricity. By défon, battery is a device
consisting of one or more electrochemical cells t@nvert stored chemical
energy into electrical energy. Compared to fossikld that release their
chemical energy by combustion, batteries have I@pecific energy. However
the advantage of batteries is the higher energyearsion efficiency. It is also
where fuel cell comes into play, as it converts¢hemical energy stored in the
fuel to electricity instead of heat. ThereforeassHower impact on environment.
Moreover, if the fuel cell uses hydrogen as itd,ftlee by-product is only water

and some heat. Ideally the footprint to environmernhis case is negligible.



Nickel-Metal Hydride (Ni-MH) battery is the type d&diel cell, in which
hydrogen is used as the fuel. Furthermore, unliaglitional fuel cells, the
principle reaction in Ni-MH batteries is reversipfeeaning that the battery can
be recharged after discharge (use). When the pasterharged, it is equivalent
to say that hydrogen is stored (as metal hydridédhvéncase of Ni-MH battery).
The hydrogen production and consumption both tdkeepin Ni-MH battery
itself. While charging requires energy, it can veagily source energies that are

normally not unreliable or inconsistent, but stthrem for on-demand use.

Patented in 1986 by Stanford Ovshinsky, Ni-MH &t have been put
to use on many applications nowadays. Besidesdtteries on portable devices,
they play also a major role on electric poweredialeh, competing with Li-ion
batteries on the market. In general, Ni-MH batwerége attributed to exhibit
properties such as high energy density, high ratgpacity, good
overcharge/overdischarge capability, low mainteean@and environment
friendliness. Nevertheless, much room is left fopiovement, especially in

regard to specific energy density.

The materials used for the negative electrode efINibatteries are key
to battery performance, namely discharge capabigh-rate capability (both
charging and discharging), initial activation, @ydife, self-discharge rate. A
metal hydride is expected to form when the nega@lextrode is charged.
Therefore the amount of hydrogen a material carestoreasonably the first to
evaluate as the candidate for the negative elestnaaterial of Ni-MH batteries.
In the same time, a method to store hydrogen @ alsot research topic. Since
metal hydride is one approach besides high presgase liquid hydrogen and
other solid storage solutions, it may appear confusto some due to

overlapping study area covered by researchers lhatimfields.



There are mainly three kinds of metal hydrides ureddensive research
currently, Mg-based metal hydride, complex hydrid&d intermetallic
compounds. Each has their own advantages and dckwsibllg-based metal
hydrides are known for high hydrogen-storage capdnyi weight and low cost
[1], but the hydrides are found to be too stab&yifg poor desorption kinetics
for reversibility. The hydrogen content in compleydrides reaches as high as
18 wt% (LiBH,). The limitation of those hydrides comes as wslkaetic and
thermodynamic problem wupon desorbing hydrogen. HRewt class is
intermetallic compounds, which has a long studytoms and a big family,
classified as AB(n = 5, 2, 1, 0.5) type. LaMbased (AB) alloys exhibit
excellent electrochemical performance, and haven bget to commercial
production in a large scale nowadays. But liks said before, a higher specific
energy density for these batteries is desired, keweannot be met due to its

low theoretical hydrogen capacity (372 mAh/g [2]).

As an intermetallic compound, Ti-Ni based alloysédalso been studied
as the candidates for hydrogen storage materiadsh BiNi and TiNi are
capable to store hydrogen. TiNi can crystallizexttypical CsCl type structure
known as austenitic phase as well as martensi@sehiue to its polymorphic
property. It was found that TiNi can react with hygen by solid-gas and
absorbs up to 1.4 hydrogen atoms per formula ami@m conditions [3]. In an
electrochemical reaction, 230 mAh/g was measuredGlogjahr et al. [4].
Element doping and substitution for TiNi were rdpdr to improve the
electrochemical performance as the negative eldetnmaterials for Ni-MH
batteries [5-7]. TNi is the other Ti-Ni type alloy found to store mgden. It
was reported to be able to formpNiH, ¢ (=500 mAh/g) in a gaseous hydrogen
absorption reaction [8]. However, highest capacitgached in an
electrochemical reaction for ;Ni was 280 mAh/g in the first cycle, and

dropped to less than 100 mAh/g after 50 cycles f¥ment substitution was



tried on TiNi to improve performance [10-12]. In the meantimayn-
conventional alloying approaches are also combin#delement substitution to
improve the alloy properties, including mechanigboying, solid sintering and
so on. Mechanical alloying are frequently appliedptoduce nanocrystalline
alloys of metal hydrides, when it is found that ostructured materials enhance

absorption and desorption kinetics significantlg,[14].

The objective of this study is to using new methadd element
substitution to improve the Ti-Ni system with themato improve its
hydrogenation properties, hence the performanciésapplication for Ni-MH
batteries. The thesis studied the Ti-Ni system w#lement doping or

substitution, using mechanical alloying as the lsgsis method.

In chapter 1, the Ni-MH system as a new form ofrgpestorage and its
relationship with fuel cell is presented, followlkeg an introduction of the Ti-Ni
system and its recent research as the negativéroglecmaterial for Ni-MH
batteries. Mechanical alloying as the synthesishoetn this study is introduced

with examples of its application on the researcNielMH battery materials.

Chapter 2 gives the experimental details usedi;study. This includes
the principle of the synthesis method high energy tilling (HEBM), and the
parameters applied for the synthesis. The structtinaracterization of the
milled method and the instruments for the charadéon are introduced. The
measurement methods for hydrogen capacity are iegplawhich include both
solid-gas reaction with the hydrogen and the edetiemical approach. Density
functional theory (DFT) calculation is explainedthvithe introduction of its

application CASTEP (Cambridge Serial Total Energglage).

In Chapter 3, we have mechanically alloyed two gsoof samples to
study the Mg effect on the Ti-Ni alloy, namely (TiNMgx and

(TiH2)1sMgo sNi. The study includes its structural influence dnairogenation

4



properties of the milled sample, with DFT calcwati to explain the

experimental results.

Chapter 4 studies the Zr influence on the millinig Te,Ni, where a

composition of Ti,ZryNi is synthesized in comparison with milledNi.

Chapter 5 has concluded the main points of thdystwhich concerns the
products preference of milling Ti-Ni based powdeasd the hydrogenation
properties of the obtained structures were summdrizhe chapter gives also a
perspective view of the current research as havarnt be continued for further
investigation in the search of ideal materialstha negative electrode of Ni-MH

batteries.






Chapter 1 Overview of Ni-MH System and Ti-Ni Alloys

as Hydrogen Storage






This chapter gives a brief review from principlda\o-MH system to the
batteries on the market. As the basis of the ptestedy, Ti-Ni alloy system is
introduced and discussed, including the Ti-Ni phdsgram, TiNi, and ENi

studies as the negative electrode materials in NitM\tteries.
1.1 Fuel cell and Ni-MH secondary battery

The concept of fuel cell is usually compared talitianal use of fuels, in
which the chemical energy stored is released infohe of heat. While as a
matter of fact, the first fuel cell model appeas=sdearly as 1838, when Welsh
physicist and barrister William Grove publishedettdr in the December 1838
edition of The London and Edinburgh Philosophical Magazine and Journal of
Science about the development of his first crude fuel celis the model of
William Grove, the chemical energy of the fuel (hygken) is consumed via
electrochemical reaction instead of combustions Hais resulted in tremendous
improvement in energy efficiency. According to WWerld Energy Council, the
maximum theoretical efficiency of internal combastiengines is about 50%,
while theoretically the efficiency of a fuel cel 83% (dG/dH of hydrogen
oxygen reaction). Despite the relative long histofyuel cell concept, fuels are
mainly consumed in the manner of burning in realiynd the energy is
converted mostly to heat. Fuel cell is still an @ased technology people strive

for today.

Ni-MH secondary battery is one particular genrefudl cell, which
displays three major features that distinguismabf other traditional fuel cells:
1) The fuel for the cell is hydrogen. In principleydrogen is consumed through
a hydrogen oxidation reaction. This is also theso@awhy Ni-MH secondary
battery is categorized into fuel cell. 2) AlthoullirMH battery does not need
fuel supply as in traditional fuel cell, they hoveevare charged using electric

power, during when energy is stored in the fornmydrogen. 3) As a secondary



battery, the discharge process in Ni-MH batteryresersible. Figure 1-1
presents the principle of the Ni-MH battery. As fogen is cycled within the
cell, it can be seen how it is different from ttaxhal fuel cell, since the

charging process does not involve the input of bgdn from outside sources.

Discharge

H & Charge
o

Negative electrode Electrolyte Positive electrode

Figure 1-1 Scheme of a working Ni-MH battery

Ni-MH battery uses nickel(ll) hydroxide as its pos electrode and the
negative electrode is a hydrogen-absorbing alldyckvis also the essential part
of a Ni-MH battery. M stands for the metal/alloyaths able to store hydrogen
and ideally form a hydride. The recent developmenhtNi-MH battery has
replaced the largely obsolete nickel-cadmium cethe market with dominating
advantages over the latter, while competing withidm-ion cell. The specific
energy for NiMH cells ranges from 75 W-h/kg to 180-h/kg, which is
absolutely an improvement to the energy densitiddiGd, and approaches that
of a lithium-ion cell. The volumetric energy densiaf NiMH is around 300
W-h/L, significantly better than NiCd and similarlithium-ion cell.

A single NiMH cell operates at 1.2 V, and the haddte are very common
for AA batteries. Examples of commercial NiMH bais on the market today

are listed in Table 1-1.



Table 1-1 Examples of commercial Ni-MH batteriez€SAA) performance
today

No. 1 No. 2 No. 3
Usage scenariHigh power consumptigLow power consumptio All
Life cycle ~500 ~3000 ~2100
Self-dischargg ~ ~85% after 1 year ~75% after 5 years |~70% after 5 years
Capacity 2550 mAh 1000 mAh 2000 mAh

1.1.1 Metal hydride as a hydrogen storage material

The negative electrode is the key to a favoredoperdnce of NiMH

batteries, since it is where metal hydride forms.high weight hydrogen

percentage in the material is the first sign of acieptial candidate for the

negative electrode in NiMH batteries. In the meaaati this kind of material is

also considered and sought for to be ideal for byeln storage material.

sOLA{

Lowe™
WIND

“owe™

WDRo

PCowe

Stationary power generation

____—p Portable application

e
4 Traditional electricity generation

substition

Figure 1-2 Hydrogen as the secondary energy



Hydrogen storage method is one of the ultimatet®wis for clean energy,
because as a secondary energy, hydrogen can lpartiexr of energy, which is

illustrated in Figure 1-2.

Several approaches are used to store hydrogenhwait be classified as
physical storage or chemical storage. The physitoage method includes high
pressure hydrogen gas, liquid hydrogen, while thendcal approach means to

form hydride with the storing material.
1.11.1 Hydrogen in compressed gas

The physical storage approach is the most diregt, wdich is to store
hydrogen gas under high pressure. As it dependshenactual application
(stationary or vehicular), pressure in hydrogerksaranges from 35 MPa to 70
MPa.

70 MPa Composite
Tanks

In Tank Regulator
with Solenoid Lock-off

Defueling Port

(optional) Manual Check Valve

Valve

Fill Port Pressure Vehicle Interface Bracket

Filter Relief Device with Stone Shield  CILIANTUM

Figure 1-3 Commercialized compress hydrogen tank

The major advantage of this method is its fagnhf@ireleasing simplicity.

Due to the demand of higher energy density, ithri@al simplicity advantage is

9



however not true anymore, as high pressure requamwopriate material
support. There are several safety concerns abalioggn stored in vessels,
including hydrogen embrittlement of metals at rommperatures, temperature
rise in hydrogen fast filling, and potential risldee diffusion, deflagration, and
detonation after hydrogen leakage are introducesheé&ally for the use in
vehicles, the challenge in both energy density aafety is overwhelming.
These challenges lead to high cost materials ®ibthlding of the tanks, which
need to be not only strong but light in the sametiCarbon fiber, among many
other used fibers, is currently deployed, but thieephas been the drive to
further develop this method into broader use. [Edi#3 shows the structure of a

compress hydrogen tank from commercial company.
1.1.1.2 Liquid hydrogen storage

Liquid hydrogen is naturally an improved methodnfrogas formed
hydrogen in the aim with increasing energy denslitye volumetric density of
compressed gas form and liquid form of hydrogen GB80 kg/L and 0.070
kg/L for respectively under ~ 70 MPa.

Under atmosphere pressure, heeds to be cooled down to at least 33 K
to exist in liquid form. Therefore, high pressuranccompensate the low
temperature requirement. However, the problems \Wahid hydrogen tanks
include hydrogen boil-off, the energy required foydrogen liquefaction,
volume, weight, and tank cost. Hydrogen liquefattimnsumes about 30% of
the lower heating value of hydrogen, in comparigath hydrogen compression
which requires 5% of lower heating value of hydmogg to 35 MPa. New
approaches for liguefaction are needed to lowesehenergy requirements and
thus the cost of liquefaction. Hydrogen boil-off shibe treated for efficiency

and safety considerations. Insulation that is uguedquired for the liquid

10



hydrogen tanks need to be improved for system grawic and volumetric

capacity reasons too.
1.1.1.3 Hydrogen storage in solid state

Nowadays, the chemical approach draws extensiveresils, which is
basically the solid state storage method. Figue dhows how solid state

storage of hydrogen leads in volumetric density agnihe three major solutions.

Figure 1-4 Hydrogen storage methods volumetric Gompn [22]

There are many approaches for solid state stora¢pydvogen, such as
metal hydrides [15], amine borane complexes [1@kbon nanotubes [17],
metal-organic frameworks [18] and so on. For matalrides approach alone,
researches have been reaching different directioefyding Ti-Ni based [5],
Mg-Ni based [19], La-Ni based [20], complex hydsdgR1] etc. The current
situation can be clearly seen from Figure 1-5, Whliompares the gravimetric
energy density and volumetric energy density fraffedent hydrogen storage
sources, as well as the equivalent hydrogen engeggity of common fossil
fuels. In the figure, it shows that compressed bgdn is the least favored
concerning volumetric density, whereas liquid hy#ne dominates when
gravimetric density is solely what is sought fors Aor metal hydrides,

volumetric density needs improvement for the onest twork under high

11



temperature condition, however if lower temperatgmndition is met, the
gravimetric density becomes too low. Neither osthéwo kinds has yet reached
the goal of U.S. DOE (Department of Energy). Enedpnsity is crucial
especially to the portable applications, EV (Electfehicle) as the best example.
The advantage of solid state hydrogen storage eaeéen clearly in Figure 1-5.
So far, there has not been a solution that achigweb.S. DOE target.

100

[o2)
Q

% DOE Taget
=60
o
2 | Lowtemperature metal hydrides
8 Liquid hydrogen
E High temperature metal hydrides
3 o
=20
Comesse hrogen gas
0 2 4 6 8 10 12 14 16 18 20

Gravimetric density of wt.% of hydrogen

Figure 1-5 Energy density comparison chart betvwbf@rent methods.

As a matter of fact, hydrogen as the first elememntot difficult to form
hydrides with the majority of metals in the elemeables. Nevertheless, the
solution people are looking for is always the reide capacity. Extensive study
has been put on metal hydrides like Nap[RB3], MgH, [24], LaNikHe, LiH [25],
and TiFeH [26]. The most successful commercialized Ni-MHté&at have been
using LaN§ as the base system, despite its low theoreticdtdmen storage
capacity, however the fast kinetic in electrochehigerformance has
determined its dominance in the market. Therefthrermodynamic stability of
the hydrides is another attribution people choasaraideal candidate, which is

closely related to the electrochemical propertiethe materials.

12



1.1.2 Ni-MH electrochemical reactions

The electrochemical reactions at positive and megatlectrodes in Ni-
MH batteries are as follows:

(Positive) Ni(OH}+ OH =NIOOH+ KD +e (1)
(Negative) M+HO+e =MH+OH (2)
And therefore the overall reaction is represented a

(Overall)  Ni(OH)+ M =NiOOH + MH 3)

M and MH in the formula represent the metallic ylend the metal hydride.
The key to the whole reaction is in the negativer®bde material where metal
hydride is formed, and is also where all the redear the field has focused on.

First of all, the thermal dynamic stability of theydride needs to be
studied. The equations that need to be well undedsare the following:

M + X/2 H, = MHy + AH; (4)
In [P/P] = AH/IRT —=AS/IR  (5)

AG =AH — TAS (6)

The Gibbs free energy of formation@) is calculated according to Eq.
(6), which involves both the enthalpy changél) and entropy changel$) in
the reaction. While the entropy change with hydfolenation is mainly caused
by a standard entropy loss of the hydrogen gasnay be considered as
independent upon the metal hydride alloy. This leétsthe enthalpy change to
be the decisive factor to the thermal dynamic §itglof the metal hydride. It is
suggested by Kleperis et al. [27] that a viabledwdate should have 4H value
between -25 and -50 kJ riplindicating that too little the value would render

the alloy not sufficiently stable for charging atom temperature, whereas a
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high value of4H predicts a difficult discharging process at roommperature,
caused by the excess stability of the hydride. Belyo the charging and
discharging process in reality is much more conapdid than it is shown in the

reversible reaction Eq. (2), which can be decompo®e several following

procedures:

M + H,O + e <> MHas+ OH  (initial hydrogen adsorption) (7)
MHags<> MHgps (hydrogen diffusion) (8)
MH aps = MHpyarige (metal hydride formation) (9)
2MHggs> M + H, (hydrogen evolution) (10)
MHags+ HHO + e «< M + H, + OH  (hydrogen evolution) (11)

where Hgs Haps represent adsorbed hydrogen on the alloy surfalbsorbed

hydrogen in solid solution. The steps of hydrogedsoaption/desorption,

hydrogen diffusion, and formation/decomposition mktal hydride can be
illustrated by the reaction Eq. (7) - (9). Hydrogeriirstly produced by Eq. (7),
known as Volmer reaction. Afterwards, the produtgdrogen can either be
absorbed further into the alloy as solid solutionstarts the hydrogen evolution
reactions, which are the Tafel reaction (Eq. (Xi)))even Heyrovsky reaction
(Eq. (11)). The negative electrode potential agacizrging time plot can

illustrate the charging process clearly shown guFe 1-6.

The charging starts with the company of Eq. (7§l ahen the hydrogen
on the surface §4s begins to diffuse into the alloy represented by 89, the
solid solution of hydrogen Jgs known aso phase is formed. Further charging
slows down with the saturation process of phase, and triggers the

transformation fronu phase t3 phase (MHqiiad. In the transformation stage,
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the potential of the negative electrode does na@ingd since the input of
hydrogen content does not increase. Larger thes sifalhis plateau, the more
hydrogen can form into metal hydride. By the tirhe tonversion od phase to

B phase finishes, the balance is broken and theecomounts again with more
intake of hydrogen into the system. Above all, pfeteau is critical to look into

when one looks for the characteristics of a poaéntietal hydride candidate.
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Figure 1-6 Schematic PCT diagram at different tenamjpee
(T1<T2<T3<T4<Tc) and the Van't Hoff plot [28]

In fact, the behavior of the negative electrode emak in the
electrochemical reaction is not only decided by thermal dynamic energy
alone, but also the kinetic energy, which many angtthave studied to explain
the mechanism [28-30]. There are several energyebsifor the formation of
metal hydrides, such as physisorption and chemisorpf hydrogen molecules,
hydrogen atom penetration and diffusion in the meétak, nucleation and
growth of metal hydridep(phase), and the diffusion of hydrogen atoms though
the hydride phase.

In general, the battery performance can be meadwyrélde indicators like

the reversible discharge capacity, the initial\atton, the high-rate capability
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and the cycle life, which is heavily influenced the exchange current density
and hydrogen diffusion factors.

1.2 Ti-Ni system
1.2.1 Ti-Ni phase diagram

The Ti-Ni system has been extensively studied &schive functional
material, mainly because of its practical shape argmroperties. The source of
its unique physical properties is the transformatioehavior between the
martensitic structure and the austenitic structiueeTiNi can form. The different
Ti-Ni binary alloys are many, which made the phdsgram still controversial
until the late 1980s. However, despite the repofta few metastable phases
such as ENig [31], TizNiz [32], the essential phases of the Ti-Ni systemnagid
known as TiNi, TiNi, and TiNg (Figure 1-7). As for the metal hydrides
research, the most studied ones are TiNi apMiTi
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Figure 1-7 Ti-Ni phase diagram above 600 °C
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1.2.2 TiNi in Ni-MH battery system

The TiNi alloy has been studied as metal hydridegarly as 1979 [33],
and is still an active research candidate as thenpal hydrogen storage
materials nowadays [34-36]. TiNi phase that hass&€|Qype structure (space
groupPm-3m-221), with a lattice constant of 0.315 nm at roemperature [37],
is also referred to as the high temperature phasaistenitic phase. The other
type of TiNi is the martensite phase with a monucliB19' structure (space
groupP2,/m) [38].11

Besides its popularity in the research of SMA (€hagmory alloy), TiNi
is also the first alloy studied as a hydrogen snaaterial. It was reported that
TiNi compound can absorb hydrogen as much as LHfbrmula unit) under
room temperature and pressure, which is about 23®/gncapacity in the
electrochemical reaction [39-41]. Improvement fothothe discharge capacity

and electrochemical performance is expected.

Large numbers of experimental works with elemertisstutions and
dopes for both Ti and Ni are investigated to imprtive general electrochemical
performance, e.g. Mg, Mn [34], Zr [34, 35], Pd [48 [43]. Among these
substitutions, most targeted Ni because Ti is ¢sddar the formation of metal
hydride, whereas Zr was also to replace Ti dubabothey are in the same group
in the periodic table. In a series of element stligin experiments (Mg, Mn,
Zr), Szajek et al. [34] found that both discharggacity and cycle life of the
negative electrodes made by TiNi were improvedradiement substitution.
They gave the explanation following the band stiestcalculations, which
showed that the introduced impurities cause deerefithe width of the valence
bands. The partial substitution of B for Ti and ialized by ball milling

showed a formation of solid solutions of B in Ti&fter milling, and subsequent
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annealing produces TiNi and TiNphases. The discharge capacity was found

lower than TiNi.
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Figure 1-8 Cycle-life behavior of 1§Zr«Nig.gg (0 < x < 0.48) compounds [46].

Several studies of Zr substitution and the infleermé morphology for
TiNi from the group of Cuevas et al. are especiallgresting and significant
[35, 44-47]. There studies can be summarized taddhewing key points: 1 )
TisoZrxNisg (X = 0, 6, 12, 18 and 24) were obtained eithenastenite or as
martensite by induction melting or melting-spinnimgspectively. 2) The
parental crystal structure on the hydrogenatiomigksZrosdNi influences the
structure on the hydrogenation. As for austenytpet(CsCl-type structure), the
hydride preserves its metal sublattice and formgiosdfNiH1 6 (P+. = 1 MPa
and T = 373 K), whereas the monoclinic TiNi-typeusture of martensitic
TigesllosdNi IS hydrogenated into two coexist hydridesgeldrosdNiH and
Tigearo3dNiH2 5, both of which have an orthorhombic CrB-type doue. 3)
Martensitic transformation in TiNi-alloys is easilgfluenced by Zr addition,
hence can be used to tailor the final product lolyalg Ti-Ni-Zr. 4) Martensitic

type structure can increase the hydrogenation pgage of TiNi significantly
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with an obvious PCI plateau, while the austenigjget shows no plateau on the
PCI curve. 5) Despite the increase in discharge@gpZr substitution for Ti
brings up, it also causes severe degradation istiee system, the reason of
which was explained as the loss of electrical adntdue to the alloy

pulverization (Figure 1-8) [46].
1.2.3 Ti,Ni in Ni-MH battery system

Ti,Ni is the other Ti-Ni binary alloy that is able &tore considerable
amount of hydrogen. It was first reported that geliof TLNi had a capacity as
high as 500 mAh/g in a gaseous hydrogen absorpgantion [48]. Later, a
Ti,Ni alloy prepared by arc melting obtained only X68h/g with poor cycling
stability [49], and the cause of capacity loss waggested to be the formation
of irreversible TiNiHps upon hydrogenation. Zhao et al. [50, 51] conducted
investigations on the performance of amorphouydliTalloy. They found that
amorphous phase of;Ni helps to stabilize cycling performance. The yaleas
synthesized by solid-state sintering and thenrbdling to obtain an amorphous
phase, which had a rather stable discharge caghaeityanges from 100 mAh/g
and 125 mAh/g. In comparison, the discharge capadfitnon-milled TiNi
(alloyed by solid-state sintering) reached 280 ngAll the first cycle, but
dropped to less than 100 mAh/g after 50 cycles.

Element substitutions were also applied onNTialloy in order to
improve its performance as the negative electroddNf-MH batteries. Luan et
al. [10, 11] studied Al and B substitution for Nespectively, but the
improvement was not satisfactory. Takeshita eff%#] experimented on the
hydrogenation process of the ternary compoundliZX (X = O, N, C). They
found that these alloys all had higher hydrogerogesn pressure compared to

Ti,Ni, and presented a hydrogen pressure plateau.

Zr is also attempted to apply on Ti substitution T&,Ni by Zhao et al.
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[53], which was prepared by solid-state sinterifagjowed by ball milling and
subsequent annealing. The discharge capacity dagaicle number is presented
in Figure 1-9. Zr was found to enhance the disahacgpacity of non-
equilibrium TiNi alloy at electrolyte temperatures of 313 and B33 terms of
structure influence, large content of Zr in theZFiNi alloy promotes the
formation of Laves phase. While mild addition of @ = 0.2) could reach the
highest discharge capacity of about 250 mAh/g,yallith larger content of Zr
has a lower but stable discharge capacity. A radpcial substitution of
Vanadium for Ti ((TixVx)2Ni) drew much attention for its particular quasi-
crystalline structure [54]. The alloys were prepgarby arc-melting and
subsequent melt-spinning. The discharge capaciyhed ~270 mAh/g (for x =
0.3), and the cycling capacity retention rate wasua 80% after 30 cycles.
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Figure 1-9 Cycling performance of (I¥r,).Ni (x =0, 0.2, 0.4) [53].
1.2.4 Elemental substitution/doping for the Ti-Ni system

As a conventional approach for material propertydification, elemental

substitution/doping is also one of the main methdus are applied on the
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improvement of Ti-Ni based materials for Ni-MH lmEtes. Due to the
complexity of the binary Ti-Ni system and its vayieof structure possibility,
element substitution/doping influence is often #igant, considering as well
the interaction with hydrogen atom during the chagfglischarging process. In
the meantime this has made elemental substituopiid effective to alter the
properties of the alloy.

1.2.4.1 Zr influence

Since Zr is in the same group with Ti in the pewa@ble, it shares a lot
in common with Ti properties. Besides, Zr and hgdm have more than enough
affinity. It was first used to substitute Ti to dtuits influence on the SMA

property of TiNi [55], and Zr was reportedly to rrase the MT temperatures.
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Figure 1-10 PCI-curves of as-castolZrNiso. Full symbols and empty symbols
correspond to absorption and desorption respegt4éd]
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In Figure 1-10, two different patterns can be sbefore and after x
reaches 18. When Zr content increases till x =dl8Jear plateau in the PCI
curve appears, which is credited to the martensttiscture of TiNi. Since the
alloys were all synthesized by casting, it also liegpthat the increase in Zr
brings about the formation of the martensitic Tediucture, which was later
confirmed by Cuevas et al. [45]. Secondly, it waparted that Zr substitution
for Ti increases the lattice constant, which maynseguently increase the
hydrogen capacity of TiNi [5, 44]. Hsieh et al. [S8udied the composition of
Ti-Zr-Ni alloy as TpZryNi (x = 0, 0.2, 0.4), they observed the phase itiams
as follows with the increase in Zf:phase— n + A; — Ay phase— i; + 6 phase

— 0 phase. The reference [56] is shown in Figure 1-11.

—
Zr, at.%

Figure 1-11 A partial isothermal section of theZFiNi
phase diagram at 700 °C [56].

They found that Zr hinders the formation of amongh@hase for Ti-Ni
but helps increase capacity as well as the cyghedormance of amorphous
Ti,Ni.
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1.2.4.2 Mg influence

Mg itself is being studied extensively for hydrogeorage materials due
to its abundance, light weight and an extremelyhhibeoretical hydrogen
capacity (2200 mAh/g [15]). Therefore, substitution doping of Mg for Ti
usually happens in large quantity, and Ti is somes$ used to substitute Mg in
Mg-based alloys for hydrogen storage materials .[53}ajek et al. [5]
experimented small quantities of Mg substitutionr f8i and prepared
TiNig79Mgo.2s They reported an increase in hydrogen dischaagaaty of the
BCC TiNi as a result of lattice constant increaseni 3.018 A to 3.048 A). In
the stable solid state, the pure metals of Ti amgdldth have an HCP structure,
nonetheless they are thermodynamically immiscileerefore, if the Mg
content is high in the alloy, traditional meltingchnique is not applicable, as
even the boiling point of Mg is lower than thatTof As a result, Ti-Mg alloying
is done successfully through mechanical alloyingKklayisvaart et al. [58, 59].
They reported two structures after milling seveliffierent compositions of Ti,
Mg and Ni. In another milling practice of Ti-Ni-M@1go.sNiogsTi, MgTigsNigs
and TiMg), no FCC structure was observed but a B@Gctured phase. It is
quite interesting to see however that Ti and Mgtathalloying first in this
experiment, while in the phase diagram there areertftan one possibility for
Ti-Ni alloy but Ti-Mg phase is non-existent. Whilkis result is striking in a
way, it is understandable when one realizes thathamcal alloying may
produce metastable phases. The product of millinyiMg is still unresolved
when several other phases were found in the peaofialloying Ti, Mg (and Ni)
including BCC, FCC, HCP and BCT [60-62]. These atint results are

summarized in Table 1-2.
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Table 1-2 Products of alloying Ti-Mg with differeapproaches

Compositiol Synthesi PCA/Balls Products for 1-Mg
. FCC
MA of Ti, Mg powders Stee;:/c?c';eanc a=442 | a=4.26
Mgo.75Ti0.25[63] A A
MA of Ti powders, Mg ribbons, Pd i
catalyst Steel/Non FCC
(Mg°'75TE%§?°'95’\“°'05 MA of Mg ribbons, Ti, Ni powders Steel/Non a=4.42A
BCC (84%
MgTi [64] MA of Ti, Mg powders, Pd as catalyst Sfdon a=339A
: : HCP (16%)
a=297Ac=486A
(Mo sqTio290seNi FCe
Go.g0! lo.2go.05Nl0.05 MA of Ti, Mg powders Steel/Graphitd a=4.44 | a=4.25
[58] A A
Mg <Tio2s[59] As deposited to thin film N/A HCF
07571025 a=311Ac=502A
HCF
M@o.esTi0.25[62] MA of Ti, Mg powders Steel/Non | &7 3.178'&(\3’222 5.15 A
a=342A
HCF
M@o.esTio25[62] MA of Ti, Mg powders Zirconia/Non | &~ 3‘192(":%: 5.20 A
a=4.23A

As for the performance of the Mg influence, the dasions are not
conclusive as many research practice are not glosehnected, making it
difficult to compare the results from different bots. In the study of Rousselot
et al.[65], in which the compositions MgNigsTi, MgTigsNigs and TiMg were
mechanically alloyed, they found that the MgNips electrode showed the
highest discharge capacity (536 mA/g) compareddtb and 475 mAh/g for the
MgosNigsTi and MgTi electrodes, respectively, while thetribtite the higher
rate dischargeability of the MgNigsTi electrode to its better H-diffusion kinetic
properties compared to MgkENigs. However, the relationship between the
electrochemical performance and the structures wetréully discussed, as they
were not sure the actual phase of the milling pctglun the study of Kalisvaart
et al. [59], in which they reported two FCC phasath similar lattice constant
(@ = 425 A anda = 4.44 A) when they mil a composition of
(Mgo.soTi0.2000.95Nli0.05 they further suggest that the FCC structure wighlarger
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lattice constant may be the one providing hydrogmage as its abundance

decrease with milling time, which caused a decraaséectrochemical capacity.
1.2.4.3 Other elements influence

Besides the most popular element substitution ikeand Mg, several
other elements were attempted, among which arelyrtosihsition metals. These
doping metals may expand the DOS (density of Statesas to improve the
thermodynamics or kinetics of the alloys during tblarging/discharging
process, or they rather increase the dischargecitgply increasing the original
lattice constant as an example. A few elementsatefound positive in general
for the improvement of the electrochemical perfono@are Fe [66], Mn [5],
while B [43], Sn [67] and Pd [42] have been repdriegative. Co showed a
lower discharge capacity when it was solely meatsallyi alloyed with the
composition TiNggCay o it however performed better after annealing [67].
Above all, one should be noted that due to diffemthesis techniques, the
influence from the same element may vary. Thus drucial to assess the effect
of certain element on the performance of the alldth consideration of the

alloy preparation method.
1.3 Mechanical alloying
1.3.1 Mechanical milling as alloying technique

As a new mechanical alloying method, mechanicalimgilhas drawn
extensive attention as an alloying process. Firatiomechanical milling is very
different from most traditional alloying method iags common to produce non-

equilibrium phases, which does not necessarily apipea phase diagram.
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Solid, Liquid, or Vapor

Rapid Solidification
Mechanical Alloying
Vapor deposition

Metastable Phase

G,

Equilibrium Crystalline State

Figure 1-12 Basic concept of the non-equilibrium material.

By means of mechanical milling, some immiscibleogdl may be
synthesized. Furthermore, mechanical milling caduce the grain size
substantially, resulting in the formation of nanatalline or amorphous phase,
which is essential to many material characterigmsght after.

As it is compared to rapid solidification and vap@position (Figure 1-
12), the departure energy from equilibrium for neewbal alloying was reported
at 30 kJ/mol [67], which is higher than rapid si@tion (24 kJ/mol) and

lower than condensation from vapor (160 kJ/mol).[68
1.3.2 Mechanical milling in hydrogen storage material apfication

Several research groups applied mechanical adcivanethods for the
synthesis of hydrides [69]. They first operated tindling of mixtures of
elements under inert gas atmosphere to synthedierietallic compounds, and
the products of the milling were exposed to hydroge form hydrides. It is
found that mechanical milling improves hydrogenatikinetics due to its

nanocrystalline structure. In recent years, medamilling has been widely

26



applied in the hydrogen storage materials reseaesipecially due to its

efficiency to alloy several elements.

There are generally two steps that are frequembfied for the synthesis
of the alloys for metal hydrides. The initial elemte were first mechanically
alloyed, which produces a nanocrystalline/amorphqusase, and then

subsequently follow a heat treatment, such as dngear melting.

Zaluski et al. [70] investigated the hydrogen sgerabsorption properties
of Mg.Ni prepared by mechanical alloying. They found thdg,Ni in
nanocrystalline phase obtained by ball milling shosignificantly enhanced
hydrogen absorption characteristics, and the aativas much quicker because
of the active surfaces of the powder created irbtdemilling process. Another
example of comparing the mechanical alloying sampled arc-melted samples
was done by Wang [71], who did an experiment of garmg the hydrogen
storage properties of JdVo3dMng s prepared by mechanical alloying and
vacuum arc melting. He found that the alloy pregang vacuum arc melting
has a single phase BCC crystal structure, and theémnum hydrogen absorption
is 3.62 wt%, compared to samples prepared by médiaalloying which has
an amorphous crystal structure, with a maximum bgen absorption of 1.76%.
Nevertheless, although the hydrogen storage powatepgared by mechanically
alloyed samples show better cyclic performance,tot@ hydrogen-absorption
capacity of vacuum arc samples are higher thanothidte mechanically alloyed
samples. It is common to find that as-milled alloyghich feature a
nanocrystalline/amorphous phases exhibit bettevadwin and cycling stability
characteristics, while suffers capacity loss inegah (Figure 1-13). For more
details of the comparison of MA with other syntisemethods, please refer to
appendix 1 “methods of preparing hydrogen storageenals”. Zhao et al. [50]
explained the improvement of amorphous phase bgingtahat the metal

hydrogen interaction within the bulk amorphous wal® weakened, and there is

27



a lower energy barrier of hydrogen penetration ugto alloy surface for the

amorphous phase.
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Figure 1-13 Discharge capacities ofNiielectrodes as a function of the cycle

number. [49]

Another main reason to apply mechanical alloyinpitake advantage of

its possibility to alloy immiscible elements thaaditional synthesis method

cannot. A good example is Ti-Mg. Despite the noistexce of Ti-Mg alloy in

their binary phase diagram, Ti-Mg has been suculgsdlloyed by several

teams in research for Ni-MH battery materials [38, 59, 63].
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Chapter 2 Experimental and Density Functional

Theory






This chapter describes the experimental techniqsesl in this study,
including the means of preparing samples (HEBM), crostructure
characterization (XRD, SEM, TEM), hydrogenation gedies measurement
(solid-gas and electrochemical approaches) andeé introductory to the DFT

(Density Functional Theory).
2.1 Material preparation: mechanical alloying

Developed by Benjamin et al. in the 1960s, aimimg groduce
homogeneous materials from element powder mixtuneschanical alloying
(MA) has become an advanced material alloying nwthehich processes
powders in solid state. The straightforward advgesaderive from MA include
synthesis of immiscible element by traditional gilgy approach, mass product
yielding, and extremely fine crystalline (grain esim nanometer) production.
Nowadays, MA is frequently used to improve mechalhicchemical and

physical properties of the material [73].
2.1.1 Principle

MA (mechanical alloying) generally refers to theogess of MM
(mechanical milling), except that mechanical mdlican equally be used on
pure metals, intermetallics or pre-alloyed powde&rkich does not necessarily

produce new alloys.

MA starts with mixing of the powders with desire@portion of different
powders. The loading of powder mix into the milhdze done under an inert gas
atmosphere if necessary, during when the grindiatls and PCA (process
grinding agent) are also put in the vial. The esakfactor that plays often a
decisive role is the energy input to the millinghigh is controlled by several

milling conditions, such as B/P (ball to powdeliggtspeed, time etc. A milling
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should be considered to be complete until it redchesteady state when

particles share the same composition.

vial wall

Figure 2-1 Mechanical stress during ball milling

Figure 2-1 shows two types of pressing the subditbaterials undergo
during milling, clashing of two balls (Figure 2-} ar clashing of the ball and
the vial (Figure 2-1 b). The pressing induces pdotsemical reaction by
introducing mechanical stress, which leads to astiel deformation of reagent
at first, continued by an irreversible plastic defation, and consequently

results in fracturing.

The fracturing stage brings about defects of theerna including cracks,
new surfaces, dislocations, vacancies, grain ahdret At this stage, it usually
yields ultra-fine grain size. With prolonged mitlinthe second stage named
“cold welding” becomes dominating, accompanied bystllinity breaking,

alloying or amorphization [72].
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Several key variables that affect the outcome difngiinclude:
* type of mill,
* milling container,
* milling speed,
* milling time,
* type, size of the grinding ball,
» ball to powder weight ratio,
» extent of filling the vial,
* milling atmosphere,
« process control agent, and

» temperature of milling. [72]

Changing the parameters increases or decreaseséhgy input into the
system in general. A higher value of milling spetadie or B/P ratio gives more
energy. Other parameters also play crucial or edesisive roles in a milling
setup. For examples, Nouri et al.[73] studied tifeuence of different types of
PCA on milling product. Milling atmosphere is udyakither inert gas or
reactive gas added purposely. The former prevdmsreéaction between the
milling powder and air, whereas the latter is expedo react with the milling
powder, which is also called “reactive ball milliigBM)”. Extent of filling the

vial is suggested to be around 50% to have opteffadiency. Material of the
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vial and ball should be picked so that it doestleastamination to the milling
product, and it was reported to affect the finaldurct of the milling as well [64].
There have been some studies on the influencengbdrature of milling, in
which it showed that temperature has a signifiedféct in an alloy system as
expected [74]. Therefore temperature rise inducgdlomg time of milling

should not be neglected.
2.1.2 Milling conditions

In the present study, a planetary type mill RetBdh 400 is used with
steel vials and steel balls. The details of thdimgilsetup is illustrated in Figure
2-2, where two steel balls (d = 20 mm) are place80 ml volume steel vials.
The filling of the starting powder was carried omta glove box filled with
argon as the protective gas. 2 wt. % of ethanoladaied to all starting powders
to prevent otherwise sticking milling products ¢we tvial wall or the balls. The
rotation speed was fixed at 400 rpm. In order ssigate heat, all millings were
scheduled a 30 mins pause every 30 mins. Tablés?slall the samples studied

and their milling details.

Table 2-1 Milling regime for individual composition

Compositiol Starting powde Milling time (hours | B/P
TipZr«Ni ] i 20, 40, 60x = 0)
Ti (99%,< 150 um)Zr (<45 pm),Ni (99.5%,< 250 pm) 3.31

(x=0,0.1,0.2) 60(x=0,0.1,0.2)

(TiNi) 1.Mgx 0, 10, 20, 40x = 0)
(x=0,0.1, 0.2, Ti50-Ni50 (< 150 pum)Mg (99.8%,< 50 um) 40(x=0,0.1,0.2,| 4.4:1

0.3) 0.3)

) i TiH , (98%,< 44 pm),Mg (99.8%,< 50 um),Ni (99.5%,

(TiH2)1sMgosNi 10, 20, 30, 40 4.4:1
< 250 pm)
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steel vial 50 m

<« counter rotatio

/Cb(— two steelballs (d = 20 mm

@‘

platform speed 400 rp

Figure 2-2 Retsch PM 400, vials and balls and present
planetary mill setup

2.2 Structural and chemical characterization

Structural characterization used in this study udes XRD (X-Ray
diffraction), SEM (Scanning electron microscopy)dafEM (Transmission
electron microscopy). Chemical analysis was don¢hbyEnergy-dispersive X-

ray spectroscopy method.
2.2.1 X-Ray diffraction

Developed as early as 1920s, XRD analysis has baenof the most
common and powerful tool for the examination of tpewder sample
microstructure. Obtainable data of a given samptdude crystal structures,
phases, preferred crystal orientations, as weltagtural information such as

average grain size, strain and so on.
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The principle of XRD is the Bragg's law (Figure 47%]), which is used
in combination with the wave interference theorythe formulanA = 2dsin®,
A, d and6 represent the wavelength of the X-ray, interpladmstance and
incident angle respectively, while n is any integemmber which leads to a

constructive interference.

Figure 2-3 lllustration of Bragg's Law of Diffraction [75]

As illustrated in Figure 2-3, rotated incident besgans the flat surface of
the prepared powder, and collect the informatiorthef (h, k, 1) plane of the
sample with the help of the formula= 2d,sinf.. Eventually, it generates a
pattern for each crystalline structure type, nanmellgic, tetragonal, hexagonal,
rhombohedral, orthorhombic, monoclinic, triclinBy comparing the pattern of
the examined sample with the database of the knmaterial structures, one
may identify the peaks obtained hence infer thetemtinof the sample.
Specifically for the milled powder sample, the p&dtien look much broadened
than a standard crystalline peak. This can be aqiaby the Scherrer equation
B. = KA/Lcod, where L is the mean crystallite sizq, B a standardized width
of a peakj is the wave length of the incident light &hé the Bragg angle. Due

to the nature of MA processed powder, which oftentains several structures
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in one sample, the XRD pattern can be a complexhis case, Rietveld or
profile fitting method can be used when analyze ¥RD data. Rietveld
refinement is the procedure which simulates the Xpdderns of using the
theoretical or known systems, and calculates tfierdnce of fit with measured
data, whereas profile fitting fit experimental dapirically with a series of

common mathematical equations.

Figure2-4 Bruker D8 Advance -ray diffractormetr (left) and

Bragg-Brentano geometry (right)

In the current study, XRD was performed on a BruB8rAdvance X-ray
diffractometer with Cu k& radiation §£ = 0.15418 nm) filtered by nickel. The
device can be seen in Figure 2-4 (left), and treg@Brentano geometry is
shown on the right, which consists of: (1) gonioanet(2) X ray tube, (3)
primary optics, (4) sample platform (5) secondgpyias, (6) detector. Note that
the focus of the X-ray tube, the specimen, andditector slit are located on a

single circle. A simplified scheme of the goniommaseillustrated in Figure 2-5
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y-ray snurcy w;tecmr

sample holder

Figure 2-5 lllustration of an XRD device

2.2.2 Scanning electron microscopy

SEM (scanning electron microscope) is a type afted@ microscope that
uses high energy electron beam to hit (scan) tHasiof the sample to produce
a SEM image through different types of emitted &tats. In practice, the most
common SEM images are the secondary-electron typeh are used to show
the morphology or the topography of a surface. 33pSEM equipment can be
illustrated as in Figure 2-6 (left), and on thehtigs the model JSM-5800LV.

SEM can be installed as standalone equipment waithwithout) EDX
(Energy-dispersive X-ray spectroscopy) supportinstalled as an addition to
TEM for a synthetic analysis. EDX (or EDS) analyssused for chemical
characterization (elemental analysis) purposese@ch element has a unique
atomic structure, the X-ray emission characteristithen unigue. The report of
this technique usually comes with the relative atomomposition of the

examined samples.
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Figure 2-6 Scanning electron microscope scheme (left) and meaGl8M-
5800LV) (right)

We have used the model JEOL JSM-5800LV with Eneligpersive X-
ray spectroscopy support in this study, which ojgead magnifications from 18x
to 300000x and with an accelerating voltage oft6.30 kV. There are both a
high-vacuum and a low-vacuum mode. The sample chaidn hold multiple
normal SEM samples using the rotating sample hotdea single sample as

large as 8 inches in diameter.
2.2.3 Transmission electron microscopy

TEM uses electrons that have passed through asffecimen and are
focused to create the image with a spatial reswiutivhich is significantly
higher than light microscopes. Provided the prepaample is thin enough, all
electrons are expected to be transmitted througiwenler, the electrons are
scattered by the atoms of the specimen. In anygbdhie field of view where no
specimen is present, and the electrons remain tlessd, it appears bright

relative to the specimen. And this results in gliirfield image. Considering the
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wave nature of the incident electron beams, TEM &lap be used to obtain
diffraction images of a crystalline material. Instltase, it is very similar to the
XRD technique, and it also features the Bragg's: lew= 2dsi. Take Figure
2-7 as an example, the relationship between thieigdl of a given diffraction

ring and scattering angteis given by:
R=Ltan® (2-2)

where L is the distance from where the diffractpaitern were recorded to the
specimen (ignoring the presented imaging lenses tha purpose of

simplification.) [76]

Figure 2-7 Example of TEM diffraction image

The lateral resolution of the best microscopes @wvrd to atomic
resolution. A schematic presentation of the mioopscis shown in Figure 2-8.
With an electron gun an electron beam is formedgchlvis accelerated by an
electric field formed by a voltage difference gfpically, 200 kV. By condensor

aperture, the electron beam is focused to a spbthain on the thin film, and the
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first image is formed by the objective lens, maiguif typically x25. The
following lenses give a final magnification of tirrage of more than x#0The
thin-sample images, electron diffraction patteras ®©®e formed on the final
image screen. In bright field imaging, the imageadhin sample is formed by
the electrons that pass the film without diffrantias the diffracted electrons are
stopped by a diaphragm. In the corresponding dakl imaging mode, a
diffracted beam is used for imaging. The grain sine lattice defects can be
studied with the image mode, while the crystallgteicture is studied by the
diffraction mode. If the device is supported by EONe chemical composition

of small volumes can be obtained by detection adys emitted from the film.

Electron gun

Condensor aperture =1 ==
Specimen port Objective aperture
= =1/ Objective lens
Z] Diffraction lens
Intermediate aperture Z]
A Intermediate lens
Q DE Projector lenses
Binoculars g Eﬂﬁ X ;

/D Fluorescent screen

L

L

d Image recording system

—

Figure 2-8 Schematic TEM presentation
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In the current study, the TEM images were createdguithe model JEOL
JEM-2100 (Figure 2-9), which operated at 200 kVedm@ting voltage). The

specifications of this device are as follows:

Thermal electron emission gun type, kaB

Accelerating voltage, 80kV, 200kV

HTP polepiece, point resolution 0.25 nm, lattice40am

Energy Dispersive X-Rays Spectroscopy (EDS JEOL JEIMT 30
mn¥, resolution 133 eV on Mn K)

Gatan Erlangshen ES500W camera (1350 x 1040)3paorn
Gatan slow-scan camera USC 1000 (2000 x 2000)

Figure 2-9 TEM model JEOL JEM-2100
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Its capability includes: crystallographic and cheashi analysis,
nanomaterials (nanotubes, nano-ribbons), cataheiparticles, steels, alloys

and compounds.

TEM sample preparation is also considered to bélyhigemanding, as
electron microscopy in form of films mounted onefimeshed grids must be

very thin. The equipped sample preparation is mteskin Figure 2-10.

Figure 2-10 Equipped TEM sample preparation platfor

2.3 Measurement of electrochemical and physical hydrogetion
2.3.1 Sievert's manometric measurements and PCI

Sievert's manometric measurement is a system tsunedahe amount of
hydrogen that the tested sample can absorb/dassddid-gas reaction, which is

widely adopted by the metal hydride researcherse Htheme of the
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experimental device is shown in Figure 2-11 [7 [ @éhe principle follows the

ideal gas law:

PV = nRT (2-3)

Thermostat /
Thermal bath

Figure 2-11 A schematic diagram of a basic mandmetr
sorption measurement system [77].

VaCLUm atmosphere

Deuterium capillary

10 bar sensor & ——

i, connected to
‘. =9 4 sample
1 bar sensor

1 bar isolator
valve

volumes volumes selector

Figure 2-12 Sievert's manometric device for PCiveur
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In the initial state, Yis filled with hydrogen and the pressure is\When
V, is open for hydrogen access, the sample is exghéatabsorb hydrogen till a
stable final pressure is reached atT?e amount of hydrogen absorbed is given
by the formula:

P,y _ Pr(V1+V3)
Z;TRT ZgTRT

An = (2-4)

at the measurement temperature . @ad 4 are the hydrogen compressibility
considering the real gas properties rather thaal igas, which is realized using
Hemmes method [78]. To continue the test in amtien manner, the final state
can be the initial state for the next step. Evdit@PCl curve can be obtained.

A Sievert’'s manometric device is presented in FegRul2.

In the current work, the samples with the composit{TiH,); sMgo sNi
were tested using the Sievert's method. ~0.5 gouider sample was introduced
into the sample holder closed with a stainlessl| $ilésr. The temperature was
measured by a thermocouple fixed on the externdll avahe sample holder.
Every hydrogenation was preceded by 3 activatiatesyat 620 K under 3 MPa
of hydrogen pressure (absorption) and primary vacuaesorption). PCI
(pressure composition isotherms) curves were obtlaby successive addition
of hydrogen in the sample. Hydrogen content is red@n the equilibrium
pressure is reached. The temperature ranged froén R0 473 K and
absorption and desorption pressures used were @8 d&hd 0.03 MPa. H-

content was calculated from volumetric measurements

2.3.2 Charge/discharge under galvanostatic conditions

The electrochemical performance of the metal hydrid measured under

galvanostatic conditions at room temperature uainge compartment open-cell.

43



For the test of the sample,1ZrNi and (TiNi)xMgy, discharge capacity
cycling were operated under galvanostatic condtiovith a Multi-channel
Battery Interface model ATLAS 0461. Working electes were prepared by
compressing the milled powder and 10 wt% of Ni pewdnder 326 MPa
pressure to produce a small pellet, which was thénn between the nickel nets
that act as current collectors. NIOOH/Ni(Qk\as used as the counter electrode
and cut-off potential versus the reference eleetrbld/HgO was set at 0.7 V.
The electrodes were measured in an H-type shags g&ll. Before the test, the
electrodes were soaked in 6 M KOH electrolyte atmdemperature before they
were soaked in the same solution for 1 h at 1008€.illustration of the
experimental components is shown in Figure 2-13.

+0Qg2 -0g2 -0g1 +og1
+Ubat +ibat Abat -Ubat

Reference
Anode electrode

e

Electrode négative

Figure 2-13 Experimental components for the elettemnical
cycling test for the sample ;LiZryNi

For the sample (Tik)1sMgosNi, the cell consist of a negative working
electrode pellet made by hard pressed the milledvdpo a positive
Ni(OH)./NIOOH counter electrode and a Hg/HgO referencetedde (Figure 2-

14). The working electrodes were made of a mixtirédhe sample powder,
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conductive carbon, and Polytetrafluoroethylene @)Tkh the weight ratio
90:5:5, which was rolled onto a Ni grid acting &g tturrent collector. The
discharged capacity was calculated correspondinipgoactive material. 6 M
KOH solution was used for both electrochemical egitl reference electrode.
The cycling tests were performed at C/5 regime witkioff potential at 0.7 V
versus the reference electrode in discharge sestmmbtain electrochemical
isotherms, Galvanostatic Intermittent Titration Heue (GITT) was
performed at room temperature with 5 h relaxatiomet The electrochemical

experiments were completed on a Mac Pile Il device.

Figure 2-14 The battery set-up using the ¢JiEMgo sNi sample as
the negative electrode

2.4 Density functional theory

Density functional theory was developed to invesBgthe electronic
structure in atoms, molecules and condensed phases computational
approach nowadays. Heavily relied on computer newsdit is frequently used
in solid state physics and quantum chemistry teestile time-independent, non-

relativistic Schrodinger equation:
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H¥(ry, 15,73, o, Ty; R4, Ry, R3, oo, Ryy) = EW (1, 15,73, ..., T; Ry, Ry, R3, oo, Rayp)
(2-5)

whereH is the Hamiltonian for a system consisting of Meiiand n electrons,

ri is the position of the electron, & the position of the nuclei. To solve this

extremely complicated equation in a many-body ebedt structure calculation,

Born—Oppenheimer approximation which treats nuafemolecules or clusters

as fixed is applied. Thus the above equation besome
Hllu(rli 2,73, ey Tn) = EllU(rl, 2,73, wuey Tn) (2-6)

Nevertheless, the task of solving the above equasostill formidable
after the simplification due to the interactiondvieen the massive numbers of
electrons. This is where DFT kicks in, which uség tlectronic density
distribution, n(r) and a universal functional oktldensity EJ[n(r)]. The key

theory consists of two parts:

1) The ground state electron density uniquely detegmitihe potential and

therefore all properties of the system.

2) A functional F[n(r)] can be found for the groundatst energy for any
given Ve\(r)

The above theorems are also known as the Hohemwdrg-theorem,
which has turned the many-electron problem to saffsistent one electron form.
It is still left to decide the JE[n(r)] (exchange-correlation energy functional),

which can be calculated by

n(r) = Lil®; ()| (2-7)
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where @; is the concerning wave function. There are sevapgroximation
methods, and are still being improved. E.g. thallepin density approximation

(LDA) is expressed as:
Exl? = [n(r) exc[n(m)]d®r (2-8)

Simple as LDA is, it is mostly accurate when ddszatomic structure for
many systems, but it suffers inaccuracy when trymglescribe energetics of
chemical reactions. Another approximation methothedh GGA (generalized
gradient approximation) was developed, which depem not only the local

density but also the spatial variation of the digndt is written as:
EZih = [n(r) exc[n(m)]E[n(r), Vn(r)]d®r (2-9)

DFT is realized by many quantum chemistry and scbate physics

software packages, including vasp, castep, quaBEBBRRESSO etc.

Geom.
Opt.
M.D
T
Model
Electronic ] ] o
T N Band Structure 1st Derivative
Non-local Local
Poiential Polential
Density 5 Local 3 s
Mixing Ewald Pseudo. Haetes XC.

Figure 2-15 Functional modules of castep
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Castep is a versatile first principles electrotracture code for predicting
properties of materials. Some of its function io@u total energies (forces,
stresses, elastic constants), electronic strucfelectronic charge, potential,
band structure, DOS, atomic popluations), geometpyimization (atomic
positions, cell parameters, external pressureStrasansition state searches
(chemical reaction pathways, diffusion barriersheTrelationship between its
functional modules can be illustrated as in FigRf#5. In the current study,
castep [79] is used for both the geometry optinoratind energy calculation.
The detailed parameters of calculation will be giweith each instance in the

following chapters.
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Chapter 3 High Energy Ball Milled (Ti-Ni) 1,Mgy
and (TiH2)1.sMgo sNi






Alloys of Ti, Ni, and Mg have drawn extensive imsts as one of the
most studied metal hydrides [60-62, 65, 80], sificend Mg potentially possess
large amount of hydrogen storage capacity. Nonesisel due to different
preparation techniques and parameters, as welhassdrious products after
synthesis, a conclusive explanation on how theymgpactually progresses and
the true phases obtained are lacking. Among treetbfements, Ti and Mg are
in fact thermodynamically immiscible, whereas difiet structures of them have

been reported without revealing the true compassti@l, 61, 63].

In the current chapter, different amount of Mg dbde-Ni samples were
submitted to high energy ball milling with the coosjtion (TiNi),,Mgx (x = 0,
0.1, 0.2, 0.3). The milling time is fixed at 40dr the sample with Mg addition.
Effect of Mg on both the microstructure and revaesinydrogen capacity was
studied. A DFT calculation was carried out and avii FCC structure is
proposed. In the second step, powders of,,TMy and Ni with the molar ratio
of 3:1:2 ((TiH)1.sMgo.sNi) are mechanically milled for different hours (40 h).
The evolution of microstructures with milling tintelps further understand the
formation of Ti-Mg alloy and its hydride. Solid-gasaction of the milled
sample with hydrogen and electrochemical cyclingdeun galvanostatic

conditions reveal the hydrogenation propertiehefTi-Mg alloy.
3.1 Microstructures of the milled (TiNi) 1.x\Mgy

To have a better understanding of the Mg influeaoethe milling of
Ti50-Ni50, the XRD patterns of Ti50-Ni50 powderslled 10 h, 20 h, 40 h and
non-milled samples are displayed in Figure 3-1.eNat in the as-purchased
Ti50-Ni50, Ti, Ni element peaks are not observedegx for those of the Ti-Ni
compounds (TiNi and INi), which means that the Ti50-Ni50 is not a mix of

pure element powders but Ti-Ni compounds with theNI atoms ratio of 1:1.
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In all mille samples, a typical peak centered &tekh be observed as this peak
is common for the TiNi alloy [68, 51]. What is inésting is however the Ni
element peaks spotted for the 20 h milled sampléjchw implies the
decomposition/recrystallization for the Ti-Ni compals. As mechanical milling
can induce dynamical recrystallization during nangstal formation at high
milling intensity [75], it appears that after aba2@ h of milling, dynamical
recrystallization has taken place. Trace of Ti-Fe@npound was also found
uniquely for the 20 h milled sample, in which ircontamination should be from
the steel milling balls. This further confirmed tleerystallization during milling.
As milling time is prolonged to 40 h, the Ni peadeen in the 20 h disappear
while the prominent peak at 42° becomes smoothkowig a sign of
amorphization of TiNi phase. This indicates Ni hasalloyed with Ti in the

following 20 h of milling.

75001 40 h milled

20 h milled ]

5000 A

10 h milled

Intensity(Counts)

2500 Not milled

- TiNiamorphous
- Ti50-Ni50

- Ni

- Fe,TiO,

[
A
|
O

30,0 40,0 50,0 60,0 70,0 80,0
Two-Theta (deg)

Figure 3-1 XRD patterns of Ti50-Ni50 milled O h, 4020 h, 40

Comparable XRD patterns of the Mg doped samplese v&own in
Figure 3-2. Although all these samples were mildh, addition of Mg has

apparently hindered the amorphization progressesaicphases incline toward
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crystallization with the increase of Mg content. &dhx reaches 0.3 the peaks
become much narrower than the samples with lessQugthe other hand, all
Mg doped samples consist of peaks appear in the samgle, indicating the
samples share the same phases. Particularly, nerkiieNi binary structure
could be found that corresponds to the peak ate3¢épt that the other three
peaks at the higher angles fit well into the TINC® profile. It is therefore
inferred that the peak at 37° corresponds to aglantaining Mg. Intensity of

this very peak increases with Mg content furthexfcms this assumption.

Intensity

— T T T T
30.0 40.0 50.0 60.0 70.0 80.0
Two-Theta (deg)

Figure 3-2 XRD patterns ¢TiNi)1xMgy (x =0, 0.1,
0.2, 0.3) milled 40 h.

Therefore, XRD profile fitting was performed on theample
(TiNi)0./Mgo.3 shown in Figure 3-3. After multiple steps of caitgdrofiling, the
peak at 42° was found to be composed of two indafdpeaks. One is a
considerably broad peak identified as the TiNi B@&hocrystalline/amorphous
phase, while the other is a much sharper peak dpaears to be rather
crystalline phase. It also reveals that the peak7atbelongs to an FCC phase.

Indexation of the peaks is presented in Table IB4i%.necessary to note that the
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peaks starting from 60.6° to higher angles are wvases heavily overlapping
each other. This Mg-rich peak at 37° in the Ti-NgNérnary has been reported
by both Rousselot et al. [65] and Kalisvaart et[39]. The former suggested
that this peak should belong to a Ti-Mg HCP strigstwhich could transform to
FCC when hydrogenated, while the latter reported tine peak originates from
an FCC structure of Ti-Mg with a lattice constandf 4.26 A. In our case, the
XRD pattern fits perfectly to an FCC structure witie lattice constard of
4.325 A, labeled as thephase in Figure 3-3. The BCC pattern labeled @s: th
phase with the lattice constambf 3.044 A is determined to be TiNi (CsCl type),
whose lattice constant is slightly larger than fileguently reported value 3.015
A. This may be caused by inaccuracy of profilingsabstitution of Mg for Ni
in the Ti-Ni BCC cell [5]. The average crystalliseze for (TiNihMgo3 is ~3
nm according to calculation with Wilson formula lesing Williamson—Hall

style plot [81].

a phase

P phase TiNi Bec pseudo amorphous

Ti-Mg Fcc structure
> | gl e ! /
= =
) ,
3 i
| % hase
E (T i W sHiphiase a+p phase
= [T
- 1 N
J a T s, &
i S I B S
" 400 7 T s0 " s0 100 80

Two-Theta (deg)

Figure -3 XRD profiling for (TiNi)o.Mgo.3(milled 40 h)
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Table 3-1 Peak indexing for the (Tili{Mgo.smilled 40 h (* indicates
overlapping of peaks from the two phases)

Phases 20 (°) Reflection (hkl)
36.1 (111)
41.9 (200)
TiMg FCC 60.6* (220)
72.4% (311)
76.4* (222)
TiNi BCC 43.2 (110)

Despite the scarcity of Mg compared to the reldyiadundant Ti or Ni, it
appears that Ti favored Mg to alloy instead of Mierestingly, this was also
reported by Rousselot et al. [65] when they ballleai Ti, Ni, Mg element
powders. The morphologies of the milled samples sltewn in the SEM
micrographics (Figure 3-4). In Figure 3-4 (a), therphology presented implies
a cold welding state or amorphous state to be ewduth usually occurs as the
conseguence of particles being excessively refimeftacturing and subsequent
agglomeration. In comparison, two distinct typespafticle can be found in
Figure 3-4 (b): the bulky particles which are tlaene type as in Figure 3-4(a),
and the small ones residing on the surface of trendr. Since the bulky
particles correspond to amorphous TiNi, the smaléeticles have to be the new
phase containing Mg, tHephase. Relate the analysis of SEM and XRD, we can
deduce the events in chronological order duringniiéng of Ti-Ni-Mg alloy.

During the 0 h - 20 h period, Ti50-Ni50 decompoasshe result of dynamical
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recrystallization and Ti-M@ phase starts to form. This recrystallization pssce
does not exclude the formation of TiNi, which idimed and evolves into the
nanocrystalline/amorphous state with further nglinVhen the milling time
reaches 40 h, there coexist the amorphous TiNIREM Ti-Mg phase. We must
stress that we have observed the “coating” effgcTibMg  phase on TiNi
phase in all SEM micrographs for Ti-Ni-Mg ternatiogs, as this seems to have

considerable influence on the hydrogen capacitheflloy.

(a) TiNi 40h ) (b) (TiNi)p,Mgos 40 h % *
’ i ‘ ! 0.7V1803 &

3 0.0um 7. % e Ro 0.0 pm

Figure 3-4 SEM micrographs of (a) TiNi and (b) (TigNMgo.zmilled 40 h.

In order to understand the milling products of Tgi, the results of
ours are compared with other groups using diffegmithesis conditions in
Table 3-2. It can be seen that for the samples R@A addition during milling,
Ti-Mg FCC structure with the lattice constaat4.42 A is always present.
However if PCA is not used but the milling ballsacige from steel to Zirconia,
the same FCC structures is present. TiC was orgpgested to be the source of
this FCC structure for it has a similar lattice samt (4.37 A), however
formation of TiC has been proved false [61]. Tharfation of FCC was also
suggested be triggered by the impurity of starpogders, such as oxidized Mg.
Nonetheless, EDX assisted SEM analysis shows thiatafl the Ti-Ni-Mg
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samples, they are homogeneous in composition,fendrhount of oxygen is too

low to be detected at all.

Table 3-2 Products of alloying Ti-Mg with differeapproaches

Composition Synthesis PCA/Balls Products for Ti-M
. FCC
. Steel/Stearic
. MA of Ti, Mg powders acid a=442] a=426
Mo 75Ti0.25[63] A A
MA of Ti powders, Mg ribbons, Pd i
catalyst Steel/Non FCC
(Mg°'75TEg§?°'95’\“°'05 MA of Mg ribbons, Ti, Ni powders Steel/Non a=4.42A
BCC (84%.
a=3.39A
MgTi [64] MA of Ti, Mg powders, Pd as catalys Sidon HCP (16%)
a=297Ac=4.86
A
. . FCC
(M0o.s0Ti0.200.98Ni0.05 : :
[58] MA of Ti, Mg powders Steel/Graphit a=444 ] a=475
A A
(TiNi)0Mdo.3 N ECC
(present work) MA of Ti-Ni, Mg powders Steel/Alcohol a=4325A
HCP
Mgo.75Ti0.25[59] As deposited to thin film N/A a=3.11Ac=5.02
A
HCF
a=3.17Ac=5.15
M@o.esTi02462] MA of Ti, Mg powders Steel/Non
BCC
a=3.42A
HCF
a=3.19Ac=5.20
M@o.esTi02462] MA of Ti, Mg powders Zirconia/Non A
FCC
a=423A

3.2 DFT calculation on Ti-Mg structure

3.2.1 Calculation parameters

The unit cells used for DFT calculation are displhyn Figure 3-5 and
Figure 3-6. Perdew—Burke—Ernzerhof (PBE) [82]

approximation (GGA) was used for the exchange amdefation potential.

gaeheed gradient

Transition metal Ni was treated with spin polarizedtrasoft pseudo potentials
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[83] in reciprocal space were used to replace et@etrons. Dependence of total
energy on the energy cutoff values and the k-ps@ts was tested in advance,
which shows that when the cutoff energy is highant380 eV or the k-point set
is larger than 6 x 6 x 6 (and 10 x 5 x 5 for HGfPange in total energy is less
than 1.64 meV/atom. Therefore, all geometry optanan calculations were
performed with 380 eV cutoff energy and 6 x 6 x16 ¢ 5 x 5 for HCP) k-
points sets. Convergence criteria were as foll@@x 10° eV/atom for energy
change, 0.01 eV/A for maximum force, 0.02 GPa faximum stress and 5.0 x

10™* A for maximum displacement.
Enthalpy of formation for all alloys is defined as:
AH = Eqt (TixNiyMg,) — [XE(Ti, HCP) + yE(Ni, FCC) + zE(Mg, HCP)]

whereAsH and E refer to the enthalpy of formation and total eyepgr unit

cell of the compound respectively. E(Ti, HCP), E(RCC), and E(Mg, HCP)]
are the single atomic energies of the pure elenmetheir stable solid states.
Zero-point-energy (ZPE) contributions are not cdesed since no hydrogen
molecules were involved in these simulations [§hally, favored structures
are decided by comparing the enthalpy of formapen atom, the indicator of

thermodynamic stability.

Figure 3-5 Unit cells of TiNi BCC (a), and MgNi BABG),
initial lattice constana at 3.015 A.
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Figure 3-6 Unit cell of TiMg BCC (PM-3M) (a), TIMg~CC (PM-3M)
(b), TisMg FCC (PM-3M) (cand TiMg HCP (P-6M2) (d).

3.2.1 Thermodynamics of the Ti-Mg-Ni structures by DFT

As shown Figure 3-6 (b) and (c), the AuGructure is chosen as the Ti-
Mg FCC structure candidates with the composition Ta¥lgs and TiMg
respectively. Other hypothetical structures incliiddg BCC (Pm-3m) (Figure
3-6 (a)), and TiMg HCP (P-6m2) (Figure 3-6 (d))ustures. The initial
geometry parameters are chosen following the pammeof the Ti-Mg
structures reported by other research groups éedess can be found in Table 3-
3). The lattice parameters of the AuGtructured TiMg were based on the final
FCC phase obtained in the sample (TgMV)go.3.

Geometry optimizations were performed with full iopzation before
energy calculations. Table 3-3 lists both calcalaad experimental values. It is
found that the discrepancies of lattice constaetsvben the calculated values
and experimental data after geometry optimizatienkeelow 5% for all results.

Especially, the difference in lattice constanis less than 0.9% for the Augu
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structured TiMg. Therefore, calculations on enthalpy of formatiorere

continued with above configurations.

Table 3-3 Experimental and calculated lattice patans for Ti-Ni-Mg

compounds
Lattice constant (4
Structures
Experimente Calculate:
TiNi BCC 3.01¢ 3.01¢
Ti(Ni, Mg) BCC 3.04¢ N/A
TiMg BCC 3.3¢[65] 3.36¢
MgNi BCC (hypothetical N/A 3.05¢
TiMg; 4.36¢
Ti-Mg FCC 4.325
TisMg 4.16¢
TiMg (HCP) a=3.11,c=5.02 6(] | a=2.908,c=5.26!

0.4

Enthalpy of formation per atom (eV/atom)

-04

T T T T T 13
TiNi BCC MgNi BCC TiMg BCC TiMg3 FCC  Ti3Mg FCC TiMg HCP

Figure 3-7 Enthalpies of formation per atom for iMBCC, MgNi
BCC, TiMg BCC, TiMg FCC, TgMg FCC and TiMg HCP.

Figure 3-7 illustrates the enthalpy of formatiom peom for each alloy for
comparison. From high to low, the thermodynamidbisity is in the following
order: TiNi BCC (-0.373 eV/atom), MgNi BCC (-0.148&/atom), TtMg (0.155
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eV/atom), TiMg (0.156 eV/atom), TiMg HCP (0.214 eV/atom), TiMg BCC
(0.270 eV/atom). Expectedly, all Ti-Mg structuresavl positive values
regarding enthalpy of formation, since Ti-Mg phad@es not exist in their
binary phase diagram. Nonetheless, the discongeféiat is that during most
milling practices concerning Ti-Ni-Mg, Ti favors Mgistead of Ni when
alloying, whereas both TiNi and MNdi should be more predictable products
compared to the Ti-Mg alloys. This has to be exmadi by the nature of
mechanical alloying, which is known for producingetastable phases. Even
after exceedingly long milling time, the final proxt is not necessarily the most
stable phase available. Yavari et al. [83] measubheddeparture energy from
equilibrium in one of their ball milling experimeand reported a 30 kJ/mol (~

0.311 eV/atom) offset to the equilibrium state.

By comparing the geometry parameters of two Ti-MgCFstructures,
clearly the major FCC phases obtained in the ptesenk consist of TiMg
instead of TyMg. The difference in enthalpies of formation bedwethe two
structures is extremely small (0.001 eV/atom) aad be disregarded. As for
TiMg BCC and TiMg HCP, they were not detected ie gamples from the
present work. And their much higher enthalpies afriation compared to the

Ti-Mg FCC structures may require much more deparéunergy to be produced.
3.3 Electrochemical capacities on cycling for (TiNi).xMgx

The electrochemical discharge capacity againstecyeimber for Ti50-
Ni50 is shown in Figure 3-8. The current densitycbhrging/discharging is
fixed at 40 mA/g. In general, discharge capacitgraases with milling time
from 10 h to 20 h, reaching the highest capacit¥3it.7 mAh/g, but decreases
when milling time is extended to 40 h. The sampléech only 10 h excels at

first but the capacity drops soon after the thiydle. As it was stated earlier, the
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recrystallization process takes place at 20 h dingitime, wheno phase (TiNi

BCC) forms and becomes the dominant phase. Thes$tiglischarge capacity is
credited to the abundant TiNi phase. When millisgporolonged to 40 h, the
grain size of TiNi can be significantly reduced asresult of repeatedly
fracturing until an amorphous phase is finally deged. While amorphous TiNi
facilitates hydrogen diffusion in respect to chagjdischarging process, it
leaves fewer hydrogen storage sites as a sideteffduch causes overall
capacity loss. Besides the different discharge ates, it shows that the
samples milled 20 h and 40 h exhibit an activaparcess in the first few cycles
on contrary to the sample milled only 10 h. Thevation process is usually
caused by oxidation on the surface of the sampies i consistent with the fact

that longer milled samples possess larger surfaedalfiner particles.
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Figure 3-8 Discharge capacities against cycle
numbers for Ti50-Ni50 milled 10 h, 20 h, and 40 h.

For the Mg doped Ti-Ni samples (Figure 3-9), thectarge capacities
decrease monotonically with increasing Mg contamigl witnesses a drop to

mere 20 mAh/g when x = 0.3 (Figure 3-9) while maiming cyclic stability. As
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the proportion of Mg content is still relatively athin the composition, the
negative influence of additional Mg to the electremical performance should
be considered substantial. It is conclusive thatdbping of Mg is deteriorative

to the discharge capacity.
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Figure 3-9 Discharge capacities against cycle nusntoe (TiNi) 1
«Mgx (x =0, 0.1, 0.2, 0.3) milled 40 h.

3.4 Discussion of Ti-Mg structure and its influence orhydrogen capacity

Evidences suggest that the new Ti-NMdgphase hardly contribute to
discharge capacity, or even worse, since it coeershe surface of the TiNi
phase, it has become the barrier to hydrogen toansphe discharge capacity
contribution for the Mg doped samples may be asdrgplely to the TiNi phase,
which has an unexceptional but rather stable digehacapacity in
electrochemical cycling. In the study of Kalisvaairtal. [58], they saw two FCC
structures by milling Ti-Mg, the lattice constaatef which are 4.25 A and 4.44
A respectively, and they both merged into one \hth lattice constara 4.33 A
with extended milling time. They concluded thatyohe of the FCC structure
(with the larger lattice constaat(4.42 A)) should contribute to the discharge

capacity. In the present work however, only one FD@cture with the lattice
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constanta of 4.365 A is seen, which is quite close to thiathe final product
from the work of Kalisvaart et al. [58]. Unfortuedy, the true structures of the
two FCC structures before merging into one obsebyethem were not solved,
and they neither fit perfectly with g nor with TiMg;, except that the TiMg
profile built by DFT calculation is almost identiceo the final products of
milling Ti-Ni-Mg in both this work and theirs. Ohe other hand, it is clear that
the decrease in discharge capacity arises fronfatmeation of TiMg phase,
which not only captures Ti and hence reduces tlmaddnce of TiNi phase, but
also blocks hydrogen transport. If we take inaccyraf XRD data processing
into consideration, it is reasonable to conclude the TiMg phase found in the
present work corresponds mainly to the Ti-Mg FC@cture with the smallest
lattice constant at ~ 4.25 A indexed by Kalisvaart et al. [58]. Aatding to
their findings, there should be another FCC Ti-Mg&ure with a larger lattice
constant which can provide hydrogen storage. It igasrted earlier that it is a
Ti-Mg HCP structure which can transform into an FG@ucture upon
hydrogenating Ti-Mg thin film (MgTiszo and MggTi20), and the lattice constant
a for the hydrogenated Ti-Mg FCC is 4.66 A [60]. Ntimeless, attempts on
trying to build such Ti-Mg FCC structures with lardattice constant seem to be
impossible following DFT, as cell geometry optintisa would always shrink
the lattice constard of TiMgsto 4.366 A. Interestingly, with the study in the
next part where the milling of (TH}.sMgosNi is investigated, it does shed light
on this Ti-Mg FCC problem.

3.5 Microstructures of the milled (TiH 2)1.5Mgo sNi

The Ti-Mg-Ni ternary alloys are continually studiedth the mechanical
milling of nominal (TiH)1.sMgosNi for different duration, using Tii Mg and
Ni as the starting powders. Phase evolution withimgi time is considerably

revealing to the formation of the Ti-Mg FCC phas¢ydrogen properties

62



investigated is significant to the understandinghef hydrogenation behavior of
the Ti-Mg FCC phase.

100 AN TiH, (Mg)/Ti-Mg-H Hl ---- - Fec
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Figure 3-10 XRD patterns of (T#{ sMgosNi milled 10 h, 20 h, 30 h and
40 h. Lines with colors are drawnrepresent peaks at the same diffrac
angles. Empty symbols correspond to the peaksactaiats and full
symbols correspond to the new structures aftermmill

Nominal (TiH);:.sMgosNi was mechanically milled for 10 h, 20 h, 30 h
and 40 h and the XRD patterns are presented irrd-ignd 0. After only 10 h of
milling, it is found that Mg peaks have disappeadsspite its 16.7% weight
account in the mixture, whereas peaks of;IHCC) and Ni remain significant
except for some broadening. It suggests that tlogiaf) degree is still low at
current stage, while Mg may have dissolved conalilgrfast in solid solution.
There was previous report that Mg dissolves intbl,Tiattice under milling
condition [84]. With the increase of milling timejtensities of peaks become

rather complicated. Firstly, a new FCC phase iwl§idorming, notably starting
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from the sample milled 20 h. This FCC phase witlattice constana 4.22 A
can be identified by its particular peak at 36.athéta), which is also reported
by several other authors in their millings of Ti-Mboy [36, 61, 64, 65]. As Mg
peaks vanish completely, by comparing with the 1§-MCC structure obtained
by previous studies, it can be inferred that the REC phase is Ti-Mg with the
lattice constan& 4.22 A. According to our previous study, Ti-Mg F®@ve the
lattice constants at 4.37 A for TiM@nd 4.16 A for TiMg [36]. As 4.22 A is
closer to the value of Mg, it shows that in this Ti-Mg FCC phase Ti shares
the higher ratio, which is consistent with theialipowder composition that Ti
is larger than Mg in quantity. It is found that timensities of TiH and Ni do
not show obvious decrease until beyond 30 h. Censig the starting ratio of
Ti, Mg, Ni being 3:1:2, one can infer that all Mgshbeen consumed in the
reaction with TiH in the 20 h time mark. The reaction between,laidd Ni is
assumed to start only after about 20 h of millidg. we examine the XRD
pattern using the TiNi peak profile, their peake #und to be overlapped
heavily by the new Ti-Mg FCC phase. To illustrates tmatter better, a singled
out XRD pattern of (Tik);.sMgosNi milled 40 h is presented in Figure 3-11, in
comparison with the sample (TiNiMgo.s. The cubic TiNi (CsCl type) with the
lattice constan& 3.015 A is found to share the same peaks at 481182, 72.9°,
which correspond to the (200), (220), (222) facetled FCC phase. Thus,
determination of the existence of cubic TiNi ph&seritically decided by the
sudden intensity decline of Ni peaks. It is necgsgacontinue the discussion of
the new FCC phase more, as one may argue tha&@@sphase may as well be
Ti-Mg-H rather than Ti-Mg. The lattice constant ithle FCC phase obtained
from different authors are listed in Table 1-2. Apgntly, Ti-Mg-H all have a
larger lattice constant. Moreover, according to IET (density functional
theory) calculations, the Ti-Mg-H FCC structuresisggested to have a lattice
constanta of 4.59 A (TiMg) [85], while Ti-Mg FCC have smaller lattice
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constants, 4.37 A for TiMgand 4.16 A for TiMg [36]. As shown in Table 1,
the group of Asano et al. reported that the lattioestanta for Tip 79Mgo.29H1 62
synthesized via milling was 4.46 A [89]. Interegti) in the milling of Ti +
MgH,, TiH, + Mg, and TiH + MgH,, Rousselot et al. [87] observed two FCC
phases with the lattice constants of ~4.47 A an@5-4. In the current study,
the sample milled 40 h contains two FCC phases thithlattice constard of
4.22 A and 4.44 A. It is therefore decided that F@C structure with the lattice
constant a 4.44 A to be the Ti-Mg-H phase after ganison with the report of ~
4.46 A [89] and ~ 4.47 [87]. When one compares T-M peaks in Fig. 1 with
different milling time, a shift to the right of plesa with increased milling time
can be observed, implying minor lattice constamtrel@se (from 4.46 A to 4.44
A). This phenomenon can be expected since Ti-Mgbl &lready formed after
merely 10 h of milling due to fast dissolution ofghhto the TiH phase, while
further milling induced gradual transformation atMg-H to the Ti-Mg FCC
phase. That the TiNi phase promotes the dissoniatidwydrogen in the Ti-Mg-
H phase is further discussed in the hydrogenatimperties section in the

following part of this study.

—emime TiH, (Ti-Mg-H) FCC
——mee Ti-Mg FCC

Intensity

30 40 50 60 70 80
Two-Theta (deg)

Figure 3-11 Comparison of XRD patterns between {(j§if¥go.3
and (TiH)1.sMgo.sNi milled 40 h.
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To summarize, reactions took place with the follegvevents: Mg starts
to dissolve into the Tiklattice at the early stage of milling (TiH Mg — Ti-
Mg-H). With milling time, dehydrogenation accompasithe formation Ti-Mg-
H as well which produces the new FCC phase of Tivtg the lattice constant
a of 4.22 A. From 20 h to 30 h, almost all Mg haeydd with TiH, whereas
the remaining Tikl begins to alloy with Ni to form the cubic TiNi pd&a After
40 h of milling, final phases present can be detide the Ti-Mg FCC phase,
TiNi cubic phase and residual Tilghase. Note that the so-called Tiphase in
the final stage may contain Mg as well in the fafTi-Mg-H phase, since the

conversion proportion of Ti-Mg-H FCC to Ti-Mg FCE€ mot known.

From the thermodynamic perspective, this resulirmghows that Ti-Mg
alloying is favored over Ti-Ni alloying under millg condition, which is
consistent to our previous study where Mg and Nire milled together but
the metastable Ti-Mg FCC phase was produced [36EdBnparing the products
of Ti-Mg alloying practices, we found that two mdactors play a critical role
on the production of the Ti-Mg FCC phase. Firstaraing the material of
milling ball from steel to ZrO resulted in the pradion of FCC phase (Table 3-
2). Second, the use of PCA leads to the formatiohi-ivilg FCC phase [36]. In
both current and our previous study [36], the oladiTi-Mg FCC phase should

be attributed to the use of process control age@i\).

20.0 ym

Figure 3-12 SEM micrographs for (TiH sMgosNi milled 10 h and 40 h.
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Comparable SEM micrographs are shown in Figure :3dr2the sample
milled 10 h and 40 h. In general, two differentdgnof morphologies can be
seen for the 10 h sample. One kind is with cleavesygture form and the other
is much finer. Inhomogeneity in size distributias apparent for the sample
milled 10 h, which indicates that the milling is imig on the fracturing stage.
For the 40 h sample, amount of finer particlesaases substantially, with sign
of agglomeration and welding simultaneously. Howewecasional presence of
the bulkier particle which was seen in the 10 h@ans also present in the 40 h
milled sample. To interpret this information withet help of the XRD result, it
implies that the larger particle appeared in batiages is Tik that has not
involved in a reaction with either Mg or Ni. Brigheld TEM and SAED images
obtained are shown in Figure 3-13 (a) and Figu®¥3 3b). It was however
difficult to tell the crystallite size from the ght field TEM micrograph due to
heavy amorphization. Similarly in the SAED imagey(ffe 3-13 (b)), where the
Debye—Scherrer rings appear to be extremely bluyaembnvincing index could

not be achieved for these nearly amorphous sarmaplestunately.

Figure 3-13 TEM micrographs for (T#H sMgo sNi milled 40 h: (a)
bright field TEM image (b) corresponding SAED patte
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3.6 Hydrogen properties characterization of (TiH;)1 sMgg sNi

PCI curves at 298 and 473 K are shown in Figurd 3id Figure 3-15,
respectively. Apparently, longer milling time ineses hydrogen capacity, from
approximately 0.07 H/f.u. to 0.45 H/f.u on averager the sample milled 10 h,
while showing a negligible amount of capacity, lbgkn content hardly
changes with increase of pressure. Comparing tivplea milled for different
times, slopes of the curves are smaller for thepsammilled longer, indicating a
larger reversible hydrogen capacity. Plateau pressi not observed for all
samples, implying that the hydrogen storage herenisolid-solution. To
examine the reversibility of hydrogen sorption, @psion curve is obtained for
the sample milled 40 h. It can be seen that theratien and absorption curves
are closely drawn on Fig. 3-14, which indicatest tiinere is little hysteresis
effect and that the hydrogen capacity happened\srsible in the solid-gas
reaction with hydrogen. The absorption curve iswirdor the sample milled 40

h to examine hysteresis effect, which seems minor.

40 h abs
[ )

298 K
L)

0.1 5

Pressure (MPa)

1]

1E-3 - '
40 h
s 30h
10 h

Capacity (H/f.u.)

Figure 3-14 PCI curves for (T sMgo sNi milled 10 h, 30 h, and 40 h

at RT (298 K). Empty symbol and full symbol referdesorption and

absorption respectively. Both absorption and degorgapacity were
measured only for the sample milled 40 h.
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PCI curves tested at 473 K are shown in Figure .3Allile the pattern is
similar to the one at 298 K, the slopes of all sexs@re less steep, which means
higher reversible hydrogen capacity is inducedighdr temperature. Take the
sample milled 40 h as example, hydrogen contemgsas about 0.2 H/f.u. at
RT, while it is 0.3 H/f.u at 478 K under similargssure variation. When
comparing the Figure 3-14 and Figure 3-15, hydrogemtent is found to be
lower at higher temperature for all samples, whglevident that all hydrogen

absorption occurs in solid solution.

10h 30h 40 h

0.1

Pressure (MPa)

1633 473K
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Capacity (H/f.u.)

Figure 3-15 PCI desorption curves for (BEMgo sNi
milled 10 h, 30 h, and 40 h at 473 K.

Electrochemical cycling test under galvanostatiecdition uses the milled
sample as the negative electrode material. Thehaige capacity against
cycling number plot is shown in Figure 3-16. In gml, discharge capacity
increases with milling time and is consistent witle solid-gas reaction result
presented in PCI curves. The characteristics o$etheurves can be simply
summarized as: high capacity at starting cycleaetovation), fast capacity drop
within a few cycles, and stable cycling performaaferwards. Except for the

10 h sample which hardly provides any capacitycltisge capacities of the
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other samples all begin with their maximum valu¢ @ecline drastically after
around 5 cycles, and then they exhibit excellemtliog stability. The highest
capacity is obtained by the sample milled 40 hO&x thAh/g, as it suffers a drop
of 30 mAh/g just in the second cycle. This behawoquite comparable to the
study of Rousselot et al. [87], where dischargeacdp was highest during the
first cycling but decrease continuously with cyglimhe difference is however
in the present study, discharge capacity can rataghstabilize a certain level of
reversible capacity. They attributed the high alittapacity to the structural
transition between HCP/BCC and FCC structure ayg tggest FCC phase
does not undergo a structural transition. In thesent study, this behavior
should be ascribed to the TIIHCC phase which Mg is dissolved into (known as
the Ti-Mg-H phase in the study of Rousselot et [&F]). Particularly, the
capacity drops more severely during the first feules for the sample milled
for longer time (~45 mAh/g drop for 40 h milled salen milled compared to 10
mAh/g drop for 20 h milled sample) despite theigHhar initial capacity. Since
the irreversible capacity is contributed by theMg-H phase, it is tempting to
attribute this phenomenon to the different amounfieMg-H phase in each
sample. However, we can see in the XRD resultsTthktg-H has formed at the
very early stage of the milling, except that thenfation of TiNi is during and
after 20 h of time mark. Therefore, it is inferribat it is the content of TiNi that
has activated the discharge capacity of Ti-Mg-Hl played the role of gateway
for the release of hydrogen from the Ti-Mg-H pha3éis effect can be
compared to the study of Cuevas et al. where, Tilds reported to improve
hydrogen dissociation and diffusion through Mg ghi&t]. For the Ti-Mg FCC
phase with the lattice constant 4.22 A, it has bseggested that it does not
contribute discharge capacity at room temperat86. [At last, the excellent
cycling stability is credited to the cubic TiNi pdea Higher capacities exhibited

by the sample milled longer time are credited ® Hrger amount of the TiNi
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phase proved by the XRD results. The dischargetretdmemical isotherm
obtained by GITT shown in Figure 3-17 for the saampilled 30 h at RT agrees

with the PCI curve as it does not exhibit a platpatential either.
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Figure 3-16 Discharge capacity against cycle nurab€/5
regime and room temperature.

These hydrogenation characteristics of the milleldH{); sMdosNi
evaluated by both PCI and electrochemical cycling axplained by two
contributors of the hydrogen capacity: the XMg)/Ti-Mg-H phase and the
cubic TiNi phase except the also existing Ti-Mg F@lkase. It shows that the
Ti-Mg-H FCC owns a temporary H storage as its ideaf hydrogen is not
reversible once Ti-Mg FCC is produced. Howeverthe current study the
conversion proportion of Ti-Mg-H to Ti-Mg during Hag is not known.
Rietveld analysis may solve this issue in our feitwiork. On the other hand, the
cubic TiNi phase is credited to the reversible céps, especially obvious after
the cycling stabilize. Its solid-solution nature lmydrogenation behavior has
been reported as characteristic for the austemygpe TiNi [42, 45, 90].
Additionally, as mechanical milling resulted in sex amorphization of the
sample, the amorphous phase is also known for roycdtability and poor

capacity. A comparative study of synthesizing mdghghows that reversible
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hydrogen intake occurs in solid solution when tlengle is mechanically
alloyed in amorphous phase, whereas the same saymieesized by casting

exhibits a plateau pressure [90].
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Figure 317 Discharge electrochemical isothel
for (TiH2)1.5sMgo.sNi milled 30 h at RT

3.7 Summary

In this chapter, the milling of Ti(H), Mg and Niweals a major discovery
of a favored Ti-Mg FCC structure under certain imgl conditions. Although
there were reports of other Ti-Mg structures, bwh that we obtained the Ti-
Mg FCC with the identical lattice constaat~4.22 A under same milling
parameters, especially the PCA use of ethanol, lwimay have played a critical
role. DFT calculation confirmed that all Ti-Mg sttures are
thermodynamically unstable, we can only howevelarghat it is the alloying
technique we applied MA being responsible for tredpction of the metastable
phase. The mechanism of the relationship betweerlTttMg FCC formation
and certain milling conditions require further studVhile the findings of the
study of (TiNiyMgx shows that this Ti-Mg structure is deteriorate the
hydrogen capacity of the milled samples, the stfdyiH,); sMgo sNi explained
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the issue as it shows the irreversibility of theMg-H FCC phase, which
shrinks its lattice constamt from ~4.45 A to 4.22 A upon dehydrogenation. In
the same time, we find that nanocrystalline/amoushphase enhances the

activation process and cyclic stability of the sé&mp
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Chapter 4 H-properties of Ti,.,Zr ,Ni Synthesized
by MA






In this chapter, Zr substitution for Ti in;Ni is studied as the element
powder were milled with the formula of JLiZrNi (x = 0, 0.1, 0.2). It is
intended to obtain an amorphous phase @fZrNi, inspired by the work
where amorphous JNli was reported to improve cycling stability [SHnd the
work where it was reported Zr substitution for icieased discharge capacity in
TiNi [5].

4.1 Microstructure of milled Ti o.4Zr «Ni

Figure 4-1 shows the XRD patterns ofNiias a function of milling time.
Comparing the patterns with the ones obtained Blyrmhifling Ti,Ni [55], the
prominent and broadened peak presented in all Esngtl~ 42° corresponds to
TioNi phase, which shows 20 h of miling has alreadielded the
amorphous/nanocrystalline ;Ni while leaving element peaks in the meantime.
After 40 h of milling, the main ENi peak (42°) broadens even more while the
intensity of element peaks decreases significamtigiicating further alloying
progress. When milling time reaches 60 h, the psakered at 42° becomes
even smoother and element peaks disappear. Thilgesgripat the formation of

amorphous ENi has completed.
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Figure 4-1 XRD patterns of mechanically alloyegNfifor 20 h, 40 h, 60 h.
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In comparison, the XRD patterns of ,JZrNi (x = 0, 0.1, 0.2)
mechanically alloyed 60 h is presented in Figute #-is interesting to see that
as Zr is introduced to the initial powders, the kseare narrower. With further
analysis, it is found that the pattern consistsvaf main phases. One is the BCC
structured TiNi phase, which was reported to benéd during ball milling [91].
As shown in Figure 4-2, peaks that correspond toZNi shift slightly left to
the ordinary TiNi austenitic pattern (PDF card B89). This is the sign of Zr
substitution of Ti in the TiNi cubic structure, whicaused the increase of lattice
constant. That Zr substitution for Ti leads to -sglume expansion was reported
by Cuevas et al. [45]. The other major phase hasCG(D structure with a lattice
constania ~4.35 A. There was doubt that FCC was TiO who abs® the same
structure with a lattice constaat0.429 A, as later the EDX assisted TEM did
find trace of oxidation, which is nonetheless tawm# to contribute a significant
FCC phase seen in Figure 4-2. Moreover, the FQgtsire has been previously
studied by Bera et al. [92], who concluded that@n induce the HCP to FCC
transformation of Ti. They excluded the possibilifyTiO or other impurity for
the cause of the FCC phase. It is particularly regeng to see that this

phenomenon persists when Ni is present.
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Figure 4-2 XRD Pattern of TjZr«Ni (x =0, 0.1,
0.2) with a fixed milling time 60h.
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The result obtained by XRD characterization shdwet Zr decreases the
stability of amorphous 7JNi. The mechanism of amorphization during
mechanical milling is however of great complexityhere are two known
models that seek to predict the possibility of fatimn of amorphous phase for

two given elemental powders as shown in Table 441 [

Table 4-1 Comparison of the predicted and obseglesk-forming ranges
in mechanically alloyed Ti-Zr-Ni

System Amorphous-phase-forming range
Miedema mode| CALPHAD Observed

Ti-Ni 23-76Ti 28-72Ti

Ni-Zr 22-632Zr 17-672r 24-857r

The possibility of forming amorphous phase for byngystems Ti-Ni and
Ni-Zr is listed in Table 4-1. It can be seen thiélh@ugh the compositions of Ti-
Ni in TiygZroNi and T oZroiNi are 60 Ti (at%) and 63 Ti (at%), which are in
the range that the Table 4-1 indicates (in bothddiea and CALPHAD models),
the ratios of Ni-Zr don'’t fit (as Zr at% is 9). Foermore, it is confirmed
experimentally that additional Zr decreases thbilyaof amorphous TiNi [55].
From using the XRD data, average crystallite sibessamples with Zr were

estimated at around 5 nm.

Figure 4-3 is the SEM micrographs ot J4Zr«Ni that were milled 60 h. It
can be seen that the morphologies changes gredtlyiverease of Zr content.
All the samples in Figure 4-3 are milled 60 h, astZr has an effect of slowing
down the amorphization process, the morphologi€a)of(b), (c) appear to be in
the different stages of milling (chronologically dkavard). It is known that

milling involves two major processes, namely colelding and fracturing [74].
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The dominating process between the two is largebiditd by particle sizes. In
Figure 4-3 (a), the amorphous phase looks likesalref cold welding, which

indicates that very fine particles had been ondainéd but were cold welded
afterward. In comparison, samples milled equall @ Figure 4-3 (b) (c) (d)

exhibit flaky and inhomogeneous in size distribatiarhich implies the outcome
of fracturing. However, the obvious agglomeratitil suggests the inclination
of cold welding. To conclude, if milling were proiged, fracturing would

continue until finer crystalline is much more conmavhich is the prerequisite
for amorphous phase. In other words, by comparigaré 4-3 (a) and (b) (c)
(d), Zr apparently decelerated the progress of pmpation. In Figure 4-3 (c)
(d), where x = 0.2, large particles is found andesdistribution is more
inconsistent than when x = 0.1 as well. An EDX gs&l was followed to

guantify the chemical compositions in different @enAs shown in Table 4-2,
large particle (zone 1 in Figure 4-4 as an examgbelains generally more Zr
than small ones (zone 2 in Figure 4-4 as an exgmplas is yet the other

evidence that Zr is counterproductive for the nefynprocess.

£ S 5 00 ARG . B g R, AR

Figure 4-3 SEM micrographs of,LZrNi milled 60h: (a) x = 0,
(b) x=10.1, (c) x=0.2, x 500, and (d) x = 0.21600.
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Figure 4-4 SEM with EDX analysis
focusing on different zones.

Table 4-2 Quantitative analysis on the element casitions of different zones

Content (at%)
Spectrum - -
Ti Ni Zr
Zone 1 (large particl 61.0% 33.3% 5.5¢
Zone 2 (fine particle 61.5] 34.52 3.97

Figure 4-5 (a) illustrates the bright field TEM ig&of Th ¢Zro 1Ni milled
60h and the corresponding selected area electfraadion (SAED) pattern is
shown in Figure 4-5 (b). From the bright field TEMhage Figure 4-5 (a)
combining the HRTEM image Figure 4-5 (c), it cande®n that crystallite size
is in the range of 4-10 nm, which is in agreemeith wstimation using the XRD
data (5 nm). The Debye-scherrer rings are indexedrding to the interplanar
distances. (200) with d = 1.538 A and (110) witk @.170 A reflections were
found as originated from (Ti, Zr)Ni (space groBp3m). By comparing them
with the parameters of TiNi in space grd@mp3m, an increase of d ((200) with d
= 1.496 A and (110) with d = 2.111 A from PDF ca®&t0899) is found again,

which is ascribed to the increase of lattice camst as the result of Zr
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substitution for Ti. These results obtained fromMI'Evestigation are consistent

with the analysis by XRD.

(Ti, Zr)Ni (110)
»

FCC (111) L

v
(Ti, Zr)Ni (200)

Figure 4-5 TEM micrographs of 1I¢Zrq 1Ni: (a) bright fielc
TEM image, (b) corresponding SAED pattern, and (c)
HRTEM image.

4.2 DFT calculation on the cubic Ti-Zr-Ni structures

First principle calculations were done on the aledi BCC and FCC
structures of Ti-Zr-Ni structures, which mainly inde the austenitic TiNi with
Zr substitution (Ti(Ni, Zr)), Ti FCC structure, amige Ti-Zr FCC structure. This
Is reminiscent of the Ti-Mg FCC studied in the poes chapter.

The parameters used in this calculation can bearesfeto 3.2.1 in the

chapter 3. The calculated structures are displageHigure 4-6. The lattice
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constant used in the calculation and the value gg@metry optimization are
listed in Table 4-3.

Figure 4-6 Structures calculated with DFT: (a)Ti-Zr
BCC, (b)Ti FCC, (c)Tizs FCC, (d)TsZr FCC, (e) ZrNi

BCC.
Initial lattice constant (£ | Calculated lattice consta| Enthalgy of formation per
A atom (eV/atom)
TiZr BCC a=3.z a=3.42 0.201
Ti FCC a=4.: a=4.11 0.19:
TiZr; FCC a=4.46[90 a=4.42 0.05¢
TisZr FCC a=4.21 (XRD resul a=4.22 0.07¢
ZrNi BCC a=3.01¢ a=3.21L -0.39¢

Table 4-3 Lattice constant of calculated structanmes their enthalpy of
formation per atom

The initial lattice constant for TiZr BCC is baset the TiNi BCC
structure that has the valae= 3.015. It can be seen that its lattice consignt

indeed increased compared to TiNi BCC. Nonetheld@ss,relatively high
enthalpy of formation indicates the structure ithea unstable. On the other

hand, ZrNi BCC has a negative enthalpy of formatiamich implies that
substitution of Zr for Ti in TiNi is theoreticallgpplicable, as it also increases

the lattice constant of the TiNi cubic structurer Hi FCC, the initial lattice
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constant is based on previous studies, in which A.f92] and 4.11 A [93] were

reported. For Ti FCC, our calculation of the lagtmonstant is identical with the
calculation by the other group [93]. For Ti-Zr FQ8e calculated value 4.429 A
is between the reports of Bera et al. (4.459 A] @) our result (4.35 A). This
can be explained by the difference in Ti:Zr rates in our work Ti is

considerably more than in the work of Bera et &k Thore the content of Ti, the
smaller the lattice constant is. Finally, by compguthe enthalpy of formation
per atom, it is found that the Ti-Zr FCC structimas obviously a lower value,
which has made it a favorable structure amonghteet This explains well why
Zr induces the transformation of Ti to the FCC cire. A more profound study
using Gibbs free energy calculation shows thaphése transformation is both
size and temperature induced. Ti FCC is a smadl siable phase, while its BCC
and HCP structures are high-temperature and lovpéeature stable,

respectively [95]. It can be inferred that thisZFi+CC is the product of the Zr

solution into the Ti FCC lattice.
4.3 Electrochemical capacity on cycling

Figure 4-7 shows the discharge capacities feiTinechanical alloyed by
ball milling 20 h, 40 h, and 60 h respectively afumction of cycle number (at
current density of 40 mA/g). Two characteristics dse concluded from the
curve. First, the discharge capacities apparendgease with milling time. This
seems to contradict to Zhao et al.’s result [SB]which longer milling time
decreases the discharge capacities of the alloyeMer, the difference is in that
they ball milled the TNi synthesized by solid-state sintering, while samples
were alloyed by ball milling from elemental powdetsonger milling time
means more content of alloy produced. In Figure, 44land Ni peaks are
discernible for both (a) (milled 20 h) and (b) (ed 40 h). This denotes

incomplete alloying. However, 40 h milled sample¢amfied more alloy since its
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element peaks are vague and weaker than the orlesl 20 h. Second, the
mechanical alloyed Wi exhibits prominent cycling stability and exceite
activation properties. The samples milled 20 h @&®dh hardly need activation to
attain their stable discharge capacities excepthiersample milled 40 h, which
was activated immediately after the first cycle.other words, the mechanical
alloyed TpNi exhibits outstanding electrochemical activatiorhe result is
consistent with the one from Zhao et al. [55], ihielh the amorphous AN
showed favorable easy activation and steady cydliability. The advantage of
amorphous TENi is ascribed to greater surface area provideddly milling.
However, it should be noted that the maximum disgphaapacities are not as
high as the ENi alloyed by the as-sintered sample (278 mAh/thefirst cycle)
[9], which unfortunately has the problem of seveaipacities loss during cycling.
These evidences suggest that the capacity losd,Nf i not caused by the
formation of irreversible TNiHos as Luan et al. [96] concluded. The good
electrochemical kinetic but lower initial capacdye attributed to the structure
of amorphous TENi that provides efficient paths for the transpbota of
hydrogen, while it is in lack of storage sites fordrogen compared with as-

sintered T4Ni.
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Figure 4-7 Cycling stabilities of Wi alloy milled 20 h, 40h , and 60h.
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Table 4-4 Cycling stabilities for TjZr«Ni with different milling time and
content of Zr

Milling time (h) 20 40 60
Crnax (MAh/g) 74 86 102 | 39 39
Retaining rate (R) 97.3%| 97.7%| 97.1%| 87.2%| 100%
Standard deviation (mAh/qg) 0.6 25.5 3.1 3.2 2.7
Content of Zr x=0 x=0.1 x=0.2

Figure 4-8 compares the cycling discharge capaattielb..ZryNi (X = 0,
0.1, 0.2) with a fixed milling time of 60 h. Substal decrease in discharge
capacities occurred when Zr is added to the bifaifyi system, but the cycling
stability remains in good shape. As shown in Tabl¢, the retaining rate for
Ti1eZroNi reaches as high as 100%, and the small standiawtion figure
suggests considerable steady discharge capacitigeircycling test (capacity
retaining rate calculated as introduced in Ref].[%, = C/Cnax X 100%). It
should be noted that despite decrease of capai¥r as introduced, when X
increases from 0.1 to 0.2, the discharge capaoittyeases again in general.
From the XRD pattern in Figure 4-2, it can be s#&t austenitic TiNi is the
only phase that serves as the hydrogen carrieredder, it is reported that
TisoZIIkNisg has merely a maximum discharge capacity of 85 mAdt/ca
discharging rate of C/10 (8.5 mA/g), but it doed saffer capacity loss in
cycling [44]. Therefore, the steady performanceyaling for TiNi is expected.
The introduction of Zr has caused substantial aapdcops even for the sample
Tiy oZro.1Ni. Secondly, the capacity difference between Ar.xand Zr = 0.2 is
minor and should be ignored on account of experiaieimaccuracies. This
result should be largely explained by the strudtahenge Zr has raised rather

than the amount of Zr content to be the causeet#pacity loss, which is the
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formation of the FCC phase instead ofNiiamorphous phase. The capacity
exhibited from the sample with Zr substitution redited to the TiNi austenite
phase. The FCC phase which is mainly Ti FCC antlyp@i-Zr is unfavorable
to either hydrogenation or dehydrogenation. Asistlidh the previous chapter,
it showed that the Ti-Mg-H FCC phase was easilynfed during milling, it
however has the difficulty to absorb hydrogen dgrailectrochemical cycling.
As for the case of Ti (Zr) FCC, further researcheiguired to reveal the obstacle

to the electrochemical cycling performance.
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Figure 4-8 Cycling stabilities of TjZryNi (x = 0, 0.1,
0.2) milled 60 h.

In summary, all samples for ;LiZryNi exhibit outstanding cycling
stability. The stability for TNi is ascribed to the amorphous phase obtained by
mechanical alloying. As for TiZrNi (x = 0.1, 0.2), the electrochemical
properties is in fact a reflection of the austeniiiNi phase, which is

characteristic of stable cycling performance andiowe discharge capacity.
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4.4 Summary

In this chapter, we intended to study the substitugéffect of Zr for Ti in
highly amorphous TNi. Amorphous TiNi was realized by 60 h of ball milling
from pure elemental powders. With Zr substitutiothe threshold of
amorphization for TNi increases as the sample with Zr exhibit a ctipsta
trend, with average grain size of 4 - 5 nm. Thedpods were mainly cubic TiNi
and the Ti (Zr) FCC phase when Zr is present. DRlcutation shows a
considerable enthalpy (of formation per atom) daseewhen Zr is dissolved in
the Ti FCC lattice. Both amorphous,Ni and (Ti, Zr)Ni exhibit appealing
stable cycling performances. The amorphousliToy ball milling 60 h reached
a maximum discharge capacity of 102 mAh/g at aesurdensity of 40 mA/g
under room temperature. The discharge capacityngutie electrochemical
cycling is believed to be contributed by the TiNigse. Formation of the FCC

phase induced by Zr deteriorates electrochemicdbpeance measured at RT.
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Chapter 5 Concluding Remarks and Outlook






In this thesis work, we have applied mechanicalyallg as the synthesis
technique on the alloying of Ti-Ni system. With far element
substitution/doping to the system, the potentialhef alloyed sample to be used
as the negative electrode materials in Ni-MH bateis examined. Specifically,
in chapter 3, we studied the Mg influence on theclmaically alloyed TiNi
system, and in chapter 4, effect of Zr substitutimn Ti in TioNi was
investigated. The experimental study is also aided complemented by first
principle calculation, which further demonstratée tstructural results of the
experiment. Important findings and conclusions oy tesearch are summarized

as the followings:

» It is shown that Ti-Ni alloy can be achieved viacmenical alloying. In the
present work, where similar milling parameters wegplied, the final
product of milling Ti and Ni element powders is @sgally the cubic TiNi
phase (CsClI type), which is also called the austetype of TiNi. This result
iIs unrelated to the initial atomic ratio of Ti amdi, as we have found
prevalent cubic TiNi phase in both products of edll(TiH,); sMgosNi and
milled Ti,.ZrkNi. With prolonged milling, the TiNi phase develops a
much refined nanocrystalline with the grain sizeraged at 5-10 nm, and
eventually amorphous, which presents a distinctadeoed peak at 42°
(2theta) in their XRD patterns.

* The hydrogenation properties of TiNi show that thabic TiNi stores
hydrogen in solid solution, which exhibit medioatescharge capacity but
extreme stable cyclic performance under room teatpex. The highest
discharge capacity is reached for Ti50-Ni50 mill2d h at 135 mAh/g
(discharge current density 40 mA/h). Discharge caypaecreases for longer

milled samples, due to amorphization of the sample.

* It is found that high energy ball milling induces-crystallization, which
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happens at around 20 h of milling under presertngicondition. After 20 h
of milling, the alloying of the element may havemqaeted, while prolonged
milling only produces nanocrystalline phase or ghous phase of the
existing alloys. This is especially observed fag thilling of Ti50-Ni50. In
the case of the milling of INi, the least milled sample was milled 20 h, the
element peaks observed in XRD patterns can alrbé&dg product of re-
crystallization. To solve this ambiguous possipjlibpne can reduce the
milling time to less than 20 h and investigate plhase change with milling

time.

Both Zr and Mg doping/substitution hinder the psx®f amorphization of
TiNi. It can be seen that all samples with elengaing substitution present
widened but pointy peaks in their XRD patterns.desqlly for Zr, after 60 h

of milling the phase composition ofkZrq 1Ni is more crystalline like than

amorphous, while the 60 h milled,Ni is present in amorphous phase.

Both Mg and Zr were found to induce the formatidntlee Ti-based FCC
phase, which has a lattice constant4.22 A and 4.21 A respectively. DFT
calculation shows that the Ti-Zr FCC structure agsositive yet extremely
low enthalpy of formation per atom compared to B@C Ti structure. It is
however especially interesting to find that Ti-Miipging is favored to the
alloying of Ti-Ni in our milling, since Ti and Mgra immiscible according to
their binary phase diagram. Comparison of enthalpformation per atom
does not give much of an advantage for alloyingniyi to the Ti-Mg FCC
structure (against TiNi) either. By comparing thaling products of Ti-Mg
with other research groups [59, 62, 63], it is irde that the formation of the
FCC structure is closely related to the choice GARethanol) or milling

media (steel ball).

It is found that Mg can dissolve into the Tiphase extremely fast and form

87



a Ti-Mg-H FCC structure which has a lattice consi@r(4.44 A) slightly
larger than the Ti-Mg FCC phase. The hydrogenapiaperties shows that
Ti-Mg-H can release hydrogen in both low hydrogeespure condition or
discharging time during electrochemical cycling lwithe help of TiNi
gateway function, but it is not able to absorb logegn once it is released at
room temperature. This has caused major capaasyviden Mg is added on
the milling of Ti and Ni, where Ti-Mg FCC takes tpeority to form over
TiNi.

According to the DFT calculation, both MgNi and ZrNith the BCC
structures are relatively stable phases, howevddor Ti-Zr BCC are not

likely to be obtained due to their high positiveheripy of formation.

In the meantime, there are several issues thataatieularly interesting to

the current study, which can be further investidgate

» It is worthy to find out the milling conditions omechanisms of the

production of the Ti-Mg BCC phase. Once Ti-Mg BCé&hde obtained, its

hydrogen properties should be studied.

The hydrogenation properties for Ti-Mg-H shouldfbgher studied, as it is
found that the dehydrogenation of Ti-Mg-H can bhieeed with a gateway
mechanism (TiNi as an example) under room tempegatiie hydrogenation
for the Ti-Mg FCC is the culprit which damage itgcking performance
under RT.

DFT calculations demonstrated that Ti-Zr FCC iglatively stable phase. In
chapter 4, it was found the sample with Zr substitudid not perform well
in electrochemical cycling. However it only provindit the majority phase Ti
FCC could not provide hydrogen capacity. As a mattefact, when the

content of Zr increase from x = 0.1 to x = 0.2, iaagn increase of discharge
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capacity was observed. This improvement had to dpeored due to
consideration of measurement inaccuracy. Howeterhydrogen properties
of the Ti-Zr FCC phase should be further studied.

We have found that Mg and Ti both hinder the amadion process of
TiNi, and promote the Ti-based FCC phase. It is kimtwn yet if other
foreign elements would play the same role in thienfdion of the FCC phase.
Since the Ti-based FCC phase is not favored toduygdr storage, an element
that hinders the formation of the FCC phase is@&afhg a target to find.
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Methods of preparing Hydrogen Storage Materials

Introduction

The method for preparing hydrogen storage mategatdves with the
development of alloying techniques. It also varaording to the type of
hydrogen storage material. There are several hgdr@jorage systems up to
date, such as metallic compounds[1l], complex hwdrif], nano materials
(nanotube [3], nanofibers [4], nanoparticles [S9nahorns [6]), metal organic
frameworks [7], calthrate hydrides [8], moleculagve [9] and so on. They
however share common goals of hydrogen storagerialate(l) cost efficient,
(i) high volumemetric and gravimetric density oydnogen, (iii) fast kinetics
and appropriate thermodynamic properties, (iv) #@rgn cycling stability and
high degree of reversibility. These properties hagen significantly improved
through chemistry modifications and conventionalerthal, mechanical
processing methods. Nonetheless, current found rialstecannot offer all
demand properties. For example, the theoreticaldggh storage of LiBis 18
wt.%, but the high temperature of decompositiontints application. LaNias
a hydrogen storage material has excellent thermadyn properties and fast
kinetic, and is easy to activate. Although it deposes fast at room temperature,
but its hydrogen storage capacity is only 1.4 wtd is not cost efficient.
Besides the ongoing exploration of new ideal materfor hydrogen storage,
researchers have also been exploiting differentswayimprove properties of

known materials that have the potential.
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Figure 1 Comparison of gravimetric and volumetensities of various
hydrogen storage materials
In this chapter, we will introduce and discuss sooheghe most used
methods for the preparation of hydrogen storageemads: 1). melting 2).
mechanical milling 3). chemical synthetic method @gmbustion synthesis 5).

plasma synthesis 6). vapor deposition 7). sparknmdasintering.
Hydrogen storage materials preparation methods
Alloying method: Melting

Melting is the most common and traditional methaskdi on metallic
compound system. Arc melting [10], induction megtifi1], melt spinning [11]

have all been applied on the preparation of hydi@jerage alloys.

Arc melting (Figure 2 [11]) and induction meltingrea actually
conventional alloying methods. They were used ofiarearly researches and

preparations for hydrogen storage materials.

Normally, arc melting is carried out in an electaic furnace that heats
charged material by means of an electric arc.fiéidi from induction melting in

that the charge material is directly exposed t@lagtric arc, and the current in
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the furnace terminals passes through the chargéeriadaln induction melting
process, the heat is applied by induction heatkigufe 2.) of melting. The
advantage of this technique is that the procesdesner and easier to control

compared to most other means of metal melting.

Drive motor
Drive screw

E—H
1

_T { {+)

Vacuum =—

-.—Crucible

A

Electrode *

£— Water guide
Furnace body —> Electrode gap
Ingot peol

< Solidified ingot

)

Water in

Warer our 4——]-

Figure 2 An arc melting furnace

Itoh et al. [12] compared on the micro-structuriduence on the hydrogen
absorption properties of the Ti-Cr-V and Ti-Cr-V-pespared by arc melting
and induction melting. They found that melting noeth and thermal history
affected the hydrogen absorption properties of FWCsystem BCC alloy
greatly. For the alloy prepared by arc-melting, thiero-structure and lattice
constant were extremely different between the sarfade and the crucible side,
which lead distinct resulting PCT characteristior Ehe alloy prepared by VIM
(Vacuum Induction Melting), the micro-structure dattice constant were only
slightly different, and consequently the PCT chtmastic is not as discernable
as for the alloy prepared by arc melting. In additithey pointed out that heat

treatment after melting process at high temperatatdd improve homogeneity,
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and fast cooling rate during casting make the #iracfine grained while an

enlarged lattice constant.
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Figure 3 Induction heating

Melt spinning is a relatively novel post meltingi@ique that has drawn
more and more attentions nowadays. In melt spindiggids were “poured” on
a rotating wheel that is cooled internally by wateidiquid nitrogen, and a thin
stream of liquid drips onto the wheel. This coolipgocess makes rapid
solidification. The cooling rates is so high (10d71kelvins per second [13])

that it can form metallic glasses (non-equilibriphases), or polymer.

Figure 4 Melt spin scheme

MgsLaHy is a Mg-base hydride that has a theoretical hyelnogtorage
capacity of 4.1 wt. %. Several experiments weredaoted with MgRENIp 1
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alloys by induction melting method. The dehydrogmmatemperature was
lowered by 20 K [14][15], and hydrogen absorpti@¥orption rate was faster
[16]. Tanaka [17] produced a Mg-Ni-La nanocrystadlalloy transforming from
the amorphous phase demonstrated a reversible dgulisiorage capacity of 4.6
wt. % at 240 °C. And Wu. et al. reported that thedtrapun version of Mg-10Ni-
2Mm alloy offers higher hydrogen storage capac#y? (wt. %) than the ball-
milled one (3.2 wt. %), and also has a superioogdi®n rate [18]. Lin et al.
[19] recently prepared MbaNip 1 by a single roller melt-spun method. Samples
of MgsLaNip ;were firstly melted by a line-frequency inductiorltimg method
with the starting powders of Mg (99.9% purity), (89.9%) and Ni (99.9)
purity). The ingots were then broken into smallzes for subsequent melting
spinning. Before the molten alloy was injected togeed for melting spinning,
they were re-melted completely by an intermediegguency induction heating.
The copper wheel rotated at a linear velocity of583m/s (1500 rpm). The
distance between the nozzle and the wheel remat@edim. The melt-spun
ribbons were treated by an aging treatment undgyraatmosphere for 14 days
at room temperature. Microstructure characterimaibows that the melt-spun
MgsLaNip ; alloy was composed of Mga phase, and fine LaMii grains were
precipitated after an aging treatment at room teatpes. The melt-spun alloy
shows excellent hydrogen absorption Kkinetics anaveted desorption
temperature compared with the induction-melted yalllaximum hydrogen
storage capacity reached 3.1 wt. % and hydrogeorplésn was possible at 224
°C. The improvement was attributed to the catalyate of in-situ formed

nanocrystalline MgNi and Lahb.

As already been used in commercialized Ni-MH baterLaNgis one of
the most popular metallic complex type materials gdrogen storage, its
variations have been extensively researched byrdift groups [20-24]. The

drawback of LaNybased compounds is that its hydrogen capacitplis b4 wt%
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at moderate temperature. The parent compound ab&dsbl atoms per 1 Laii
Different approaches have been tried to increaseapacity, including element

substitutions [25], novel preparation methods [#8]surface treatment [27].
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Figure 5 XRD patterns of LalNiSiy 3 (@) bulk, (b) melt-
spun versions, (c) after hydrogena

Srivastava et al. [11] conducted a research on $yathesis,
characterization and hydrogenation behavior of kb spin- and thermal-
melted versions of LaMiSi, compound. La, Ni, Si was mixed in stoichiometric
ratio, palletized and then melted in an inductioméce in argon ambient. They
melted the pellets three times for homogeneity. Fgpts formed were then
subjected to rapid solidification by pouring themacopper wheel, rotating at a
speed of ~5000 rpm, which leads to cooling ratesl@fto 1¢ KS™. (The
ribbons produced are ~8 in length, ~4 in width afdl0 mms in thickness.) For
comparisons reasons, the identical samples were s3isthesized through a
normal induction melting. They found that speciabwgth occurred in the

direction perpendicular to the c-axis for melt-sguaNis 7Sip.3, and resulted in
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improved kinetics and faster activation. In the tasplun version, the hkO-type
peaks have higher intensities which can be se¢heinXRD pattern shown in
Figure 5. This suggests that preferential grairnvgnohas taken place in a
direction perpendicular to the c-axis. The strugltalifference leads to different
hydrogenation properties, which are illustratedFigure 6. On the left, PCI
curves at 300 K shows the bulk version of the sangpbvide slightly higher
capacity. While on the right, the melt-spun versi@li, 7Sip 3 has 60% faster
kinetics than its bulk form.
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Figure 6 Hydrogenation properties of the melt-spun
version and bulk version &&Ni, ;Sip 3. On the left are the
PCI curves at 300 K. On the right are the kinetics curves.

Mechanical Milling

Mechanical milling is a mechanical alloying methodhich was
originally used to reduce particle size and to poednanocrystallines. Today, it
has also been extensively applied to obtain bothilibum and non-

equilibrium phases in materials fabrication orgooperties improvement.

The process of MM is simple: stoichiometric powdare mixed and

loaded into the mill with grinding medium. After @eriod of desired milling
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time, the powder reaches a steady state. Optiqriakymilled powder can then

be heat treated if desired. A schematic millingfplan is displayed in Figure 7.

Horizontal Section
Movement of the
supporting disc

Centrifugal
force

Rotation of the grinding bowl

Figure 7 Schematic depicting the ball motion ingtake ball mill.

The key parameters that influence the result of balling include
milling time, milling speed, ball-to-powder (B/P)erght ratio [28]. Generally
speaking, the longer the milling time, the highke tmilling speed, and the
higher the ball-to-powder weight ratio, the higtiee energy would be put into
the powder. Also, other variables like type of mmiilling container, grinding
medium, extent of filling the vial, milling atmospfe, process control agents
(PAC), and temperature of milling can also playriéical role in deciding the

milling products [28].

Besides the economic advantage, mechanical mitlarg also overcome
the phase diagram obstacle when alloy normally suible elements. It has
been employed to produce a variety of compounddudmg Mg—based [29],

LaNis based [30], and many other metallic compounds 821][

Zaluski et al. [29] first investigate the hydrogetorage absorption
properties of MgNi prepared by mechanical alloying. They found tdabNi in
nanocrystalline state obtained by ball milling skowuperior hydrogen

absorption characteristics to that of the convewtliocrystal phase, and the
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activation is also much easier because of verywagowder surface created in

the ball milling process. Many researches therovedld the work of Zaluski

groups with MgNi as a potential hydrogen storage material [33-35]
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Figure 8 The XRD pattern of l4;V.3dgVIing o5 Prepared by arc melting (a) and
mechanical alloying (b) after hydrogen absorpti@satption for 100 times.

Jian-Yih Wang [36] compared the hydrogen storagepgties of

Tig3Vo3dMNg 25 prepared by mechanical alloying and vacuum arcingeliHe

found that the alloy prepared by vacuum arc meltiag a single phase BCC

crystal structure, and the maximum hydrogen abgorps 3.62 wt%, compared

to samples prepared by mechanical alloy which hasamorphous crystal

structure, with a maximum hydrogen absorption d6%. However, although
the hydrogen storage powders prepared by mechbnaldyed samples show
better cyclic performance, the total hydrogen-abison capacity of vacuum arc
samples remained higher than that of the mechdyiedbyed samples. The

explanation for the mechanism is given by the XR&itgrns from the two

powders. It indicates that the mechanical alloyeavgers prepared samples

(amorphous phase) did not become as severely mdderas the arc-melt

prepared samples after ma

ny absorption-adsorpjicle s

A complex hydrides NaNHNaBH, was synthesized via ball milling by
Wu et al. [37] They used NaBHand NaNH as the starting materials with the

molar ratio of 2:1. The diameter of the ball forllmg is 8 mm, and the ball to
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powder ratio is 20:1. The rotate speed is set rpM. The planetary mill stops
for 12 minutes every 1 hour of milling. The millingme are 1, 2, 4, 8, 16, 32
hours. To prevent oxidation, the whole process I(ehkeg ball milling) is

conducted in a glove box filled with high puritygan. The compositions and
hydrogen generation characteristics are investigdig XRD and thermo

gravimetric-differential thermal analysis (TG-DTA).

From analysis of XRD patterns, a new phase agfNid,),BH, is found to
be produced by ball milling and mechanical energguamulated in the ball
milling process. There are two thermal decompasistages of the composite
NaBH;-NaNH,: below 400 °C, hydrogen is released withhBM, as by-product,
and the amount of hydrogen release reaches 6.85 waftfdve 400 °C, the
previous by-product N8N, continues to decompose to produce metal Na
gradually. The first stage indicates that the cositpoNaNH-NaBH, can be a

good candidate of hydrogen storage material.

Doi et al. [31] recently synthesized lithium silicby mechanical alloying
method. According to their study of this Li-Si-H s¢égm, this alloy can

reversibly store 5.4 wt.% hydrogen with smallercte enthalpy than metal Li
Combustion synthesis

Combustion synthesis is a relatively new synthestthod. As a highly
exothermic reaction, the temperature can reach B00Dhis synthesis method
permits to synthesize a wide variety of advancedteras, including
intermetallics solid solutions and metal-matrix qmwites. The materials
produced by this method often demonstrate uniquehamcal properties,

physical properties and chemical properties.

Although combustion is generally under the envirentmof oxygen, the

solid-state combustion reaction without oxygen diemvn much attention as a
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new popular approach for producing advanced mdgei@mbustion synthesis
in solid-state is often a self-propagating proc€xsce one end of the sample is
ignited, the heat it generates sustains the readio continue and finally
complete the final product. Compared to other sgsith method, combustion

synthesis is economic, fast and effective.

For producing hydrogen storage materials, the @g®as also called
hydriding combustion synthesis. It was first reshad and published in the
literature by Akiyama et al. [38]. They successfdlnthesized MgNiH, using
this method. In their study, a powder of magnesamd nickel was mixed and
compacted to a cylindrical shape under the varmuwditions of powder size,
mixing method and loading pressure. The compadctiodd was heated under an
atmospheric pressure of nitrogen (0.1 MPa). Therodompact obtained was
then heated at 2.0 MPa hydrogen (800 K) to seehehet can form MgNiH4
directly. From XRD observation, they found the camuip under hydrogen
pressure showed a strong peak of ;Nigl, without MgNi peak. They
concluded that it was possible to synthesize magmesickel hydride MgNiH 4
directly from the compact of magnesium and nickektare at pressurized
hydrogen, and also that combustion synthesis I8 boergy and time efficient

for preparing hydrogen storage alloy compared toveational method [38].

TiFe alloy as a hydrogen storage material was asocessfully
synthesized using the combustion method [39]. endkperiment, two-layered
raw materials Ti powders was put in the upper lagerheat source, and a
mixture of Fe and Ti in the molar ratio of 1:1 wag in the lower layer. The
system is called self-ignition combustion synthe€®CS). The schematic

diagram is show in Figure 9. [39]

The device heated the sample to 1500 °C. under gnigbsure hydrogen

up to 1.0 MPa and reached homogeneity.
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Specifications

Thermocouple for measuring
sample temperature Maximum heating temperature: 1500 °C

Maximum pressure: 1 MPa

H, or Ar outflow
-—

Carbon crucible

Insulator

Pressure gauge for

maintaining constant
pressure
Sample
H; or Ar inflow
— Graphite heater
Pressure-resistant chamber with Thermocouple for controlling

water cooling (inner volume: 35L)  heater temperature

Figure 9 Schematic diagram of SICS reactor.

XRD results show that the reactions take placbenfollowing order:
1). Ti+H,=TiH,+144kJ (reversible)
2). Ti+Fe=TiFe+40kJ
3). TiFe+0.03H=TiFeH, g5 - 0.69kJ

Figure 10 SEM images of (a) raw material, (b) Tslyathesized by SICS, and (c)

commercially available TiFe.
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They reported that during SICS, the ignition tagésce at a temperature
lower than the melting point, and because of them#&tion of eutectic
composition (partially liquid phase) of Ti and Fthe reaction rate was
drastically accelerated. Furthermore, the prodbtiiaed by SICS can be easily
pulverized and has sufficiently high reaction r@&®]. The cycling performance

was however not discussed in the article.

Later, Yasuda et al. [40] synthesized TikMdn, using SICS. All alloyed
sample including TiFe without Mn doping absorbeddimgen at 298 K

smoothly at an initial pressure of 4.1 MPa.

Zhu et al. [41] did a study of Mg-La-Ni prepared kwydriding
combustion synthesis (HCS) and mechanical millingtheir first paper of this
study [42], they reported that the MMjH, prepared by HCS could be
destabilized by MM, leading to a sharp decreaseth@ decomposition
temperature that changed from 560 to 370 K. Thegsicered that this
improvement was credited to the process of MM amel tinique structure
features of HCS. In the later study of this ternallpy [42], Mg-La-Ni, Mg,
La,Mg;; and Ni powders at the weight ratio of 11:6:3 wegamthesized by
combustion synthesis (CS) or hydriding combustigntisesis (HCS). Then
samples of each composite was treated by mechamitdaldg (MM). SEM and
hydriding/dehydriding measurements of samples pezpbdy four different
methods of CS, CS+MM, HCS and HCS+MM with XRD werempared.
Results show that sample prepared by HCS+MM exddbihe best hydrogen
storage properties both in capacity and hydridielgydiriding kinetics. For the
HCS+MM product, LaH and MgNi phases were homogeneously distributed on
the surface of the Mg phase, and some of theNVighase showed laminar
structures. The enhancement of the hydriding/detiydy properties was
explained as the result of favorable micro strietmnd the co-catalysis effect of

the LaH and MgNi phases.
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Chemical synthetic method

Chemical synthetic method is a method to prepamaice types of
hydrogen storage materials, such as MOF (Metal @cg&ramework), Mg

based alloy.

MOF is a new direction for hydrogen storage maleridhey usually
have low density, high surface area and very laageus volume. Various types
of MOF with nanometer scale periodicity are beirgearched. These types of

materials are synthesized by chemical method.

As an example, Li et al. [43] synthesized a MOR¢pet micro-porous
material with a high surface area and large polerme. The raw materials were
Zn(NGs),-6H0, 1,4-benzenedicarboxylic acid ABDC), N,N-
dimethylformamide, and TEA. These synthesis congdrierent approaches.

1) Direct mixing of TEA.

Zn(NGs),-6H,O and HBDC were first dissolved in DMF with mild
stirring, then TEA was added to the solution uragitation. The whole system
was sealed and stirred at room temperature forTRB. white products were
collected by centrifugation, washed with DMF anadrat 373 K for 3-4 h.

2). Slow diffusion of TEA

The synthesis solution that contains Zn@y®H0O, H,BDC and DMF
was placed in a large beaker, while TEA was planet smaller beaker, which
was placed in the center of the larger beaker. shis¢em was sealed with film
and kept static for two days at room temperatutee White products were
collected by centrifugation and washed with DMFadHy, they were dried at
373 K for 3-4 h.

3). Solvothermal synthesis
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Zn(NGs),-6H,0, H,BDC were dissolved in DMF. The solution was then
transferred into a Teflon-lined autoclave, which vwesited at 373 K for 24 h
afterward. The reaction products were cooled tonrdemperature, and the
solids were collected by centrifugation, washechvidF, and dried at room

temperature.
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Figure 11 Hydrogen desorption isotherms at 77 KhefMOF-5 samples
synthesized by the three different methods.

Figure 11 shows the hydrogen-storage capacitiedMOF-5 samples
synthesized by the three different methods. Thepsssof all MOF-5 exhibit
high hydrogen-storage capacities: 2.63 wt% for M&®produced by the slow-
diffusion method, 3.20 wt% for the direct-mixing thed, and 3.60 wt% for the
solvothemal method at 1.74 MPa and 77K. Charaeteoz analysis indicates
that the surface area and pore volume of MOF-5 madgeare correlated with

their hydrogen-storage capacities.
Hydrogen Plasma Metal Reaction

HPMR (Hydrogen Plasma Metal Reaction) can be atisolufor the
synthesis of nano particles of various metals,yallohydrides, nitrides and
carbides. The concept of this method is hydrogaamé arc melting, which was
first developed by Uda and his coworkers [44-4@)e Tscheme is shown in
Figure 12.
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Figure 12 Schematic diagram of the equipment for syntésis
nanoparticles by HPMR; (1) arc melting chamber, (2) wed®led
copper hearth, (3) tungsten electrode, (4) heat exchangear(itle

collector, (6) vacuum pump, (7) gas circulation pump and (8sDBurce.

In HPMR, the sample was melted and nano partickere wielded when
the arc plasma was generated in a current fromtd®D0 A. For developing
nano particles, the parent alloy bulks should b#edemany times in advance to
insure homogeneity. Nano particles were then pegpay HPMR with the pre-
alloyed bulks in Ar atmosphere mixed with.H hey alloy melted rapidly when
struck by arc. With intense production of smoke ibggnano particles were
emitted as vapors. A gas flow carries these pediadut, which were then
trapped on a membrane filter [47].HPMR have sevadahntages compared to
the conventional gas-phase evaporation method iohwthe process takes place
in vacuum or under a reduced inert-gas pressuris. i$hbecause it can offer
better reaction kinetics, and enhance impurity neahoThe rapid quenching

(10° K/s) is also able to produce materials in non-goyiiim phase.
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Shao et al. [48] used HPMR to synthesize,®lg alloys, and studied the
hydrogen absorption and PCI curves of the obtaiMegdCu. Mg (Cu) nano
particles were produced by arc melting with ~50uitkbmetal (purity>99.5%) in
a mixture of 50% Ar and 50% Jtatmosphere of 0.1MPa. The arc plasma was
generated in a voltage of 25V and a current of 200-A. A mixture of Mg and
Cu nano particles in 2:1 molar ratio was then insedrin acetone and mixed by
ultrasonic homogenizer for 30 minutes afterward.e Timetal mixture was
pressed into pellets under a pressure of about #& fdr 30 s. The compressed
pellets were crushed into some pieces for alloytl®gis. Thereafter, MGu
alloys were prepared following two different rout€ne is annealed to 673 K
under argon atmosphere (0.1 MPa), while the othannealed under hydrogen
atmosphere (4.0 MPa) [48].

In TEM observation, the average particle size of,@®Ag prepared by
HPMR in argon is about 300 nm, and in high prestydrogen atmosphere it is
about 100 nm. Figure 13 shows the hydrogen absorjfti the obtained Mgu
alloy annealed under hydrogen atmosphere. It stibatshe sample prepared in
hydrogen can absorb much hydrogen without any @i process at 523, 548,
573, 598 and 623 K under a starting hydrogen pressi3.0 MPa.

2.5¢
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15F

a 523K b 548K
C 573K d 598K

e 623 K

1F

0.5E

Hydrogen Content (wt%)

0 200 400 600 800 1000
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Figure 13 Hydrogen absorption curves of the nanosired
Mg.Cu alloy under a starting hydrogen pressure oNg@ at 523

548, 573, 598 and 623.K
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Vapor deposition
Chemical vapor deposition (CVD) is a chemical psscevhich can

produce high purity solid materials.

Tube connector

Filter gasket Pressure
Electric muffle heater gauge

VWWWWWWAWVW

W/”

Reactor cell

Evacuation pump

Figure 14 Scheme of CVD reactor

Take magnesium fiber produced by this method asxample [49]. The
apparatus consist of an electric muffle furnace amdactor tube. The synthesis
was under 5 MPa hydrogen gas using Mg heated aK98er the reactor was
cooled naturally, it was detached from the gasdiné transferred to a glove box
filled with purified Ar. The sample synthesized wisind to be pure MgH
After they measured the hydrogen absorption, tm&jyaed both the absorption
kinetics of Mg powder and Mg fiber. The resulthat the initial reaction rate of
the Mg fiber was larger than that of the Mg powdéthen temperatures are
higher and pressures are lower, the reaction bec&se to the ideal nucleation
and growth model, so hydride nuclei can keep gémera the Mg surface and

grow three dimensionally.

Carbon nanotube is another ideal hydrogen storageerials, as nano
structured materials have the unique features ascsurface adsorption, inter-
and intra-grain boundaries, as well as bulk absmmpf50][51]. A report on
hydrogen storage in carbon nanotubes by Dillonl.ef52] lead a worldwide

research on carbonaceous.
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Figure 155EM micrographs of carbon nanotul
grown by MPECVD

Microwave Plasma Enhanced Chemical Vapor Depos(iECVD) is
a well-established method to grow carbon nanot{b&)s which can be used to
produce carbon nanotubes for hydrogen storage maataevith its advantage of
processing at lower temperatures. As an examptgir&l4 [54] shows the as-
grown carbon nanotubes on a substrate using omihizocessing conditions

such as temperature, gas flow, gas concentratimhpi@essure.
Thermal plasma processing

As a method for processing powder and nano powtiermal plasma
synthesis is a relatively new method which is amib the thin film deposition
in concept. It is gaining momentum not only in @sé, but also in industrial
applications. The temperatures in thermal plasn@gssing are sufficiently
high to vaporize the starting material, and theessgturation of vapour species
forces the particle to condense, resulting in thedpction of extremely fine

particles by homogeneous nucleation [55].

Cakmak et al. [56] did an experiment on synthegizihg-Ti with two
different methods: mechanical milling and plasmantlsgsis. The starting
powders were Mg (99.5%) and Ti (99.5%) with an agerparticle sizes {g} of
47 and 32um respectively. The volume ratio of Mg and Ti i9.1:
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MM was carried out in a planetary ball mill undeg@n atmosphere with
1 wt% graphite added as anti-sticking agent. Thiéngiused 15 mm stainless
steel balls and ball to powder ratio was 10:1. iiiking speed was at 700 rpm

and was programed have a 30 min rest time aftey&@&min milling.

The thermal plasma processing of the powder mixivas carried out in
an RF system that consists of a plasma torch, agelRErator, a powder feeding
system, reaction chamber connected to a filteregystind a vacuum pump. The
plasma torch uses five turn induction coil, a wateoled ceramic tube with 36
mm inner diameter and another ceramic tube with fd diameter that
separates plasma gas from the sheath gas. Plasnaagaa mixture of Ar
(15~23 slpm) and He (5~8 slpm) and sheath gas wasi®ed with H (4~5
slpm). Mixed powders were fed with a carrier gas(6islpm) and injected into
the Ar-He plasma via a water cooled stainless speebe. The probe was
positioned axially into the torch down to the fitsirn of the coil. Reaction
chamber, water cooled, was cylindrical in shape 200 in diameter and 1005
mm in length and contains viewing ports farsitu process observations. The
system and the reaction chamber were maintained pgessure of 0.09 MPa.
Where necessary, quenching was done by feeding ddeofj 60 slpm at a
position ~ 70 mm below the fifth (last) turn of theil. The amount of powders
processed in each experiment was typically 15 g.aA®sult, powders were

collected from the wall of the reaction chambeteaas of the filter system.

In comparison, they concluded that 1) mechaniclingiyields large Mg
aggolorates, with embedded Ti fragments uniformigtributed within the
agglomerates. 2) Mg agglomerates that arise asudt ref mechanical milling
are made of coherently diffracting volumes of sns@&k. 3) Plasma processing
yields extremely small Mg powders of less than &G0 Both Mg and Ti do not
dissolve in each other, and plasma processing yyieddatively defect free

crystals.
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Figure 16 Schematic diagram of an RF plasma torch
used inthe synthesis of Mg-Ti nanopowders.

Spark plasma sintering

Spark plasma sintering is also known as field gsgisintering technique

(FAST) or pulsed electric current sintering asrdesing technique.
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Figure 17 Spark Plasma Sintering (SPS)
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The pulsed DC current directly passes through tlag@hate die and the
powder compact. Not like the conventional hot pregswhere heat is provided
by external heating elements, the heat is generatethally in SPS. Thus the
heating or cooling rate is very high, which shostéime sintering process. This
fast speed insures that during the densifying m®cthe powders are able to
maintain nano size or nano structure while avoidiogarsening which

accompanies standard densification routes.

Pei et al. [57] recently used SPS to prepare aslplase related BCC
solid solution alloy. Vs(Ti, Cr)si(Zr, Mn);swas prepared by two methods: arc
melting and SPS. For arc melting method, the aditynents were arc melted
under argon atmosphere based on the nominal chieomooagposition. For the
SPS preparation, 3Ti, Cr)ss BCC solid solution alloy and ZrMrLaves phase
alloy were mixed together evenly in the molar matiof 86:14 and then
synthesized by SPS at a temperature of 1000 *@@ssure of 40 MPa.

After close inspection of the microstructures offbobtained alloy and
examination of the hydrogen storage propertiesy tleeind that SPS could
preserve the alloy with a large hydrogen storageacity similar to the BCC
solid solution single phase alloy, and maintain dy@ativation and hydrogen
absorption kinetic properties in the same time.yTéwplained that the formation
of sintered interface between the Laves phasel@n8€C solid solution during
SPS allows the Laves phase to contribute its sitieffects to the activation
and kinetics properties of the alloys. Thereforeyticoncluded that SPS is an
efficient method for the preparation of Laves phesdated BCC solid solution
alloys [58].

Summary

Among the methods we have introduced above, weseanthat many

advanced materials were synthesized under nonHequih conditions. Rapid
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solidification from the liquid state, mechanicalloging, vapor deposition,
plasma processing, have all been receiving spattiahtion due to their ability
to produce meta-stable phases that undergo andieimgy and quenching”
procedure (Figure 18 [28]).

Solid, Liquid, or Vapor

Rapid Solidification
Mechanical Alloying
Vapor deposition

Metastable Phase

G,

Equilibrium Crystalline State

Figure 18 The basic concept of “energize and quetach

synthesize non-equilibrium materials.

Table 1. summarizes the energy gaps between emunilstate and non-

equilibrium state for different processing techmigu

Table 1 Departure energy from equilibrium statg [59

Technique Maximum gap (kJ/mol
Solid state quench 16
Rapid solidification 24
Mechanical alloying 30
Condensation from vap 160
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It should be noted that most advanced materiahggd method improve
the activation and cycling properties of hydrogerage materials, as hydrogen
storage capacity is inherently limited by the tletical capacity of the material

itself.

Nowadays, new method for the preparation of hydnogjerage materials
iIs developing to several directions: 1). modifyiagd improving existing
processing method as there are many parametersoaadlition to adjust in the
synthesis process that can influence the resgtsfsiantly. 2). Combining the
existing methods in the synthesis process, e.g,baostion synthesis and
mechanical milling [60]. 3). Coating [61]. New metts of preparing hydrogen
storage materials have never stopped being impraveddiscovered. Firstly,
new materials which may need special preparatiothageare being found as
suitable hydrogen storage candidates. Secondigréift methods to synthesize
hydrogen storage materials bring about differenyspdal and chemical

properties, that in favor to improve general hy@mgtorage performance.
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Abstract:

Ni-MH (Nickel-Metal-Hydride) batteries have been a promising and extensively studied topic among clean and sustainable
energy researches. Finding the ideal material for the negative electrode with high volumetric and gravimetric densities is the key to apply
this technology on broader applications. Metal hydrides based on Ti-Ni have balanced properties between hydrogen capacity and
electrochemical performances in cycling.

The objective of this thesis is to study the effects of element substitution/doping and mechanical alloying on the structural and
hydrogen properties of Ti-Ni alloys. In this study, a series of Ti-Ni based systems with Mg or Zr doping/substitution have been
systematically investigated.

The metallic compounds (TiNi)i. Mgy, (TiH2)15MgosNi, and TirZrNi were synthesized by mechanically alloying from
elemental powders. The milling time and effects of Mg, Zr substitution/doping were studied firstly in respect of their microstructures,
using characterization techniques including XRD, SEM, TEM (EDX support), followed by the hydrogen properties measurements of
the samples by hydrogen solid-gas reaction and electrochemical cycling.

A first principle calculation tool based on DFT (Density Functional Theory) was carried out to further investigate the enthalpy
of formation in order to compare the thermodynamical stability of the obtained compounds. In the study, we have found the alloying
priorities in the ternary alloys Ti-Ni-Mg and Ti-Ni-Zr under milling conditions.

A structure transformation of Ti to FCC induced by foreign elements is reported and investigated. Enthalpies of formation per
atom of the compounds were obtained by DFT calculations, which helped interpret the experimental results.

PCI (Pressure Composition Isotherms) curves and discharge capacities as the function of cycling numbers revealed the
hydrogen properties of the obtained compounds, including TiNi, Ti>Ni (amorphous), Ti-Mg and Ti-Zr.

KEY WORDS: Ni-MH batteries, Ti-Ni, Metal hydrides, Mechanical alloying, Electrochemical hydrogen storage, DFT

Résumé :

Les accumulateurs Ni-MH (Nickel-Métal-Hydrure) sont un sujet prometteur et largement étudié dans les recherches d’une
énergie propre et durable. Trouver le matériau idéal pour I'électrode négative a haute densité volumétrique et gravimétrique est la clé
pour l'application de cette technologie. Les hydrures métalliques a base de Ti-Ni ont des propriétés équilibrées entre la capacité
d’hydrogene et les performances électrochimiques.

L’objectif de cette thése est d’étudier les effets de substitutions/additions d’éléments et de la mécanosynthese sur la structure
et les propriétés d’hydrogene des alliages Ti-Ni. Dans cette étude, une série d’alliages a base de Ti-Ni avec des substitutions/additions
de Mg ou de Zr ont été systématiquement étudiés.

Les alliages (TiNi)i«Mgy, (TiH2)15MgosNi, and Ti«ZrNi ont été synthétisés par mécanosynthese a partir de poudres
¢élémentaires. Dans un premier temps, I'influence du temps de broyage et les effets de substitutions/additions sur les microstructures
ont été caractérisés par des techniques telles que la DRX, le MEB et le MET. Dans un second temps, les propriétés d’hydrogénation
des différents alliages ont été mesurées par des réactions solid-gaz et par cyclage électrochimique.

La théorie de la fonctionnelle de la densité (DFT) en utilisant le programme CASTEP a permis de calculer les enthalpies de
formation afin de comparer la stabilité thermodynamique des alliages obtenus. Dans ces travaux de recherche, nous avons identifié les
priorités d’alliage des ternaires Ni-Ti-Mg et Ti-Ni-Zr dans des conditions de broyage. La transformation structurale du Ti en phase
CFC, induite par I'introduction d’éléments étrangers, a été mise en évidence.

Les courbes PCI (Pression-Composition-Isothermes) et les capacités de décharge en fonction du nombre de cycles indiquent
les propriétés d’hydrogene des alliages obtenus, y compris TiNi, Ti2Ni (amorphe), Ti-Mg et Ti-Zr.

MOTS CLES : Accumulateurs Ni-MH, Ti-Ni, Hydrures métalliques, Mécanosynthese, Stockage d’hydrogene électrochimique, DFT
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