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Abstract

Titanium dioxide (TiQ) nanoparticles, nanowires, nanosheets and nanopare of
great interest in many applications. This is duenéxpensive, safety and rate capability
of the material. It has being considered as a ceph@nt of graphite anode material in
rechargeable lithium batteries. Much experimentabrkw on pure and lithiated
nanostructures of TiDhas been reported, mostly with regards to theimpex
microstructures. In this work we employ moleculaynamics (MD) simulation to
generate models of TpO nano-architectures including: nanosheet, nanoporou
nanosphere and bulk. We have successfully rechgsi@lall four nanostructures from
amorphous precursors; calculated radial distrilbbutionctions (RDFs), were used to
confirm crystallinity. Configuration energies, calated as a function of time, were used
to monitor the recrystallisation. Calculated X-Rajiffraction (XRD) spectra, using the
model nanostructures, reveal that the nanostrustane polymorphic with Ti@domains

of both rutile and brookite in accord with experimhe

Amorphisation and recrystallisation was successful generating complex
microstructures. In particular, bulk and nanopor@igictures show zigzag tunnels
(indicative of micro-twinning) while nanosphere ammhosheet shows zigzag and straight
tunnels in accord with experiment. All model namostures of TiQ were lithiated with
different lithium content. RDFs, microstructuresnfiguration energies, calculated as a

function of time and XRDs of all lithiated struotgrare presented.
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Chapter 1
INTRODUCTION

1.1 General introduction

Titanium dioxide is an oxide that is chemically ld&g inexpensive, nontoxic and
photocatalytic (Liang et al. 2001). It is a wideadgap semiconductor with high
refractive indices. Most studies on Li@ave been on well-known novel applications
(Chen et al. 2007). Owing to their unique propsrtianomaterials of Tiare used in a
wide range of applications such as dye-sensitizddr scells (Hagfeldt et al. 1995,
Hoffmann M. R. 1995, Linsebigler et al. 1995 ance@let al. 2007), nanostructured solar
cells (Henrich et al. 1993, Fujishima et al. 197#®d &Haller et al. 1989), ceramics,
pigments and optoelectronics (Fujishima et al. 1@918s et al. 1989, Sorantin et al. 1992
and Tang et al. 1994). Previously, extensive woak wonducted on Tias used in solar
cells (Park et al. 2000), and in particular dyessiered solar cells involving nanoporous
TiO, thin films (Okuya et al. 2002). Rechargeable lithtion batteries are important in
power portable electronic devices (PED) such apay) mobile phones, and computers
and recently for electric vehicles. Their electraxiical properties (Fukushima et al.
1989) and electrodes (Kavan et al. 1996) have baafied. Novels ways of enhancing
energy and power densities, long cycle life anetyadf lithium ion batteries are needed.
TiO, has been chosen for this application since iteseas an excellent lithium battery
electrode, has large lithium intercalation capadibyv toxicity and is inexpensive. In
particular, nanostructures of TiChave high rate performance, are good for lithium
insertion and mostly have fast charge and discheagacity. In this chapter structural

properties of TiQ and literature review on how its various nanogtmes are used in



lithium ion batteries will be presented. This wié followed by the intentions of the

study and the thesis outline.

1.2 Structural properties

TiO, consists of mainly three distinct polymorphs rytiknatase and brookite (which are
presented in figurel.1 and their physical propsréiee presented in tablel. Anatase and
rutile (Vegard et al. 1916) in general are two katvystalline structures. Besides these
three polymorphs, Ti@has more modifications which are not that much mam: TiO,

(B) monoclinic (Marchand et al. 1980), TiGH) hollandite (Latroche et al. 1989),
TiO2(R) ramsdellite (Akimoto et al. 1994), Ti@I)-(a) columbite (Simons et al. 1967),
TiO, (Ill) baddeleyite (Tang et al. 1993 and Olsen et1&99) and Ti@ with a-PbQ
structure (Zaslavskii et al. 1952). Many of theseidures occur under very particular

conditions.

Anatase
Rutile A .

Brookite

v St

&

Figure 1.1: Four distinct polymorphs of TiO..



Most electronic and optical properties (Tang etl8B4a, Tang et al. 1994b, Sanjines et
al. 1994, Tang et al. 1995, Hosaka et al. 1997iy8ek al. 1998 and Sekiya et al. 200) of
anatase single crystals (Berger et al. 1993) hasen bsystematically investigated.
Anatase is metastable at room temperature andfdrams irreversibly to rutile, while
rutile is the most stable phase (Haines et al. 1983TiO,. X-ray diffraction of
polymorphs of TiQ and TiQ: a-PbG;, are shown in figure 1.2 (Djerdj et al. 2006).

Table 1.1: Physical properties of three polymorphs of TiO, and TiO;: a-PbO,.

Rutile Anatase Brookite TiO,: a-PbO,

Form. Wt. 79.890 79.890 79.890
z 2 4 8 4
Crystal System Tetragonal Tetragonal Orthorombic Orthorombic
Space group P4,/mnm 14,/amd Pbca Pbcn

a (A) 4.5845 3.7842 9.184 4.5292

b (A) 4.5845 3.7842 5.447 5.5022

c(A) 2.9533 9.5146 5.145 4.9034
Volume (A% 62.07 136.25 257.38 122.20
Density (g/cm?) 4.2743 3.895 4.123

Also XRDs patterns of Ti@ nanoparticles prepared by hydrothermal treatment f
anatase, rutile and brookite are depicted in figuB2(Reyes-Coronado et al 2008). XRD
studies of the products obtained from hydrotherretment of the amorphous starting
material under a variety of experimental conditishewed that phase-pure anatase, rutile
and brookite can be obtained under the followingditions: anatase was prepared using
1, 5 M acetic acid at 200 °C, rutile was obtainsthg 4 M HCL at 200 °C and brookite
was obtained with 3 M HCL at 175 °C. Under thesedttions the phase purity was over
95 % as determined from the integrated intensithefXRD peaks for the phases (Zhang
et al 2000). These XRDs will help us to assign peeks of our simulated XRDs in

chapter three and four in order to find the coroesfing model.



30 30

- o RuUIe
20 - 204
Z 2
i @
g 2
& 2
& £
=0 A =

5

o T T T T T T Lhi I* 0 T

0 10 20 30 40 50 80 70 80 0 20 40 60 80
20 (degree) 26 (degree)
30 19 |
—— Brookite

2 25| — TOzia-PbO,
w 20F i 200k
2 e
Z Z
o B 199

E

2 ]
= =
= 1ot = 104

o . o ; . . “ j“ i l“]

50 60 70 8

0 10 20 30 40 50 60 7 80 o 10 20 a0 40 0

20 (degree) 20 (degree)

Figure 1.2: XRDs of TiO, polymorphs and TiO,: a-PbO..

A 004
12
200

1

jé (@)
MWMJ%M

—

=5 bl =
)

101

111
210

iﬂo
200

Intensity (a.u)

20(°)

Figure 1.3: XRD patterns of TiO, nanoparticles (a) anatase, (b) rutile and (c)

brookite (Reyes-Coronado et al 2008)



Comparison of XRD patterns of Tibrookite and Ti@ a-PbG structure show close
resemblance but with minor differences. Sayle aage5(2007) reported that the O
a-PbG structure was closest to their simulated Ji@nosphere than the anatase and
rutile structures. Slight deviations from simulateould be ascribed to nanospherical
form; hence flexibility of TiQ: a-PbQ, should be closer to that of brookite. In the
orientations displayed in figure 1.4, the middletpm in the dashed rectangle of TiO
brookite, with space group Pbca, has a similamngement of atoms as the Ti@ith the
a-PbG structure and space group Pbcn, and differs mamipe displacement of the

oxygen’s.

TiO,:Brookite-Pbca

@ ©

C.} C TiO2:a-PbO,-Pbcn

e TR s

____________ $-——-—-8§-

Figure 1.4: Orientations of TiO,: brookite -Pbca and TiO.: a - PbO, - Pbcn.

1.3 Literature review

1.3.1 Applications
TiO, is one of the most extensively studied metal oxadd has been widely used in

photocatalysis, photosplitting of water, photochionevices, gas sensing, dye-sensitized



solar cells (DSSCs) (energy conversion) and recanlg lithium ion batteries (LIB)
(electrochemical storage) (Fujishima et al. 197Rdgan et al. 1991, Chen et al. 2007,
Liu et al. 2010a, Liu et al. 2011 and Liu et al02p Over the last two decades, the
increasing demand of energy and shifting to theewable energy resources, has
rendered LIBs to be considered as promising alteteand green technology for energy
storage applied in hybrid electric vehicles (HEVp)ug-in hybrid electric vehicles
(PHEVS), and other electric utilities. TiQs being considered as one of the most
attractive anode materials of LIBs owing to thddwaing distinct characteristics: (i) its
potential vs. Li° (~1.5-1.7 V) prevents the plating of metallic iitn at the negative
electrode, thus enhancing the safety and extenidhiedife of the cell, (ii) it exhibits
relatively high practical capacity (~200 mAh/qg),rteenly smaller than graphite, but
greater than its lithiated form fJiisO1,, and (iii) it is environmentally benign, abundant,
inexpensive and has stable structure. Its mostifignt advantage, however, is the
ability to be charged and discharged at a higheoirrate (high power). The above-
mentioned points are of great importance sinceelsgale batteries for hybrid electric
vehicles and other applications require prolongfed improved safety, and reduced cost.
In general, the properties of Ti@reatly depend on the crystal sizes, phases, egpos
facets, and morphologi¢Shen et al. 2007, Liu et al. 2010b and Liu et alLD).

1.3.2 TiO; Bulk Polymorphs

As it has been demonstrated in section 1.2, Ti&s different polymorphs, and the eight
that are well known are anatase, rutile, brookii€,-B, TiO.-H, TiO.-1l and TiQ-llI
(Deng el al. 2008). Regardless of various polymsrphTiO,, the insertion reaction of
Li-ion into TiO, can be expressed as (van de Krol et al. 1999)

TiOr XLi™ + x€— LixTiO,



With the insertion of positive Li the overall chargompensation is achieved by the
introduction/presence of ¥ications in the T sublattice, which usually results in a
sequential phase transformation occurring in oagFiO, as a function of Licontent.
This has been predicted by theoretical calculati@ison et al. 2006, Stashans et al.
1996, Mackrodt et al. 1999, Koudriachova et al.Z0uscat et al. 2002, Koudriachova
et al 2004a and Koudriachova et al. 2004b) and etserved in X-ray photoelectron
spectroscopy (XPS) experiments (Soedergren e©8lf And Henningsson et al. 2003).
Anatase is considered the most suitable candidateLiFinsertion host, while Li
insertion into the bulk rutile is usually negligtgblat room temperature (Kavan et al.
1996, Kavan et al. 1999, Ohzuku et al. 1979 andh@achristiansen et al. 1988). For
instance, while the particle sizes are in the nm@ters range, only 0.1-0.25 mol Li per

mol TiO, can be inserted into bulk rutile at room tempeamftiu et al. 2006).

In order to understand the extent to which differ€i®, polymorphs can accommodate
lithium insertion, it is necessary to consider thstructural features more closely (Yang
et al. 2009, van de Krol et al. 1999 and Payné. 61992), and those of anatase and rutile
will be discussed in particular. The structure oftase TiQ can be regarded as a
stacking of one dimensional zigzag chains congstih distorted edge-sharing T4O
octahedrals. Along [100] and [010] directions, tkiacking is equivalent and composed
of empty zigzag channels in the whole frameworkjciwhprovides paths for Li-ion
insertion occupying the interstices of Fi©Octahedrals to form kTiO, (Kavan et al.
1996, Zachau-Christiansen et al. 1988 and Caval.e1984). Since the Li-Li are
interacting strongly (Zachau-Christiansen et aB8)9 the originally tetragonal anatase
phase (space group l41/amd) undergoes a phasatitranwith an orthorhombic
distortion (Cava et al. 1984) as the ratio of Li-imsertion is larger than 0.05 (Zachau-

Christiansen et al. 1988). The change of symmeivglves a decrease of the unit cell



along the ¢ axis and an increase along the b &iwuku et al. 1979). The overall
distortion of the atom positions accompanying thage transition is relatively small,
which leads to the volume change of unit cell s 4% (Deng et al 2009).

In the lattice framework of an ideal rutile cryst&lOg octahedra share edges in the c-
direction, and corners in the ab-plane (Koudriaehetval. 2003). Therefore, Ldliffusion

in rutile is highly anisotropic and fast along theirection (diffusion coefficient is about
10° cnfs™t), while in the ab planes it is very slow (diffusicoefficient is approximately
10-14 cm2s-1 (Koudriachova et al. 2004a, Gligoale2006 and Johnson et al. 1964).
The anisotropic diffusion of Li ions in rutile litsi the amount of Li ions distributed
along ab-planes and separate§ihithe ¢ channels (Stashans et al. 1996, Koudriach
et al. 2002 and Koudriachova et al. 2003). Evemg@lthe c-direction, further Li-ion
insertion would be blocked owing to the repulsivecés between Li ions in c-direction
and trapped Li-ion pairs in the ab-planes (Koudrta@ et al. 2001). Consequently, Li-
ion insertion into the bulk rutile Tigs very difficult and only a negligible number lof
ions have been reported to be accommodated imptitysnorph except those operated at
high temperature up to 120 °C (Macklin et al. 1992)

The idealized Ti@B has the same structure as a shear derivatiheoReQ-type
structure, which is composed of corrugated sheetsdge- and corner-sharing T§O
octahedrals (Feist et al. 1992, Marchand et al01@8] Zukalova et al. 2005). In this
special framework, Ti@B possesses a one-dimensional infinite channathwihdicates
that the structure of Ti&B is more open than other polymorphs (Yang et2@D9).
Furthermore, the existence of parallel infinite mias in TiQ-B lattice can also
accommodate volume change without any significastodion of the structure during
Li* insertion (Pyne et al. 1992). In addition, Zukalost al. (2005) proposed that, the

diffusion of Li* in TiO,-B is a pseudocapacitive faradic process, whichfaster process



compared with the solid-state diffusion processjctvhcontrols the Li diffusion in
anatase (Zukalova et al. 2005) All such propesigggest that Ti©B is an outstanding
candidate as anode materials of LIBs.

As mentioned in section 1.2, TiObrookite is naturally occurring and has an
orthorhombic structure with symmetry Pbca and iasof edge- and corner-sharing
TiOg octahedra, which form channels along the c axau@8 1961). The dimensions of
the channels are suitable to accommodate lithiuns i6-0.76 A). Reports on direct
insertion of Li in the bulk TiQ brookite are currently scarce. However, DFT and
atomistic simulations indicated that among the radiys occurring bulk polymorphs of
TiO, (Kerisit et al. 2010) anatase, brookite, and raetiitel are energetically favoured
over rutile upon lithium insertion. As a confirmati to previous structural discussions
(Reddy et al. 2008) the calculations indicates thatmain factors controlling the relative
stability of the lithiated titania polymorphs areetlithium bonding environment, the
arrangement of LiQand TiQ polyhedra, and the extent of lattice deformatiquoru
lithiation.

1.3.3 Nanosizing

Irrespective of various polymorphs, the practiddhiaable capacities of bulk TyCare
reported as only half of the theoretical value (33@&h ¢%), based on the full
electrochemical activation of the “MiTi*" redox couple and still needs to be sustained
over long-term cycling. The main reason is that film¢her Li-ion insertion in TiQ is
blocked because of the strong repulsive force batwea ions as the insertion ratio is
greater than 0.5 (as x>0.5 inkLiO,) (Nuspl et al. 1997, Kavan et al. 2000 and Kavan e
al. 1995), hence leading to low diffusion coeffidi®f Li in TiO, which greatly limits the
applications and development of Li@s electrode materials in LIBs. Consequently,

intensive experiments and limited theoretical satiohs have been conducted which



demonstrated that the lithium-insertion/deinsertiactivity and cycling stability of
titania-based electrode can be improved dramafieallthe scale of employed materials
moves into the region of nanometers (Yang et al92®&avan et al. 2000, Tang et al.
2009, Sudant et al. 2005, Jiang et al. 2007, HattzdRohlfing et al. 2007 and Kubiak et
al. 2008). The main factors behind such improventam be due to: (i) an increased
electrode/electrolyte contact area, which allovghbr cycling rates, and (ii) a decrease in
the mean diffusion lengths for both electrons atidum cations, allowing the use of
“low” electronic and/or ionic conducting materiaM/e will now review certain nano-
architectures, (viz. nanoparticles, nanorods, nérest, nanoporous, nanosheets) that have
been adopted by different polymorphs of Ti@nhd explore the extent to which lithium
can be inserted in them and the related electroca¢merformance. There is a great deal
of interest in TiQ nanoparticles, nanowires and nanotubes due to {haential
advantages (safety, rate) as anodes replacingitgapla new generation of rechargeable
lithium batteries (Sudant et al. 2005, Jiang e@07, Wagemaker et al. 2007, Hardwick
et al. 2007, Armstrong et al. 2005b, ArmstrongleR@05c, Bruce et al. 2008 and Deng
et al. 2009).

1.3.4 Nanoparticles

We now consider lithium insertion in nanopartictdsanatase Tig) which as the size of
TiO, falls in the nanometers, tends to be more stdida pther polymorphs, owing to
differences in particle surface tension, size, simabe (Barnard et al. 2004 and Ranade et
al. 2002). A larger Li-ion conductivity is deduc&@m simulation results for particle
size smaller than 20 nm, and lower conductivity laoger nanoparticles (Sushko et al.
2010). An experimental confirmation was put forvagdWang et al (Wang et al. 2007)
which depicted that the total energy storage, etrapdrom double layer effects and

intercalation process, increased with decreasiagitte of nanocrystalline anatase from 5
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nm to 10 nm. In addition, reducing particle sizetlie nanoscale regime leads to faster
charge/discharge rates because the diffusion-dedrdi-ion intercalation process is
replaced by faradic reactions which occur at thiéase of the material Tig(Wang et al.
2007). This phenomenon is also observed on theasmaliQ with smallest primary
particle size of approximately 8 nm which was aidi from a hydrothermal treatment
on sol-gel precipitates of TIgQWilhelm et al. 2004). Such particles with the Hest
primary size deliver the highest charge capacityld® mAhg', and the capacity
decreased with increasing the primary particle g&lhelm et al. 2004). A higher
initially discharge capacity of 203 mAHgs reported for anatase Ti@anoparticles with

a particle size of approximately 20 nm, which wprepared by hydrolysis of titanium
tetraisopropoxide in pure water, and followed bigiced at high temperature. However,
the initial loss of capacity is as high as 14% lestwthe insertion and the extraction of Li
ions, and the reversible capacity after 40 cyctigsreases to 148 mAhgLiu et al.
2005). Higher reversible capacity is reported andhatase TiPpowders with same size
~20 nm, which were prepared hydrothermally, yieddan specific capacity on the first
discharge of 180 mARKY and only 5% loss was observed after the seconk,cgnd
there is no appreciable capacity fading even afi€rcycles (Oh et al. 2006).
Electrochemical performances do not always berfeditn decreasing particle sizes.
Poizot et al. (2000) studied metal oxide systentsfannd an optimal size range for the
metal-oxide particles to exhibit the best electeynital properties. Exnar et al. (1997)
also noted that the optimal anatase particlesisizgactical TiQ/LiCogsNig 50, button
cells is approximately 10-15 nm. Recently, Kanaglet(2011) presented the so-called
polyol-based method to fabricate anatase,Tm@noparticles and they suggested that,
under certain experimental conditions, 8-25 nm agpgp® be the critical particle size for

anatase Ti@Qwith sufficient crystallinity and significant elieochemical performances.
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TiO,-B nanoparticles have also been studied wheren &ample, Estruga et al. (2010)
produced such nanoparticles through the hydrolgdisan ionic liquid with titania
precursor at ambient pressure and low temperatdmvever, no electrochemical
characterization was reported. Wessel et al. (20dposed that pure TiB
nanoparticles with 20-25 nm in diameter can be yred which yielded a considerable
high capacity of 100 mAhbeven at a high current rate of 10 C.

Lithium insertion into nanoparticles of other BiGommon polymorphs, such as rutile
and brookite, was not well known until very recgntwhen a high Li electroactivity was
reported in nanometer sized rutile and brookite,TaDroom temperature (Reddy et al.
2006 and Reddy et al. 2008). However, several gréigjye shown that, in nanoparticles
of rutile TiO,, one Li/TiO, can be inserted at room temperature (Hu et al6,2B8udrin

et al. 2007 and Jiang et al. 2007a). More receiitiyyas demonstrated that reasonable
amounts of lithium can be inserted into nanocriistlbrookite TiQ (Reddy et al.
2007); as an example 0.9 Li/TiQvas inserted into a 10 nm sized nanoparticles of
brookite, and it was shown that the structure a&blst for reversible lithium insertion.
Subsequently, Lee et al. (2008) also observed ith& possible to insert Li into
nanophase brookite TpOat room temperature. Furthermore, it was obsertred
crystallized size of brookite Ti¥D has a remarkable effect on lithium insertion
(Dambournet et al. 2010).

One of the advantages of brookite, unlike otheymalrphs, is an apparent absence of
phase transformation with lithiation. However, XRBtidies on different stages in
lithium insertion and deinsertion reactions suggésiat the Brookite framework
amorphised during discharge, with a partial recpver the crystallinity upon
(re)charging (Reddy et al. 2008). A further invgation, involving a combined PDF and

DFT approaches, clearly indicated that the sTi€nnectivity within the Brookite
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framework remains intact upon lithium intercalatiPambournet et al. 2011). The
flexibility of the framework with five-fold coordiation environment for the Li ion,
which, in part, allows it to accommodate the Li spnis also responsible for the
broadening of the Bragg reflections and appargrarted amorphisation. An observation
that the framework remains intact is ultimatelykéd to the property of the material to
retain its capacity over many cycles. Typicallyg thbservation of amorphisation is
correlated with the assumption of changes in camnngc

1.3.5 Nanorods, Nanowires and nanowhiskers

The impact of nanorod, nanowire and nanowhisker,Ta@hitectures on electrode
performance will now be considered. Since the ditfin coefficient of Li ions along c-
direction is almost eight orders higher than thanh@ ab-plane (Koudriachove et al.
2002, Gligor et al. 2006 and Johnson et al. 19%4)Li-ion insertion into rutile Ti@can
be considered as a nearly one-dimensional diffusidansequently, the restricted
diffusion into three-dimensional volume makes pel@ctrochemical performance of the
bulk rutile TiG, as anodes of LIBS. However, the Li-ion intercalaticapacity can be
significantly improved as rutile TiJpossesses morphologies as nanorods, nanowires, or
nanowhiskers, especially as particles grow alomgctidirection (Hu et al. 2006, Jiang et
al. 2007 and Reddy et al. 2006). The fabricatiorutife TiO, nanoneedles, with a width
of 20-25 nm and length of 100 nm, was reported byorHane (2011) and
electrochemical measurements show that they dedimdnitial capacity of 305 mARYg
and the capacity value retains as high as 128 riiAlftgr 15 cycles.

Qiao et al. (2010) developed a method to prepaxeeit-like rutile TiQ nanorods. These
flower-like structures were composed of many nademith 10-15 nm in diameter and
50-70 nm in length, and the growth direction of srads was found to be parallel to

(110) crystal planes. Such flower-like rutile Bi@anorods demonstrated a stabilized

13



charge capacity of 183 mAHafter 30 cycles. Most recently, Dong et al. (20Eborted

a method to fabricate rutile T¥anorod arrays (grew along c-axis) on Ti foil stdtes
using a template-free method. These nanorods éeditsignificantly electrochemical
performance with capacity of about ten times higtemn that of rutile Ti@ compact
layer. The higher capacity was ascribed to the tlyréanproved contacts between
electrode materials and electron collectors leatbrag significant reduction in resistance.
It was earlier mentioned that Ti® is, generally, a better intercalation host ftnium
ions compared to rutile and anatase polymorphs §fong et al. 2006). A three-step
synthesis procedure by Marchand et al. (1980)adapted and well developed by other
researchers to prepare BB nanowires, and nanorods aimed at providing high
capacities in lithium ion batteries (Inaba et @02, Zhu et al. 2011 and Wang et al.
2011). More interestingly, Liu et al. (2010) grewrtically oriented single-crystalline
TiO»-B nanowire arrays on titanium foil over large a&ég placing titanium substrates in
hydrothermal solution during hydrothermal proceSsich arrays exhibited a high
capacity of 120 mAH{ even as the charge/discharge rate is up to 1.BdCeacellent
cycling stability beyond 200 cycles.

Lan et al. (2005) reported a facile way of prepgramatase Ti©@nanorods from rutile
powders directly, which exhibit improved capacity 898 mAhg'. Using similar
procedures, Kim et al. observed that the nanotutassformed to nanorods as the
temperature of thermal treatment on the as-prepsaredtubes increased from 300 to 400
°C (Kim et al. 2007). However, nanorods exhibitedido initial discharge capacity (178
mAhg” at the 0.5 C rate) and faster capacity decay (@A8g* at 10 C rate) compared
to nanotubes (205 and 180 mAhgt 5 and 10 C, respectively) (Kim et al. 2007)eTh
significance of this approach is that it providefaaile route to fabricate anatase 7iO

nanorods directly from industrial raw materials,iethalways exists in the rutile phase.
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1.3.6 Nanoporous

Much as the Ti@ nanoparticles introduce good electrochemical perémce of anodes
for LIB they also have limitations. It is well knewthat nanoparticles possess high
surface energy compared with the bulk counterpadtiacline to aggregate either during
synthesis or galvanostatic cycling. The aggregatiomanoparticles decreases the surface
area and increases the difficulty for electrolytduson diffusion within aggregates
reaching the surface of particles; it results ia teduction of the total storage energy.
Consequently, a better way to avoid this situaisoto prepare nanoporous Li(Hwang

et al. 2012).

Mesoporous or nanoporous TLi@ave been studied by several authors (Zhou 0ab,
Moriguchi et al. 2006, Guo et al. 2007 and Wangle2007) and the micrometre-sized
mesoporous materials have characteristic graingelisas pores nearly in the same scale.
Electrodes of mesoporous materials for lithium dyaégs have short transport lengths for
Li* ions due to their nano-sized grains (10-20 nni),easy access for electrolytes due to
their nanopores (5—10nm). Such mesoporous matéaaks high packing densities unlike
nanopowders, nanowires, nanorods and nanotubegpit®easich advantages, electronic
conduction over micrometre-sized particles limie trate performance of mesporous
materials. We will briefly discuss some of the mcgtudies.

Methods of fabrication of mesoporous %i@an be roughly categorized to template-
assistant (Wang et al. 2008, Saravanan et al. Z01@t al. 2007 and Wang et al. 2007)
and template-free (Yoon et al. 2011, Lai et al. 2Z0O&ang et al. 2011, Jung et al. 2009
and Guo et al. 2006). In template-free routinegjroghermal treatment was always
utilized to create a core—shell mesoporous,TsPheres with micrometres in diameter
(Yoon et al. 2011, Lai et al. 2011 and Jung e2@09). Among all products fabricated

from template-free approach, microspheres prodbged/ang et al. (2009) demonstrated
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the highest initial discharge capacity of 265 ari InAhg' at 0.06 and 1.2 C,
respectively, even after 50 cycles.

Compared to the template-free approach, the em@oymf templates can create well-
ordered and uniform mesoporous which can more tefedg accommodate the volume
change during Li-ion insertion/deinsertion procdasgeneral, surfactants including tri-
block polymers (Wu et al. 2011a and Wu et al. 2Q1thtionic surfactant molecules
(Saravanan et al. 2010), anionic surfactant moéscyWang Z et al. 2007), and
polystyrene (PS) colloids (Fu et al. 2007), etce avidely used as templates for
generating mesopores. Some of the recent studielsenbriefly discussed.

Ren et al. (2010) synthesized an ordered 3D mesapanatase using a hard template
and investigated lithium intercalation. The struatuchanges are similar to those
observed for nanoparticles, with continuous Li rtise into tetragonal anatase up to
Ligosl1O2, then a two-phase process between anatase andrhantibic Lp4sTiO2
followed by continuous insertion into the orthorHmmphase up to kiksliO2. Despite
the intrinsic porosity of the mesoporous phaseyvtilemetric capacity is higher than the
best results for nanoparticulate anatase repontediqusly, a two-fold increase being
observed at the highest rates (24 *AgThe rate capability is better than disordered
mesoporous anatase even when the latter is metlisggesting that the ordered pore
structure is important in achieving high rate calitstb

The relationship between mesopores properties &udr@chemical performances has
been elaborated by Saravanan et al. (2010). MesopdiQ anatase was synthesised
using a soft-template method, and through varyireg ¢hain length of surfactants, the
average pore size of mesoporous Jireases from 5.7 to 7.0 nm with increasing the
specific surface area from 90 to 135gm It is believed that a high specific surface area

benefits electrochemical reactions because of tinareced active sites for electrolytes,
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and it is found that the reversible capacity insesawith increasing pore size and specific
surface area reaching the maximum capacity of 28&gn for the samples with a
specific surface area of 135%gt and pore size of 7 nm. A remarkable high rate
performance of 107 mAHRgup to 30 C is also exhibited by this sample (Saman et al.
2010). The storage performance and the packing itglernd the as-synthesized
mesoporous Ti@ are respectively five times and 6.6 better tha@ tommercially
available TiQ nanopowder.

Liu et al. (2011) reported design and synthesia tifanium dioxide material with novel
architecture, which combines the features of th@,¥B polymorph with mesoporous
structure (uniform mesopores of 12 nm) and micrespmorphology (microspheres of
diameter 11um and nanosized crystal grains of ~ 6 nm). (a) Tl&—B polymorph
ensures the material will have fast kinetics ofhilim transport due to its
pseudocapacitive mechanism. (b) The mesoporoust@teuresults in adequate contact
electrode-electrolyte contact and facile electraraasport along the boundary of sintered
nanograins. (c) The microsphere morphology acconatesd traditional electrode
fabrication art and creates compact electrode $ayEhe integration of these features
enables this material to have superior lithiumagerperformance, which could meet the
needs of electric vehicle batteries and other pmher applications.

1.3.7 Nanosheets

Studies of TiQ nanosheets for energy storage and conversiorydimg) anode in LIB
and electrode in DSC respectively, are not as aminds those of nanoparticle and
nanoporous structures. Such nanosheets are idead) eav exposure of highly reactive
surfaces, which unfortunately are usually unstalileng crystal growth. Most available
anatase Ti@crystals are dominated by the thermodynamicalplst{101} facets (more

than 94 per cent, according to the Wulff constarciiLazzeri et al. 2001), rather than the
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much more reactive {001} facets (Gong et al. 200)wever, recently, approaches of
stabilising such surfaces have been put forward¢chwphaved a way for the synthesis of
anatase Ti@ nanosheets with 47% of the {001} surfaces (Yang akt 2008).
Electrochemical investigations reveal that the eeoo(001) high-energy facets of the
nanosheet result in enhanced rate capability whrafinates from both the shortened
diffusion path and lowered insertion energy basrien the active surface for ‘Lions
(Knauth et al. 1999). Furthermore, the electroleitrode contact is enhanced via
hollow structures; and such features collectivellpva for more efficient lithium
diffusion in anodes of LIB.

Liu et al. (2012) designed and synthesized hiereathporous TiQ-B with thin
nanosheets, which combines the superiorities of @B polymorph with porous
structure as well as thin nanosheet. ;AB polymorph ensures the fast insertion and
extraction of Li-ion due to its pseudocapacitivechenism, while the porous structure
with thin nanosheet wall effectively extends théeifacial zone and thus can greatly
promote ionic transport and electrode reaction. jbive advantages endow this material
with high reversible capacity, excellent cyclingfpemance, and superior rate capability.
DFT+U calculations show unique lithiation mecharssrfor the different nano-
architectures, where TgB nanosheets incrementally fill C sites, follow®dA2 and Al
(Dylla et al. 2012). The calculations suggest tha lithiation mechanism is related to
the elongated geometry of the nanosheet along th&isathat reduces L+#Li*
interactions between C and A2 sites. The calcultkdtion potentials and degree of
filling agree qualitatively with the experimentatipserved differential capacity plots.
TiO, films of photoanodes for dye sensitized solarscllISSC) play a key role in the
improvement of the light to electricity conversidiot with standing demonstration of O-

terminated {100} facets as having the lowest swefanergy, Wei et al. 2011) reported a
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novel method, which includes O-terminated synthesihermal activation — O (dye)-
terminated processes, to fabricate and apply staige crystal anatase Ti@anosheets
with exposed {100} facets for dye solar cell apations.

1.3.8 Large scale simulations

Theoretical studies that are capable of modellioghglex nanostructures are scarce.
Recent studies on MnQ(Sayle et al. 2009a) have yielded a systematmtegiy for
simulating nanomaterials - analogous to atomistiethods, which are widely and
routinely used to model crystal structure. The mantcle (OD), nanorod (1D), nanosheet
(2D) and nanoporous (3D) were considered. The quéati polymorphic structure was
evolved using simulated amorphisation and cryzgiion (Sayle et al. 2005). The model
was validated using nanoporous Mnénd it was shown that they are in accord with
experiment. It was demonstrated that, the nanogoMnQO, can expand and contract
linearly and crucially elastically under chargegttisrge cycling thus retaining its
structural. Morphological and mechanical propertiet simulated lithiated bulk
(Maphanga et al. 2011) and nanoporous (Sayle eR@d9b) MnQ have clearly
illustrated why the nanoporous structures have hagh capability and preferable for
usage in Li ion batteries. High pressure crystiles of TiQ, nanoparticles have been
studied (Sayle et al. 2007). They generated aatolinistic model of a Ti@nanocrystal
by simulating TiQ crystallisation. Consequently such simulation teghes will be most

suitable to study the various nanostructures ot &l their lithiated forms.

1.4 Intentions of the study

The literature review in section 1.3 has clearlgicated the significance of energy
storage in a variety of devices and in particulardemand for vehicle traction recently.
TiO, is being considered as one of the most attraetnasle materials of LIBs owing to

distinct characteristics, which have been outliresicompared to some of the existing
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commercial anode materials such as graphite. Thiansages of the various Ti@ano-
architectures have been clearly elucidated, andrder to maximise their usage in
enhancing the rate capability and energy densdy farther fundamental understanding
is necessary. Generally, atomistic simulation gsigilay an important role in this regard,;
and in particular, amorphisation recrystallisatapproach is one of the few methods that
are capable of spontaneously generating such nahdextures. We are currently not
aware of other simulation methods that are capabfgoducing complex architectures,
such as the nanoporous phase, in a similar malhmaddition to creation of such nano-
architectures it is also of essence to unravel dexnpnicrostructures, that can
accommodate and provide paths for lithium ionsuchsarchitectures and to predict the
extent to which such structures can accommodate ¢ogcentrations of lithium before
depicting undesirable mechanical changes and &iRirevious studies by amorphisation
recrytallisation methods on nanosphere ;la@d all nano-architectures of Mpé@nd their
lithiated versions have provided valuable insightsrelated microstructures. Lastly, the
types of polymorphs that occur in the various narahitectures have to be identified
since they determine possible pathways of lithiomtransport in electrodes. Correlation

between atomistic details and performance of bateés not yet fully explored.

In the proposed study, simulated amorphisation ystallisation method will be
employed to generate various nano-architecturebi@$, i.e. nanosphere, nanoporous,
nanosheet and bulk structures which have been yviskeldied experimentally. Such
structures will be characterized and lithiated dahd fundamental understanding of
atomistic structural and microstructural detailattare crucial for enhancement of energy
density and power, charge discharge time, numberhafge/discharge cycles of high

power rechargeable batteries, will be explored.
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This will help in the acceleration of usage of teth batteries in EV and HEV. An
example of an EV is shown in figure 1.5 and thiswaanufactured by Optimal Energy
in Cape Town, South Africa, while HEV is shown igure 1.6 below. Some technology

devices are depicted in figure 1.7.

Figure 1.5: Electric vehicle (EV) from Optimal Energy (Joule).

Figure 1.6. Hybrid electric vehicle (HEV).
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Figure 1.7: Some modern technology devices.

Our main objective in this work is to have lithidteanostructures of Tgused as an
anode. We want to use computational modelling ndgha the enhancement of cost

effectiveness, energy density and power, chargddige time.

1.5 Outline of the dissertation

This thesis presents the study of titanium dioxideostructures and lithiated structures
and it consists dive chapters.

Chapter one presents the general background ofiuita dioxide nanostructures. It
presents the previous work that has been studipdriexentally and theoretically. It also
gives the main applications of our system in someiags and reviews the motivation
and intentions of the study.

In chapter two, we review the theoretical methodms that have been employed
throughout our study including code that was emgidoy

Chapter three presents the results on growth obstarctures of TiQ It also presents
amorphisation and recrystallisation, radial disttibn functions (RDFs) microstructures

and XRDs of some of the nanostructures. We comparecalculated results with the
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experimental and theoretical results.

Chapter four presents the results on lithiated s@mactures of TiQ Amorphised and
recrystallized structures are presented with tREIFs.

Chapter five presents the conclusions on the eshétt were obtained in chapter three
and chapter four, also we present the recommemdafid future work. After chapter five
we present a bibliography and finally we have appe® (list of publications) and

appendix B (papers presented at the conferences).
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Chapter 2
THEORETICAL METHODOLOGY

In this chapter we present the method that was tilsedghout the study. We describe
the simulation code that was employed, potentialdei® used and the simulated
amorphisation and recrystallisation technique thas used to allow the spontaneous
growth of titanium dioxide nanostructures. We wilesent the discussion of the potential
models for atomic simulation technique since it whe only technique that was
employed throughout this work. Some potential medetre not used like shell model,
since it is a sub-potentials of Buckingham poténghell model is computationally very
expensive preventing simulation of large systenughsas a mesoporous Tidost.
Moreover the potentials become unstable at highpésatures leading to potential

catastrophic failure.

2.1 Simulation codes

Molecular dynamics simulations were all performetihg the computer code DL_Poly
(Smith et al. 1996). DL_Poly is a general purposelecular dynamics simulation
package continually developed at Daresbury Laboydig W. Smith and I. T. Todorov
under the auspices of EPSRC and NERC in the sugbd@CP5. It simulates a wide
variety of molecular systems of ionic liquids araids, simple liquids, small polar and
non-polar molecular systems, bio- and synthetig/mers, ionic polymers and glasses
solutions, simple metals and alloys. In this work wsed this code to simulate the
nanostructures of titanium dioxide. The input fifes DL_Poly are CONTROL, FIELD
and CONFIG which helps us to carry our calculatitoggether with the run script. These

are mandatory files that must be present in thectbry when DL_Poly is run.
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CONTROL - this file specifies the control condit®for a run of the program. In this
file we specify timestep, temperature, pressurseeible, ewald precision etc.

FIELD — defines the force field for the simulatiand details of the molecular structures.
CONFIG - defines the positions of all the atomsthe system (in Angstroms) and

specifies the simulation cell. It also specifies #tomic velocities and forces.

2.2 Potential models

Calculations are based on the Born model (Boral.€1954) of ionic solids, where ions
interact via long-range Coulomb and short rangerautions. Rigid ion potentials with
partial charges were used and these were developddatsui for isostructural rutile
TiO,. In this section we are going to describe the maEemodels.
2.2.1 Short range two body potential functions
The short range two body potentials is an inteoachietween two charge clouds. That is
the short range attractive and repulsive interastiof the ions. Attractive interaction
contains van der Waals. The short range interaetangies are described well by simple
parameterised analytical functions. Below we givesdaliptions of short range
interactions potentials.
2.2.1.1 Harmonic potentials
The simplest potential that is used to model adgons between bonded ions is
harmonic potential. The harmonic potential is gitgn

Usj(ryj) = 5 ij (i = 10)? 2.1
In which k; is the harmonic force constan,is the distance (bond length) between the
two ions i and j, 4 is the equilibrium bond distance. This potent@hrcot be used when
the bond length vary much from the equilibrium. Bdten the bond length vary much

then an alternative potential can be used, thaflasse potential, which is discussed
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below.

2.2.1.2 Morse potentials

As mentioned above Morse potential is used forraagons at bond distances which
display anharmonicity. Morse potential can be dblenodel systems away from their
equilibrium bond distances such as point defects anfaces or when temperature or

pressure is applied. Morse potential is given by,

V(ry) = Ay(1 — el Bulu-roll) 2, 2.2
Where A is the bond dissociation energy; B a function of slope of the potential
energy andJris the equilibrium bond distance. The Morse po#tns often used with

subtraction of the Coulomb interaction due to mslusion of the bond energy, which

completely describe the bond for the nearest neigish And it takes the form,

V(ry) = Aij(l — e[‘Bij(rtj—ro)]) 2_p,, — L0 -

ATTEQT

This equation will reduce to the Morse potentialewhthe fraction of the coulombic
subtraction is equal to zero. Morse potentialsgaeerally used to describe the bonded
interaction between two nearest neighbours, whessdactions between the next nearest
neighbours and those further away are representedifferent potential functions for
non-bonded interactions.
2.2.1.3 Lennard Jones Potentials
The Lennard-Jones is a mathematically simple mtudsl approximates the interaction
between a pair of neutral atoms or molecules. Bstlyf it was developed for the
interactions of noble gases and later was usesfermolecular interactions. Lennard-
Jones potential is given by the equation,

dy(ry) ==L - 24 2.4

12
Tij Tij

Whereriﬁ-2 presents repulsive part anrg represent an attractive part. Lennard-Jones
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potential is a non-bonded potential. The teﬁﬁ, dominating at short distance, models

the repulsion between atoms when they are brougiytclose to each other. Its physical
origin is related to the Pauli principle: when #lectronic clouds surrounding the atoms

6

start to overlap, the energy of the system incieabeuptly. The termr;; , dominating at

large distance, constitute the attractive partsThithe term which gives cohesion to the
system. Arg attraction is originated by van der Waals disgardorces, originated by
dipole-dipole interactions in turn due to fluctufi dipoles. These are rather weak
interactions, which however dominate the bondingrabter of closed-shell systems, that
is, rare gases

2.2.1.4 Buckingham Potentials

Buckingham potential is a formula that describesvtan der Waals energ;(r) for the
interaction of two atoms that are indirectly bondesl a function of the interatomic
distance (r). It is used to model two body nondemhinteractions in ionic solids. The

general form of Buckingham potential is given by

-y
Q)ij(r) = Aijexp Pij —% 2.5

ij

Where A is the size of the iong;; is the hardness and; @ the dispersion parameter.
The repulsive interaction between the ions is gmeed by the first term while the
second term is the van der Waals attractive interaof the ions.

2.2.1.5 Shell model potentials

The shell model is the approach with the inclusmindipolar polarisation firstly
introduced by Dick and Overhauser (Dick et al. J958his simple mechanical model
describes a core which represents the nucleushanthher electrons of the ion. This
core has the mass associated with it and a slalf¢presents the valence electrons. The

schematic representation of shell model is preseimdigure 2.1. All ions in the shell
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model consist of a shell and a core, which are leolfw each other by a harmonic spring

with constant force. Total interaction energy igegi by:
Ur) =5k 2.6
where ris the distance between the core and the shellkas the force constant for the

harmonic spring. The spring constant and the clsagjecore and shell describe the

polarisability of the free ion which is given by:

2

=1 2.7

- 4mepk;

a;
whereg, is the permittivity of free space and q is thergeaon the shell. The units of the

force constant k are e\VfAThe parameters of shell model are obtained byirezap

fitting to the dielectric constants, phonon dispmrurves and defect energies.

Spring Constant (K)

Shell

Core charge (Q)

hell charge (q)

Figure 2.1: Schematic representation of the shell odel.

Short-range forces act on the shells while the rabla forces act on both shells and
cores, but not for the same ion. In Molecular Dyretthe use of shell model is a bit
different since they often use Rigid lon Models.

2.2.1.6 Rigid lon model

Rigid ion model is where electronic polarisationigeored in ionic solids and gives

28



acceptable results. This model treats ions as at piarge, so it is acceptable in
reproducing structural parameters for a rigid systBut in this case the lattice vibrations
will be poorly modelled as they are strongly codpte polarisability. This model will
give poor results for defect energies, but in ttuadition we can be able to handle the
problem by fitting short range parameters to moslgtic dielectric constants and
overestimating the polarisation due to lattice xateon to compensate for the shortfall
due to neglecting the polarisability. This correntiwill help us to obtain correct defect
energies but it will not work for all calculatiomsvolving potentials, that is where time
and various models are included.

2.2.2 Long range interaction

The long-range interaction energy is the sum darattion energies between the charges
of a central unit cell and all the charges of @wtide. The long range interaction energy
of two ions (ioni and ionj) with charges jgand g is given by

Y(ry) =3 —— 2.8

4me, (rij+1)
where f is the displacement separating the two iepss the permittivity of free cell and
| is the set of lattice vectors representing théopasity of the crystal lattice. In particular
long range interactions describe the coulombic satian. It is not easy to use equation
2.7 since it converges with the displacement of ®mm we are going to describe two
methods that will help in making this simpler taide the equations. Two methods are
Ewald summation and Parry method where their thedliybe described in section 2.2.4
and 2.2.5 respectively.
2.2.3 Coulombic summation
The coulombic interaction potential is represerigdhe term after summation symbol in
equation 2.7. This corresponds to the potentiatggnef long range interactions. The

coulomb energy is given by a conditionally converttgeeries were the coulomb energy is
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ill-defined for an infinite 3-D material unless tan additional conditions are specified.
2.2.4 Ewald summation
The Ewald summation (Ewald et al. 1921) is a tephaiused to sum the long range
interactions between particles and all their inéniperiodic images efficiently,
particularly electrostatic energies. The descriptad the coulombic interaction shows
that the charge density)(of a point chargex) is

pi = qiA(r — Nagtice) 2.9
The delta function can take the value of 0 or 1 &adically the Ewald method is

replaced by a Gaussian function:

2
_(ri_rlazttice) )

pi = qie< K 2.10

wheren is the half width of the Gaussian. The originadide density takes the form

(_(ri_rlazttice)z) (_(Ti_rlazttice)2>
pi(r) = [A(r; — Tiattice) — € ! te ! 211

The potential fieldp (Kittel et al. 1971) generated by this charge ritistion is the

solution of the Poisson’s equation. The potentidhe first part takes the form

o) = 4,3 (qi i erfc(nn-,-)> 2.12

where erfcHr;) is the complementary error function. This sumsaliphe interactions of
ionsi andj over the whole lattice.
The second part of equation 2.10 is a Fourier toam®d to converge rapidly in
reciprocal space of Gaussians and is given by

p(r) = q; Zk(cke(iK'R)) 2.13
Where K is the reciprocal lattice vectors and R isfiatice fOr all ions in the unit cell.

Using Poisson’s equation then the potential ofsié®ond term becomes
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e(—n:ZanZ)e(iKR))] 214

$i(r) = q: X [qi#Zk( K2
By summing up the periodic array we combine theepiidls of the first and second

terms of equation 2.10 then the equation becomes

1 1 _ P 1 2
(M =q; 2 [in_ka (pe nsznz'elk'r)] + q; Zj <Qi;erfc(77rij)> - qlz% 2.15

j
where the final term is the self-interaction.

2.2.5 Parry method

A special application of the Ewald method (Ewaldaét 1921) for two dimensional
crystals is called Parry method (Parry et al. 19T8g crystal is assumed to consist of a
series of charged planes of infinite size rathanta finite lattice. In the summation of the
electrostatic interactions, the vectors are nowden into two planes in-plane vectopg,

and vectors perpendicular to the plang,lnthe three dimensional case it is assumed that
the total charge of the simulation cell is zerowbwer the assumption is no longer valid
and hence k =0 term has to be evaluated. Thusuthenation of the coulombic energy is

given as

(~nufy) etkpij

2
b =24 —2wjerf (nui;) — =—=—+ Z=o
A r]ﬁ k

[ekuiierfc (% - nuij) +elkuiderfe (% - nuij)]} 2.16
where K is the two dimensional reciprocal lattieetor, A is the surface area, erf and

erfc are the standard and complementary error fumetespectively.
2.3 Molecular dynamics

Molecular dynamics (MD) is a computer simulationpbfysical movements of atoms and
molecules. It is the most natural method of perfagrequilibrium statistical-mechanical
calculations via simulation. The atoms and molezale allowed to interact for a period
of time, giving a view of the motion of the atom&he trajectories of molecules and
atoms are determined by numerically solving the tdels equations of motion for a

system of interacting particles, where forces betwthe particles and potential energy
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are defined by molecular mechanics force fieldsmimiecular dynamics we follow the
laws of classical mechanics, and most notably Ne\wt@aw:

F; = m;aq; 2.17
for each atom in a system constituted by N atoms. Herejaithe atom mass, Fi is the
force acting upon it, due to the interactions vather atoms and ai is the acceleration of

the atom given by

_ dZTL'
U=

2.18
Therefore, molecular dynamics is a deterministichtéque: given an initial set of
positions and velocities, the subsequent time ewolus in principle (Alder et al. 1957)
completely determined. In more pictorial terms,nagowill ~"move" into the computer,
bumping into each other, wandering around (if ty&tesm is fluid), oscillating in waves
in concert with their neighbours, perhaps evapogatiway from the system if there is a
free surface, and so on, in a way pretty similawt@t atoms in a real substance would
do. The computer calculates a trajectory in a GNettisional phase space (3N positions
and 3N momenta). However, such trajectory is uguail particularly relevant by itself.
Molecular dynamics is a statistical mechanics methdke Monte Carlo, it is a way to
obtain a set of configurations distributed accogdito some statistical distribution
function, or statistical ensemble. According taistecal physics, physical quantities are
represented by averages over configurations dig&tbaccording to a certain statistical
ensemble. A trajectory obtained by molecular dymamprovides such a set of
configurations. Therefore, a measurement of a physjuantity by simulation is simply
obtained as an arithmetic average of the variogtamaneous values assumed by that
guantity during the MD run.

Statistical physics is the link between the micopsc behaviour and thermodynamics. In

the limit of very long simulation times, one cowdpect the phase space to be fully
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sampled, and in that limit this averaging processuld yield the thermodynamic
properties. In practice, the runs are always afdifength, and one should exert caution
to estimate when the sampling may be good (" systesqguilibrium™) or not. In this way,
MD simulations can be used to measure thermodyngmiperties and therefore
evaluate, say, the phase diagram of a specificrimhtBeyond this "“traditional" use, MD
is nowadays also used for other purposes, suctudes of non-equilibrium processes,
and as an efficient tool for optimization of stuwres overcoming local energy minima
(simulated annealing). To advance the atomic postiand velocities that describe the
dynamical behaviour we integrate Newton’s equati@mne work on the new molecular
dynamics method was studied in the canonical enleefNiose et al. 1984).

2.3.1 Energy

The internal energy is easily obtained from a satiah as the ensemble average of the

energies of the states that are examined duringahese of the simulation:
U=(E)=—3M",E 2.19
The average potential energy V is obtained by amegaits instantaneous value, which is
obtained at the same time as the force computatiorade. Thus, the potential energy is
given by:
V(t) =2 Zj>1¢ (|n® —r(0)]) 2.20
The kinetic energy is given by:

K@) =5 Zim[v; ()] 221
wherem is the mass of atomandvV; is the velocity of atom i. The total energy of the
system can be represented as the sum of the kinetigy and the potential energy and
the total energy of the system with a given sepaditions and velocities is represented
by:

Tior = K(t) + V(1) 2.22
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2.3.2 Temperature

Temperature depends on a certain kind of ensentblea fparticular simulation. In a
canonical ensemble the total temperature is constduereas in the microcanonical
ensemble the temperature is fluctuating. The teatpe¥ is directly related to the kinetic

energy of the system as follows:

K=yN Bl kT gy N 2.23

i=12—mi 2

Where Pi is the total of particle i, mi is its mas&l N is the number of constraints on the
system. Each degree of freedom contributdgXthis is according to the equipartition of
energy. If there are N particles, each with thregrdes of freedom, then the kinetic
energy should be equal to 3NK2. Total linear momentum of the system is often
constrained to a value of zero in a molecular dynasimulation, which has the effect of
removing three degrees of freedom from the systeiN\a would be equal to 3.
2.3.3 Pressure
Calculation of pressure is usually in a computenusation via the virial theorem of
Clausius. The virial is defined as the expectatialue of the sum of the products of the
coordinates of the particles and the forces aamthem. Usually this is written as

W =% x;py, 2.24
Where xi is a coordinate (e.g. the x or y coordinat an atom) angy; is the first
derivative of the momentum along that coordingteq the force, by Newton’s second
law). The virial theorem states that the viriabgual to -3NKT. In an ideal gas, the only
forces are those due to interactions between theuge the container and it can be shown
that the virial in this case equal to -3PV. Thisulé can be obtained directly from

PV = NkgT 2.25
Forces between the particles in a real gas ordigifect the virial, and thence the

pressure. The total virial for a real system eqtlassum of an ideal gas part (-3PV) and
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a contribution due to interactions between theigdad. The result obtained is:

W==3PV + 3%, 5N oy E - 3T 2.26

d‘l’ij
If d(rij)/dr; is written as if the force acting betwegrandj then pressure can be written as

follows:

1 1
P=3 [NkBT  3kpT ie1 Ziist Tijfij] 2.27

The forces are calculated as part of a molecularaalycs simulation, and so little
additional effort is required to calculate the airand thus the pressure. In the NPT
ensemble the total pressure of the system is auinstaile in NVT ensemble the pressure
is fluctuating throughout the simulation.
2.3.4 Radial distribution functions
Radial distribution functions (RDFs) also known pair correlation function g(r) a
measure of the probability that, given the preseri@n atom at the origin of an arbitrary
reference frame, there will be an atom with itsteedocated in a spherical shell of
infinitesimal thickness at a distance, r, from tieé&erence atom. In a solid, the radial
distribution function has an infinite number of gh@eaks whose separations and heights
are characteristic of the lattice structure. Comsia spherical shell of thickne8s at a
distance r from a chosen atom, see figure 2.2.voheane of the shell is given by

V= %n(r + 6r)3 — %m’3 ~ 4nr?ér 2.28
If the number of particles per unit volume gsthen the total number in the shell is
4npr?dr, and the number of atoms in the volume elememtesaas 7. The radial
distribution function of a liquid is intermediateetiveen the solid and the gas, with a
small number of peaks as short distances, supesi@aoon a steady decay to a constant

value at longer distances.
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Figure 2.2: Radial distribution function uses a sphrical shell of thicknessr.
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Figure 2.3: Radial distribution function determined from a 100ps molecular
dynamics simulation of liquid argon.
A typical radial distribution function calculatetbfn a MD simulation is shown in figure

2.3. At short distances (less than atomic diamej@)is zero. This is due to the strong
repulsive forces. The first (and large) peak ocatrsaapproximately 3.7 A, with g(r)

having a value of about 3. This means that itieghimes more likely that two molecules
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would be found at this separation. The radial dhigtron function then falls and passes
through a minimum value around approximately 5.4 Be chances of finding two atoms
with this separation are less. At long distancéy,approaches one which indicates there
is no long-rang order. To calculate the pair disttion function from a simulation, the
neighbours around each atom or molecule are sarntedlistance bins. The number of
neighbours in each bin is averaged over the estimeilation. For example, a count is
made of the number of neighbours between 2.5 &l 2.75 and 3.0 A and so on for
every atom or molecule in the simulation. This dogan be performed during the
simulation itself or by analysing the configurasathat are generated.

The RDF is useful in other ways. For example, is@nething that can be deduced
experimentally from X-ray or neutron diffractionudtes, thus providing a direct
comparison between experiment and simulation.rtadao be used in conjunction with
the interatomic pair potential function to calceldhe internal energy of the system,
usually quite accurately. The radial distributiométion is an important measure because
several key thermodynamic properties, such as paltesnergy and pressure can be
calculated from itThis concept also embraces the idea that the atdine @rigin and the
atom at distance r may be of different chemicaésysay andp. The resulting function

is then commonly given the symbodf}fr) and is defined by Hansen and McDonald

(Hansen et al 1990):
N
XaXpPYap (r) = %(Zivzﬂ izﬁl 5(T -nt T})) 2.29
where x is the mole fraction of chemical typeN; is the number of atoms of chemical

typei, N is the total number of atoms, apds the overall number density. The prime

indicates that terms where | are excluded when the chemical types are the same.

2.3.5 Ensembles

Integrating Newton's equations of motion allows youexplore the constant energy
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surface of a system. However, most natural phenarmeaour under conditions where the
system is exposed to external pressure and/or egebaheat with the environment.
Under these conditions, the total energy of theesysis no longer conserved and
extended forms of MD are required. Several methas available for controlling
temperature. Depending on which state variablé® -ehergy, E, enthalpy, H (i.e., E +
PV), number of particles, N, pressure, P, stresser8perature, T, and volume, V - are
kept fixed, different statistical ensembles can demerated. A variety of structural,
energetic, and dynamic properties can then be leddcl from the averages or the
fluctuations of these quantities over the ensengdeerated. There are three most
common ensembles that are often used in MD sinangatiNVT, NVE and NPT
ensembles.

NVT ensemble is also known as canonical ensemblrevtemperature and volume are
kept constant. NVT ensemble in statistical meclanis a statistical ensemble
representing a probability distribution of micropaostates of the system. For a system
taking only discrete values of energy, the probgbdistribution is characterized by the
probability of finding the system in a particularicnoscopic state with energy level,
conditioned on the prior knowledge that the totakérgy of the system and reservoir
combined remains constant.

NVE ensemble is also known as microcanonical enkembere energy and volume are
kept constant. NVE ensemble is obtained by solvimg standard Newton equation
without any temperature and pressure control. Bnergonserved when this (adiabatic)
ensemble is generated. However, because of rouraidgruncation errors during the
integration process, there is always a slight flatbn, or drift, in energy.

NPT ensemble is also known as isothermal-isobarsemble. This ensemble plays an

important role in chemistry as chemical reactiores usually carried out under constant
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pressure condition. In NPT ensemble, pressure amgdrature are kept constant. The
NPT ensemble is used for comparison of MD simutetiavith experiments. Temperature
in NPT ensemble is controlled using Langevin methidee partition function can be
written as the weighted sum of the partition fumctof canonical ensemble, Z (N, V, T).
p(N,P,T) = [ Z(N,V,T)e-BrPVIcav 2.30

where

1
B=is 2.31

kg is the Boltzmann constant and V is the voluméiefdystem.

2.3.6 Periodic boundary conditions

Periodic boundary conditions (PBC) are a set ofnblany conditions that are often used
to simulate a large system by modelling a small freat is far from its edgé\ periodic
boundary is an important technique in a molecularathics simulation. It is a clever
trick to make a simulation that consists of onlfe& hundred atoms behave as if it was
infinite in size. The main reason this is requiredo remove the effects of the surface,
which any finite sample of matter must have, andctviensure that the internal structure
of the sample is dominated by surface rather thak florces (like surface tension - recall
how a small drop of water tries to assume a spdilesicape, in such cases the surface
forces overwhelm the structure of the bulk liquibligure 3.4 illustrates the concept of
periodic boundary conditions in two dimensions. Bhaded box represents the system
we are simulating, while the surrounding boxesexact copies in every detail - every
particle in the simulation box has an exact dupdica each of the surrounding cells.
Even the velocities (indicated by the arrows) aeedame. This arrangement is imagined
to fill the whole of space. A result of this is tlvehenever an atom leaves the simulation
cell, it is replaced by another with exactly thensavelocity, entering from the opposite

cell face. So the number of atoms in the cell isseoved. Furthermore, no atom feels any
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surface forces, as these are now completely remdwete figure ¢ is the cutoff radius

that is normally applied when calculating the fobetween two atoms.

Figure 2.4:Illustration of the concept of periodic boundary canditions.

2.4 Amorphisation and Recrystallisation technique

Amorphisation and recrystallisation technique (8agt al. 2002a) is the strategy that
has being used in atomistic simulation where thmpiex structures evolve during a
pseudo-recrystallisation from an amorphous startipgint. Amorphisation and
recrystallisation is an evolutionary simulationheitjue where compression or tension is
applied to the system to displace atoms from dapuiln positions. When pressure is
released atoms are accelerated to equilibriumiposithaving high ionic mobilities as
molten systems. To generate realistic models opated oxide thin films one must
consider various factors including the epitaxialatienships, defects and reduced

interfacial ion densities. The defects, which eealv respond to misfit accommodation,
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may include dislocations arrays, vacancies, sulgtits and interstitials including
clustering of such defects. These structural festunust be achieved in order to
generate a realistic model even though some atkeobeng. To overcome the problems
associated with the starting structure, the supgottin film is forced to undergo an
amorphous transition before recrystallising intdireal structure. Such a procedure
eliminates any possibility of the final structureflecting artificially the starting
structure. Essentially the system loses all menobdrthe preparatory configuration and
dynamical simulation, as applied to an amorphousictire, allows a more
comprehensive exploration of the configurationacsgy which is likely to results in an
energetically more favourable, and hence morestaglifinal interface structure. This
methodology allows interfacial structures to evotiteing the course of the simulation
influenced solely by the substrate material ando@ated lattice misfit. Various
mechanisms for inducing amorphisation have beetoeegh for supported metal-oxide
thin films associated with both positive and negatlattice misfits. These include
performing dynamical simulation at very high tengiares to melt the thin film and
constraining the thin film under conditions of camgsion or tension: under dynamical
simulation, the considerable strain within the tfilim results in an amorphous structure.
The latter can be achieved either by modifyingfiardilly the potential parameters
during the amorphisation step or by constructingraerface system with a particular
associated lattice misfit (positive or negative$dzhupon, for example, some particular
near coincidence site lattice (Sutton et al 198Y @ayle et al 1993). The amorphisation
is induced by straining the support thin film untiegh compression. The application of
high-temperature dynamical simulation to this skedi system results in the
amorphisation of the thin film overlayer. Prolongdghamical simulation is required to

allow the system to recrystallise under the infeeenf the support. This methodology is
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purely a simulation technique to derive low energiyuctures and the structural
evolution of the system bears no physical signifoga The main driving force to the
amorphisation is the strain under which the thim fiis constrained, while the
temperature at which the dynamical simulation i 18 secondary to inducing
amorphisation. For example, the procedure can Herpged equally as well at 20 K as
at 200 K. However, the recrystallisation proces2®K is much slower. In essence, the
optimum temperature is one that allows the strectarevolve but that falls of melting
the thin film. This would be detrimental as it wdydrevent recrystallisation and require
an additional quenching step (Sayle et al 200la). important feature of the
methodology is that the amorphous transition ersable memory of the preparatory
configuration to be lost (radial distribution furmts for the amorphous thin film are
broad (Sayle et al 2001a) indicating no long ranggering) and therefore the final
structures cannot reflect artificially the startistyucture. The recrystallisation is
deemed complete when the system is no longer englstructurally or energetically,
the duration of which is system dependent. In aolditdynamical simulation, as applied
to an amorphous structure, allows a more comprélensxploration of the
configurational space, which is likely to resultan energetically more favourable, and
hence more realistic, final interface structurey(Sa&t al 2001b).

This techniqgue has been implemented on various rrastesuch as thin films and
nanoparticles (Sayle et al. 2003), generate mddelSeQ nanocrystallites (Sayle et al.
2002c), microstructure in MndSayle et al. 2006), shape of CGe@noparticles (Sayle
et al. 2004), MgO cluster supported on BaO (10@yl&S et al. 2002a) and lithium
insertion into MnQ (Maphanga et al. 2011). In this work we will emptbis technique
on the nanostructures and lithiated nanostrucafr@g0,. In order to lithiate the various

nano-architectures, lithium ions will be insertadrandom positions in the amorphous
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TiO,; and coordinates will be chosen to ensure thabihs are not positioned on top of
other atoms in the simulation cell. To facilitateacge neutrality, an equivalent number
of Ti** species were reduced to’'TiThe method was previously used successfullyen th
bulk MnO, (Maphanga et al. 2011). We will also present thdial distribution

functions of the systems to verify the processmbihisation and recrystallisation.

2.5 X- Ray Diffractions

2.5.1 Diffraction from powder samples

X-ray crystallography is a method used for detemgnthe atomic and molecular
structure of a crystal, in which the crystallineras cause a beam of X-rays to diffract
into many specific directions. We use a reflex pewdiffraction to calculate radiation
of X-ray diffractions. A powder sample is a coliect of individual crystallites, ideally
having a random distribution of orientations. Thanplete powder averaging has two
conditions: those crystallites with each set ofnpka hkl, are suitably aligned for
diffraction to occur and that each such collectioh crystallites spans a random
collection of orientations of the planes about ith@dent beam direction. When these
conditions are met, then diffracted intensity carmobserved that is continuous in a cone
around the straight-through beam direction, wittadius determined by Bragg’s law,

rather than the discrete spots obtained from thglesicrystal in figure 2.5.

As for single crystal diffraction, an essential nedient for the simulation of a powder
diffraction experiment is the calculation of theusture factors$-py, which are related to

the atomic positions and atomic scattering fact@squation below

Fhkl — le\l fneZni(hun+kvn+lwn) 2.32
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hki

\direct beam spot

rotation axis

Figure 2.5: Diffraction from a Single Crystal Measued in a Rotation Exposure.

The powder diffraction intensity observed at diftran angle 2 is then given as:

1(0) = Xhwi Prwi (20 — 20pk) Inp 2.33

where the Integrated Bragg Intendity is related to the structure factdfigy via:

Ipg = thlPhlehklthkllz 2.34

Here

My is the multiplicity of reflectiorhkl

Pru is the preferred orientation correction for refieathkl

Lw is the Lorentz and polarization correction for eeflonhki.

Pra (20 - 26hk) is an appropriate profile function.
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The profile function may include an asymmetry cotian, and its width depends on

instrument resolution and sample broadening effects

2.5.2 Multiplicity and systematic absences

2.5.2.1 Multiplicity

In the single crystal rotation geometry shown gufe 2.5, two distinct reflectionbkl
and-h-k-I are each recorded twice in the rotation expostiere the crystal, say, to be
cubic, with rotation about [001], the planes 10000, 010, and 0-10 would all pass
through the diffraction condition and be recordedhe same Bragg anglef.2The
random collection of orientations in powders imglidat all the equivalent reflections
contribute to a given diffraction cone, so that thiensity recorded at the appropriate
Bragg angle simultaneously contains contributiawsnfthe 100, -100, 010, 0-10, 001,
and 00-1 planes. The system symmetry in this casatels that the intensity contributed
by each of these planes is equal, but since thrersia of them, the measured intensity
must be divided by a multiplicity factor of six ander to obtain a relative measure of the
100 intensity. This multiplicity factor depends thre symmetry of the structure and on
the nature of the indice$, k, andl. For a general index plankkl, the multiplicity
varies from 2 in the lowest triclinic symmetry t8 # the highest symmetry cubic case.
Friedel's law states that the intensity of radiatszattered from a given plamél is
equal to that from its inverseh-k-I. Although this law breaks down when anomalous

scattering effects are significant, it is assuntedpply uniformly here.

2.5.2.2 Systematic absences

Bragg reflections occur when the radiation scatkdng each of the atoms, in the unit

cell, do so in phase, i.e., constructive interfeeeri-or a primitive cell, the intensities of
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the reflections are easily predicted. In the chsgever, of non-primitive cells there are
special conditions which result in reflections ofra intensity. These are called

systematic or space group absences.

In the case of an I-lattice with lattice points(@t0,0) and (1/2,1/2,1/2), it is observed
that for reflections where the sum of the indicks+(k + 1) is odd, no reflection is

detected. This can be explained by the diffracpoocess from the (100) plane, where
the combined scattering from the (0,0,0) latticenfgodo so completely in phase at the
specific Bragg angle, but those at the (1/2,1/2,af2ually interfere. As there are equal
occurrences of the two lattice points, they wilhcal out. For centred systems the
following equation can be used to predict the presgabsence of Bragg peaks;

reflections will only be observed wheris an integer.

hx, + ky, + 1z, =n 2.35

Where:h, k and| refer to reflection (hkl)

Xn, Yn @andzZ, refer to thenth lattice point's location in the lattice.

In addition to centred cells, systematic absencilsoscur in non-primitive systems
when glide planes and/or screw axes are presemt.nfdthod employed to determine
whether a reflection is absent in these circumg&snequires knowledge of the

rotational and translational operators which dethreecrystal symmetry.

If a reflection,H = (hkl), is unchanged by applying a rotation oparaR, and if the
scalar product with the corresponding translatiparator, T, is not an integer, then the

reflection is absent.

H.T = hty + kr, +1t, = H 2.36
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H.T = hty + kt, +1t, #n 2.37

If both of these conditions are satisfied then ithiection is computed to have zero

intensity.

2.5.3 Correction factors in Powder Diffraction

The powder diffraction trace represents a 1D ptmacof the 3D scattering intensities
of each of the atoms in the unit cell. Translating calculated reflection intensities into
a continuous spectrum that accurately predicts élperimental trace requires
knowledge of the conditions that existed duringadadllection. Using this knowledge a
number of corrections are applied to the intenisstyto produce a realistic trace. These
corrections are as follows: Lorentz and polarizatorrection, instrumental broadening,
sample broadening, asymmetry corrections, preferoggntation and line shift

correction.

2.6 Lithiation of nanostructures

This section discuss on how the Li ions were inticed] into the titania nanostructures in
chapter fourThe lithiation program used in the current study waitten by Kgatwane

(2011).

2.6.1 Lithiating at Octahedral Sites

The pristine TiQ nanostructures are large and comprise 15972 atbg#st titanium
atoms and 10648 oxygen atoms. Additionally, theg heavily twinned and non-
crystalline making it difficult to easily computbd coordinates of the 1x1 tunnel sites
by using the knowledge of symmetry and lattice tamis. However, each tunnel is

enclosed by four walls of linked edge-sharing di@tahedral chains with slightly
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varying distance between the chains. The prograes tiksese twinning octrahedral

chains to estimate the tunnel sites where lithians iwill be intercalated.

Slicing the TiQ octahedral chain planes and rendering min polydledew reveals

different the 1x1 tunnel configurations (figure 2.Buring intercalation, lithium ions are
placed at specific locations in the tunnels whiah denote lithium insertion sites. The
estimation of the coordinates of these lithium rtiea sites is calculated with the

midpoint formula for different tunnel configurati®shown in a figure below.

i

Figure 2.6: A slice through the nanostructure showig different tunnel

configurations. The yellow circle is the lithium irsertion site.

The coordinates of the lithium insertion sfte y, z) for a tunnel structure in figure 2.6
(a) is estimated by using the two or three titanatwms on the same T¢@ctahedral

planes, depicted by the ends of the arrow in thepoint formula:

X1+X2 y1+y2 Z1+z
(x,y,Z)=( TS ) 2.38
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In figure 2.6 (b) the estimation of the insertioites is achieved by applying the
midpoint formula twice. Applying the midpoint forfauonce result in a coordinate in
the middle of the two tunnel sites. Using the newbmputed coordinate with the
coordinate of one of the manganese atoms at the @ritie arrow in the formula gives

the coordinate of the tunnel site (yellow circle):

_ (*1, xatx2 y1 | y1tY2 Z1 Z1+Zz)
(x,y,z)— (2+ T ot ot 2.39

In the last case i.e. in figure 2.6 (c) the compartaof the tunnel sites is accomplished

by using the coordinates of three manganese atothe itriangle midpoint formula:

_ xX1+x2+x3 y1+y2+y3 zq+z3+z3
(x, y, z) = (e nieys misis ) 2.40

The decision of whether two manganese atoms carséx to compute an insertion site
depends on the separation distance between theenTiTh radial distribution function

of the nanostructure provides us with a good eséroathese separation distances.

The program computes the lithium insertion siteschgcking the separation distance
between each pair of titanium atoms in the rangeiipd by the third, fifth and ninth
peaks in the radial distribution function of a lediype structure and using the
appropriate form of the midpoint formula. The inger site is then validated by
checking its distance from all atoms within a snealbe constructed around the insertion
site with dimensions that are slightly larger titha minimum Ti-O (Ti — titanium in
rutile-type structure) separation distance. If ¢hex an atom (Ti, O, or L) which is
closer to the insertion site by more than 1.6 A (fgrolusite) then the insertion site is
not valid and it is discarded. All valid insertisites are then saved in a file that will be

used during lithium insertion into the various nsinoctures.
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2.6.2 Lithium Insertion

The program uploads the lithium insertion sitesrirthe file produced in the previous
step, randomly selects a tunnel site and inselithiam ion at its coordinates. Charge
compensation in the structure is achieved by clmanthe titanium (4+ oxidation state)
closest to the lithium cation into the Jahn-Tekletive titanium (3+ oxidation state).
This process is repeated for all the lithium ionserted in the structure. Note that the
program randomly selects an insertion site and dbeesponding closest trivalent
titanium cation and this can result in differerthilim-titanium configurations with
different energies. The lithiated structure is obtthe lowest energy. To obtain the
lowest energy structure one could lithiate in a taararlo way and then run molecular
dynamics simulations on each configuration whichuldobe very time consuming

considering the massive size of the nanostructures.
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Chapter 3
Nanostructures of Titanium Dioxide

3.1 Introduction

In this chapter we present and discuss the growttitamium dioxide nanostructures
using atomistic simulation methods. We will intreguthe interatomic potentials used
throughout this work and their theoretical backgiwas discussed in chapter 2. We
further present the simulation techniqgue employeddnerate models of various nano-
architectures i.e. nanosheet, nanosphere and ndictgsaof TiQ,; i.e. amorphisation and
recrystallisation technique. Microstructures andiabdistribution functions (RDFs) will
also be presented, and some microstructures witobgared with experimental results,
where available. XRDs of the various nano-architexs are calculated and compared

with existing experimental results.

3.2 Methodology

Calculations are based on the Born model of iowieds, where Titanium (Ti) and
Oxygen (O) ions interact via long-range Coulomb amdrt range interactions. The
potentials used in this study were optimized by dda{Matsui et al. 1991) for the four
polymorphs of TiQ (rutile, anatase, brookite and Ti@l [a-PbQ, structure]), and are
presented in table 3.1. The short range interastiare described by Buckingham

potentials (discussed in chapter 2) and the interaenergy takes the form

idj ij Cij
Ujj = —9i_ 4 Al-jex'p(—r—’>——’

ii
J ATEEQT Pij Tij

3.1

The model uses partial atomic charges. The corggebaised in this work are presented

in table 3.2.
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Table 3.1 Buckingham Potentials used.

lon pair (j) A Pi Gi

(eV) (A) (eV.A6)
Ti-O 16957.530 0.1940 12.5900
TI-Ti 31120.200 0.1540 5.2500
0-0 11782.760 0.2340 30.2200

Table 3.2 Core charges used.

Species Core
(e)

Ti** 2.196

o* -1.098

XRDs measurements were performed using Bragg-Bren&eometry. The calculations
were performed under different sources; i.e. irowl @opper. For iron we used the
wavelengthil of 1.936042 A anil2 of 1.93998 A, and the wavelength of 1.540562 A
and)2 of 1.54439 A were employed for copper. We useligs-Voigt function for both

sources.

3.3 Growth of TiO, nanostructures

Starting from a single crystal structure of titaniudioxide we have constructed a
supercell which consists of 15972 atoms (5324 ititmanand 10648 oxygen atoms), as
shown in figure 3.1. A nanostructure of Bi@as simulated in a cell with a lattice vector
of 101 A, using an NVE ensemble, where volume anergy are kept constant. The
system was amorphised and a related nanospheiigeis o figure 3.5 (a) and other

forms of nanostructures were deduced from the rdress.
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Figure 3.1: Starting supercell for generating nanasuctures of TiO .

In the current study we followed a strategy thas baen devised by Sayle and Sayle
(2007), for generating full atomistic models of Fianocrystals, by simulating
crystallisation at high pressure starting from altero precursor. They prepared a
simulation cell where the Tinanoparticle was surrounded by a monoatomic ‘gasd,
the latter were included in order to enhance chawterystallisation under pressure. In
particular, a molten Ti@nanoparticle was generated at 6000 K and thenatliged at
2000 K with 20 GPa under the NPT ensemble. We tbeknanoparticle at 2000 K,
whilst in an amorphous phase, and crystalliseddlen pressure in accordance with Sayle
and Sayle (2007). In addition we carried out a watton under the NVT ensemble,
where crystallisation of the nanosphere was aldoesed. This is evidenced by the
corresponding variation of the configuration enevgth time, in figure 3.2, where the
energy changes from -1.759X16V in the amorphous and nucleation stages to -
1.775x1G8 eV after crystallisationThe structures ofhe nanoparticles crystallised with

gas atoms at 20 GPa, and 150 GPa, under the N¥Tegicted in figure 3.3 (a) and (b)
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and do not differ much.

We further carried out an MD calculation for 25G068esteps with the NVT ensemble to
initiate nucleation and paused just before cryistibn commenced. The gas molecules
were removed from such an ensemble, and the peesauhe nanoparticle was increased

=1.755

-1.760

-1.765

-1.770

Configuration Energy (1 OseV)

-1.775

-1.780

0 1 2 3 4
Time (ns)

Figure 3.2: Calculated configuration energy as a foction of time for the TiO;

nanosphere with gas atoms.

to 150 GPa in order to stabilise it. Continuatidnttee run under the NVT ensemble
changed the configuration energy of the amorphem®sphere from -1.76L0° to -2.014
x10° eV and the associated initial RDFs are shown inréig3.7, indeed confirming that
the nanoparticle is still amorphous. After full stgllisation, the configuration energy
was reduced to -2.040 x16V as shown in figure 3.8. The structure of theopanticle
without gas atoms at 150 GPa is given in Figurec3aéhd is not much different from
those of figures 3.3 (a) and (b).

We further attempted to ascertain how the extentnofleation would affect the

microstructures of crystallised nanosphere; Heheeamorphous and nucleation phase,
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in the presence of gas atoms, was also allowedgntdeyond 25000 timesteps, mentioned
above, which pushed the nanosphere into the etabes of crystallisation (where a

partially amorphised nanosphere was generated) ghheatoms were then removed and
the simulation allowed to proceed as was doneerptievious paragraph; changes to the

structure and microstructure were hardly notice&iolen those in observed figures 3.3.

Figure 3.3: Nanostructures of TiQ, (a) with gas atoms at 20 GPa, (b) with gas atoms

at 150 GPa and (c) without gas atoms.

The purpose of generating a nanosphere that ivEapacrystallising in the absence of
gas atoms was to utilise such a nanosphere inrtidugtion other nano-architectures,
such as the nanosheet, nanoporous and bulk sesa@imiQ under the NPT ensemble
as was done by Sayle et al. (2009) on Mrikhey crystallise Mn@under NPT with gas
atoms to prevent the structure to change and withasl atoms the structure will change

under NPT ensemble.

A schematic illustrating the strategy used to carcstextended nanostructures is shown
in figure 3.4 Top: a periodic array of nanoparscles constructed in which the

nanoparticles are introduced into simulation cefissize alx a2. The simulation cell
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sizes are then reduced to 0.85 alx a2, top midie. close proximity between

nanoparticles along al causes the nanoparticleler WD, to start to agglomerate, top
right, facilitating the evolution of a one-dimens& nanorod. On the other hand, if the
sizes of the simulation cells are reduced to 0.88afl 0.85a2, bottom left, the
nanoparticles can agglomerate in two direction8itiaing the evolution of a nanosheet,
bottom right. If the nanoparticles agglomerate ith three directions, a porous

architecture will result. In our case we allowedotagglomerate in two dimensions to
form a nanosheet. Clearly, if the distance betwagighbouring nanoparticles is high,

then the nanoparticles are not able to agglomeReproduced with permission from

ACS copyright 20009.
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Figure 3.4: Schematic illustrating the strategy usg to construct extended

nanostructures. (From Sayle et al. 2009).
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A general and systematic simulation strategy feattng models (atom coordinates) of
nanomaterials has been developed (Sayle et al.)2006 particular, amorphised
nanoparticles are assembled into periodic arragsmgucrystallographic rules, and
facilitate their aggregation and crystallisatiortoiframework nano architectures, as
illustrated in Figure 3.2. As mentioned earliere ttmajor reason for removing the gas
atoms early in the simulation (before crystallisa}j unlike at a later stage as executed
by Sayle and Sayle (2007), is to enable produdiatifferent nano-architectures of TiO
i.e. nanosheet, nanoporous, and bulk structureeridPT ensemble. The nanostructures
were obtained at the different box sizes and agegnted in figure 3.5. Table 3.3 features

the parameters of nanostructures obtained.

NPT ensemble (a) nanosphere, (b) nanosheet, (c) w@orous and (d) bulk.

Two nanoporous structures at different box sizesrewconsidered, the first one was
deduced from a lattice box of 60 A while the second is associated with a lattice box
of 66 A. The main difference between the two namops structures is that the one
corresponding to smaller box size has small chanmklle the other has larger channels;
both are shown in figure 3.6. In the next sectioa will perform long molecular

dynamics simulations in order to crystallise alhgeated nano-architectures.
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Figure 3.6: Amorphous nanoporous structures of diérent box size (a) Box size of 60
A and (b) box size of 66 A.

Table 3.3: Nano-architectures of titanium dioxide

Nanoparticle  Nanosphere Nasheet Nanoporous  bulk

Structural nano sphere sheet meso bulk
notation

Box size 100*100*100 101*101*101 75*75*75 60*60*60 53*53*53
(66*6D)
Dimensions 0-D 0-D 2-D 3-D 3D

3.4 Amorphisation and recrystallisation of nanostrictures

In this section we present the amorphised and stadiiged grown nanostructures of
TiO,. Radial distribution functions, microstructures darKXRDs patterns of the
nanostructures are also introduced and discussedapgh of the configuration energy as

a function of time will be shown, since it indicateow the nanostructures change from
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an amorphous to a crystallised phase and will featthe time required for the system to
recrystallise. A comparison of structural propextiwill be made with the available

experimental results.

3.4.1 Titanium dioxide nanosphere structure

The A+R method was applied to a nanosphere disdusssection 3.3 and the radial

distribution functions of amorphised nanosphere sdirewn in figure 3.7. They depict

broader peaks after 4 A, indicating that the nahespis in an amorphous phase. We
performed a molecular dynamics simulation usingNN@ ensemble, at a temperature of
2000 K for 700000 steps with a time step of 0.085 ip order to recrystallise the

nanosphere of Ti® The associated configuration energy as a funafdime is given in

figure 3.8.
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Figure 3.7: RDFs of the amorphous TiQ nanosphere before recrystallisation at

2000 K.
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The change of the configuration energy from -2.a1Bxo -2.043 x10 eV corresponds
to the latent heat of crystallisation and is assed with the transition from an
amorphous to a crystalline phase. Beyond 0.6 nstthrge in the configuration energy is
very small, which indicates that the nanosphere rbagystallised. At 2 ns the energy
starts to be near constant which reveals that cetepécrystallisation has been achieved.
The graph of the configuration energy against tifmethe nanosphere, behaves similarly
to that of the bulk Mn@(Sayle et al. 2009).
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Figure 3.8: Calculated configuration energy as a foction of time for the TiO,
nanosphere.
Figure 3.9 (a) and (b) features amorphised angstadlised structures of the nanosphere
respectively, and crystalline patterns can be ofesem figure 3.9 (b). We have cut a
slice from the recrystallised nanosphere (Figug B order to depict twinning patterns
and grain boundaries, which are given in figure03.%napshots of the nanosphere,

illustrated in appendix D, show a clear progresthefnucleation and crystal growth.
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Figure 3.10: Structure of a recrystallised TiQ nanosphere showing twinning
patterns.

The radial distribution functions (RDFs) of Ti@anosphere after recrystallisation for Ti-
O, Ti-Ti and O-O interactions, are given in figu3ell. We observe more peaks than
those of figure 3.7, and at approximately 2.0 Ar¢his a maximum peak which is
attributable to the Ti-O interactions. Between @ @nA there are peaks related to Ti-Ti
and O-O interactions. Beyond 4 A the peaks emafrat@ Ti-O, Ti-Ti, and O-O
interactions. In the presence of more and sharpaksit can be concluded that the FiO

nanosphere has recrystallised.
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Figure 3.11: RDFs of the TiQ nanosphere after recrystallisation at 2000 K.

The recrystallized structure was cooled by runmmaecular dynamics (MD) simulation
for 500 ps at 1500 K, followed by 250 ps at 100@®E0Q ps at 500 K, and lastly 500 ps at
0 K. A similar process was employed in generatimg MnQ nanosphere (Sayle et al.
2005). A cooled structure of the nanosphere is aegiin figure 3.12, where more
patterns are visible, and tunnels on the side ef structure are shown while the
crystalized structure, at elevated temperaturess dot reflect tunnels. The total RDFs of
a TiO, nanosphere at different temperatures are givdigume 3.13. As the temperature
is lowered, from 1500 to O K, the broadness of pleaks decreases and their height

increases, and this is particularly distinct at thdial distance of 1.8 A, which implies

that the system is crystalline.
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Figure 3.13: Total RDFs of the nanosphere at (a) flerent temperatures and (b) the
magnified portion of (a).

Calculated and measured XRDs of nanosphere tageftte that of TiQ: a-PbG are
depicted in figure 3.14, where calculated XRDs wetipper Ki radiation source illustrate
more resolved peaks than the ones with irarr&diation source. By comparing them we

observe that calculated XRDs show peaks simildinécexperimental results, particularly
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for the brookite and to a less extent the rutitactural arrangement. At 30 ° we observe
two peaks corresponding to brookite, 37 and 43 dkgeharmonize with brookite and
rutile, 55 ° peak accords with brookite and rukileé predominantly with rutile, 68 ° peak
associates with brookite whilst rutile is at 70This shows that the nanosphere is
predominantly of brookite and rutile structuralagement and has peaks associated

with TiO,: a-PbG structure. Calculated XRDs show broader peak®agared to those

in figure 1.2.
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Figure 3.14: XRDs of nanosphere with source (a) copper and (b)ran, (c)
experimental (Dambournet et al. 2009) and (d) Ti@ a-PbO..

On superimposing XRD patterns of the experimentalokite, TiG: a-PbO, rutile
polymorphs and the simulated Li@anosphere, corresponding peaks can be deduced. At
27, 33 and 37 ° there are sharp peaks that comdspell with the brookite and TiDa-

PbQ structure, whilst at 42 ° only the simulated, it® and TiQ: a-PbG, peaks are

aligned. The simulated XRD pattern at 50 ° has aamcurve which tally well with the
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rutile structure. The peaks at 37 and 57 ° cornedpuith all polymorphs and the one at
67 ° accords more reasonably with the rutile ar@,Ta-PbG, structures. We used figure

1.3 to assign peaks and they correspond to rutdebaookite model.
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Figure 3.15: A comparison of simulated TiQ nanosphere, calculated TiQ a-PbO;
and experimental (Dambournet et al. 2009) XRDs.

A slice was cut through the cooled structure of Tif®, nanosphere in order to reveal
microstructures, which are depicted in figure 3.T6e blue colour depicts the upper
layer of T octahedra while the white colour shows the lovaget. Figure 3.16b shows
a different orientation of microstructure for thanosphere in order to view the layers
clearly. The microstructures of nanosphere showaggnd straight tunnels. More zigzag
tunnels are found in the middle of the structuréidating a brookite phase, while the
straight tunnels appear mostly at the side of thec&ire showing the present of rutile
phase. We also observe the micro-twinning whichgesgrutile phase. Some vacancies

are observed on the right hand side of the mianostre in figure 3.16 (c).
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Upper layer

Lower layer

Turned microstructure

(b)

Zigzag tunnels

N

Straight tunnels

Figure 3.16: Microstructures of the TiO, nanosphere corresponding to different

orientations; blue colour is the upper layer and wite is the lower layer.
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3.4.2 Titanium dioxide nanosheet structure

A nanosheet structure of TiQorresponding to lattice a box of dimension 85 Asw
generated by molecular dynamics from an amorphcarsosphere using the NPT
ensemble. Before crystallising the nanosheet, Riéfe calculated and are illustrated in
figure 3.17. Distinct peaks are observed which iegpthat the nanosheet was partially
crystallised during its generation from the nan@sphWe continued to allow for full
crystallisation by performing an NVT molecular dymas calculation as was on the
nanosphere in section 3.4.1. The calculated cordtgun energy as a function of time for

16
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Figure 3.17: RDFs for the TiQ nanosheet before full recrystallisation at 2000 K.

the TiG, nanosheet during recrystallisation is shown inrgg8.18. The graph shows a
constant energy from 0 to 1.5 ns followed by ahgldyop from 1.5 to 2.25 ns. However,
from 2.25 ns there is a sudden reduction of enaagyunting to 0.003x£0eV, which
can be ascribed to full crystallisation or an afingaof a grain boundary since it is small.

Above 2.5 ns the change in the configuration enexgysignificant.
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Figure 3.18: Calculated configuration energy as aunction of time for TiO;
nanosheet.
The partially crystallised (according to the RDRs)d fully recrystallised structures of
nanosheet of Ti@are depicted in figures 3.19 (a) and (b) respebtivSome distinct
crystalline patterns of recrystallised structure mrarked with a blue circle. We have also
sliced the recrystallised structure in order toembs clear patterns which are presented in

figure 3.20.

Figure 3.19: Structure of TiO, nanosheet (a) partially amorphised and (b)

recrystallised.
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Figure 3.20: Recrystallised structure of TiQ nanosheet showing patterns.

The RDFs of the nanosheet after recrystallisatwof-O, Ti-Ti and O-O interactions are
presented in figure 3.21. We observe a maximum peakproximately 2.0 A which is a
contribution of Ti-O interaction. Between 2 and 4sBarp peaks are noted which are a
contributions of Ti-Ti and O-O interactions; froma#d 10A peaks contributed by Ti-O,
Ti-Ti and O-O interactions are apparent. It candeeluced that the system has fully
recrystallised since slightly sharper and higheFRi2aks are observed as compared to

those before recrystallisation.

14 Ti-Ti
e (-0
12 F

a(r)
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Figure 3.21: RDFs for TiO, nanosheet after recrystallisation at 2000 K.
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The recrystallised structure of Ti@anosheet was cooled using the procedure described
in section 3.4.1 for the nanosphere. A cooled tirecof nanosheet is given in figure
3.22; it shows some tunnels particularly on the sifithe structure, which are not visible
on the recrystallised nanosheet at 2000 K. Furtbernwe can observe grain boundaries
on the nanosheet as illustrated by the magnifietiqggoof the nanosheet in figure 3.23.

Some grain boundaries are surrounded by a whit&ecir

Tunnels

Figure 3.22: A cooled structure of TiQ nanosheet at 0 K.
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Figure 3.23: Magnified portion of TiO, nanosheet showing boundaries at 0 K.

The total RDFs of a cooled nanosheet are showmumef 3.24 and it is apparent that as
the temperature decreases the broadness of the pahices and enhanced peak heights
are noted. This implies that as the temperatuleviered the structure becomes more
crystalline. Similarly to the nanosphere, a cleand of sharp peaks is observed around
1.8 A, with the highest peak occurring at 0 K followled 500 K, then 1000 K and lastly
1500 K.

Microstructures of the nanosheet were created engrasented in figure 3.25. The blue
colour depicts the upper layer of*Tbctahedra while the white colour is the lower faye
of Ti**; and zigzag and the straight tunnels are obse®edight 1D tunnel indicate the
presence of the micro-twinned rutile polymorph whihe zigzag patterns are related to
the brookite phase. Figure 3.26 presents a congpad our calculated microstructures
of TiO, nanosheet with experimental high resolution trassion electron micrograph
(HRTEM) of Wei et al. (2011). Experimental micragitures show straight tunnels

which are much in accord with our calculated mitnagures. The only difference is that
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our calculated microstructures also contain zigeagels which are not observed on the

experimental microstructures. Few vacancies aredhon the sides of the microstructure.

50

— SOOI

g(r)

r (Angstroms)

Figure 3.24: Total RDFs of the TiQ nanosheet at different temperatures.

Figure 3.25: Simulated microstructure of the TiQ nanosheet at 0 K.
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Figure 3.26: Microstructures of the TiO, nanosheet (a) this work, (b) experimental
(Wei et al. 2011) and (c) Combination of (a) and {jb

Calculated and measured XRDs of the Jitanosheet are presented in figure 3.27.
Calculated XRDs with copperKradiation source shows more resolved peaks than th
one with Iron Kx radiation source. The copper generated XRD isrgdgdetter aligned
with experimental results and suggests that outesyshas a brookite structural
arrangemendnd has also peaks associated with the:TabG, polymorph. Figure 3.28
shows a superimposition of experimental and siredl&XRDs, which further confirms
the presence of brookite, aitD,: a-PbQ, polymorphs from corresponding sharp peaks
at 27, 33, 37 and 42 °. Simulated XRD at 50 ° shavgsnooth curve which tallies well
with the rutile structure, and peaks at 37 and &écord well with all polymorphs. Peak
at 67 ° correspond with rutile and Tii-PbG polymorphs. Peaks were assigned using

figure 1.3 and they reflect rutile and brookite rabd
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Figure 3.27: XRDs of TiG, nanosheet with source (a) Copper and (b) Iron, (c)

experimental (Dambournet et al. 2009and (d) TiO: a-PbO..
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Figure 3.28: A comparison simulated TiQ nanosheet, calculated Ti@ a-PbO, and

experimental (Dambournet et al. 2009) XRDs.
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3.4.3 Titanium dioxide of nanoporous structures

Two TiO, nanoporous structures, corresponding to latticee®of dimensions 60 and 66
A were generated by molecular dynamics from an ahmrs nanosphere using the NPT
ensemble. Their RDFs are shown in figure 3.29 aB@,3and they depict broader peaks
and demonstrate that they are amorphollse NVT ensemble was employed to

recrystallise the nanoporous structures of;TiO
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Figure 3.29: RDFs for the 60 A TiQ nanoporous structure before recrystallisation.
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Figure 3.30: RDFs for the 66 A TiQ nanoporous structure before recrystallisation.
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The graphs of configuration energy as a functiotiroé for the nanoporous structures of
60 and 66 A are depicted in figures 3.31 and 3&ectively. For the nanoporous
structure 60 A, a phase change is observed bettheetimes of 0 ns to 0.45 ns since
there is a quick drop of energy from -2.0215 %&¥ to -2.0503 x1DeV. Such change is
associated with the transition from amorphous torystalline phase. The significant
change of energy subsequently levels off, and flobns and it can be concluded that
the nanoporous structure has recrystallised. Ircéise of the 66 A nanoporous structure,
the phase change is observed between time of 0.dbdhs; a noticeable but steady drop
of energy from -2.0154x£0to -2.0455x18 eV, is noted. Such phase change is also
associated with the transition from amorphous tystatline phase. As in the 60 A
nanoporous structure, after 2 ns the energy remegmstant which suggests full
recrystallisation. The nanoporous structure off6feflects recrystallisation with lower
energy as compared to that of 66 A, since it conteemwith energy of less than -2.0215
x10° eV while the other starts with energy of more th2:9154 x10eV. The energy as
time graph of nanoporous structures 60 A and 66 ekalie similarly to that of

mesoporous and nanosheet of Mr{Sayle et al. 2009).
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Figure 3.31: Calculated configuration energy as aunction of time for TiO

nanoporous (60 A).
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Figure 3.32: Calculated configuration energy as aunction of time for TiO
nanoporous (66 A).

Recrystallised nanoporous structures of ;JT&e presented in figure 3.33, and all show
crystalline patterns and have different sizes ainctels; the nanoporous structure of 66 A
lattice box exhibits more tunnels and grain bouisathan that of 60 A. An enlarged (66
A) nanoporous structure is presented in figure 3v@dere circled areas indicate grain
boundaries and tunnels and channels are clearktrifited.

E)] (b)

Figure 3.33: Recrystallised structures of the nanagrous TiO, corresponding to (a)

60 A and (b) 66 A lattice box.
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Grain boundary

Tunnel

Channel

Grain boundary

Figure 3.34: Magnified recrystallised structure ofnanoporous TiO, (66A) showing
channels, tunnels and grain boundaries.

Simulated nanoporous structures are in good agmgemiéh the experimental results.
Figure 3.35 compares our simulated and TEM and HRTEen et al. 2010) nanoporous
TiO, results; they both contain tunnels and channeseSgrain boundaries are observed
on the simulated structure in figure 3.35 (a) amel éxperimental channel shape is in

accord with the simulated structure.

Channel

Figure 3.35: (a) Simulated and (b) measured (Ren at. 2010) nanoporous structures

of TiO». (c) An enlarged measured channel.
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Calculated RDFs of the nanoporous structure afterystallisation are shown in figures
3.36 and 3.37 for lattice boxes of 60 and 66 A eetipely; for Ti-O, Ti-Ti and O-O
interactions only. The maximum peaks for both namops structures are observed at 2.0
A which is a contribution of Ti-O interaction witthe 66 A having the highest peak.
Sharp peaks that are observed between 2 and 4 Boatgbutions of Ti-Ti and O-O
interactions. Other smaller peaks are observed #oim 10 A which are contributions
from Ti-O, Ti-Ti and O-O interactions. It can bersused that our systems have

recrystallised well since the peaks are well defiard we do not observe broader peaks.
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Figure 3.36: RDFs of TiQ nanoporous structure of 60 A after recrystallisaton at

2000 K.
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Figure 3.37: RDFs of TiQ nanoporous structure of 66 A after recrystallisaton at
2000 K.

The cooling process that was employed in sectighl3was also used for the two
nanoporous structures. Cooled crystallised ;Ti@noporous structures are shown in
figure 3.38 where tunnels are quite distinct. Thaaporous structure 60 A shows more

tunnels than the 66 A.

Figure 3.38: Cooled structures of crystallised Ti@ nanoporous systems with (a) 60

A and (b) 66 A.
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We have calculated the total RDFs of both cooledoparous structures and they are
given in figures 3.39 and 3.40. As the temperati@@eases the broadness of the peaks is
reduced and this accompanied by increasing heajlgeaks. Nanoporous structure of 60
A has higher peaks as compared with those of 6Bldwever, both have sharp peaks,

suggesting that they are well ordered.
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Figure 3.39: Total RDFs of recrystallised 60 A nanporous TiO, at different

temperatures.
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Figure 3.40: Total RDFs of recrystallised 66 A nanporous TiO, at different

temperatures.
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The microstructures of the Tihanoporous structure for 60 and 66 A lattice baes
presented in figures 3.41 and 3.42 respectivelg Blue colour is associated with the
upper layer of Ti" octahedra while the white colour is the lower lageTi** octahedra.
The 60 A microstructure shows more zigzag tunmettié middle of the structure and the
straight tunnels at the end of the structure. Mitiectures of nanoporous structure of 66
A were created by cutting the structure at differsides. The upper microstructure on
figure 3.42 shows only zigzag tunnels while the dovmicrostructure on figure 3.42
shows zigzag tunnels in the middle and few straighhels at the end of the structure.
The experimental (Wang et al. 2008) microstructime high-resolution transmission
electron microscopy (HRTEM) for nanoporous struetof TiO, is presented in figure
3.43. Our simulated microstructures correlate wath the measured results since all
have zigzag tunnels. Figure 3.44 presents a cosmaf simulated and measured
microstructures which compare well particularlyregard to their zigzag tunnels. The
only difference is that our calculated microstruety especially the one of 60 A lattice
box, contain straight tunnels which are currenttyt observed on the experimental
microstructures. The presents of zigzag chainscatdithe brookite domain whilst the

straight chains show twinned rutile.

Upper layer of Ti4*

Lower layer of Ti4*

Figure 3.41: Microstructure of recrystallised TiO, nanoporous structure of 60 A.
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Upper layer of Ti4*

Lower layer of Ti%

Figure 3.42: Microstructures of TiO, nanoporous structure of 66 A size, viewed in

different orientations.

Figure 3.43: High-resolution TEM images of mesoponas TiO, (Wang et al. 2008).
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Figure 3.44: Combined simulated (in blue and white)and magnified measured
HRTEM (Wang et al. 2008) microstructures of TiG; nanoporous.

XRD of nanoporous structure, calculated and sitedlaare presented in figure 3.45.
The copper radiation source shows more resolvekspidan iron radiation source. This
implies that XRD for TiQ nanoporous must be calculated with the copperdgiation
source since they are in accord with the experiatd®ambournet et al. 2009) data. By
comparing the measured XRDs with the calculated ohés suggested that our system is
aligned with the rutile and T a-PbG structural arrangement since it shows a similar
peak in the vicinity of 67 °A closer look at the experimental XRDs of rutileogls a
similar peak to ours near 57 °. Simulated XRDs ctepimilar peaks of Ti@ a-PbG,
structure. XRDs of calculated, measured and,T®aPbQ, are superimposed in figure
3.46 and 3.47, and they show a clear correspondsdeaks at 27, 33, 37, 42, 57 and 67
°. XRDs of both nanoporous structures are similareach other. They show a
combination of rutile and brookite structural agament. Peaks were assigned using

figure 1.3 and they correspond to rutile and brteogbdlymorphs.
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Figure 3.45: XRDs of simulated nanoporous structure from (a) copper, (b) iron

sources, (c) experimental (Dambournet et al. 2009)) calculated TiO,: a-PbO..
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Figure 3.46: A comparison simulated TiQ nanoporous 60 A, calculated TiQ a-

PbO, and experimental (Dambournet et al. 2009) XRDs.
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Figure 3.47: A comparison simulated TiQ nanoporous 66 A, calculated Ti@ a-
PbO, and experimental (Dambournet et al. 2009) XRDs.
3.4.4 Titanium dioxide bulk structure
The bulk structure of Ti@was produced by running an NPT MD simulation on an
amorphous nanosphere, to the lattice box of dinoens# A. Before recrystallising the
bulk structure we have calculated radial distribmtfunctions related to an amorphous
phase which are shown in figure 3.48. We obsergad®r peaks indicating that the
system is amorphous. The amorphous bulk structufédy was recrystallised at 2000 K
using NVT ensemble for 700000 steps with a timeg st€ 0.005 ps. The graph of
configuration energy as a function of time for Fikulk during recrystallisation is given
in figure 3.49. In the period 0 to 0.35 ns thera guick change of energy which shows a
transition from an amorphous to a crystalline phaBee energy change during
recrystallisation is from -2.033x1@o -2.063x10 eV corresponds to the latent heat of
crystallisation. From 0.3 to 3.5 ns the changeniargy is insignificant which indicates

that a complete recrystallisation has occurred.
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Figure 3.48: RDFs for TiO, bulk structure before recrystallisation at 2000 K.
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Figure 3.49: Calculated configuration energy as auhction of time for the bulk
structure of TiO, at 2000 K.
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This graph behaves nearly to that of Mn@noparticle (Sayle et al. 2009). Figure 3.50
presents amorphised and recrystallised structufetheo bulk. The ordered patterns
observed in figure 3.50(b) suggest a crystallisedk tstructure. Radial distribution
functions of the bulk structure, after recrystatien, for Ti-O, Ti-Ti and O-O
interactions are shown in figure 3.51, and the shgaks confirm recrystallisation. At
2.0 A we note a maximum peak which is a contributid Ti-O interactions. The sharp
peaks that are observed between 2.0 and 4.0 A amntaibution of Ti-Ti and O-O

respectively. After 4 A, the peaks are a contidubf Ti-O, Ti-Ti and O-O interactions.

Figure 3.50: Bulk structures of TiO, (a) amorphised and (b) recrystallised phases at
2000 K.
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Figure 3.51: RDFs for TiO, bulk structure after recrystallisation at 2000 K.
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We cooled the system gradually by running MD atQks@or 500ps, 1000K for 250ps,
500K for 250ps then OK for 500ps with a timeste® ®05ps. The cooled structure of the
bulk TiOyis given in figure 3.52, and tunnels are quiteblesi The RDFs for cooled bulk
TiO, are depicted in figure 3.53; they indicate thattlas temperature decreases the
broadness of the peak is reduced and the heightsrdranced indicating that the system
is ordered. More shaper peaks are observed betvepamations of 2 and 7.5 A. A plot of

0 K shows sharpest peaks than others which indicatestallinity of the system.

Figure 3.52: A cooled crystallised structure of bk TiO, at 0 K.
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Figure 3.53: RDFs of the crystallised bulk TiQ at different temperatures.
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Figure 3.54 shows the microstructures of the bu@®,Twhere the blue chains depict the
upper Tt octahedra while white ones represent the lowesrlay Ti"" octahedra. The
microstructure of the bulk TiOfeatures the zigzag and straight tunnels corredipgrio
brookite and twinned rutile polymorphs respectivahd few vacancies, in figure 3.54a;

and in a different orientation (figure 3.55b) ramfblsquares are depicted.

Figure 3.54: Microstructure of the cooled (0 K) crgtallised bulk TiO, in different
orientations.

We have calculated the XRDs of the simulated bu®,With Cu and Fe radiations and
they are presented in figure 3.55 together withakgerimental results (Dambournet et
al. 2009). Calculated XRDs with the Cu source shetter resolved peaks and are more
consistent with experiments than those of Fe, hemilebe used in our discussions.
Superimposed XRDs of simulated, measured,Ta@d calculated Ti® a-PbG is
depicted in figure 3.56 and they show a clear apwadence of peaks. The first XRD
peak of the simulated bulk Ti®etween 20 and 30 ° corresponds well with thoshef
TiO2: a-PbG and brookite structures. The second peak betweeand035 ° is better
aligned with that of the Ti® a-PbQ polymorph, whilst the third peak is closer to the
three polymorphs, inclusive of rutile. The fourtkeax and those nearer to the right
correspond better with those of the 7i@-PbG, structure than the brookite and rutile

polymorphs. The smoother simulated curve around %® characteristic of the rutile
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polymorph; including the distinct peak between 5@ &0 ° where fairly less intense
peaks of brookite and TiDa-Pb(Q; is noted. The last broad peak of the simulate& bul
structure above 60° incorporates elements of tbhelite and rutile structures. Assigned
peaks correspond to rutile and brookite model gyre 1.3.
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Figure 3.55: XRDs of TiG, bulk (a) copper and (b) iron source (c) experimera

(Dambournet et al. 2009) and (d) calculated Ti@ a-PbO,.
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3.5 Discussions

In this chapter the amorphisation recrystallisatiomethod was employed to
spontaneously generate simulated nanosheet, twapossus structures with channels
of different sizes and bulk Ti¢lstructures from an amorphous nanosphere. Prior to
crystallisation the nanosphere, nanoporous and hbntkitectures were completely
amorphous whilst the nanosheet structure was pgrtemorphised. All nano-
architectures were fully recrystallised, at 2000Khich was confirmed by their
corresponding plots of configuration energy as acfion of time and RDFs.
Furthermore, nanostructures were cooled to 0 K their related RDFs have well
defined sharp peaks as compared to those at highggeratures. Cooled nanoporous
structures and their microstructures contain chisnaed tunnels consistent with those

observed experimentally (Wang et al. 2008).

Microstructures of the Tighanosphere, nanoporous and nanosheet architedispdasy
zigzag and straight tunnels, where the former aso@ated with the brookite and the
latter with twinned rutile polymorph. Tunnels of ethsimulated nanosheet and
nanoporous structure agree well with those of tkgeemental HRTEM (Wei et al.
2011) and TEM (Wang et al. 2008) micrographs rebpelg. The microstructures of the
bulk TiO, also feature straight and zigzag tunnels and, wltiad, exhibit rambling
squares that suggest substantial rutile conters. [@tier patterns are scarce in other
nano-architectures which have been used extensined{ectrodes for Li-ion batteries.
Hence, the presence of typical 1x1 rutile tunnalsimulated microstructures of the
TiO, bulk architecture, could explain why the bulk foismot preferable for electrodes,
as observed experimentally (Koudriachova et al.120@ll microstructures of Ti@
nanostructures exhibit certain features that asedable in Mn@ (Sayle et al. 2005),

they have twinned pyrolusite/rutile patterns andcavecies. Availability of tunnels

92



provides paths for lithium transport and storagétinum ion batteries, as noted in the

MnO, nano-architectures (Sayle et al. 2009).

Generally, the Ti@ XRD patterns calculated with the copper sourcewspeaks that
are satisfactorily aligned with experimental resu{Dambournet et al. 2009). A
comparison of the experimental and calculated XRidsmost simulated nano-
architectures suggests the prevalence of the heogsolymorph in the generated
structures. The brookite structure (PBCA) is velgse to the Ti@ a-PbG structure
(PBCN) and the latter were reported by Sayle angdeSE007) in simulated high-
pressure crystallisation of Tghanoparticlesindeed the experimental work of Reddy et
al. (2006, 2007 and 2008) has reported the ococcerest the brookite phase in
nanoparticles of Ti@and their aggregates. Furthermore, as mentionesdtion 1.2,
TiO, brookite is naturally occurring and has a struetewnsisting of edge- and corner-
sharing TiQ octahedra, which form channels along the ¢ axiau@ 1961). The
dimensions of the channels are suitable to accorateotithium ions (~0.76 A).
Furthermore, the presence of the rutile phase énsimulated nano-architectures has
been observed, particularly from peaks correspantbndiffraction angles greater than
35°. The microstructures of simulated Li@ano-architectures show that this polymorph
occurs predominantly in the twinned form, whichoaggovide path for the transport of
lithium ions, except for the bulk phase which irtgs the pure rutile phase. The XRDs
patterns of simulated Mnano-architectures were calculated (Sayle et &9&Dand
were found to predominantly depict pyrolusite typelymorph, in agreement with

experimental results.

A careful analysis of our simulated Ti@anosheet structure clearly indicates that it has
exposed {001} surfaces, which are known to be highhctive. This configuration is of

great significance since it enhances the rate dlityadf the anode, as it shortens the Li
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ion diffusion path and lowers insertion energy leasron the active surface for Li ions
(Ortiz et al. 2011). In addition, it enhances tHectolyte/electrode contact via the
hollow structures. However, it is experimentallyokm that {001} surfaces are naturally
unstable and tend to be dominated by the thermodigadly stable {101} facets.
Recently, novel synthesis approaches of stabilifiegess stable Tianatase surfaces,
such as {001} (Young et al. 2008) and {100} (Weiat 2011) have been reported.
Furthermore, nanosheets of the FH8 polymorph have also been experimentally
fabricated (Liu et al. 2012) and tend to ensuréifegertion and extraction of Li-ion due
to its pseudocapacitive mechanism, while the postugture with thin nanosheet wall
effectively extends the interfacial zone and thais greatly promote ionic transport and
electrode reaction. The current simulations confithmt nanosheets with the
predominant brookite and twinned rutile polymoraing feasible. It is further interesting
that, unlike other polymorphs, partly crystallinanosheets were generated from an
amorphous nanosphere, before crystallisation waw@ll to commence; as depicted by
its configuration energy vs. time curve. The chamgsuch curve is small as compared
to a full amorphisation to crystallisation transitj and is mainly ascribed to an

annealing of a grain boundary.

The simulated Ti@nanoporous architecture structures (Figure 3.34¢ kisstinct tunnels

oriented parallel and perpendicular to the page leaudng zigzag and straight patterns
(Figure 3.41 and 3.42). Such tunnels provide arléxa path for Li ion transport in the

nanoporous structure. Electrodes of nanoporoustatel materials for lithium batteries
have short transport lengths for liobns due to their nano-sized grains (10—20 nmg Th
shape of the simulated channels appears simildhdse on the electron microscope
micrographs (Ren et al. 2010). The presence othiamnels (5-10 nm) yields an easy

access for electrolytes. Such nanoporous, Ti@terials have high packing densities

94



unlike nanopowders, nanowires, nanorods and naesiukhe storage performance and
the packing density of the as-synthesized nanogofdd, are respectively reported to be
five times and 6.6 better than the commerciallyilabée TiO, nanopowder (Saravanan et
al. 2010).

In the case where ordered and uniform channelseimanoporous Tigexist the volume
change during Li-ion insertion/de-insertion procean be conveniently accommodated.
In addition, the three dimensional movement ofdng in zigzag and straight tunnels
contribute towards optimum expansion of electrodaswith the porous Mng(Sayle et

al. 2009a, 2009b), it may be surmised that thedlshand channels provide accessible
paths for Li ions into the electrode, which wiltiodlately enhance the rate capability of
related Li—-ion batteries, and simultaneously enatdmy cycles to occur with reduced
level of degradation because the host lattice i¢e do expand and contract
symmetrically and uniformly, thus minimising theopensity for plastic deformation

and fracture.
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Chapter 4
Lithiation of TiIO >nano-architectures

4.1. Introduction

In this chapter we present various nano-architestwf TiQ doped with different
concentrations of lithium atoms. Amorphous nanastnes of TiQ that were produced
in chapter 3 will be lithiated with different numbef lithium atoms. Since higher
concentrations impeded crystallisation (Damboumteal. 2011) we will only consider
lithiated structures with 50,100 and 300 lithiuntoras. Amorphisation and
recrystallisation technique will be employed to gete crystallised lithiated
nanostructures. All recrystallised structures Wwél cooled, using the methods employed
in the previous chapter and their RDFs will be ghted. Microstructures will also be
presented, however only for cooled systems. We haved from chapter 3 that XRDs
using Cu source are in good accord with experimeasalts as compared to those of Fe.
Hence we will calculate XRDs of cooled structurggithe copper only source. As in the

previous chapter we will compare our results withilable experimental results.
4.2. Methodology

The potential models employed in this chapter asetl on the Born model of ionic
solids (Born et al. 1954) as in chapter 3. HoweVéY, Ti**, Li* and G ions interact via

long-range Coulomb and short range interactiongrmgin table 4.1.
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Table 4.1 Buckingham potentials used for lithiatedl'iO ,

lon pair Ajj i G

(if) (eV) (A) (eV.A6)
Ti*"-0~ 18645.840 0.1950 22.0000
Li*-0* 426.48000 0.3000 0.00000
Tidt-Ti** 28707.210 0.1560 16.0000
Tid-Ti%t 33883.920 0.1560 16.0000

In this chapter we present and discuss the lithiasnostructures of TEAIl produced

nanostructures were lithiated with different numbglithium atoms.

4.3 Amorphisation and recrystallisation of lithiated TiO, nano-

architectures.

This section will present and discuss the variatisiated nanostructures of TiO

generated by the amorphisation and recrystallisagitategy, as discussed in Section 2.3.
The cooling method will be employed on all lithidtstructures as in previous sections.
Radial distribution functions after recrystalligatiand cooling will also be presented.

Configuration energy as a function of time will $leown in order to demonstrate when

the nanostructures begin to recrystallise.

4.3.1 Lithiated structures of TiO, nanosphere

The RDFs of lithiated Ti@nanosphere with 50, 100 and 300 lithium atoms leefor

recrystallisation are given in figure 4.1, whileithstructures are shown in figure 4.2. The

RDFs show broader peaks indicating that the strastare amorphougéfter lithiation

we performed molecular dynamics simulation using BVT ensemble, at 2000 K, for

700000 steps with a time step of 0.005 ps in cleecrystallise the structures.
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Figure 4.1: The RDFs of the TiQ nanosphere before recrystallisation with (a) 50,

(b) 100 and (c) 300 lithium atoms.

Figure 4.2: Lithiated structures of the TiO, nanosphere with (a) 50, (b) 100 and (c)

300 lithium atoms.

A plot of the configuration energy as a functiontwhe for all lithiated nanospheres
during recrystallisation is given in figure 4.3.€'knergy plot of the nanosphere with 50
lithium atoms shows an abrupt drop from O to 0.25with configuration energy
changing from -2.02xT0to -2.033x10eV. In the period 0.25 to 0.8 ns there is a small
change of energy which indicates that crystallisabf the structure is nearing an end. In

the range 0.8 to 3.5 ns the energy remains consthrth suggests that the lithiated
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nanosphere is completely recrystallised. The condition energy plot of the nanosphere
with 100 lithium atoms exhibits an end of a platésam 0 to 0.1 ns, which could be
associated with a nucleation phase. An energy teohydut more gentle than that of the
50 Li atom system, is noted from 0.1 to 0.65 n$widnfiguration energy varying from -
2.007x10 to -2.033x10 eV. From 0.65 to 1.2 ns the energy is near cohstduich
signals ends of crystallisation. From 1.2 to 3.5hes energy does not vary affirming a
complete crystallisation. The slope of the confagion energy plot, for the 300 Li atoms
nanosphere, reduces less steeply than those of tmmeentrations, in the range 0 to 1.35
ns; with its magnitude changing from -1.983%19-2.012x18eV. From 0.1.35 to 1.5 ns
the energy tends to level off which reveal that dtrecture ceases to recrystallise. From
1.5 to 3.5 ns the energy is almost invariable wigcén evidence of fully recrystallisation
is. Hence, from all three plots we observe thatethis an amorphous to crystalline
transition caused by the sudden drop of energy. ddew as more lithium atoms are

introduced in the nanosphere it takes much longes to fully recrystallise.
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Figure 4.3: Calculated configuration energy as a foction of time for the lithiated

TiO, nanosphere.
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Figure 4.4 shows the evolvement of the seed cangisf three layers of titanium atoms
which are superimposed on each other. The moveofdhtee Li atoms, labelled A, B

and C is monitored from 500 to 1100 ps. At 500hEs € atom is not visible since it is
located in the lower layer. The C atom is notedhm middle layer, at 1000 ps, and the
crystalline pattern grows in its vicinity. More Btoms have started moving within the
system. At 1100 ps atom C moved to the upper layer most of the seed appears

crystalline.
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Figure 4.4: Molecular graphics for a slice of TiQ nanosphere with 300 Li, and

consisting of three layers of titanium atoms. Li isoloured in yellow.

Recrystallised structures of lithiated nanosphetth) 50, 100 and 300 atoms are shown
in figure 4.5. As crystallisation occurs some lithi atoms move out of the nanosphere or
away. As to how many lithium atoms move out of #ystem and how many remain,

depends on the number of lithium atoms originatiythe system. As an example figure
4.5 (c) shows more lithium atoms that have movedide the 300 Li atoms system than

others with a lower number of lithium atoms.
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Figure 4.5: Recrystallised structures of lithiatednanosphere (a) 50, (b) 100 and (c)

300 lithium atoms.

Total radial distribution functions of all lithiadlenanospheres after recrystallisation
confirm that the systems have crystallised sinceobgerve peaks at different distances
(r). Total RDFs T{"-O%* and Tf*-O% interactions are presented in figures 4.6, 4.7%8d
for lithiated nanosphere with 50, 100 and 300 dithiatoms respectively. The maximum
sharp peak is observed at 2 A for both interactisvith Ti**-O? being the highest and
Ti**-O% the lowest. We observe other peaks at 3.8 ané 405 all systems. After a peak
at 4.5 A we can identify more peaks which are $higibroader than the peaks of
unlithiated nanosphere. The total RDFs of the ditdl nanosphere with 300 lithium
atoms have broadest peaks at 6, 7 and 9 A as cedhfmalightly lithiated structures. This
shows more lithium atoms tend to enhance the amoipbehaviour of the nanosphere
and inhibit recrystallisation. The total RDFs dhiated nanospheres have revealed this
recrystallisation transition that the structureslldanot clearly show. Total RDFs of the
nanosphere with 300 lithium atoms for botf*¥®* and T#*-O* interactions overlap

more which is associated with increasing Tons.
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Figure 4.6: RDFs of the TiQ nanosphere with 50 lithium atoms at 2000 K.
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Figure 4.7: RDFs of the TiQ nanosphere with 100 lithium atoms at 2000 K.
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Figure 4.8: RDFs of the TiQ nanosphere with 300 lithium atoms at 2000 K.

As in the previous chapter we cooled the nanospiradually by firstly performing MD
simulations for 500 ps at temperature of 1500 Ko¥eed by a run for 250 ps at 1000 K,
and lastly for 500 ps at temperature of 0 K. A eda$tructure of the nanosphere with 50
lithium atoms is presented in figure 4.9. We obegpatterns and some tunnels on the
structure, and a few lithium atoms have moved duhe structure while other atoms
remain inside. Total radial distribution functiomisthe nanosphere with 50 lithium atoms
are presented in figure 4.10 {FO%) and figure 4.11 (f{-O?). They both show a
similar behaviour that the system has been suadbssboled; this is partly evidenced
by the decreases in the broadness of the peaksahé increase of the height of the
peak as the temperature is reduced. At approxignatél we observe an expected trend

where the 0 K peak is the highest and the 1500eKawvest.
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Figure 4.10: RDFs of Tt*-O? for the cooled TiO, nanosphere with 50 lithium atoms.
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Figure 4.11: RDFs of Tf*-O for the cooled TiO, nanosphere with 50 lithium atoms.

The cooled structure of thgO- lithiated nanosphere with 50 lithium atoms wasesliin
order to depict a microstructure which is presentefigure 4.12. The blue octahedra
correspond to the upper layer of*Tiand the white adjacent the lower layer and the
lithium atoms are represented by yellow balls. Thierostructure of the nanosphere
shows zigzag tunnels which are associated witlbtbekite and the straight tunnels that
are related to the twinned rutile polymorphs. Feacancies are observed on the
microstructure, and lithium atoms have moved indgancies of the structure. A good
anode requires the nanosphere to store optimumritiatoms and provide pathways for
their transport. Indeed the microstructure of theasphere reflects lithium atoms that are

located in the tunnels.

Figure 4.13 depicts calculated, BiQi-PbQ, and measured (Dambournet et al. 2009)
XRDs as compared to those of the simulated nanospfAevo peaks just below and
above 30 ° accord with the brookite and Fi@-PbQ, structures. At 37 and 57 °,

observed peaks correspond to all measured strgct8imulated XRDs at 50 ° has a
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smooth curve which accords with the rutile struetukt 67 ° we notice a peak which is
in agreement with Ti@ a-PbG, and rutile polymorphs. This implies that the kttad
TiO, nanosphere with 50 lithium atoms has a combinatfdorookite, TiQ: a-PbG, and

rutile structural arrangements. XRDs corresponaitiie and brookite model.

Figure 4.12: Microstructure of the TiO, nanosphere with 50 lithium atoms.
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Figure 4.13: A comparison simulated TiQ, nanosphere with 50 Li, calculated TiQ:

a-PbO, and experimental (Dambournet et al. 2009) XRDs.
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The cooling procedure was also used on the redligsth nanosphere of 100 lithium
atoms and the corresponding structure is illusdratefigure 4.14. Clear patterrad
more tunnels are observed throughout the systeims.rnBnosphere with 100 lithium
atoms shows some lithium atoms have moved to thphsey of the system while others
remain in the system. This structure has more tgna®e compared to that one with 50
lithium atoms. Total radial distribution functiomd the system are presented in figure
4.15 (TE*-0%) and figure 4.16 (T{-O%). They show similar trend of the peaks
throughout the graph, especially near around péak/A At peak of 2 A we observe a
clear trend of peaks as the smallest peak corrésptm the temperature of 1500 K,
followed by the peak of temperature of 1000 K, tpeak of 500 K and ultimately a peak
of 0 K. Throughout the graphs of RDFs we obserpeak of O K being the sharpest and

highest implying that the system has properly atlised.

Figure 4.14: A cooled nanosphere structure with 100thium atoms.
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Figure 4.15: RDFs of T*-O for the cooled nanosphere with 100 lithium atoms.
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Figure 4.16: RDFs of Tf*-O% for the cooled nanosphere with 100 lithium atoms.

We have created microstructures of a nanosphete 00 lithium atoms which are
presented in figure 4.17. Microstructures of litathnanosphere are created in different
directions in order to view different orientatiookthe structure. The blue colour is the

upper layer of T, the white colour is the lower layer of*Tiand yellow colour is the
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lithium atoms. Straight tunnels which are assodiateth pyrolusite, zigzag tunnels
which are associated with twinned pyrolusite, snadfect cluster and vacancies are
observed on the microstructures. It is apparenhftioe cooled structure of nanosphere,
with 100 lithium atoms shown in figure 4.14, thaige lithium atoms remains in the
structure which indicates that the system has eagocapacity. Microstructures show
some lithium atoms filled the vacancies and someadmut of the structure. Since we
have increased number of lithium atoms from 5000 Wwe observe more lithium atoms
moving in the vacancies and a few moving out of ¢jigtem. Since our system shows
that it can hold more lithium atoms for the storagel release some for transportation
through vacancies or tunnels then Ti@anosphere poses as a good candidate for an

anode.

Figure 4.17: Microstructures of a cooled nanosphereith 100 lithium atoms.
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XRDs of the simulated nanosphere with 100 lithiuongs, calculated Ti® a-PbG, and
measured (Dambournet et al. 2009) are shown imdigul8. On comparing them, peaks
correspond to XRDs for brookite and rutile. Two lgehelow and above 30 ° correspond
to the brookite and Ti® a-Pb(Q, 37 and 42 ° peaks accord with the brookite, ;T2
PbG, and rutile and at 57 ° the peak is associated thighbrookite and Ti® a-PbG,. A
smooth curve around 50 ° matches the rutile XRDLHA® we note a peak in agreement
with rutile and TiQ: a-PbQ,. We conclude that the XRDs of the nanosphere Wit
lithium atoms contain brookite, T¥Da-PbG and rutile structural arrangements. XRDs

correspond to rutile and brookite model.
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Figure 4.18:A comparison simulated TiG, nanosphere with 100 Li, calculated TiQ:

a-PbO, and experimental (Dambournet et al. 2009) XRDs.

A cooled nanosphere structure with 300 lithium aampresented in figure 4.19. Clear
patterns can be observed on the structure. Asewiquis structures, with lower lithium
concentration, it shows that a fraction of lithitmtoms reside on the surface of the

structure whilst more a retained in the system. Fa@ancies are observed in the system.
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Total radial distribution functions of the nanosgheith 300 lithium atoms are presented
in figure 4.20 (T1*-0%) and figure 4.21 (T{-O%). They show a similar behaviour and
confirm that the system has been successfully doaolerystalline form, as indicated by
the trend of the peaks especially at 2 A. The Hgipeak corresponds to 0 K and the

lowest is associated with 1500 K.

Figure 4.19: Structure of a cooled nanosphere witBOO lithium atoms.
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Figure 4.20: RDFs of T*-O for the cooled nanosphere with 300 lithium atoms.
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Figure 4.21: RDFs of Tf*-O% for the cooled nanosphere with 300 lithium atoms.

The microstructures of the nanosphere with 30@uiithatoms, in different directions, are
depicted in figure 4.22. As in previous lithiatednospheres we observe the following
features in the microstructure: straight tunnelsctvhare associated with the twinned
rutile phase, zigzag tunnels which are relatecheoldrookite polymorph and big defect
cluster and few vacancies. A few lithium atomslacated at the edges of the system and
those in the nanosphere are positioned in tunneds heve filled existing vacancies.
XRDs for the simulated TiPnanosphere with 300 lithium atoms, calculated ,Ti®
PbQ and experimental (Dambournet et al. 2009) strestare shown in figure 4.23. At
27, 37 and 33 ° we observe two peaks correspordibgookite and TiQ a-PbQ and at
42 ° there is a peak harmonized with the brooKit®,: a-PbQ, and rutile polymorphs.
At 50 ° there is a smooth curve which accords witfle and at 37 and 57 ° are peaks
that agree with all polymorphs and at 67 ° the pagiees with the Ti® a-PbG and

rutile structure.
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Figure 4.22: Microstructures of a cooled TiQ nanosphere with 300 lithium atoms.
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Figure 4.23: A comparison simulated TiQ nanosphere with 300 Li, calculated TiQ:

a-PbO, and experimental (Dambournet et al. 2009) XRDs.
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4.3.2Lithiated structures of TiO> nanosheet

The supercell structure of Tihanosheet was lithiated with different concenbragi of
lithium atoms namely 50, 100 and 300. Calculated~Rbefore recrystallisation are
depicted in figure 4.24 and they show slightly idist peaks indicating partial

crystallisationFigure 4.25 gives lithiated structures of Fianosheet.

XX

L10)

Figure 4.24: RDFs of the nanosheet of TiPwith (a) 50, (b) 100 and (c) 300 lithium

atoms before recrystallisation.

Figure 4.25: Supercell of TiQ nanosheets with (a) 50, (b) 100 and (c) 300 Li at@m

in a unit cell at 2000 K.
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The graph of configuration energy as a functiontiofe for all lithiated nanosheet
structures is depicted in figure 4.26. It was ndteat before the lithiated nanosheet was
formally recrystallised it already showed certaigstalline patterns; hence the energy is
not expected to change significantly. However,glod of the nanosheet with 300 lithium
atoms shows a small decrease at the beginning,estigg that the system could be
having more amorphous phase compared to thoselavitér lithium concentration. We
can conclude that more lithium atoms in the naneistemd to enhance the content of the
amorphous phase. A near constant energy is obséved lithiated nanosheets as the
simulation time increases, which suggests thatesystdo not undergo a significant

change from partial to full crystallisation.
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Figure 4.26: Calculated configuration energy as auhction of time for the TiO,

nanosheets with different concentrations of lithium
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Molecular dynamics simulation was performed on liteated structures using NVT
ensemble in order to effect crystallisation. Athilated structures show some patterns
before we can recrystallise them. However, afterystallisation the patterns are clearly
visible on all structures, which indicate that teeuctures are fully recrystallised.
Supercell recrystallised structures of lithiatechagheet are illustrated in figure 4.27.
After recrystallisation some lithium atoms have mdwut of the system and others

remained in the system as in the lithiated nanagphe

(a)

Figure 4.27: Supercell recrystallised structures offiO, nanosheet with (a) 50, (b)

100 and (c) 300 lithium atoms in a unit cell at 20DK.

Total radial distribution functions of the nanoshaéer recrystallisation with varying

concentrations of lithium atoms are illustratedfigures 4.28 to 4.30. They show a
similar pattern as the RDFs before recrystallisatibut a slight difference can be
observed as the RDFs after recrystallisation hdagper peaks. The maximum sharp

peak is observed at a separation of 2 A for botaractions with Ti*-O? interaction
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being high and F{-O* low. At 4, 6 and 7 A we also observe sharp peakisiwconfirm
that complete recrystallisation has been attaifige. peak at 9 A is slightly broader and

is similar to the peaks of RDFs of unlithiated nsimeets.
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Figure 4.28: Total RDFs of a TiQ nanosheet with 50 lithium atoms after

recrystallisation at 2000 K.
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Figure 4.29: Total RDFs of a TiQ nanosheet with 100 lithium atoms after

recrystallisation at 2000 K.
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Figure 4.30: Total RDFs of the TiQ nanosheet with 300 lithium atoms after

recrystallisation at 2000 K.

The recrystallised nanosheet with 50 lithium atomas cooled and is shown in figure
4.31. More clear patterns are observed on the rsyatel most lithium atoms are within
the nanosheet as compared to recrystallised naetoah€000 K in figure 4.27. Total
radial distribution functions of the nanosheet 6flBhium atoms for both interaction of
Ti**-0? and T*-O? are delineated in figure 4.32 and 4.33 respegtivithey both show

a similar behaviour of the peaks, at a separatio® 8 where peak heights increase
temperature from 1500 to 0 K. They confirm thatslstem has been successfully cooled

and retained crystallinity.
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Figure 4.31: A cooled supercell structure of the T, nanosheet with 50 lithium

atoms in a unit cell.
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Figure 4.32: Total RDFs for T**-O% in the TiO, nanosheet with 50 lithium atoms at

different temperatures.
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Figure 4.33: Total RDFs for Ti*-O% in the nanosheet with 50 lithium atoms at

different temperatures.

A cooled TiQ nanosheet in figure 4.31 was sliced in order éawits microstructure, and
this is given in figure 4.34. The blue colour ig thpper layer of i, the white colour is
the corresponding lower layer and the yellow cola@picts lithium atoms. The
microstructure of the nanosheet with 50 lithiumnasoshows the stacking fault, straight
tunnels which are associated with the twinnedeutéw zigzag tunnels which are related
to the brookite structure and few vacancies. Wsepke one lithium atom which has
moved into a vacancy. XRD patterns of calculate®,Tia-PbQ, and experiments
(Dambournet et al. 2009) are given in figure 4.8@mparison of the XRDs of the
simulated 50 lithium atoms nanosheet with experialeresults, brookite, Ti@ a-PbQ
and rutile structural arrangements are suggeste®7A37 and 33 ° we observe two
peaks corresponding to brookite, at 50 °© a smooithiecwhich accords with rutile and at
37 and 57 ° peaks which are similar to all polynstpAt 67 ° there is a peak which can

be ascribed to rutile and TiQu-PbG.
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Figure 4.34: A microstructure of a cooled TiQ nanosheet with 50 lithium atoms.
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Figure 4.35: A comparison simulated TiQ nanosheet with 50 Li, calculated TiQ a-

PbO, and experimental (Dambournet et al. 2009) XRDs.
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MD simulation was also carried out to cool the ystallised nanosheet with 100 lithium
atoms which is shown in figure 4.36. Crystallindt@ans are clearly observed on the
structure and lithium atoms that had moved ouhefdtructure at 2000 K have been re-

incorporated in the nanosheet though few areasttll

Figure 4.36: A cooled supercell structure of the TiQ nanosheet with 100 lithium

atoms in a unit cell.

The calculated total RDFs of the system duringicgahre given in figure 4.37 for (%
0) and 4.38 (Ti-0%) interactions. As in previous RDFs of the nanoshéth 50 lithium
atoms, they show a similar trend at a separatiop Affor both graphs. The RDF plots
corresponding to 0 K, have the sharpest and highesks than those at higher

temperatures.
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Figure 4.37: Total RDFs for T£*-O% in the TiO, nanosheet with 100 Li at different

temperatures.
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Figure 4.38: Total RDFs for Ti**-O% in the TiO, nanosheet with 100 lithium atoms

at different temperatures.
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Created microstructures of the nanosheet with #t@umn atoms are shown in figure
4.39. The microstructures correspond to differenentations in order to view the
arrangement of atoms in different directions. Asviyusly indicated the blue colour is
the upper layer of 1, the white colour is the lower layer of*Tiand the yellow colour
depicts lithium atoms. Microstructures reveal thgzag tunnels which are associated
with the brookite structure, straight tunnels whasle ascribed to the twinned rutile and
few vacancies. Lithium atoms in the structure héiNed vacancies of the system and
some lithium atoms are located on the edge of ty&esr. On comparing this
microstructures with that of 50 lithium atoms mditeium atoms are inserted in the

current system and the vacancies are not as manyttas nanosphere.

o

Figure 4.39: Microstructures of the TiO, nanosheet with 100 lithium atoms

corresponding to two orientations.
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Calculated TiGo-PbG, and experimental (Dambournet et al. 2009) XRDsda@cted

in figure 4.40. At 27, 33 and 37 ° there are petdlles resemble the peaks of brookite
structural arrangements which is isostructural Wii@,: a-PbQ,. At 42 ° we observe a
peak corresponding to rutile and Bi@-PbG and at 50 ° there is a smooth curve which
accords with rutile. Peaks at 37 and 57 ° matchdhautile, brookite and’iO,: a-PbG.

At 67 ° the peak is associated with rutile and JTi@PbQ. A combination of rutile,

TiO2: a-PbG, and brookite polymorphs is suggested in the sitadlaanosheet with 100

lithium atoms.
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Figure 4.40: A comparison simulated TiG, nanosheet with 100 Li, calculated TiQ

a-PbO, and experimental (Dambournet et al. 2009) XRDs.

We cooled the last lithiated nanosheet with 300U atoms which is illustrated in
figure 4.41. Lithium atoms that had moved away fribra system after recrystallisation,
at 2000 K, are now within the nanosheet after ogpliand more patterns are clearly

visible on the systentCalculated RDFs of the system during cooling ams@nted in
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figure 4.42 (TT*-0%) and 4.43 (T¥-0?). As in the previous RDFs of nanosheet with 50
and 100 lithium atoms, they show a similar patt@r A for both figures. The highest

peak for all graphs correspond to 0 K and the Iowesg that of temperature of 1500 K.

Figure 4.41: A cooled supercell structure of the T, nanosheet with 300 lithium

atoms in a unit cell.
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Figure 4.42: Total RDFs for T£*-0% in the TiO, nanosheet with 300 lithium atoms

at different temperatures.
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Figure 4.43: Total RDFs for Ti**-O% in the TiO, nanosheet with 300 lithium atoms

at different temperatures.

As in the previous lithiated nanosheet we have algathe nanosheet with 300 lithium
atoms in order to view the microstructure. The wstructure is presented in figure 4.44,
the blue colour is the upper layer of Tithe white colour is the lower layer of*Tiand
the yellow colour is related to the lithium aton@n the microstructure we observe the
straight tunnels which are associated with the methrutile phase, zigzag tunnels related
to the brookite polymorph and vacancies. Vacantieg are in the middle of the
microstructure are filled with lithium atoms. Wencabserve more lithium atoms within
the microstructure though some are on the edgtgeafanosheet. As in previous systems
we have calculated the XRDs for the simulated na@eiswith 300 lithium atoms. The
calculated TiQ: a-PbG, and experimental (Dambournet et al. 2009) XRDssaiewvn in
figure 4.45, and are compared with the simulateadbsheet and the brookite, TiQu-

PbQ and rutile structures. Observed peaks at 27 °,&@8respond to brookite and TiO
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a-PbG at 37 ° to brookite and rutile and at 42 ° to mawilth rutile. The smooth curve
at 50 ° is associated with the rutile phase andeakpat 57 ° corresponds with all

polymorphs. A peak at 67 ° corresponds to,T¥BPbG and rutile polymorphs.

Figure 4.44: Microstructure of the TiO, nanosheet with 300 lithium atoms.
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Figure 4.45: A comparison simulated TiQ nanosheet with 300 Li, calculated Ti@

a-PbO, and experimental (Dambournet et al. 2009) XRDs.
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4.3.3Lithiated structures of TiO, hanoporous

We have lithiated the nanoporous structure of;Ta@responding to the lattice vector of
66 A with different concentration of lithium atom®. 50, 100 and 300. Their radial
distribution functions before crystallisation arbown in figure 4.46 and lithiated
structures are illustrated in figure 4.47. RDFslitdfiated nanoporous TiOwith 50

lithium atoms shows some peaks indicating par@atystallisation, and this followed by
that of 100 lithium atoms. However, the nanoporstnscture RDFs for the structure with
100 lithium atoms show broader peaks while thaB@® lithium atoms has no peaks,
hence suggesting that the system is extensively@mas. As more lithium atoms are

added to the Ti@nanoporous structure the more amorphised it besome
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Figure 4.46: RDFs of the nanoporous Ti@ (66 A) before recrystallisation with (a)

50, (b) 100 and (c) 300 lithium atoms.
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Figure 4.47: Amorphous lithiated TiO, nanoporous structures related to the lattice

box of 66 A.

The plots of the configuration energy as a functmintime for nanoporous Tif)
corresponding to the 66 A lattice vector, and vth 100 and 300 lithium atoms, are
given in figure 4.48. All energy plots show a disti transition from an amorphous to a
crystalline phase below 0.6 ns and the change enggncorrespond to the latent heat of
crystallisation. The energies of nanoporous strestwith 50, 100 and 300 lithium atoms
change from -2.013x20to -2.0345x18 -2.008x16 to -2.038x18 and -1.997x10to -
2.017x18 eV respectively. An extended amorphous phase tednas the lithium
concentration is increased. It is further obsertleat beyond 0.6 ns the configuration
energy tends to be constant which suggests thatatligation has been completed. This

plateau appears to commence earlier at lower fitteancentrations.
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Figure 4.48: Calculated configuration energy as auhction of time for the TiO,

nanoporous 66 A, at different lithium concentratiors.

The nanoporous structures that are crystallisedgutsie NVT ensemble, with different
lithium concentrations, are given in figure 4.4%eTstructure of the nanoporous %iO
lithiated with 50 lithium atoms shows more cleatt@as and some vacancies. The
structure lithiated with 100 lithium atoms reveals patterns, however, they are not
clear as compared to those of 50 lithium atomsthéamore, the nanoporous structure
with 100 lithium atoms displays some grain bourgtariThe lithiated structure with 300
lithium atoms features clear crystalline patterfieraecrystallisation and further reflects

lithium atoms located on the edges of the charmehawn in figure 4.49(c).
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Figure 4.49: Recrystallised TiQ lithiated nanoporous structures related to the 66

at 2000 K, with different lithium concentration.

We calculated total RDFs for all lithiated nanopgastructures to check whether they
consistent with the observed structures in figu#94The total RDFs of Ti-O* and
Ti**-O% interactions after recrystallisation for all li#hed systems are presented in
appendix E. They all show sharp peaks at a separafi2 A and after this separation,
peaks are observed at 3.6, 4.5, 5.5, 6.0, 6.9 ahdA9for all lithiated nanoporous
structure with 66 A lattice vector. This impliesatithe lithiated nanoporous structures
have successfully recrystallised. The recrystallisanoporous Ti@structure with 50
lithium atoms was cooled and is depicted in figtu®0. We observe more vacancies next
to the channel and lithium atoms are located cltsé¢he inner edge of the channel and
nanoporous structure than in the uncooled onetally®e patterns are more distinct as
compared with the ones at higher temperatures. Tadél distribution functions of the

nanoporous structure during cooling are shown ipeadix E. They show that the
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nanoporous structure has cooled sufficiently stheee is a clear trend of sharp peaks at

OK as compared to those at higher temperatures.

Figure 4.50: A cooled 66 A TiQnanoporous structure with 50 lithium atoms.

A slice showing the microstructure of the cooled &éanoporous structure with 50
lithium atoms is illustrated in figure 4.51. Theubloctahedra correspond to the upper
layer of Tf**, and the white to the lower adjacent layer andlitheim atoms are yellow
in colour. We observe straight tunnels associatidd thve twinned rutile structure, zigzag
tunnels to the brookite polymorph. The microstruetshows some lithium atoms on the
channel and others in the tunnels of the nanopastiusture. In addition, few vacancies
are noted on the microstructure. The calculated),.Tia-PbQ, and experimental
(Dambournet et al. 2009) XRDs are superimposedguard 4.52. More peaks of the
simulated nanoporous structure are observed bet@@emd 50 ° which agree with the
XRDs of brookite and Ti@ a-PbQ structures. At 27 and 3 ° peaks are associatdd wi
brookite, at 37 and 42 ° peaks accord mainly wittokite and rutile. At 50 ° there is a

smooth curve corresponding to the rutile phase améak at 57 ° corresponds to all
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polymorphs, and at 67 ° a peak matches the rutitt BO,: a-PbG, structures. Our

calculated XRDs are mostly in accord with thoséhefexperimental brookite and rutile.

Figure 4.51: A microstructure of cooled 66 A TiQ nanoporous structure with 50

lithium atoms.
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Figure 4.52: A comparison simulated TiQ nanoporous 66 A with 50 Li, calculated

TiO2: a-PbO; and experimental (Dambournet et al. 2009) XRDs.
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We have cooled the recrystallised 66 A nanoportustsire with 100 lithium atoms and
the structure is shown in figure 4.53. It shows envacancies around the channel and
some on the sides of the nanoporous structure.tdllige patterns are clearly more
visible as compared to those of the recrystallstedcture at 2000 K. As the number of
lithium atoms is increased, we now observe morenaton the channel and more within
the system. The total radial distribution functioof the nanoporous structure are
presented in appendix E. For the peaks at 2 A we that the smallest peak corresponds

to 1500 K and the highest peak to 0 K.
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Figure 4.53: A cooled TiQ 66 A nanoporous structure with 100 lithium atoms.

The microstructure of the cooled 66 A nanoporouscsire is presented in figure 4.54
and shows straight tunnels which are associatell thvé twinned rutile, zigzag tunnels
which are related with the brookite phase. Lithiatoms that are within the nanoporous
structure are located in tunnels while some haveetido the channel. The nanoporous
structure is suitable as an anode material sincantaccommodate more lithium atoms.
Calculated Ti@ a-PbG and experimental (Dambournet et al. 2009) XRDsnated in

figure 4.55. Peaks of the simulated nanoporouststre between 20 and 40 ° agree well
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with the brookite and Ti@® a-PbQ structural arrangements. A peak at 42 ° is aligned
with brookite and TiQ o-PbG arrangements. A smooth curve at 50 ° accords thih
rutile phase and at 37 and 57 ° there are peakespaunding to all polymorphs. At 67 °
there is a peak corresponding to XRDs of rutile &i@,: a-PbG. XRDs of simulated
nanoporous structure with 100 lithium atoms aligmeth brookite, TiQ: a-PbG, and

rutile polymorphs.

Figure 4.54: A microstructure of a cooled 66 A Ti@nanoporous structure with 100

lithium atoms.
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Figure 4.55: A comparison simulated TiQ nanoporous 66 A with 100 Li, calculated

TiO2: a-PbO; and experimental (Dambournet et al. 2009) XRDs.
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Figure 4.56 indicates the cooled nanoporous strestaf 66 A with 300 lithium atoms.
Clear patterns and few tunnels are observed thomuigthe structure. It also shows
lithium atoms at the edge of the channel and sdraedre located within the system.
Radial distribution functions of the nanoporoususture during cooling are given in
appendix E. The highest peak in both figures cpords to 0 K and the lowest being
that of 1500 K. It is observed that a plot of O &slsharp peaks which indicate that the

nanoporous structure has been successfully coakkdesains crystallinity.

Figure 4.56: A cooled 66 A TiQnanoporous structure with 300 lithium atoms.

The sliced microstructure of 66 A nanoporous wif0 3ithium atoms is depicted in
figure 4.57. The microstructure is characterizeaiggag tunnels which are related to the
brookite structure and straight tunnels which arkeld to the twinned rutile polymorph
and vacancies. Lithium atoms have moved into tlraweies and some are located in the

channels. Empty vacancies are very few as comp#rethe nanoporous structures
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lithiated with 50 and 100 lithium atoms. This shothiat the nanoporous can act as an
anode material since it can holds more lithium a&oamd transport them through
channels, tunnels and existing vacancies. XRDshefsimulated nanoporous structure
with 300 lithium atoms, calculated TiOa-PbQ, and experimental (Dambournet et al.
2009) are shown in figure 4.58. Observed peak3 aB2 and 37 ° correspond to brookite
and TiQ: a-PbG structural arrangements. A smooth curve at 50 Yesstg a rutile
structure. At 37 and 57 ° there are peaks accoedswith all polymorphs. A simulated
peak at 67 ° is similar to those of rutile and Fi@-PbQ, XRDs. This shows that the

nanoporous structure accommodates the three paiyraavell.

Figure 4.57: A microstructure of a cooled 66 A TiQnanoporous structure with 300

lithium atoms.
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Figure 4.58: XRDs of the simulated TiQ nanoporous 66 A having 300 Li, compared

with calculated TiO,: a-PbO, and experimental results (Dambournet et al. 2009).

4 3.4 Lithiated structures of the bulk TiO»

The amorphous bulk structures of Fi®@ere lithiated with 50, 100 and 300 atoms. Their
calculated radial distribution functions beforeryestallisation are indicated in figure 4.59
while their structures are illustrated in figuré@.. RDFs depict broader peaks suggesting
an amorphous phase of the bulk structure. The RiDEse bulk TiQ with 300 lithium
atoms have broader peaks than others which implyrtiore lithium atoms enhance the

presence of the amorphous phase.
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Figure 4.59: RDFs of the TiQ bulk before recrystallisation with (a) 50, (b) 100and

(c) 300 lithium atoms.

Figure 4.60: Lithiated amorphous structures of thebulk TiO, with (a) 50, (b) 100

and (c) 300 lithium atoms.
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The graphs of the configuration energy as a functibtime for lithiated bulk structures
are displayed in figure 4.61. The energy plot & bulk with 50 lithium atoms shows a
sudden decrease from time of 0.15 to 0.42 ns wikielssociated with the transition from
an amorphous to a crystalline phase. From 0.4Zhasgtaph is constant until 3.5 ns

which suggest complete recrystallisation.

The configuration energy vs time plot of the bulkhal00 lithium atoms indicates that
the amorphous region (A-B) is slightly extended.silibsequently exhibits an abrupt
reduction from 0.125 to 0.25 ns which is linkedthe transition from an amorphous to
crystalline phase. After 0.25 ns the energy is riiade which shows that the system is

recrystallised.

The plot of the bulk with 300 lithium atoms depecémall change in energy from 0 to 0.3
ns and this region (C-D) is more extend comparedhtd of 50 and 100 lithium
structures. From 0.3ns we observe a sharp decrfasmergy until 0.4 ns, which
corresponds to an amorphous to crystalline tramsifrrom 0.4 ns the energy is constant
until 3.5 ns which suggest that the system is cetepl recrystallised. The magnitude of
the energy reduction for all three systems is egjaivt to the latent heat of crystallisation.
On comparison, the configuration energy shows bkt structure with 50, 100 and 300
lithium atoms require 0.0625, 0.125, 0.3 ns respelst to undergo an amorphous to
crystalline transition. The extended amorphousaregyin figure 4.61 i.e. Ato B and C to
D, cause the structure to demand long time to alis, this agrees well with the
experimental report (Dambournet et al. 2011), litlagtion of a brookite structure tends

to enhance the presence of an amorphous phase.
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Figure 4.61: Calculated configuration energy as auhction of time for the TiO, bulk
structure.

We have further crystallised a Ti®ulk structure from a second amorphous nanosphere,
generated from the nanosphere with gas atomssassdied in section 3.3. The graph is
depicted in figure 4.62. The purpose of showinguvheation of the configuration energy
change with time of these lithiated structures #reir well-defined and extended
amorphous and nucleation stages which so vividlynalestrates the delayed

crystallisation by an increase in the lithium cartte
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Figure 4.62: Plots of calculated configuration energy as a funain of time for the
TiO, bulk structure, corresponding to 50, 100 and 300ithium’s, which were

generated from a different amorphous nanosphere, abat of figure 3.60.
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As in previous sections, after lithiation, the stiwes were crystallised by an MD
simulation using the NVT ensemble, at a temperadfi2000 K, for 700000 steps with a
time step of 0.005 ps. Recrystallised Tildhiated bulk structures are shown in figure
4.63, and clear patterns are observed at all coratEms indicating a complete

crystallisation of the bulk.

(a) (b)

Figure 4.63: Recrystallised bulk structures of TiQ with (a) 50, (b) 100 and 300

lithium atoms at 2000 K.

The total RDFs of bulk Ti@with 50, 100 and 300 lithium atoms forFO* and Ti*-0*
interactions are shown in appendix E. They behawdasly for all the structures; the
highest peaks are observed at a radial distan2efofand more peaks are noted at 4.3,
5.1, 6.0, 6.9, 7.5 and 94 This confirms that the bulk structures have ystallisation.
Molecular dynamics calculations were performeddol @ll the crystallised lithiated bulk
as was done for other Tiano-architectures. A cooled bulk structure withliium
atoms is shown in figure 4.64 and depicts cleaattemns and tunnels, with lithium atoms

located within the system. The total radial disttion functions of the bulk with 50
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lithium atoms at different temperatures, for boifi"D* and T#*-O* interactions, are
reflected in appendix E. Peak heights increasbagtemperature is reduced from 1500 to

0 K and sharper peaks are noted at lower tempegatur

Figure 4.64: Cooled structure of the bulk TiQ with 50 lithium atoms.

The microstructure of the bulk with 50 lithium atens illustrated in figure 4.65 and it
shows no octahedra straight or zigzag tunnels asther nano-architectures, hence
suggesting limited tunnels. Lithiation of the bulkO, appears to have destroyed most
tunnels that were observed in the pure bulk amdulih atoms have filled the vacancies
that are within the system. The simulated bulkcitne, TiQ: a-PbQ and experimental
(Dambournet et al. 2009) XRDs are depicted in #g66. Simulated diffractions show
sharp peaks than the experimental ones. At 272 &ndl 62 ° peaks tend to agree with
brookite and Ti@ a-PbQ. At 37 and 56° they correspond to all polymorphs67 °

they are aligned with the rutile structure.
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Figure 4.65: Microstructure of the cooled lithiatedbulk TiO , with 50 lithium atoms.
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Figure 4.66: XRDs of simulated TiQ bulk with 50 Li, TiO,: a-PbO, and

experiments (Dambournet et al. 2009).
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The cooling procedure was applied to the recrystadibulk TiQ with 100 lithium atoms

and the corresponding structure is shown in figlu@7. More tunnels are observed
throughout the structure especially in the middle@ampared to the recrystallised bulk at
2000 K. Total RDFs of the system are illustratechppendix E. They show a similar
trend of the peaks throughout the graph, especiabynd peak of 2 A. The peaks are

higher and sharper at lower than at higher tempersit

Figure 4.67: Cooled structure of the bulk TiQ with 100 lithium atoms.

A simulated microstructure of the bulk Ti@ith 100 lithium atoms is shown in figure
4.68. Tunnels are not observed on the system dhdini atoms are occupying the

vacancies. The microstructure depicts complex defdmost through the whole system.
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Figure 4.68: Microstructure of a cooled lithiated ulk TiO , with 100 lithium atoms.

Simulated XRDs for the bulk, TEDa-PbQ and experiments (Dambournet et al. 2009),
which are superimposed, are given in figure 4.68eyl show peaks that mainly
correspond to experimental results of brookitelewnd to the calculated TiOa-PbQ
structure between 25 and 70 °. The peak usuallgrebd at 27 ° has disappeared. At 37,
57 and 63 ° peaks are associated with brookitge rand TiQ: a-PbG, structures, whilst

at 67 ° a peak is associated with the rutile ar@@bTa-PbQ, polymorphs.
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Figure 4.69: XRDs of the bulk simulated TiQ with 100 Li, TiO2 a-PbO, and

experiments (Dambournet et al. 2009).
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A cooled structure of the bulk with 300 lithium ats is given in figure 4.70 and clear
patterns are observed and more visible as comparttht of recrystallised structure at
2000 K. Few tunnels are observed at the edge ofbthle. Total radial distribution

functions of the bulk with 300 lithium atoms arkigitrated in appendix E. The peaks are

lower and broader at higher than at lower tempegatu

Figure 4.70: Cooled structure of the bulk TiQ with 300 lithium atoms.

Simulated microstructure of the bulk with 300 lithh atoms is depicted in figure 4.71.
More lithium atoms are clustering and no pattermstumnels are observed on the
microstructure. The lower layer of “fioctahedra is not clearly visible as compared to
that of the bulk with 50 and 100 lithium atoms. Tk structure for 300 Li atoms has
short twinned tunnels unlike those of 50 and 100atams; hence it shows that the
structure is rutile since the micro twinning is @dated with rutile structural
arrangement. In figure 4.72, XRDs of the bulk stinwe with 300 atoms are compared to
those calculated from TiDa-PbG, structure and the experimental results (Dambournet
et al. 2009). Simulated bulk T}Oshows sharp peaks while the measured ones are
broader. Peaks at 27, 33, 37 and 65 ° are aligiitedthe brookite structure, although the

one at 27 ° is very small. At 33, 37, 45, 63 and §eéaks correspond to the Bi@-PbQ
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structure. Peaks at 37, 54 and 63° and a smootle @aiound 50° are aligned with the

rutile structure. Hence all three polymorphs arespnt in the simulated bulk with 300

lithiums.

Figure 4.71: Microstructure of the lithiated bulk TiO,with 300 lithium atoms.
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Figure 4.72: A comparison simulated TiQ bulk with 300 Li, calculated TiO: a-

PbO, and experimental (Dambournet et al. 2009) XRDs.
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4.4 Discussions

All amorphous nano-architectures of fi®ere inserted with 50, 100 and 300 Li ions. It
has, however, been observed that the nanoshegiastzly crystalline before and after

lithiation. Such partial crystallinity is confirmedy an almost constant plot of

configuration energy as a function of time. Litleidtnanostructures were successfully
crystallised and cooled as evidenced by their gomfition energy vs. time and RDFs
plots. After recrystallisation and cooling, mostidns are located within systems which
indicates that Ti© nano-architectures can host Li ions; consisterth vgimulation

studies on nanoporous of Mp(Bayle et al. 2009b).

On the other hand, it has been noted that immdgiafter crystallisation some of the
lithium atoms reside outside the nano-architectug@agantification for the nanosphere,
as an example, shows that for a nanosphere witithtidms, 18 lithiums moved out and
32 remained. In the case of 100 lithium atoms sys#3 lithiums moved out and 57
remained and for 300 lithiums nanosphere 180 mawgcind 120 remained. However,
on cooling, the lithium atoms are re-incorporatetbithe nanosphere, with a few
remaining outside. It is suggested that during tatlysation, the TiQ crystallises into
the brookite and twinned rutile structures andaheamorphous Ti or O species adhere
and extend the crystal at the crystallisation frahe Li is pushed out as it does not
extend the brookite and twinned rutile crystal ctinoe. However, on cooling, there are
1D tunnels that the Li can move through hence gusnised that the Li at the surface
then moves into the 1D tunnels exposed at the sairfahe same argument can be

extended to other TiOnano-architectures.

Calculated XRDs of simulated nanosphere, nanoporbuk and nanosheet T;O

display peaks which accord well with the brookitatile and TiQ: a-PbQ, structural
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arrangements. Superimposed XRDs of lithiated naobHactures are shown in
appendix C, where those of the nanosphere app&ar least affected by the increase of
Li concentration. In other architectures XRD peaksigher angles, especially 57 and
67 °, appear broader for the nanosheet (associatedredticed crystallinity) at higher
lithium concentrations. Furthermore, they tend faftsto lower values for the
nanoporous with increasing content of lithium, whicould be partly ascribed to an
increase of the rutile phase. In regard to the il the first peak at 27 associated
with the brookite structure disappears at high#ndm concentrations. In addition,
peaks at 57 and 67shift to lower values and a new peak emerges enight of the
latter; all such changes suggest an increase ofutiie polymorph, in agreement with

observed changes on the microstructures of the ik

We now discuss the observed impact of lithiatiomaoleation and crystallisation of the
various nano-architectures of THOA comparison of plots of configuration energy
against time for pure (Figure 3.8) and lithiatedg(ife 4.3) TiQ nanosphere shows a
short nucleation period in the former which appearse diminished in the latter, hence
suggesting that lithiation accelerates crystailisgat especially for the 50 Li atom
system. However, as the Li concentration is in@dato 100 and 300 Li atoms,
crystallisation appears to be suppressed as ewddngcthe reduced slope of the energy
vs. time plots. In the nanoporous structures,ditbn appears to extend the nucleation
phase and the reduced rate of crystallisation it quronounced in the 300 Li doped
system. The manifestation of the delayed crystdibs by lithiation is quite distinct in
the bulk TiQ. Indeed extended nucleation phases are displagddtteese tend to
increase with increasing Li content. In all nanokdtectures, crystallisation was not

achieved at higher Li concentrations; particulasiyer simulation times equivalent to
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and higher than those used in the current workhgpe this could be feasible for very

long periods of simulations.

Discussions above clearly point to the promotiommiorphisation by lithiation in most
TiO, nano-architectures, and in particular within tbatext of simulated structures with
predominantly brookite polymorph. This behaviour denfirmed by experimental
investigations, where XRD studies on different eg&af Li insertion and de-insertion
reactions suggest that the Brookite framework i®r@msed during discharge, with a
partial recovery of the crystallinity upon (re)chang (Reddy et al. 2008). A further
investigation, involving a combined PDF and DFT aghes, clearly indicated that the
TiO, connectivity within the brookite framework remainiatact upon lithium
intercalation (Dambournet et al. 2011). The fledipiof the framework with five-fold
coordination environment for the Li ion, which, part, allows it to accommodate the Li
ions, is also responsible for the broadening of Bragg reflections and apparent
reported amorphisation. On the contrary lithiatampears not to substantially perturb or
annihilate partial crystallinity of the Tihanosheet, at equivalent concentrations, since
no nucleation phase is observed in the configunadgeinst time curve. As mentioned in
section 1.3 under literature review, the synthe$i3iO, nanosheets is very recent as
compared to other nano-architectures and is recktméave excellent rate capabilities

(Dylla et al. 2012).

A comparison of microstructures for pure and liteth bulk TiQ after crystallisation
and annealing is quite informative. The observedrostructures of pure TiOreveal
various patterns; twinned straight and zigzag timigeigure 3.54) and ordinary 1x1
tunnels. However, in the 50 Li doped bulk Fithe twinned patterns are not obvious. On
the contrary Li ions appear to be trapped in the timnels, and what is more interesting

the 2x1 tunnels that tended to occur in the ranisgldVinO, are visible. As the Li
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content is increased to 100 and 300 shorter turmidisoctahedra are noted, but they do
not appear accommodate Li ions; on the contrary geem to be located in the Ti
vacancies. An increase in the rutile type 1x1 tiswweéth concentration is in good

agreement with XRD results which suggest enhanateé polymorph.

Microstructures of the nano- sphere, sheet and usofbiO, architectures respond
differently to Li insertion when compared to thdkbuMost display straight and zigzag
tunnels in the pure phase, associated with thenwdrutile and brookite polymorphs
respectively, and such patterns are mostly retamiéer Li is inserted at varying
concentrations, i.e. from 50 to 300 Li. The Li i® predominantly located in such
tunnels, as demonstrated by both upper and lowerdaormed by Ti octahedra. This
could suggest that the tunnels of the nano-ardhites are robust and flexible enough to
accommodate Li ion and to allow its passage asffitsgts in an electrode. The bulk
structure appears not be conveniently providindhsuatth, hence its poor performance
when used in electrodes for Li-ion batteries. Swmelmo-architectural attributes are
further elucidated by advantages associated witiosaling which were discussed
extensively in Section 1.3 on literature reviewadtidition, the supremacy of nanoporous
over nanoparticle architecture has also been autlitn most polymorphs, since the
former has characteristic grains as well as poeasiyiin the same scale. Similar trends
have been noted in simulation studies of Li inserinto various nano-architectures of

MnO, (Sayle et al. 2009a,b and Maphanga et al. 2011).

153



Chapter 5

Conclusions and Recommendations

5.1 Conclusions

This is the first study where various simulatedaiarchitectures of Ti@i.e. nanosphere,
nanosheet, nanoporous and bulk have been sucdgsgnerated, at different lattice box
sizes with the bulk being the smallest, using amisgiion recrystallisation method. We
obtained two nanoporous structures at lattice bé6ge& and 66 A. They mainly differ by
channel size with the nanoporous of lattice boxA6Maving the small channel and
nanoporous of lattice box 66 A having a larger ofk.grown nanostructures have
recrystallised, as shown by their RDFs, structued graphs of configuration energy
against time. However, the configuration energg &sction of time graphs show a clear
amorphise-crystallisation transition for the narfese, two nanoporous and bulk
architectures. Such transition was not distinct tie nanosheet, since it was patrtially
crystallised before the actual crystallisation wgh NVT ensemble was carried out.
XRDs of TiO, nanostructures were calculated using copper amdsiource, and those of
copper agree better with the experimental reséltscalculated X-ray diffractions of our
structures suggest that the systems are mostlyawkhe, TiG: a-PbQ, (isostructural

with brookite) and twinned rutile structural arrangents.

Microstructures of nanostructures have predomigamstraight tunnels, which are
associated with the twinned rutile type and zigragnels, which are related to the

brookite structure. The tunnels are formed by titanoctahedra in which lithium can be
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inserted. The simulated microstructures of the shaet and nanoporous structures are in
good accord with the experimental high resolutiengmission electron microscope

images. Some microstructures have vacancies whiclpe filled by lithium atoms.

Amorphisation and recrystallisation technique hiae #een successfully employed, for
the first time, to generate nano-architectures aO,T with different lithium
concentrations. Plots of the total RDFs and coméiton energy vs. time for lithiated
nanospheres confirm that systems have crystalli$bd. change of the configuration
energy shows an amorphise-crystalline transitiod ean estimate the latent heat of
crystallisation. Cooling of all lithiated nanospegrwhere successful as confirmed by
their sharp RDFs. Microstructures of lithiated ngpileeres show that the systems can
host and transport atoms which suggest that itbeaa good anode material. Their XRDs

confirm a brookite structural arrangement and they accord with those of TiOa-

PbG.

Lithiated nanosheets have all recrystallised, thisonfirmed by their RDFs and their
structures. Configuration energy was constant tjinout and there is no obvious
amorphous-crystalline transition since after litima the structures show patterns. All
lithiated nanosheets were cooled gradually and sBhaep RDFs peaks. Nanosheets have
been characterised by XRD and correspond to thekkeo and rutile TiQ when
compared with the experimental results. They atsmwssimilar peaks as those of BiO
a-PbG. Created microstructures show a good anode misan@ze the system appears to

host and transport lithium.

All lithiated nanoporous structures related to ldigice box of 66 A have recrystallised,
which is confirmed by their RDFs. The plot of thenfiguration energy as a function to

time changed as a confirmation of amorphous-crys¢atransition. RDFs of all lithiated
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nanoporous structures confirm that the systems bawked gradually. Nanoporous have
been characterised by XRD and correspond to thekhleo and rutile TiQ when
compared with the experimental, and they are acwotidl the x-ray of TiQ: a-PbG.
Created microstructures show a good promising antaterial since the system can host

and transport ions.

Lithiated bulk structures have crystallised whick confirmed by their RDFs.

Configuration energies as a function of time shoavdransition of amorphise to

crystalline phase. The microstructures of the abgkeuctures show very limited defined
tunnels. Lithiated bulk cannot act as an anode magt¢his might be the reason for not
having much work on bulk as an anode material. XRiB® confirm the presence
elements of the three polymorphs noted in otheo+sdructures, although some of the
peaks associated with the brookite and ,Ti@PbG structures tend to disappear at

higher concentrations.

Generally, it can be concluded that XRDs and micootures of simulated nano-
architectures concur well on types of Fi@blymorphs that are present. The insertion of
higher lithium concentrations in TpOnano-architectures appears to extend the
amorphous phase and delay crystallisation, and babkaviour has been noted

experimentally for the brookite T{O

On the whole the current study, which has employbd amorphisation and
recrystallisation method, has, for the first tinseicceeded to spontaneously generate
simulated nanosphere, nanosheet, nanoporous akdtouttures of TiQ It has further
provided, at an atomistic level, valuable strudturasights that account for the promotion
and suppression of Li ion transport in }jChence explaining why certain nano-

architectures serve as good candidates for lithiom battery anode, whereas others,
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particularly the bulk phase do not. The generatind characterisation of such simulated
structures have laid a solid foundation and opeaedavenue for the prediction of
conditions under which such electrodes will undeefectrochemical and mechanical

failure.
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5.2 Recommendations

In the current simulations, lithiation has beeneetitd by crystallising lithiated
amorphous structures for various nano-architectundsch is equivalent to chemical
lithiation. It is recommended that in the futurgstalline nano-architectures of Ti®e

lithiated and related changes in mechanical pragsertvhich influence the lifespan of
battery electrodes, be studied. Such an approakthh&iequivalent to electrochemical

lithiation and it tends to accommodate higher cotrations of lithium.
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M. G. Matshaba, P. E Ngoemnd D. C Sayle, Atomistic simulation of lithiated

nanostructured of titanium dioxide (T4 Materials Modelling Centre, Department of

Physics, University of Limpopo (Turfloop Campus@.So be published soon.
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Appendix B

Papers presented at the conferences

Local

M.G. Matshaba*, P. E. Ngoepe* and D. C. Sayhtomistic simulations studies of TiO
nanostructures.” Centre for High Performance Compget{CHPC) Meeting 2010
December 07 — December 09. Westin Grand Hotel, Capa, South Africa (SA).

* Materials Modelling Center, School of Physical and Mineral Sciences, University of Limpopo, SA.

# Cranfield University, Defence Academy of the United Kingdom, Shrivenham, Svindon, UK.

M. G. Matshaba*, P. E. Ngoepe* and D. C. SAykmorphisation and recrystallisation
of pure and lithiated titanium dioxides”. A B®irthday conference in honour of Prof. P.
E. Ngoepe 2013 Januari' & 9". R40 University of Limpopo Turfloop Campus, South
Africa (SA).

* Materials Modelling Center, School of Physical and Mineral Sciences, University of Limpopo, SA.

# Cranfield University, Defence Academy of the United Kingdom, Shrivenham, Snvindon, UK.

International

Malili Matshaba*, Phuti Ngoepe* and Dean S&ytétomistic simulation studies of
nanostructured Ti® American Physical Society (APS) March Meeting 2(Hebruary

27 - March 2. Boston Convention Center, Massaclksjséinited States of America
(USA).

* Materials Modelling Center, School of Physical and Mineral Sciences, University of Limpopo, SA.

# Cranfield University, Defence Academy of the United Kingdom, Shrivenham, Swvindon, UK.
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M.G. Matshaba*, P. E. Ngoepe* and D. C. S&§fgomistic simulations studies of TiO
nanostructures” International Battery AssociatitBd) Meeting 2011 April 12 — April
15. One and Only, Cape Town, South Africa (SA).

* Materials Modelling Center, School of Physical and Mineral Sciences, University of Limpopo, SA.

# Cranfield University, Defence Academy of the United Kingdom, Shrivenham, Swindon, UK.

Phuti Ngoepe*, Malili Matshaba* and Dean S&yi&tomistic Simulation Studies of the
Bulk Lithiated TiQ” American Physical Society (APS) March Meeting 3March 18 —

March 22. Baltimore, Maryland, United States of Aioa (USA).

* Materials Modelling Center, School of Physical and Mineral Sciences, University of Limpopo, SA.

# Cranfield University, Defence Academy of the United Kingdom, Shrivenham, Swindon, UK.
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Appendix C

X-ray diffractions of unlithiated and lithiated nan ostructures

combined in the same axis.

C1: X-ray diffractions of nanosphere
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C3: X-ray diffractions of nanoporous (Lattice box @A)
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Appendix D

Snapshots showing the progress of nucleation andystal
growth.

D1:TiO, nanosphere.

1200ps

2500ps
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D2:TiO, nanosphere with 300 lithium atoms.
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Appendix E

Radial distribution functions of lithiated nanoporous and bulk
after recrystallisation and during cooling

E1: RDFs of the TiO, nanoporous structure (related to 66 A) with 50 lithum atoms

after recrystallisation at 2000 K.
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E2: RDFs of the TiO, nanoporous structure (related to 66 A) with 100 liium atoms

after recrystallisation at 2000 K.
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E3: RDFs of the TiO, nanoporous structure (related to 66 A) with 300 thium atoms

after recrystallisation at 2000 K.
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E4: Total RDFs of the bulk TiO, with 50 lithium atoms after recrystallisation at

2000 K.
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E5: Total RDFs of the bulk TiO, with 100 lithium atoms after recrystallisation at

2000 K.
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E6: Total RDFs of the bulk TiO, with 300 lithium atoms after recrystallisation at

2000 K.
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E7: Total RDFs of TiO, for the Ti**-O% interaction, at different temperatures, in the

66 A cooled nanoporous structure, with 50 lithium toms.
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E8: Total RDFs of TiO, for the Ti**-O% interaction, at different temperatures, in the

66 A cooled nanoporous structure, with 50 lithium toms.
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E9: Total RDFs for the Ti**-O? interaction, at different temperatures, in the 66A

cooled TiO, nanoporous structure, with 100 lithium atoms.

25

— 1500K

g(r)

r (Angstroms)

E10: Total RDFs for the Ti**-O? interaction, at different temperatures, in the 66A

cooled TiO, nanoporous structure, with 100 lithium atoms.
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E11: Total RDFs for the Ti**-O? interaction, at different temperatures, in the 66A

cooled TiO, nanoporous structure, with 300 lithium atoms.
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E12: Total RDFs for the Ti**-O? interaction, at different temperatures, in the 66A

cooled TiO, nanoporous structure, with 300 lithium atoms.
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E13: Total RDFs for the T*-O? interaction, at different temperatures, in the coted

bulk structure, with 50 lithium atoms.
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E14: Total RDFs for the Ti**-O% interaction, at different temperatures, in the coted
bulk TiO ,, with 50 lithium atoms.
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E15: Total RDFs for the T*-O? interaction, at different temperatures, in the coted

bulk structure, with 100 lithium atoms.
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E16: Total RDFs for the Ti**-O? interaction, at different temperatures, in the coted

bulk structure, with 100 lithium atoms.
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E17: Total RDFs for the T*-O? interaction, at different temperatures, in the coted

bulk structure, with 300 lithium atoms.
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E18: Total RDFs for the Ti**-O? interaction, at different temperatures, in the coted

bulk structure, with 300 lithium atoms.
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