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Lithium -ion and Sodiumion microbatteries

Abstract:

The aim of this thesis is to gain a deepeaderstanding of the anatase TiO
nanotubes as negative electrodes in lithiom and sodiumon microbatterie by
researching their fundamental intercalation procestks nanestructuring of the
anatase Ti@electrodes allows to improve their electrochemical behaviour, and thus
the batteries capacities. To this end, a DFT study of the lithium and sodiunoimserti

into the anatase bulk, slab and nanotubes has been carried out.

The study shows that thanaase TiQ exhibits a higher reactivity towards
sodium than towards lithiupmesulting intwo differentinsertionmechanismsLi ions
are intercalated via awo-phases equilibriumwhile Na ionsinsertion occurs
spontaneously without phase transformations high reactivity towards sodium may
induce Na trappingpartly explainingthe irreversible capacity losses observed during

the first cycle.

The sodium ias are favourably adsorbed above all the oxygen atoms of the
anatase surface and spontaneously inserted intoutfeces However, the surface
reconstruction is restricted by the electronic repulsion of the Na ions. This limited
stability of the sodiatedwsfaces can be a possible explanation of their transformation

into amorphous structure.

The most favourable intercalation sites of the nanotubes are located in their
external wall stabilizing thent-TiO, structure Li and Na ionsare also favourapl
adsobed ontop the outermost oxygen atomexplairing why more external wall
exposure exhibit better capaciti®eactivity withthe internalall is spontaneoufor
Li ions, whilethe Na ions require low potentials and are associattédrupturing
Ti-O bonds in agreement with the formation of amorphai§iO2 below 0.5 V vs
Na/Na'.
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Abstract

The aim of this thesis is to gain a deepaderstanding of the anatase TiO
nanotubes as negative electrodes in lithiom and sodiumon microbatteriesby
researching their fundamental intercalation procesfks nanestructuring of the
anatase Ti@electrodes allows to improve their electrochemical behaviour, and thus
the batteries capacities. To this end, a DFT study of the lithium antdhsagsertions

into the anatase bulk, slab and nanotubes has been carried out.

The study shows that thanatse TiQ exhibits a higher reactivity towards
sodium than towards lithiupmesulting intwo differentinsertionmechanismsLi ions
are intercalded via a twephases equilibriumwhile Na ionsinsertion occurs
spontaneously without phase transformations high reactivity towards sodium may
induce Na trappingpartly explainingthe irreversible capacity losses observed during
the first cycle.

Lithium ions are intercalated spontaneously with higher capacities into the
surfacethan into théoulk andcan exlain the capacities exceeding the theoretical bulk
value reported for the nanostructured electrodes. The lithium intercalation induces a
gradualstructuralreconstructionforming a rock salt LiTiQ phase but its inward

growth is limited to a femanometres

The sodium ions are favourably adsorbed above all the oxygen atoms of the
anatase surface and spontaneously inserted intoutfeces However, the surface
reconstruction is restricted by the electronic repulsion of the Na ions. This limited
stability of the sodiated surfaces can be a possible explanation of their transformation

into amorphous structure.

The most favourable intercalation sitef the nanotubes are located in their
external wall stabilizing thent-TiO structure Li and Na ionsare also favourapl
adsobed ontop the outermost oxygen atomexplainng why more external wall
exposure exhibit better capaciti®eactivity withthe internalall is spontaneoufor
Li ions, whilethe Na ions require low potentials and are associatédrupturing
Ti-O bonds in agreement with the formation of amorphausO2 below 0.5 V vs
Na/N4.
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Chapter 1

Introduction

TiO2 nanotubesire a pronsing materiahs negative electrode for lithiuion
and sodiurrion microbatteries.This threedimensional (3D) nanarchitectured
electrode improve the areal capacity of the microbatteries by 65% compared to a two
dimensional (2D) thin filmh First-principles calalations werearried out in this thesis
to gain a deeper understanding of both the chemical and structural changes occurring

in this electrodegand hence optimize its performances.

1.1 Aims

The miniaturization of portable devices requires the developmepbwér
sources at the micrometer scale, which is a huge potential mEnkiet.microbatteries
are used for remote and nomadic powering of autonomous portable devices, such as
microelectromechanical systems (a system where a component, such as a sansor or
actuator, is built directly on a computer chip and powered by its own microbattery),
implantable medical devices, RFIDs and many othédsving to the high energy
density, the microbatteries are-ibn batteriesHowever,the similar electrochemical
properties of sodiumcombined with its abundance and low cdsiye recently
encourage the scientists talevelopNa-ion batteriesas a promising and cheaper
alternative to the Lion ones. Théow energy per unit area and thfetime of actual
microbatteries,based on the 2D thin film technology, are holding back the
development of the latter applicatioi@hanging the configuratioof the electrodes
from 2D to a 3D nanarchitectureis one of the ways to improve the electiemical

performances



Titania canselforganizeinto amorphousnanotubes rt-TiO2) thanks to a
templatefree, simple anodization proceleading to an increase of the microbattery
capacities by 65%Moreover, he anodizatiomprocess allows a good eldacal contact
between the active material and the current collector, excluding the use of additives
such ascarbon blacks or polymer bindér The amorphousit-TiO, can then be

transformed into anatase ones by annealing.

Recently polymerelectrolytewas successfully electrodeposited inside 2TiO
nanotubel opering the way to an electrochemically fabricated 3D microbattery.
Nevertheless, the fundamental processes involvatdTiO. as negative electrode are
still poorly understood while further improvemsmequire a deeper understanding of
both the chemical and rattural changes occurring in this electrod2ensity
Functional Calculations (DFT) allows to access information on the electronic structure
of the atoms. Thelevelopment of software like thgeriodic CRYSTAL code that
fully exploits the helical rototranslational symmetry of the nanotube stryctiloes
to drastically reduce the computationaimé’. Thus, nt-TiO2 containing several

hundreds of atomarereachake by firstprinciples studies.

The three layers thick (3ML) [001] anatas®#-TiO, are one of the rare
nanotube models toexhibit a negative strain energyerthe whole diameter range,
indicating a higher stability of the nanotube compared tocthiessponding 3 ML
sheetThis result points out the favourable formataimanotubes and make the 3ML
[001] anataset-TiO: a suitable moddb acquire a better understandingnefTiO as
negative electrodd.his modelhasneverbeenused before fothe stug of lithium or

sodiumintercalationto the best of our knowledges.

The aim of this thesis is tgain adeeperunderstanding ofhe lithium and
sodium intercalations into the nanotubular anatase electrodesebps ofDFT
calculationsTheidentificationof the most favourablmtercalation sitepresent in th
nanotubesvill helpto determinehe most suitablent-TiO> architecture The length,
diameter and wall thickness of the nanotubes produced experimentalifyecdre
designed by changing the elecinemical parameters (potential, time, electrolyte

composition}o fabricatemicrobatteries with enhanced performances



The first objective of this work is &tudy the cation intercalations into the bulk
at different concentrations using the sage®mety constraints as the ones required
for the modelling of nanotubes. The results obtainedtivelhbe compared with the
previous theoretical studide isolate the influences of these constraints. The bulk
studies also allowto constitute acollection of reference data from where the
intercalationinto the slab and nanotubeanlaterbe compared

In asecond phase, the cation insertions into the slab will be investiJdisd.
part will allow to better understand the role plays byahataseurface onhe cation
intercalations and thus onthe battey capacities.Another advantage of the slab
calculdions is their low computational doghat allows to explorenany different
configurationsLike for the bulk, the calculations carried out on the slab failin a
collectionof reference data from where the influence of the strain energy present in
thenanotubes will be later be isolated.

The last step will be to study the cation intercalations into the nanotubes using
the 3ML [001] anatasent-TiO> rolled yp along the rf1,0) direction as modelThe
calculations will help tdetter understanidow the narrowing and the wideningthe
octahedral siteiduced by the strain energy affect the cation intercalatitms study
will also allow to determiaif other phenomenasuch as insertion into the tetrahedral

sites or favourable cation adsorptions at the surtaegpresent in the nanotubes.

The lithium and sodium intercalation will be compared throughout the
Chapter 3o describesome phenomerabserved gaerimentally, such asthe absence
of potential plateaduring the cycling of the sodiated electrodeshetransformation
of the anatase nanotubieso amorphous ones when Na ions are intercalated at low

voltages.



1.2 Background

1.2.1 The Li-ions batteries

Batteries are devices made of electrochemical cells that convert electrical
energy into chemical energy by means of redox reactuithshe potential tstore it.
Each cell contains an anode or negative electrode, a cathode or positive electrode and
an ekctrolyte that separates the two electrogesistingion transfer between them.
When these two electrodes are connected, electrons flow spontaneously from the
anode that is oxidized to the cathode which is reduced. For a certain number of
batteries i.e. secondary batterieshe electrochemical process can be reversed by
applying a current on the opposite direction that restores the chemical composition of

the electrodes and thus recharges the agltetailed in Figure 1.1.
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Figure1.1: Charge and discharge mechanisms of a lithium batteries

Several parametetbat depend on the chemistry of the system allodetine
the batteryproperties Among them arehe cell voltage, expressed in vothat
representshe difference between the potential of each electrodthe capacity, in
amperehour per gram, that casponds to the quantity of electricity that can be stored
per gram of active material. This variable can be deduced from the number of
exchanged etgrons per gram of material and is an intrinsic property of the active

material.



Lithium is the lightest da element of the periodic table, with a molar mass
equal to 6.491 g.mdl and a density equal to 0.53 g&mas well as the most
electropositive ratal ¢3.04 V versus standard hydrogen electrode). Due to the
properties of Limetal, this element has fodirattraction as the anode, allowing the
design of storage systems with high energy density that aroused the interest of the
scientists during the pvmus century. The first work about lithium batteries wa
initiated by G.N Lewis in 1912 and the first commercialization occurred in 1970 thanks
to the development of insertion cathode materials by S.tMtiant®. This first
commercialized battery @ made of a lithium metal anode, a sJItathode and an
organic electrolyte. However, the formation of irregular depdsité lithium
(dendrites) during the charge lead the metal anode to reach the cathodwrnd s

circuit the electrochemical cell, introducing safety issues.

Two main approaches were developed to reduce the growth of delidites
first one consists on replacing the liquid electrolyte by a solidwhese mechanical
properties stop the growth of the dendrites avoiding to short circuit the cell. The solid
electrolytecan be a polymer, leading to the-s@a | | ed @Al i thium pol
technology, or a solidtate inorganic electrolyte as it is illtstied in Figure 2a®3.
The other approach is to replace the metallic anode by a low potential insertion

material, such as graphifeas it is displayed in FigureZb*®.

The | atter solutiomni Landfearyroed etchi nad
the lithium is only present in its ionic state. The first lithium ion batteries were
commercialized by Sony in 19%¥1using graphite ashe negative electrode (anode),

LiCoO. as the positive electrode (cathode) and a solution of sLd#$Solved in

ethylene carbonate (EC) anigtthylene carbonate (DEC) as the electrolyte.

The very low Li intercalation potential exhibited by the graphitelifates
lithium electrodeposition on the electrodes. As a result, even a slight overcharging of
the battery can lead to the growth of detedrthat can easily cause short circuits and
destroy the battery cell by causing serious runaway exothermic resittidhis

problem brought the scientists to look for alternative negative etertmaterials.
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1.2.2 The TiO2 nanotubes as anode for norobatteries

The high intercalation potential exhibited by the titanium dioxide electrode
(1.75 V versus LiLi redox couple) eliminates the risk déndrites formatioin case
of overchaging, and make Ti@a promising alternative negative electrode malér
Macklin and Neaf were the first to report the high capacity and reversibility of lithium

insertion into titanium oxide electrodes for battery applications.



The theoretical capacity of graphite is 3@®A.h.g?, while TiO; anatase
theoretically raches 168mA.h.g*. However, this modest capacitgn be improved
by moving from a planar (2D) configuration to 3fanoarchitectured electrode
structure exhibiting larger specific atéarhus,the interfacial area between active

components of the batteirycreasesvhile the diffusion distancegmainshort

In 1999, Zwilling et af° reported for the first time the possibility to form
organized porous Ti®structures by anodization of titanium in an electrolyte
containing chromic acid and hydrofluoric acid. The nanotubtitanium oxide
(nt-TiO2) produced by anodization has then gaingaificantattention as a material
with increased versatility. Among thdifferent applications, it opened up the
possibility using nanostructured titania as a possible negataterial in Lkion
batteried!. The first electrochemical study on lithium storagseltsupportedt-TiO2

obtained by electrochemical anodization was published by*Fangl. in 2008.

Current collector \

Cathode materials —

—
Electrolyte
Current collector / Current 2D microbattery

Current collector

T

Cathode materials —

Electrolyte

TiO, nanotube

Conducting Ti %M‘

Ideal 3D microbattery

Figurel1.3: Schemait of the 2D and 3D thin film microbatteries.



One of the main advantages of the anodization processgenerate a good
electrical contact between the active material and the current collector, excluding the
use of additivessuch ascarbon blacks or pgmer binders that are currently used in
compasite electrodesas shown in Figure 1.3The anodization process generates
amorphousit-TiO>. However, these amorphous nanotubes can be easily transformed
into anatase ones by annealing at-580°C temperatuserangé®. The good discharge
capady and cycling stability makent-TiO> very promising material for Li-ion

microbatteries

Among all polymorphs of titania, the anatase structure is a potential candidate
due to the good lithium intercalation behaviassociated to enhanced safety, lovi-sel
discharge, good capacity retention on cycling and high péw@ther polymorphs of
TiO2 have also been studied as the negative electrodeiam lbatteries. Examples of
different starting material imede rutile, anatase or TiB, as diplayed in Figurel.4
where the titania and oxygen atoms are represented in grey and red, respectively.

Rutile

Anatase

Figurel.4: Anatase, rutile and Ti&XB) polymorphs where the grey and red spheres represent the

titania and oxygen atoms, respectivély



The lithium intercalation into rutile is negligible at room temperatusdile
TiO2 (B) is a very promisingntercalation material with a reported capacity of 305
mA.h.g! for electrodes made of T¥QB) nanowire$'. However, the nanowires
require the use of composite electrodE. ion insertioninto the crystalline anatase
phase is possible up to 0.5 Li per Ti reaching a theoretical capacity value of 168
mA.h.g! ?’. The nanostructed anatase electrodemade of nanosheet§ or
nanotubes’ exhibit a capacity of 200 mA.hlg

The important role played by the anatase surface was highlighte2bivby
Lindstrom et af® who observed a particularly high capaciyr the nanoporous
anatase Ti@films andattributedit to Li ions adsorption at the surface. Ten years
later, Wang et ai* studied the pseudocapacitive contributions to electrochemical
energy storage in anatase Ti@noparticles. This study showed that the charge stored
at the surface of the Tikdrom the pseudocapacitance storage mechanism contributes
to the totalcharge storage of the nanoparticles. The effects on capacities become

increasingly important for particles sizes under 10 nm.

Zhang et af’ reported the pseudocapacitive contribution to the
electrochemical energy storage for different nanotubes ofimeluding tre anatase
ones. The importance of this contribution depends on the phase and morphology of
thent-TiO2. The pseudocapacitive Li ion storagih respect to oriented anatase
TiO2grown by anodization was studied by Zhu et'alhey showed that the anatase
nt-TiO2 electrodes have both pseudocapacitivé &ficrage associated with the

nanotube surface and the lstorage within the bulk material.

The relative contribution of the pseudocapacitive and bulk storages depends
strongly on the scan ratAt low scan rates, the bulk Lstorage dominates the total
Li* storage. However, at the scan rate of 1 mV/s, the pseudocapacitive storage
capacity has aimilar value to the bulk storage capacity and even overcome the bulk
one at higher scan rates. As a result, the storage’ afskbciated with the surface,
along wih the storage in the bulk T#Dcould explain the improved Listorage
capacity fornt-TiO». This study also showed that the pseudocapacitive bemasio
observed between 1.75 and 1.4V. The rate capability of the charge capacity for
nt-TiO> electrodes with different film thickness was also investigated and did not

show any thickess dependence.



This result implies that the electron transport acrosatti@:2is not the rate
limiting stepfor Li* intercalation/deintercalation process. It aledicates that the
electrolyte ion conduction within th&-TiO2 pores or between theanotubes is fast
enough. Similar investigation were recently conducted by Plylahan*using a
PEGMMA electrolyte (instead of EC/DMC). This study showed the

pseudocapacitive contribution is still present but less important.

A deeper study of lithium intercalation into anatase surface was carried out by
Wagemaker et af. using reflection mode grazing incidenéeray Absorption
SpectroscopyXAS) in powder samples ofanatase. For the largest glancing angle
measured, corresponding to a penetration depth of more than 50 nm, the spectrum is
recognized as that of ititanate (Ly.sTiO2). The corresponding edge position leads to
a Ti oxidation state of +3,4vhich is compeable to that of the bulk Litanate; +3.5
estimated fronX-ray Absorption Near Edge SpectroscgANES) measurements
in transmission mode. However, for a smaller glag@angle corresponding to a

penetration depth of aboutd3nm, the Toxidation sta¢ results in a value close to +3.

As a result, a thin Pt layer, with a XANES structure similar to that ob@
is formed on a L-titanate layer by the electrochemical intercalation of Li into anatase.
Moreover, after the first intercalan/deintercalation cycle, the fitop layer is also
present in the partly charged and deintercalated state, although thedhiiskmeeluced
to a fewAngstroms, meaning that this transformation is not fully reversible, and after

the first cycle, structral changes remain present.

The Extended XRay Absorption Fine Structur&XAFS) signal showed that
the neaneighbouratomic cofiguration of the first 4 nm, characterized by Ttates,
is comparable with that of the ttitanate phase. Therefore, & concluded that Li
intercalation into anatase TiQeads to the transformation toward thetitanate
structure in addition, a thin film of about 4 nm in thickness has a similar atomic

structure compared to dtitanate but with a Ti valence close to 3ikd in Ti2Og).
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The effective Ti* valence of thdirst 4 nmsuggests a composition close to
LiTiO2> in order to preserve local charge neutrality. Assuming a similar
crystallographic structure aghe orthorhombicLi-titanate (LiosTiO2), it seems
reasomble that in LiTiQ all of the available octahedral sites will be occupied by Li,
whereas in the Liitanate, every second site remains unoccupied. The thickness of the
layer is such that the charge cannot be compensated bydsmbed at the surface,
arnd additional Li iors are required to intercalate into the material for charge

compensation.

A further study was carried out by Wagemaker et®abn anatase
nanoparticles. It showed thte lithiation results into the formation of a LiTiphase
of approximately 4 nm, independent of the particle size. As a result, the particles of 7

nm were completely transformed into the Litjihase.

Anatase tansition into LiTiQ phase was reported ithe literatur€ under
cycling at 120°Cwhere the whole material was converted to composition x=1.
However, the cycle ability at elevated temperatures after the formation of the LiTiO
material is worse compared to the cycle ability up to a maximum caotiopas=0.5.

This might indicate that thiermation of the x=1 material fractures the anatase TiO
electrode material in such a way that it leads to a decrease of the capacity within a few

cycles.

Another mportantstudy was carried out by Bi et&lwho grewnt-TiOzinto
Ti foam. Thent-TiO2grown on foam exhibit much higher capacities thamtiBO>
grown from Ti foil. This study was carried out on amorpha$iO2. The nanotubes
grown on the curved foam amgore distant from each other, allowing a bettert@acin
between the electrolyte and the external wall. They also exhibit a more obvious
pseudocapacitive behawio On the other hand, Wei et dlreported the fabrication
of highly ordered anatas#-TiO,viaa two $eps anodization process. A continuous
nancring layer is formed at the top oft-TiO, avoiding any contact between the
electrolyte and the external wall of the nanotubes. The eléetnuical study of this
nt-TiO2 shows the absence of-lrtercalation ocarring at the surface, meaning that

the inner wall of the nanotubes does not exhibit pseagacitive behaviour.
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1.2.3 The anatase crystabtructure

Considering that the nanotubes, when in crystalline form, adopt the anatase
crystal structure, a closer undtmnding of this phase is discussed in more details.
Anatase is an insulating, nonmagnetic, and partially covalent ¢fystahtase has a
tetragonal symmetry, its space group(#)1/amd (lattice constantsa = 3.792 A,

c = 9.497 A¥°. The Ti atoms occupy thée positions of the s group wheeas the
oxygen atoms fill the8e positions. The rest of the volume consists of empty
octahedrons centered4tt positions and tetrahedronsldf special positiorf§. Thus,

the anatase structure can also be seenlaaim af distorted Ti@octahedrons sharing
four adjacent edgeshis stacking, equivalent in tleeandb directions, leads to empty

zigzag channels in the anatase framework

Figurel.5: Anataseconventionalnit cell (a) where the Ti atoms are displayed in grey and the O ones

in red; and a polyhedral representation of the anatase structure showli@dletahedror’ (b).

In a free ion, all thel orbitals are degenerate. In an octahedral field,dthe
orbitals split into two groups as shownHigure 1.6
- The dxy, dxz, anddy; orbitals are lowered in energy and ardemtively referred to as
thetzg orbitals.
- Thed;2 anddx2.y2 have higher energy and are labelleddferbitals.
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Figurel.6: Splitting of thed orbitals in an octahedral complex.

The octahedral crysa | field splitdThsdgtheenergygy i S
difference between thieg and ey orbitals. In an octahedral field, tleg orbitals are

destabilized bwyo03/b5 t@d swhe reeempatbtitdtiez ed b

free ion.

Nusplet al reported a further splitting of the, set of the titaniund orbitals
in the TiG anatase structuraftributed to thelistortedlocal TiOs geometry, vich is
lowered from Q@in an idealized framework to(Figure 1.7). The degeneratedy,
anddy; are higher in energy due to the edge sharing of the octahedrabodahdac
plares. The lowest energy orbitaldy are in theab planes where there is remlge

sharing®.

or Daq
g O
dy de de T d_xy' ________________
Anatase

Figurel.7: Splitting of titaniumd orbitals in going from ideal £to anatase (R)*.
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This distortion is seen in the calculated density of states (DOS) wiere t
valence band is predominantly of @p| character while the lower conduction band
consists of Tidx,) orbital£®. Theobserve band gap of anatase is approximately 3.2
eV* and the valence bandwidth measurel iray photoelectron spectroscof¥PS)
is 4.75 eVP. The values calculated computationally are strongly influenced by the
functionals and basists choicesThe anatase DOS computed by Koudriachova et
al28is shown in Figure 1.8t can be noticed that the band gap equals appuairigm
2 eV and thevalene bandwidti.83 eV, Lower occupiedbands consist of largely O

(29 character and lie 101 eV below the upper bands

0(2s) O(2p)  Ti(3d)

d d_

25 20 15 10 5 Ef 0
E(eV)

Figure1.8: Density of states (DOS) of bulk anatase #fOvB and CB represerihevalence and
conduction bands, respeatly.

Mulliken population analyses reported by Stasffamad Mackrodt et ai®
using Hartree Fock methodtiowed effective cation charges#f2.3 e and 2.5 e,
respectively. Both studies reportdthat the oxygen has an effective charge equal to
-1.15e.
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1.2.4 Theoretical studiesof the anatase surface

In anatase, both experimertfahnd computation&t studies proed that the
(101) surface is the most stable one. As a tethé first theoretical studyndithium
intercalation into anatase was performed using a bulk and a (101) $trfdeefirst
simulations onnt-TiO2> were also built by rolling up slabs cut along the (101)
directiorf’. However, allhese nanotubes exhibited a positive strain energy. The only
reported 3 monolayer thiait-TiO2 exhibiting negative strain energies over the whole

diameter range were built by rolling apslab cut along the (001) direct{én

The (001) surface is more reactive because of the unsaturated coordination of
the Ti atoms that are exclusively fivedlotoordinated (E)*°. The oxygen atoms
present at this surface are a mix of fully coordinated threefold oxygenan@

unsaturated twofold Qas displayed iffigure 19°°.

Figure1.9: Unreconstructed anatase (001) surface showing the coordiantion of the differeff.atoms
Reprinted (adapted) with permission fromereinc&®. Copyright 2014 AmericaChemical Society.

When the surface is allowed to relake bonds of the first four layers are
elongaed in thez-direction, resulting in an increase of the slab thickifeghe
distance separating two oxygatoms in thebulk z-direction equals 2.32& while in
the shb this distance varies between 2.52 A and 2.43 A depending on the position in
the structure (Figure 1.10)he significant elongationof the first layer can be

explained by the electronic repulsibetween atoms on the surfalce
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- 2.43 A

Figure1.10: Bond lengths of the optimized (001) anatase sutface

Another surface rearrangement is theplacemenof the Q¢ atoms closer to
one of the neighboring ddchairs, breaking the symmetry of the structure. Ortega et
al*® reportel that the T§-O.c bonds that were equivalent in the unrelaxed surface
(with a bond length of 1.93 A) become strongly inequivalent with bond lengths of 2.18
and 1.77 A as illustrated ifigure 1.1Q Vittadini et al®?> explain this particular
modification by the conflicting stabilization criteria of the (OGiatase surface.
Usually, the metal oxide surfaces are stabilized by a shortening of the bonds between
undercoordinated ions and a particular motion of the ions: the cations are moving
inward from the surface whereas the anions move outvrard the bulk pane. This
symmetrybreaking decreasdabe QcTiscO2c angle from 157 to 146°, causing a

tensile stress of the surface mentioned in several theoretical &tdties

Vittadini et al>® also showedusing simulationsthat the 2 monolayer thick
slah whencut along the (001) surfacepontaneously transforms into a very stable
lepidocrocite struimire with fully sixfold coordinated Ti atom$Vhen a third layer is
added to this slab, tH@x-Tisc-O2c chains present atehbottom and at the surface of
the structure are running perpendicularly to each other. As a consequence, the
inequivalentTisc-Ox bond lengths observed in the relaxed (001) surface can also be

interpreted as a frustrated attempt to a lepidocrocitetstaic
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When the lateral size of the slab is constrained to the bulk lattice constants, it
is possible to calculate the surface egd(fig)**°2 by using he formula detailed in

Equationl.1:

Es=— % % — (1.1)

In this equation, A stands for the surface area, n represents the number of

atoms, Eiaband Buik are the energy of the slab and the bulk, respectively.

Araujo et aP! reviewed the (001) surface energies using diffetiembretical
levels, including density functional theory (DFfTinctionals. They reported a value

of 84 meV when the B3LF hybrid functional was used to perform the calculations
When the lateral size of the slab is not canisgd, the formation energy of the

slab can be calculated using the formula displayégjiration1.2 below. This energy

was referredd as m by Vittadini et al??

%

% 4FE (1.2)

E:wt (slab) stands for the total ey of the optimized slab, n is the number of
TiO2 units used to build the slab ang:ETiOy) is the total energy of optimized bulk
anatase. Bysing the PBE functional, Vittadini et Zlreported a film energy of 0.44
eV/TiOzfor the optimized 3 monolayer thick (001) anatase slab.

The eletronic structure of the (001) anatase surface is very similar to the bulk
onewith a valence band mainly composed of2p) (character and a conduction band
essentially made with Ti3¢)) statesOnly the three outmost layers undergoes slight
modifications.Zhao et aP* mentioned the presence of surface states induced by the
undercoordinated Ti atoms. However, it is located at the bottom of the conduction band
and does not form an isolated state in the band gap.
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Calatayud et al® studied the different contribution of thedand Qcsurface
oxygen atans to the valence band. They showed that thatOmdominateshe upper
part of the valence band whereas theafbm is located at a lower energy as displayed
in Figure1.11 The particular location of the undercoordinated oxygen atoms confirms

its higher reactivity.
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Figure1.11: DOS of the (001) anatase (001) surface, showing thar@ Q. contribution$®.

1.2.5 Modelling of TiO 2 nanotubes

The firstsynthesis of carbon nanotubes by lijihia 1991 raised the question
about the possible existence of nanotubular forms of other compounds. One year later
Tenne et af® reported the synthesis of the first inorganic nanotubes made af WS
This was followed by the synthesis of wide range of inorganic nandtiibeliding
thent-TiO2. Due to their chemical inertness, endurance, strong oxidizing power, large
surface area, high photocatalytic activity, fioricity and lower production cost, they
have aroused the interest of the scwnti Their first fabricabn was achieved by
Hoyef?in 1996 uig electrodeposition into a polymer mold obtained from a porous
aluminum oxide. Two years later, Kasuga eflaleported the first hydrothermal

synthesis oht-TiOx.
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Thent-TiO2 were then fabricatbusing various routéslike sokgel methods,
hydro/solvothermal approaches, efeathemical means or tergte-assisted
methods. Such a broad range of synthesis methods lead to a large vamieTyQof
morphologie®* they can be singlwalled or multiwalled nanotubes, having
diameters varying from a few nanometers to a hundred nanometers, and exhibit

different crystallographic structures.

The single walled carbon nanotubes were the first ones to be moteéd.

were built byrolling a graphene shééts detailed in Figure.12.

(0,n,) (n4,n5)

2/

> >
a (ny,0)

Figurel.12: zig-zag (On,) and 1,0) and armchaimg,n,) rolling up vectors of a graphene latfice

The rolling up vectoiYBmust be a translation vector of the 2D lattice and will
define the nanotube circumference. It is definefRsn1 p+ n>® p wherew b and

@ b are the slab cell vectors; andn, must be integers. The choice of tfme,ny)

indices allows to define three groups of nanotfbes

1 Whenni=nt he nanotube is known as far mcha
lattice of the graphene was forming an armchair pattern along the
circumference of the carbon nanotube.

1 Whenny =0 ornz = 0, the nanotubedbong tothe se a | | ezda gice i fgami | vy
The hexgonal lattice of the graphene was forming azag pattern along the
circumference.

" Whenm I np, the nanotube belosg o t he fAchiralo family.
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Zig-zag and armchair nanotubes are both achiral tubes, as a contrary of the
chiral oneqFigurel1.13.

Figurel1.13: (12,0) zigzag, (6,6) armchair and,@ chiral single walled carbon nanotutes

Nanotubes are characterized by a helical symmetry that reduces drastically the
computational time. Thusab initio calculations can be performed on nanotubes
containing several hundread atom$. The same rolling up method was used to
generate inorgan nanotubes fronother 2D slabs.Ab initio calculation of thefirst
inorganic nanotub&was carried out on boron nitride (BN) nanotubes by rolling up
a BN graphitic sheet.

The first theoretical study of titania nanotubet-TiO2) was reportedoy
Ivanovskaya et &’ in 2003 using tight binding Extended Hiickel calculation without
performing geometry optimization. Further studies were then performegingle
walled nt-TiO2 exhibiting other crystalline structures such as anatase, dititdnate

trititanaté’ %, lepidocrocit€® ', rutile’>3or hexagonal ABC'.

The slabs used to generate anatais€iO> can be cut from three anatase
surfaces: (101), (001) and (100). These surfaces and thenaflivectors are shown
in Figure1.14®where the titania atoms are indicated in purple and the oxygen ones in

green.
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Figurel.14: Anatase surfaces and the corresponding rollipgyector®. The Ti atoms are in purple
and the O ones in gregRepublished with @rmission of Royal Socigtof Chemistry, from

referencé® obtained in 2021; permission conveyed through Copyright Clearance Center, Inc.

The nanotubes stabifitcan beevaluated by calculating theo-called strain

energydescribed irEquationl.3:

% (1.3)

where Eiaand EuanotuneStands for the total energy of the optimized slath nanotube,
respectively, while flanand manctubeindicates the number of TiQunit used to build

the primitive cell of the structure.

The strainenergy reflectghe ability of the gstemto copewith the strain
coming from the surface tensionmeset at each sideof the rolled &ab. Thus, a
negative strain energy points out thigher stability of the nanotube compared to the

corresponding flat structure.

The thickness of the slabssulting instable nanotubes is included between one
and three moolayers (a monolayer consists of one Fi@nit). Several
theoretical® > "®studies have demonstrated that sivegle wallednt-TiO2 built with
four monolayers are not stable. At thistical thickness, the favored structure is a

doublewallednt-TiO> made of a pair of two monolayers.

The first slabs used to build the anata$d10, were cut along the (101)
direction, probably becaasoth experimenti&land theoretic4f studies have shown
that the (101) anataserface is particularly stable. However, the specific symmetry

of the (101) surfaceakes it not possibl® generate three monolayers thick slabs
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The first nt-TiO2 considered were one monolayer thick and all exhibited
positive strain energi€s’%’2 Nevertheless, further studie$’ proved that the
optimization of thesat-TiO2leads to a spontaneous reorganize into the (111) fluorite
TiO2 structure, as displayed in Figutel5where Qe stands for the bridging oxygen
atoms located on the external surface while the bridging oxygens located on the

internal surface are rafed as Q.

Figure1.15: Fluorite armchair Ti@Qnanotube where @and Q; refer to the bridging oxygens
located on the external and the internal surfaces, respetdiRépublished with permission of Raly
Society of Chemistry, fromeferencé® obtained in 2021; grmission conveyed through Copyright

Clearance Center, Inc.

Nt-TiO2 built by rolling up twomonolayers of anatase (101) were then studied
by many groug®:"883 especially for their application in photovoltdfocor hydrogen
adsorptiorf3. Although the stability of theset-TiOzis enhanced when the diameter
increase¥, the strain energy introduced makes tvdiO; energies higher than the

corresponding sheet structures over the entire diameter*fange

Only few studies about thet-TiO2> made from slabs cut along the (100)
direction were carried out, probabbecause ofnte low geometry exhibited by this
structure. The minimum thickness of a slab is two monolayers. Hart’éoahd that
the nanotubes made from the two monolayer thick (100) slabs of anatasasexhibi
higher errgy than the corresponding TiO2made from (101) slabs. This result points
out the low stability of the (100) anataseTiO. Moreover, Ferrari et df showed that
the two monolayer thick (100) slab spontaneously rearranged into a (101) slab when

geometry optimization is performed.
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Nt-TiO2 can also be generated from a three monolayer thick (100¥.sTéiis
kind of nt-TiO2 exhibit a very peculiar structure made of thtagers thick blocks
connected by one layer thick junctions as illustrateligunire 1.16, where the titania
and oxygen atoms amdisplayed inpurple and green, respectivellthough this
structure confers a certain degree of flexibility to nkdiO2, they showed a positive

strain energy over the whole diameter range.

Figurel1.16: (15, 0)nt-TiO, generated from a three monolayer thick (100)“lathe O atoms are in
green and the Ti ones in purpRepublished with permission of Royal Society@fiemistry, from

referencé® obtained in 2021; permission conveyed through Copyright Clearance Center, Inc.

The last anatase slabs allowing to genergt€O, are cut along the (001)
direction. Evarestov et &t.carried out theoretical calculations on one monolayer thick
nt-TiO2. They observed that the nanogslwith chirality (1,0) exhibit a negative strain
energy after geometry optimization. This means that this kinak-®fO2 are more
stable than the corresponding slab. However, the reason for this stabilization is not
fully understoodTheauthorsalso faind that the stabiltof the nanotubes decreases
when the diameter increases. This modeitsfiO, was later used by Pan et®ato

build arrays of nanotubes to study the adsorption of gas molecules.

However, further studies by Ferrari eE&uggest thatdth the two monolayer
thick anatase (001) sI24$’and the ae monolayer thick anatase (0OBTiO2" " Ewill
spontaneously rearrange into a two monolayer thick lepidocrociiette. From
Figurel.17 it is seen that the lepidocrocite structure demonstrates a layered structure

with fully coordinated T{(purple)and O(green)atoms.
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The two reasons mentiorf€do explain the reconstruotis are the change of
coordination of the Ti cations from fivefeltbordinated to fully sixfolecoordinated;
and the reduction of the bond angle between the oxygen atoms. The corresponding
lepidocrocitent-TiO2 exhibit a positie strain energy over the @etdiameter rangé,

which is what was predicted by Ferrari étal

(0,26)

Figure1.17: Two monolayer thick lepidocrocite slab (a) ameTiO, (b)*%. The Ti atoms are in purple
and the O ones in gregRepublished with permission of Royal Society of Chemistry, from

referencé® obtained in 2021; permigs conveyed through Copyright Clearance Center, Inc.

The (1, 0) nt-TiO2 generated from a three monolayer thick (001) slab exhibit
a negative straianergy for all the diameters above # Aneaning that the nanotubular
structure is more stable than the corresponttimgfilm. Otherstudie$®’’showed that
the (0,n2) nanotubes built from the same slab are less stable ikacotresponding
(n1, 0) onesAll the (0,n2) nt-TiO2 exhibit a positive strain energyhe (0, 60) and the
(60, 0) nanotubeshaving a diameter 7.1 A areshownin Figure 1186 where the
titania atoms are iblue and the oxygen ones in reltl can benoticedthat he stress
induced by the rolling up is more consequent foi(tha.) nanotues where the bonds
located on the external wall underan important extension while the bonds located
on the internal wall are significantly compressed. As a resul{Qt{ime) nanotubes are
less stabl¢han the f1, 0) nanotubeand exhibit positive shin energies over the whole

diameter rang®.
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Figure1.18 3ML nt-TiO2 rolled up along th€0, ny) direction (a) or thén,, 0) direction (b¥%. The O
atoms are in red and the Ti ones in bReprinted (adapted) with permission froeferencé®.

Copyright2010American Chemical Society

The negative strain energy exhibited by e 0) nt-TiO2 can be explained by
the particular structure of the corresponding slab: it contains two rows of
bi-coordinated oxygen atoms, located at the top and at the bottom of thendtietet,
are perpendicularly oriented to each other. This particular orientation creates a
directional asymmetry on both sides of the slab, as illustrated in Figl8af® where
the bicoordinated oxygen atoms are identified as @ this figure, the titania and

oxygen atoms are in blue and red, respectively.

O2¢
02C R ]i i a .
Side view Top view
Lepidocrocite-like (
structure 1 b
Side view Top view

Figure1.19: Non optimized (a) and optimized into a nanotubular structure (b) 3 ML thick anatase slab
cut along the001) directiofi®. The Ti and O atoms are in blue and red, respectiReprinted
(adaped) with permission fromeferencé®. Copyright2010American Chemical Society
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When thent-TiO> geometry is optimized, thiaternaland external walls are
running perpendicularly to each other, theernal wallbeing subjected to a larger
stress than thexternalone®. The final structure of thet-TiO2 is made of two
perpendicular lays, the bottom one being a lepidocrodike structure as displayed
in Figure 1.19bThe asymmetry of the two sides of a slab was djredentified as a
possible driving force for the formation of nanotubular structure. This phenomena was
encountered irseveral nanotubular crystals such as imog8liteat also exhibits a
negative strain energy. Although they showed a positive strain enbggyifanate
(hydrated TiQ) nt-TiO2 were claimed to roll ugs a consequenoéd the asymmetry
caused by hydrogen defizicy at the top of #TizOy thin plates’,

The strain energy of thén, 0) nt-TiO2 having different diameters were

calculated' and are displayed iFigure1.20
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Figure1.20: Calculated strain energiés (n;, 0) nt-TiO built from anatase (001) si¥bwhere D is

the diameter of the nanotube.
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Ferrari et af® showed that the strain energy is increasing again for diameters
above 60 Aindicatinga pr ef erred nanotube si ks in th
result is in agreementith the internal diameteo f 41 5 nm thenhlti-bi t ed
layered (001) anatasenanotubes obtained by hydrothermal synti{ésioreover,

XANES analysishave confirmed th@resence of 40% dfve-coordinated titanium

atoms in nanotubular structu?ég?

The band gap width of th€D01) anatasent-TiO, dependson the chosen
computational method. Generally, these anatase nanotangessemiconductor
exhibiting band gaps slightlyigherthan the bul. This can be explained by the

increase of the straenergy that induces structural changes in the nanotube walls.

The(ny, 0) nt-TiO2exhibiting negative strain energy were thedel chosen by
the group of Lisovski et &F to study the effect of different substitution doping for
water splitting hydrogen generation. TmeTiO2 selected was the (38) nanotubeas
it is the smallest nanotube exhibiting similar properties to those T, with larger

diameters.

The (36,0) nanotubes exhibit an interd@meterof 38 A and agree with the

size of the multlayered nanotubes synthesized by hydrotlaérmethod®. As a
result, the (36,0) nanotubeppear as a good compromise for the modelling of big
systems with acceptable calculatsorequirements. The first study carried out by this
group concerned the sulphur doped’iO2°t They subsequently extend their research
to the effect ofoxygen substitution bgarbon or nitrogen and the effect of titanium
substitution by iron. They found that the most fanadle atom positions for oxygen
substitution are located in the outer wall of tdi02%, and identified theo-doped

nanotubes with nitrogen asdiphur as thenost favarrable oneor water splitting®.
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1.2.6 Modelling of Li intercalation into TiO 2 bulk anatase

1.2.6.1 The intercalation sites

Li intercalation into anatase does not require large lattice distortions. Both
empty sites, octahedral and tetrahedral, are in principle candidates to host a Li ion.
Experimantal studies found Li ions residing in tbetahedral sit€$°%, Theoretical
studies confirmed this tendency: Li intercalation itibe tetrahedral sites lead to

serious problems of convergefiter to a spontaneous drift of the Li to the octahedral
site!%,

The most favourable lithium intercalation sites preésan also be determined
by comparing the lithium intercalation energies. The nmagative is the energy, the
more favourable is the lithium intercalation site. This intercalation energy can be

calculated following the Equation4t®*:

ELi intercalation = (14)

where Evi intercalation defines theintercalation energy per lithium ion into the BiO

structure % is the total energy of the lithiated structu®, stands for total

energy of the agmized system without lithiunmX is the number of lithium per TiO

unit andE, ; defines theotal energy of the optimized bulk structure of metallic lithium.

Thus,Koudriachova et ai%reported a preference for intercalation into the octahedral
site by 0.45 eVcompared tahe tetrahedral one. Belak et'3.explained that the
adjacent tetrahedral sites between neighboring Li octahedra share faces with two Ti
containing octahedra. The strong elestatic repulsion from tlee facesharing Ti
renders the tetrahedral sites unstable. Consequently, Li ions wakdiisivelyin
noticeably distorted octahedral sites (due to the presencé*dpfwiih edge lengths

(Oi O interatomic distance) varying betare3.08 A and 3.77 &,
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Various concentration of Li has been intercalated to follow the structural and
energetical effects into anatase. Tdmaount of Liions is represged as LiTiO,
where x varies between x = 0 to 1. The Li ions intercalated at the center of the
octahedral sites will be fourfold coordinated, as it shown in Figjiggwhere the Li
ion is in purple while the Ti and O atoraee indicated in grey anddgrespectively.

This kind of intercalation was reported only for very low Li concentration (x < 1/16)
102104

For x < 1/4, Tielens et &f.reported a small shift of about 0.1 A above the
symmetry plae of the oxygen octahedron but the Li ions remain -iold

coordinated.

Figurel.21: Lithium ion inserted into an octahedral intercalation site of bulk anatase. The Ti atoms

are indicated in grey, the nes in red and the Li one in purple.

For higher concerdtions, both experiment&l®® and theoretical
studied?6107108109110 ghgwed that the Li ions will be shifted up or down thexis,
leading to fivefoldcoordinated cationst the geometry of the cell is constrained, the
the anatase structui® maintiined andhe displacement distances up and down from
the centeras well asthe repartition of the Li ions between the two positions are
equivalent. This can be explained by the fact that all the octahedral sites are equidistant
from each othéf®. If the cell parameters are allowed to relax during geometry
optimization, the lithiated anatase will be transform ihtesTiO> titanate whose
structure will be detailed below. In titanatiee shift from the center and the repartition
of the Li ions between the two positions are different. This is a result of the
orthorhombic distortion of anatase. The lithium located mosartd thecenter of the
octahedron wil/l suf f e ri% MerepgerinlLttisipasition,c o u | o n
Li-O distances range froh97 to 2.05 A and are close to theQu.idistance of 1.996
A observed in LHO2?°.
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Experimentally, the maximum Li insertion ratio for bulk anatase commonly
reported isx = 0.5°. The LbsTiO2 unit cell consists of two Li ions that can be
distributed over the four available octahedral positions. The most stable Li
distributions reported by Koudriachova et&tonsist of hakfilled c-channels and are
detailedin Figure 1.22 In this figure, the Ti atoms are imegy, the O atoms in red and
the Li ions in purpleLi can be placed either at (0®&0,0.25) position and give form
to aPmmasymmetry unit cell (streture 1), or at (0.50.5,0.0) position forming an

Imm2symmetry unit cell (structure II).

z |
y ! |
Structure | Structure Il

X

Figure1.22: The conventionalinit cells of thewo most stablé.i distribution structuredor x = 0.5°
referred to as structure P(hma or structure 1l imm32. The Li ions are in purple, while the Ti and O

atoms are irgrey and red, respectively.

Koudriachova et al. reported an energy difference between these two structures
whichequals 0.001 eV per formula unit at room temperature. Consequently, a mixture
of these two distributions is expected. Averaging structaameters over the A and
B structures results in a system with orthorhomiomenasymmetry in agreement with
the crystallographic data obtained by neutron diffraction andfysis Density
functional theory (DFT) study carried out later by & et af® using a plane wave
pseudopotential approach confirmed the very small difference of 30meV in total

energy baveen the two configurations.
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1.2.6.2  The phase separation between anatase amhdosTiO2 titanate

Though no significant expansion is required to accommodatenki into
anatase, experimental and theoretical studies both show thass¢mniwtural changes
are involved in the Lintercalation proces3.he in situ Xray diffraction carried out
by Van de Krol et al!! showed that Li intercalation into anatase occurs as a single
phase reaction up to x = 0.05. Further intercalation leads to a ppasat&s between
a Li-poor phasehat exhibita tetragonal anatase structure having a Li fractionéof
0.02° and a Lirich phasamade of L sTiO titanate. The separati@tcuis with sub
micron domain sizeand aily the relative phase proportions vary upon Li intercalation
until the whole structure can be considered as a singieh prase at x = 082 The
ratio between the two phases does not change significantly as a function of
temperatur®®. This twophase thermodynamic equilibrium allows to maintain a
constant electrical potential over a wide range of Li comagons®!3 The
intercalation potential of TiQequals 1.75 V versus 1/Li redox couplé® and can be

calculated usig Equation B*

V(X) = — (15)

where @G is the free e nxetaygyforthe aumpbeeof i n
intercalated lithium per Ti@unit and F is the Faraday constant that equals 96485.33
C/mol. Nevertheless, the free egyerchange can be approximated by the lithium
intercalaton energy [ intercalation@s the contribution of the entropy to the cell voltage

is small enough to be ignoreéd As a resul most of the lithium intercalation voltages

arecalculated using Equation@l.

V(X) = (16)
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Open circuit voltage calculated in different theoretical studies are close to this
value depending othe kind of calculations perform&§110.116

Nuclear Magnetic Resonance (NMRneasurements carried out by
Wagemaker et & showed that the ffusion coefficient for Li ions inside each of the
two phases (4.7 x 16 cmé/s for anatase and 1.3 x#0cm?/s for lithium titanate
LiosTiO2) is several order of magnitude higher than the overall diffusion coefficient
previously determined usinglecto c he mi cal t 8aih’B)id'assa ( 410
result, the diffusion rate must be limited by thiudiion of Li ions between phases (or

by the movement of the phase boundary) and not by the diffusion within the phases.

1.2.6.3 The LiosTiO2 titanate structure

The Lirich phase is known as lithium titanate with compositingxTiO2. This
phase redts from an orthorhombic distortion of the anatase structure made by an
anisotropic expansion in thab plare (by 1% in thea-direction and about 8% in the
b-direction) accompanied by a contraction alongadaérection by 5%° compared to
the anatase structurBxpansion in thd-direction is limited by the TO and L+O
bonds that would be stretched ab@mmmonvalues. The volum of the unit cell

increases by about 4%

The dimensional changes reduce the tetragonal symmetry of the anatase to the
Immaorthorhombic space group (No. 74, lattice constants: a = 3.819 A, b = 4.084 A
c = 9.066 AY°. Lithium titanate exhibits more regulgrshaped Ti@octahedra than
anatas®. The contraction along thedirection is explained by a change in the
octahedral packing (the expansion in #teplare allow the layer above to penetrate
more deeply) rather than a modification of the octahb&éight. The difference in
octahedral packing between the bulk anatamkthe LbsTiO> titanate is shown in
Figurel.23 where the titania atoms are in blue, the oxygen ones in red and the lithium

ions in purple.
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Figure1.23: Octahedral packing of bulk anat&<éa) and LysTiO; titanate (b)*8. The Tiatomsarein
blue, the O ones in red and the Li ions imgbe. Republished with permission of Royal Society of
Chemistry, fronreferencé!’ obtained in 2021; permissiacconveyed through Copyright Clearance

Center, Inc.

The formation of zigzag TiTi bonds along thé-direction was the first
mechanism proposed by Nuspl ef'dh 1997 to explain the orthorhombic distortion.
Later Mulliken analysis carried out by Koudriachova et®ahowed no significan
population of these TTi bonds, indicating that the formation ofTi close contact is
induced by the structure deformation but is not the driving mechanism. The latter
proposed the localization of the charge donated by Li ion as the governing mechanis
for the orthorhombic distortioindeed, anatase Bd orbitals exhibit highly localized
natre.Lithium having a very low ionization energy, eddhion donates 0.86 e to the

lattice (equivalent to 1.7 e per anatase unit cell).

Though thedyyorbital is the lowest in energy, this orbital is a shallow acceptor
as the corresponding -0 bonds arenot coplanar. Insertion of electrons into this
orbital leads to additional repulsions resulting in a further and uafalile elongation
of the T+O bords. Moreover, nd (dx," i dy') bonds can be formed as the nearest Ti

neighbor for an interaction 8784 A apart.

33



Consequently, for x > 0.0625, occupancy of -#ainding orbitals begins,
leading to a destabilization of the framework balanced bytapenus Jahimeller-
like orthorhombic distortion of the lattice leading to the formation of theTiO,
lithium titanate phase. The degeneracy of the orbitals is lifted and the additional charge
will be located exclusively in thegdorbitals, thedyy states being empfyas shown in
Figure 1.24 The dy; orbitals split slightly from the conduction band afedm gap
states. Thely, orbitals were reported to be located 1.74 eV above the valence band
edge with a width of 1.5 €¥.

—— — e d e,
d,qa 'dxz dyz e _= dj}_ Idf’_
dyy
Anatase LipsTiO; (A)

Figure1.24: lllustration of the electronic strtre modification upon lithium intercalatidh

The elongation of the T® bond length observed along thelirection (from
1.93 At02.02 A) is typical ahe TF*-O distances observed in0s (2.02 A), whereas
no significant bond length modification occurs in tedirection. As a resultthe
TiT Oi Ti chains parallel tdhe b-directionare almost flatMoreover, the Lii O and
Ti®*7 O distances big very similarthe broadening in thedirection creates ideal off
center positions for the Li ions. Nearly-toear Lii Oi Li contacts arealso formed

alongb, leading to fivefold coordinated Lions.

The similarity of the Li and TF* ionic radius ao plays a role in the stability
of the structur®&. Morgan and Watsdif showed later that the addition of electrons to
the anatase structure does not lead to the formation of an orthorhombic cell. The
presence of the intercalated lithium is needed to stabilize the ortharh@tabate
phaseThe specific Li O distances drances the Coulomb stabilization of the Ry.
trying different configurations, the authors showed that the intercalation energy per

lithium is a minimum of x = 0.5.

34



Consequently, for 0.01 < x < 0.5, stuiets are unstable with respect to a
mixture of lithium titanate and Epoor anatase. The low energy of specific lithium
configurations for x = 0.5 is the origin of the anafasanate phase separation
identified by these author3he formation of short LD valence bonds were later

confirmed by Ramainvestigation&'%12°,

Belak et at® claimed that the structure transformation has much in common
with the martensitic plse transformations occurring in shape memory alloye
restricted dimensional changes (occurring only inatplare) results in plaes that
are common to bothiD2 anatase and &.TiO2 with zero misfit strain. Consequently,
the strain invariant inteate separating the two phases is parallel to any of the strain

invariant plames.

1.2.6.4 The electron transfer from lithium to the titanate

Lithium has a very low ionization energy. The energy level ddselectron is
located well above the Bidlevels that make up the conduction bhdConsequently,
the 2s electrons will enter the lowest unoccupied energy lewgtich are located in

the conduction banf.

X-ray Photoelectron Spectrometry (XPS) sw@wament$? indicate the
formation of TF* species upon Liintercalation XANES studie$*® shavs a Ti
oxidation state of +3.4 in Hitanate. Theoretical studisfiows a binding energy for
the [Lif Titi9 neutral pa whiche q u a | s °7 ifdicdiing ¢h¥t it is energetically
favourable for a LT interstitial to bind to a Pf ion. Thus, the intercalation potential
of titania is determined by the change of oxidation statheofli ions and not by the
O ions as it is assumed to be the case for transition metal Hisiesh as LiCo@or
LiMn20412%. XAS studies'>'?®showed that Li intercalation results in the occupation
of the Ti 3d orbitals ather than the other possibility 45 The electrons become
trapped in localized states situated in the band gap and well separated from the bottom

of the conduction band.
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GGA + U calculations predict a defect state located 0.96 eV below the
conduction band edge in agreement with XPS studieskrtaenthat GGA cannobe
used for this type of calculations due to the inherentisfaction error. When GGA
is used, the charge is delocalized over all atoms, leading to a metallic state in
contadiction with experimental conductivity measurements and'¥PSGA + U is
also reported to be subjected to band gap enadrdan be corrected by using a sX

functional®.

The formation ofdefect state in the band gap can be explained by the Mott
Hubbard theory: the occupancy of some3dlistate leads to strong intedomic dd
Coulomb repulsion, inducing a splitting between the occupied and the unoccupied Ti
3d state$™. Only one Ti3d state is occupied upon Li intercalattéhhMorgan et at%*
reported that the occupiédl states are strongly localized on singleaioms adjacent
to the inserted lithium. They explain that this localization of the charge breaks the
crystalline symmetry: the structure is distorted to accommodate the larger radius of
Ti3* cations. The electrs that occupy thiddlevel and that aredund to the Ti cation
are reported to be trapped as polatéhS$hort range and weak interactions between
the localized electron and the inserted lithi were also reporté197.108 Small
change in the valence bandwitftand a decrease of th@@ Ti 3dinteractiot?®were

repoted upon Li insertion.

1.2.6.5 The Lithium Deintercalation

During the extraction of Li ions from the electrode, the orthorhombiasce
maintained until x = 0.2%°. Chronopotentiometric measunents carried out by
Kavan et al*° showed that the intercalation process is three time slower than the

deintercalation.
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This can beexplained by four different phenomena:
- a solvent effect (during the intercalatjaan extra activation energy is required to
remove thdithium from thesolven)*C.
- a large difference in the mobility of Li ions bewveanatase and titan#fé!!
- the lattice relaxation accompanying the accommodation of lithium that is an activated
proces$s®
- the overall diffusion during insertion is limited by the motion of Li ions between the

two phases (or by the movement of the phmmendariesy.

The first insertion/extraction cycle will shorten thaxis by 2 %?°*whereas
thea andb axis will not be modified. A twdold decrease in the conductivity is also
observed and can be attributed to chemical changes occurring at the electrode

surfacé?L

1.2.6.6 Lithium intercalation above x= 0.5

Li intercaldion above 0.5 Liion per Tigunit has been reported in the literature
using chemical synthesis. Intercalation withutyllithium leads to a ratio of x = 0-%.
Electrochemically, higher ratio can be obtained by cycling the battery at an elevated
temperature of 120%€! but the electrodes age quick$ Another possibility to
increase th lithium ratio without damaging the electrode, and thus being able to cycle
the battery for a long time period, is to use nanostructuredase electrodes.
Capacities up to x = 0.75 were reported fe¥ Bm nanorods® Nanoparticles smaller
than 7 nm can be fully lithiated (x ='3)3¢

This high ratioinsertion occurs via a twphase equilibrium between the
LiosTiO2 titanate and a rich LTiO2 phasé®®!*® The LiTiO rich phase has a
tetragonally distorted rock salt structtfr&?similar to the anatase structutéi/amd
but with different lattice parametera € 4.043 A,c = 8.628 Af°.

The shortening of the-direction can be attributed to an increase of the
Madelung field induced by a better alternation of opposite ctaoge. Lii O bonds
(2.026 A) and TiO bonds (2.120 A) have very similaondlengths in the rock salt

structuré®.
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Increasing thk lithium ratio above x = 0.5 leads to a progressive filling and a
strengt heni ndgboading hamds, reJultirig Thia veBy small decrease of
the bond lengths (from 2.8914 A to 2.8878'&%3 The Ti valence changes frorhté
3*1%3and the orbitals are fully hybridiz&€t.

By carrying out UHF calculations on LiTgdand considering only isotropic
variation of the unit cell), Mackrodt et #.showed that the electron transfer is
confined almost exclusively to the oxygen sublattice closest to the lithiumesgh
than D% to the cation siteElectron transfer leads to the creation of occupied titanium
and oxygen states above the upper valence band edge with weights on both sub
lattices. These new states are strongly reminiscent of the gap states whiclkdrave b
identified in oxygen deficient Ti© Theincrease in conductivity for x values above
0.5 reported by Van de Krol et#tcan be attributed to the filling of higher band with
good conduction properties.

The TiGs octahedra exhibit regular geometmyth uniform and noticeably
smaller lengtf® and the Li ions are now six fold coordinat&d The octahedral
distortions that open up the path for Li diffusion in ETiO> titanate disappeared. The
diffusion becomes isotropic with higher migoat barriers (it becomes more difficult
for the Li ions to pass between the two oxygen atoms forming the octahedra®dges)
Moreover, higher Lratio induces stronger 4li repulsion. In LpsTiO> titanate, the
average LiTLi %intlsea-drection and 8.502A . insthb-direction.
Consequently, each Liis surrounding by two empty sites ia-theection to minimize
the Coulomb interaction. An increase of the Li concentration above x = 0.5 will lead
to more and more adjacent-Li neighboursat 2.54 A introducing unfawwable
repulsive interactiorfs.

38



Diffusion will be the main factor limiting the Li intercalation above 0.5 Li per
TiO2 unit. Theoretical studié®1%reported Liinsertion energparriers equal to 1 eV
and 1.37 eV for x 0.75 and x = 1 respectively (compared to 0.5 eV for x = 0.5). This
leads to a several orders of magnitude drop in the chemical diffusion cogffidédak
et al!®reported a diffusion coefficient value of 6 x'40cn?/s for the fully lithiated
phaseThe same authors alsbowed thathe LiTiOzrich phase wilfirstly be formed
at the surface of the electrode with an inward groteteards he bulk XANES
studied?® corfirmed that the Ti oxidation state is close td@ a 34 nm depth below

the surface.

Further lithiation will require additional Li ions from the electrolyte to diffuse
through the LiTiQ phase and reach the typbase reaction franNevertheless, the
very low diffusion coefficients exhibited by LiTivill prevent further Li supply once
a thin layer of LiTiQ has covered the electrode surface. Thus, the capacity of anatase
is limited to half of its theoretical value for nomanostuctured electrodes. HFu
lithiation wasreported only for the smallest nanopatrticles ( < 7 nm) where the distance
are too small to be limited by diffusitit*¢ Although intercalation with x > 0.5 have
been reported for nenanostructured electrodes at elevated temperatures (diffusivity
increases with the temperature), the electrodegjaigkly because of the strong local

distortions of thestructuré®

1.2.7 Modelling of Li intercalation into anatase nanotube

Liang et al**® investigated lithium intercalation and diffusion into anatase
nt-TiO2 using the two monolayers thick anatase (101) nanotubes as model. They
performedabinitio calculation on the (9, 0) nanotube to deteethe mostavourable
lithium intercalation sites. The lithium ions were inserted in one repeated unit of the
nanotube to avoid any Al interactions. Consequently, the Li concentration was
relatively low. Four intercalation sites were considered aeddaplayedn Figure
1.258where the grey, red and purple spheres stand for the Ti, O and Li atoms.
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Figure1.25: Top (right) and side (left) views of the four investigatédntercalation sites in a(l01)
nt-TiO2'%. The grey, red and purple spheres represent the Ti, O and Li &emsblished with
permission of Royal Society of Chenmigtfrom referenc&®obtained in2021; permission conveyed

through Copyright Clearance Center, Inc.

The fiiao and AAO sites are | ocated on t
sites are located on the innermost wall. The ions intercalatedenti A0 and @A BoO
were surrounded bygiht at oms wunl i ke the Li inserted
were encircled by only four at oms. |t i
positions look very similar to the octahedral intercalation sitesuntered in the bulk
anatase. Similayl, the fAao and fAbo sites can be

intercalation sites.

When geometry optimization was perforr
Abo positions moveldAos HoBdl asebes)] yr ¢ ®pddt
indicatestat t he fad and fAbo | ocati on'$haser e not
shown a similar phenomenon in the anatase bulk: the Li intercalated in the tetrahedral

sites spontaneously changed position to the octahedral ones.

Liang et al®® found that the intercalation of the Li ions &32 eV
(energetically)more stablein the Bsites located on the inner surface than on the
A-sites located on the outer one for the (MO)iO.. However, they shovekthat this
energy difference is gradually reduced whenmth€ O diameter igreases. The same
authors also studied several diffusion pathways that are displalenline1.26where

the titania atoms are in grey, the oxygen ones in red and the lithium ions in purple.
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Figure1.26: Diffusion pathways between the different Li intercalation sites iflam) nt-TiO,38,
The grey, red and purple spheres represent the Ti, O and Li &emsblished with permission of
Royal Society of Chemistry, from referedtobtained in 2021; permission conveyed through

CopyrightClearance Center, Inc.

The pathway exhibiting the lowest energy barrier itedenotetlV because
of the very short distanceesslbesecondlowestg t h e
energy barrier was calculated for the pa
| ower activation barrier thaavarabeéorttizl Y A1
Li ions to move from the outer side to the inner one thalotihe opposite. The path
labelled | and 11l exhibit the highest activation energiessiggesting that diffusion
within the layer is higér than diffusion along the nanotuljéne effect of the oxygen
vacancies on the Li diffusion was also investigated.ribst stable oxygen vacaas
are created by removing tiwo-fold coordinated oxygen atoms located in the inner
surface. When these vacancies are present, the diffusion $aioag path Il (from
the outer surface to the inner one) is reduced from\0i® €.53 eV.
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1.2.8 The sodium ion batteries

The electrochemical properties of sod]

to build sodium ion batteries. This element is maatre abundant than lithium and
have a redox potential that equels71 V versushe hydrogen electrodf&, only 0.3
V above that of lithium. Consequently, the sodium iotidoges can be a promising

and cheaper alternative to the lithium ones.

The first Na cells based on Ti@lectrodes were built by Xiong et 4f.in
2011. They used amorphous PiRanotubes and reported a setproved capacity of
150 mA.h.¢" after 15 cyclesThe initial capacity equalled 75 mA.rt@fter the first
cycle and slowly increas to almost double after 15 cycles. The authors also noticed
that sodium ions can be intercalated only on nanotubes having a diameter wider than
80 nm. They explained thilpnomenon by the inability of the sodium ions to infiltrate
within nt-TiO2 exhibiting smaller diameters. Two years later, Bi et®akported a
similar selfimproving behaviour of amorphous-TiO2> grown on Ti foam. They
observed a continual improvement of the capacity, that triples its initial Vitdund @0
cycles, and explained this enhancement by a transformation of the amanpiidds

into a facecentred cubic crystalline structure.

Sodiumions were thesuccessfully intercalated into anatase nanopartféles
143 nanorod¥* and nanotubé4® Wu et al**! showed that anatase nanoparticles can
be cycled for more than 1000 cycles retaining the same capHictyever, they
noticed that the anatase structure completely disappeared after sheofilium
intercalation to form a mixture of amorphous sodium titanate, metallic titanium and
sodium supaxide NaQ. On the other hand, Li et P reported that atase
nanoparticles underwent a phase transformation into a rhromboheédngh@layered
structure once ly sodiated. By cycling anatase nanoparticles at 90°C, Ding'é&t al.
noticed that a NAi"TiVO, solid solution was formed after the first sodium
intercalation. The deintercalation process retdydransformed the solid solution into

a mixture of amorphous TiQamorphous N&1iO3 and crystalline TiO
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Kim et all* used anatase nanorods as electrode material in sodium ion
batteries. They carried otx SituXRD characterization indicating that the anatase
structure is maintained during the Na intercalation/deintercalation cycles for a voltage
rarge of 30 V vs Na/Nd. The XAS studies of the electrode showed that the Na
insertion induces a reversible*TTi®* redox reaction. The authors also demonstrated
that the capacity and rate capability of anatase nanorods can be improved by carbon

coating.

Gonzales et df*® used anatase nanotubes in isod ion batteries. They
reported a capacity of 190 mA.H.gfter 800 cycles for nanotubes having an inner
diameterof 92 nm. However, irreversible capacity losses were observed in the first
cycle whatevewasthe cycling condition. The XRD analysis perfaed by the authors
showed that the anatase structure is retained, even for potential equal to 0.0 V vs
Na'/Na. Thesg results agree with the XRD measurements carried out by Bell&#®t al.
indicating that the crystallinity of the anatas#-TiO, is not modified by Na
intercalation for potential included between 0.3 and 2.5 V VéNda However, the
electrochemical tests reported by Gonzales et al. indicates the presence of irreversible
faradic preesses, associated with both electrolyte decormposiand sodium
intercalation into the nanotubes, for potentials below 0.3 V Vva\da Consequently,

the best cycling behaviours were observed for®25%6V of potential limits.

Moreover, by comparing theesults obtained with those reported for
equivalat lithium ion batteries, the authors noticed that the accommodation in the
surface of thent-TiO2is more important for the Na ions than for the Li ones. As a
result, the capacity of 190 mA.htgbservedor the Naion batteries based on anatase
nanotubs is close to the one observed for the equivaleitn_batterie®’ that equals
200 mA.h.g".
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Threeyears later, Li et al performed XANES analysis of both amorphous and
anatasat-TiO> at different charge/discharge potentials iniblabatteries. Their study
suggests that the irreversible loss of capacity obdettueing the first cycle for both
phases &n be explained by an irreversible phase transformation of both the surface
and the near surface regions into amorphous sodium titanate. Moreover, the same
regions are partially reduced to metallic Ti during thet mharge/discharge cycles.

The shapes afodium discharging/charging curves do not show potential plateaus,

indicating that the Naions rather adsorb than diffuse inside the nanotubes.

The XANES measurements carried out for the anatase nanotubessis thext
thent-TiO2 retain their anatase structure only for potential alfio®8/ vs Na/Na. An
irreversible transformation into an amorphous structure is then observed for lower
potential The authors explained this structural change by the stress daused
accommodation of large Ni#hat will induce a distortion of the local structure of the
TiOs octahedron, as well as a modification of their lwagge connectivity. The
authors alsareported the reversible formation of flowldee structures made of
NaCO:s at the top surface oft-TiO2 once discharged to 0.01 V.

1.2.9 Modelling of Na intercalation into TiO» anatase

Several theoretical studies about sodium intercalation into bulk anatase were
carried out. Althese studies identified the octahedral sites as the most favourable ones
for sodium insertion. The first study waerformed by Lunell et a&¥° using DFT in a
Nao.sTiO2 cell where half of the oahedral sites were filled with sodium. The geometry
modifications generated by the sodium insertion were an elongation of@édnds
located in thexy plare by 0.31 A whereas the T bonds parallel to theaxis were
shortened by 0.41 A. Similar structures changes were observed irp giéqicell

but the bond length modifications were less impotfant
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By comparing two anatase bulks doped with 0.9 % of lithium or sodium,
Kortados et at*® confirmed that the Na ions generate bigger lattice distortions than
the Li ones. Lunell et &P° were the first ones to observe that the sodium ions are not
located at the centre of the octahedral site but are shifted by 0.06 A atong th
direction. This particular location of the Na ions was later confirmed by other
theoretical studig®>'4314% As a result, both the Na and Li ions are fiokl

coordinated when they are intercalated into a bulk anatase.

Lithium and sodium intealations into anatase bulk induce similar
modifications to the electronic structété*®14° The added electron is given to one of
thenearest Ti neighbours, reducing it td"'TiThe extra charge is stored in a single Ti
3d state, gemating strong intraatomic coulombic repulsions between the diffeldnt
orbitals. According to the MdtHubbard theory, the coulombic repulsions will be
bdanced by a splitting between the occupied and unoccupi&d Jtates. Thus, the
occupied Ti3d staes create a defect state in the band gap, while the unoccuf@dd Ti

states stay in the conduction band.

The total DOS of the NaiTiO2 anatase bulk isisplayed in red in Figure
1.274%%. For comparison, the total DOS of the ZjQio.11TiO2 and Mg 11TiO2 anatase
bulks are also displayed in black, blue ayréen. The vertical lines ithe Figure

represent the Fermi energies.

Figure1.27: Total DOS of L 11TiO> (blue), Na.11TiO2 (red), Mg.11TiO2 (green)and TiQ (black)

anatase bulks. The vertical linespresent the respectitlee Fermi energié®,
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The sodium intercalation energies reported in the literatunedadiate that the
sodium insertion into atase bulk is favourable. Their values depend on both the
computational parameters and the sodium concentration. Thus, Legratf® &uahd
anintercala i on e n e rey yer 6@ unit the.fd Ma.1:TiO2 bulk. The same
authors also compare the intercalation energies into the:N@> and Lb.11TiO2
bulks and noticed that the lithium insertion is much more favourable with an
intercalation energy thaequals-1.85 eV per TiQunit. In addition, Bella et af®
reporteda s odi um i nsertion euangwhgrytheacdpacityGs. 1 4 e
x=0.03whileLietat®®*c al cul ated an energy of008t 0. 08
The relatively low intercalation energies reported for the sodium can be explained by

the rigidity of the anatase structure that limits the distortions of the f4ttice

Li et all*® studied two fully sodiated NaTibulks having a rhombohedral
layered structure R3m® space group) and a tetragonal anatase strudii4d/amd
space group)They reported sodium intercalation energiesld?47 eV and0.975 eV
per TiG unit for the rhombohedral and tetragonal structures, respectively. These

results suggest that tla@atase structure may not be retained with high sodium ratio.

The sodium intercalation into anatase F80rfaces and nanotubes has not been

considered compationally to the best of our knowledge.

46



1.3 Summary

1 The miniaturization of portable deviEaequires the development of
batteries at the micrometer scale. Mokthe microbatteries are based
on the lithium ion technologies because of the high energy density
exhibited by this element.

1 The nanestructuing of the anatase TiOmproves its capaty and
makes it a promising material as anode foridn microbatteries.
Moreover, anatase nanotubes can be easily produced by a simple and
templatefree anodization process. These nanotubes have a good
electrical contact with the currecollector and dmot need to be mixed
with carbon blacks or polymer binders.

1 Electrochemical measurements carried out on anataki©: indicate
the presence of a pseudocapacitivé ktorage occurring at the
nanotube surface. Moreover, XANES analygtiewed the formatioof
a thin film of about 4 nm in thickness with a Ti valence close"tat 3
the surface of that-TiO2. The external wall of that-TiO2 seems to
play a major role in the storage of thé ions at the surface while the

internal walls @ not store lithiunat their surfaces.

1 The helical symmetry of the nanotubes allows to drastically reduce the
computational time and to performab initio calculations on
nanotubular structures containing several hundreds of afdmeshu,

0) anatasent-TiO2 generated fronthe 3 ML (001) slab exhibit a
negative strain energy and were already chosen as a suitable model to
study the water splitting hydrogegeneration or different doping of the

anataset-TiOo.
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1 Both experimental and computational studies confirmed a maim
Li intercalation ratio of x = 0.5 into anatase bulk. The lithiated anatase
undergoes an orthorhombic distortion andtrignsformed into a
LiosTiO2 titanate structure where the lithium ions occupy half of the
octahedral intercalation sites. The Li ird@lation occurs through a
two-phase equilibrium between apoor phase having a Li fraction of
X a 0. 0-tich phae maae ok l§isTiO- titanate.

1 The computational studies confirmed the existence of a LiTith
phase exhibiting a tetragonally tliged rock salt structure.
Nevertheless, the disappearance of the octahedral distortions in this
rich phase limits the Ldiffusion and increases the migration barriers.
As a result, the LiTi@rich phase will firstly be formed at the surface
of the eleatode but its inward growth towards the bulk will be limited

to a few nanometers.

1 The abundance and electrochemical prigerof sodium have
encouraged the scientists to develop sodium ion batteries as a cheaper
alternative to the lithium onegnatasent-TiO, were recently used in
Na-ion microbatteries. Howevelirreversible capacity losses were
reported for the first cycle, independently of the cycling conditions.
The anataset-TiO2 surface is more reactive towards sodium than
towards lithium and is iaversibly transformed into amorphous sodium

titanate wherette T ions are partially reduced to metallic Ti.

1 The theoretical studies carried out about sodium intercalation into bulk
anatase indicate that the Nans are inserted into the octahedralssite
The sodium insertion generates lattice distortions sirtoléhe lithium
one, but the bond length modifications are more important. As a result,
the intercalation energies into bulk anatase are less favourable for
sodium than for lithium. No computatial study of sodium
intercalation into anatase surfaces anotubes has been carried out to

the best of our knowledges.
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Chapter 2

Methodology

2.1. Hartree Fock and DFT theory
2.1.1. A brief introduction to computational chemistry

Computational chemistry bag around 190 and graduallyncreased with the
computer power over time. It gadfurther recognition in 1998 after John Pople and
Walter Kohn won the Nobel Prize in Chemidtifor their work on computational

methods in quantum chemistry and density functional theory, respectively.

Nowadays, computational chemistry is widely used to study the fundamental
properties of atoms and molecules. It isvaluable toolto identify the eacton
pathways and predict the most likely products, allowing the development of more
productive and efficient synthesis processes. Thus, the finamdaime constraints
associated with laboratory trials are considerably redutechn also be used't
explore the physical processes involved in phenomena, such as, phase changes,
corrosion or energy storage. Computational chemistry becomes particularly pertinent
to predict theproperties of expensive or harmful substances. In this thesis, it is

employedo help understanding complex results obtained by experimental techniques.

The simulations can be performed over a broad simeescale as illustrated
in Figure 2.1°%
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Time

Seconds Bulk scale
(FEM)

Microseconds Mesoscale dynamics
(CG, DPD)

Nanoseconds l\flolecul?\l/r 1Ddynamics

Picoseconds | Quantum mechanics
(DFT, HF)

Femtoseconds

Distance
Inm 10nm 100nm 1micron

Figure2.1: Repartition of the different simulation methods according to the gjraeescalé®.

Quantum mechanics allows to perform simulations at an atomic scale. Thus,
information about the electronic structure e.g. band structure amtiéh@cal bonds
(for example bond strengths and lengths) can be obtained. Density functiongl theor
(DFT) or hybrids between DFT and the Hartfeeck (HF) approximation are
currently the most common methods to perform quantum mechanics calctations
Most DFT basedalculations are performed at zero Kelvin, excluding atomic motion,

i.e. zero point energy (ZPE).

Instead, molecular dynamics is used to study the interedtietween atoms as
they are translated in Hubbard space. It simulates the natural motionnadlwular
system, according to Newtonds | aw. Thi s
conformations of large molecules, for example proteins. Simulaticasn@soscopic
scale requires methods, such as coarse grained or dissipative particle dynamics
metods. Phenomena describing structural analysis, fluid flow or heat transfer can be

studied using finite element method.

The choice of the simulation methodepénds on the spatiene scale of
interest. The aim of this thesis is to get a better undersiqrafi energetics, i.e.
intercalation voltages, as well as structural information of thard N& intercalation
into nanotubes of anatase Bid’he modificabbnsaremainly occurring at the atomic
scaleandquantum mechanics based on DFT/ hybrid methesle the most suitable

choice.
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2.1.2 Fundamentals of the quantum mechanics methods

2121 The Schrédinger Equation

Electronsare much lighter than atoms or moleculasd they can only be
described by quantum mechanids contrast toclassical meeganics that is
deterministic, quantum mechanics is probabilistic. As a result, quantum mechanics
allows only to calculate the probabilib§ a particle to be at a certain place at a certain
ti me. l ndeed, H e principle dveids gidiesminig sirnudtandoasiy n t y
the place and the time. The probability of finding a particle at a certain place at a certain
time is described by thecBrédinger Equatiofi> Thus, bysolving or finding an
approximate solution of this equation, it is possible to access the properties of a
molecule, such as its energhhe timeindependent Schrédinger Equation is defined

by Equation 2.1.

(AR = RHEA( (2.1)

In this equation( is the Hamiltonian operatoy, i s t he wave funct
the energy of the state described by the wave function. The wave function is defined
by the locabn of the nucleus (R) and an electron (r). This equation is used in wave
function theories, sucas the Hartre€&ock approximation.

2.1.2.2 The BorrOppenheimer approximation

The mass difference between the electron and the nuclei is very amip&idr
example, in the hydrogen atom, the nucleus is 1800 times heavier than the electron.
This mass difference then gradually grows with the atomic number of the element. The
mass diference will induce a velocity difference: the electrons move corditjer
faster than the nuclei. Consequently, they can adjust very fast if the nuclei position
changes. The SdBarth system can be used as an analogy, where the planets are
rotating aroundhe stationary sun. A good approximation is, therefore, to conbiaer t

the electrons are moving around a fixed nucleus.
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This simplification is referred to as the Be@ppenheiméer? approximation,
all owi ng t he (Rvg webe fhctornizedt in tavan indgpendent terms as

described in Equation 2.2:

aQR.n =R)Ga0 (2.2)

w h e r R) représents the nuclear term (the nuclei are free to move and the electrons
are fixed) wherea8g(r) stands for the electronic term (the electrons are free to move
around fixed nuclei). As a result, the electronic wave fundiigin) contains all the
information about the electrons present in the system. The total energy of a particular
electronic wave function can be calculated using the Hamiltonian operator as displayed

in Equation 2.3:

( Gr(r) = EdR(r) (2.3)

The Hamiltonian operator contains kinet&) @nd potential §) operators as
described irEquation 2.4:

( =4 -6ext* Bint (2.4)
In Equation 2.44=-B — n represents the kinetic energy of the system,
6ext = B ;—— stands for the external potential of the nuclei on the electrons, and
6int = -B y —— expresses the potential between two separate@bes. This lasbint

operator will make th&chrddinger Equation impossible to solve exactly for systems
contaning more than one electron. Consequently, mathematical approximations were

developed to find approximations allowing for this issue.
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2.12.3 The Hartree Fock approximation

One of the most common approximasoes the Hartred=ock (HF) methotf®
that concerns th&int operator. For manglectron syems, it will be very complicated
to take into account the interaction betweenheadividual electron. The HF
approximation assumes th#te Nelectron wave function can be replaced by a
antisymmetric product of N orglectron wave functions. This antiaynetric product
is known as theSlater determinanfThe HF approximation will themake all the
electrons indistinguishable. As a consequence, one electron will not interact with the
other electrons individually, but with an average potential represeatingic | oud o o
electrons present in the system. Thus, the HF approximation ddekeaito account
the electron correlation but calculates an exact exchange term corresponding to the

interaction between one electron and an average potential of allah#reslectrons.

As a result, the onrelectron wavefunctions can be obtained dstiems of the

HF equation (Equation 2.5):

"0qi(xi) = Gdi(xi) (2.5)

where'QGis the Fock operator.

Although the HF method allows to calculate the total electronic energy of the
system, the value obtained will often differ from the esattition of the Schroédinger
equation. The Hartree Fock limit is defined as the energy calculated using a complete
bass set (see section 2.1.3). The energy difference between the exact solution and the
HF | imit defines the crorrerlealtaitoino ne neenregrygoy .o
the fact that HF does not take into account the influence of individual electrihres in
system. As the electrons are repelling each other, the position of one electron will
affect the positions of the other ones and thiélybe localized as far apart as possible.
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2124 The Density functional theory approximation

Another weltknown approximation to the Schrédinger equation is the density
functional theory (DFT) method. In the same way as the HF method, the DFT
approximation is based on a singlectron function. The DFT originates from a study
carried out by Hohdserg and Kohn in 196" showing that it is possible to describe
the ground state properties of a real system, such goiied state energy, uniquely
with its electron charge densit{r). The electron charge density dependyg on three
spatial variables, whatever is the number of electrons present in the system. As a result,
the energy of a system can be described lmnetional of its electron charge density
E[} (r)] as displayed in Equation 28,

EL(I=FL(MI+, 6 4(r)dr (2.6)

This functional, describing the energy of the system, is the sum of two terms:
the first oneF[y (r)] is a universal functional taking into account the kinetic energy of
the electrons and the electrelectron interactions. The second term represents the

interaction of an external potentiak¥(r) with the electrons.

However, the universal functionaljff)] remained unknown until Kohn and
Shant®® proposed to approximate it as the sum of three terms described by in Equation
2.7:

F[) (r)] = Exely (r)] + Enl) (r)] + Exc[y (r)] (2.7)

Exe represents the kinetic energy of a fioteractive eletton gas exhibiting
the same electronic densijtfr) as the real (interacting) oney &ands for the electren
electron interaction energy angdgs the exchangeorrelation energy that caat be

solved exactly but needs to be approximated.
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The first gproximation applied to the exchange correlation functional
Excl} (r)] is referred to as the Local Density Approximation (LDA). It is based on the
assumption that the electron density is hgemeous throughout the sp&feThus,
the exchange correlation energycEcan be calculated by integrating the uniform

electron gas over all space described in Equation 2.8.

% LEOl=."T- "1 Al (2.8)

Il n t hi s x@(quisithei erchange torrelation energy of the uniform

electron gas as a function of the deng(ty).

The LDA functional was the only appromation available for many years.
Although this method was working well to describe metals, it failed to describe
correctly anisotropic syster’§. This issue gave rise to the development of other

functionals based on the Generalized Gradient Approximation (GGA).

The GGA functionals take into accouhé possible inhomogeneous repartition

of the electron charge density. They contain the same eyeltamrelation functional

as the one used in the LDA method, but a second term depending on the gradient of

the density, is added as displayed in Equati®ff?2.

% =% "h "~ (2.9)

A large variety of GGA functionals were developed and are still employed
today. Among them are the BeekeeYangParr (BLYP}®1% and the Perdew

Burke-Ernzerhof (PBEY! functionals ued in this thesis.
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2.1.2.5 The Hartree Fock / DFT hybrid methods

Although the development of the LDA and GGA approximations was a major
breakthrough for the DFT method, the materials havwigily localized electrons
(such as transition metakides, including Ti@) cannot be described correctly. This
is due to the saalled seHinteraction error present in tkkhn-Sham approximated
functional. The classic coulomb term, included in the elecietadron interaction
energy [} (r)], contains the spurious interaction of the electron with itself.
Consequently, the orbitals havisgongly localized electrons will be destabilized, and
their electrons will be improperly delocalized to minimize the-seéractior>.
However, this issue is not present in the HF method where the exchange term between
the electrons is exact. One approach to compensate for thetsedfttion eror when

studying transitioometal oxides is to use hybrid functionals.

Hybrid functionals will use a combination (mixture) of HF and DFT exchange
contributions. Reintroducing the HF exchange term in the DFT method allows to
compensate for the seliteraction error while keeping theorrelation energy from
DFT2 The exchangeorrelation energy Exc present in the KohSham

approximated functional becomes a sum of two terms detailEquation 2.10.

% GMN=%  +% (2.10)

In this equation% is the exchange energy defined by a sum of the Kohn
Sham and some fraction of the HF exchafige.is the correlation energy daéd in

the KohrSham functional.

One of the most commonly employed hybrid functionals is the B3tdRe.
It was developed by Becke who used a functional described by theeagiars (B3)
for the exchange energy, to which he added theMazeParr (LYP)Y®° correlation
functional The proportions of HF and DFWere determined by fitting experimental
data for a small set of elements. Based @fitiing, Becke proposed a mixing of 20%
HF with 80% of DFT (Becke) exchange.
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The PBEG%* is another wetknown hybrid functional, built similarly to the
B3LYP, by mixing 25% of HF with 75% of PBE (DFT) exchange. The PBEO was
developed for solids whiléhe B3LYP was originally used to represent molecular

systems.

As detailed in section 2.2, the B3LYP and PBEO functionals appeared to be
the most suitable choice to describe #f® The B3LYP functional was preferred in

this thesis for its more accurate description of the band gap.

2.1.3 The basis sets

2.1.3.1 Slater and Gaussian type aithls

The Schrédinger Equation can be solved exactly only foretewtron systems
like the hydrogen atom or tife molecule Contraryto classical mechanics where all
the energies are allowed, the number of solutions in quantum mechamatgimite,
resuting in discrete energy levels (eigenvalues). The wave functions, singular or

plural, and associated energies, are said to be quantized.

When solving the Schrddinger Equation for the hydrogen atom, it is easier to

use spherical coordinates,the electons are moving in the three dimensions.

The exact solutions of the Schrédinger Equation for the hydrogen atom are
referred to as the hydrogenic orbitals and depend on the three spatial varidbles
4. They are classified by three quantaombem, | andm, corresponding to, d and
d, respectively. Consequently, tiequantum number will describe the size of the
orbital, thel quantum number its shape, and thguantum number its orientation
relative to a fixed coordinate system. The tadsi can bevisualized by plotting the
corresponding wave functi&tQn, |, m(r,d , ). U

Mathematically, the orbitals can be written as a productrafdal function
(representing the behavior according to thdistance between the electron and the
nucleus), andgpherical harmonidunctions that will describe the angular part as a

function d d andd.
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Theoretically, all kind of basis functions, including exponentzhussian,
plane waves, polynomial or cube functions can be used, as long as their behavior
agrees with the physics of the system. Thus, this set of basis function is oféen call
atomic orbitals whereas it is generally not a solution of any atomic Solyegidi

Equation.

Two kind of basis functions are commonly used: the Slater Type Orbitals
(STO) and the Gaussian Type Orbitals (GTO). STOs were the first ones to be
developed. The exhibit a similar structure to the hydrogenic orbitals where the
dependencerother distance is described by an exponential function. The STOs allow

to obtain very accurate results for atomic and diatomic systems.

However, from acomputational point of view, exponential functions are
difficult to handle, especially for moleculaystems where the atomic orbitals can be
centered on different nuclei. The general form of the STOs is displayed in Equation
2.11%%2

GCO=NYim (G )"&ExpcUr ) (2.11)

It was later shown that STOs can be approximated by a linear combination of
GTOs that are easier to handle computationally. GTOs can be written in Cartesian

coordinates adescribed in Equation 2.12:

j €TO= Nxy™z'exp(U?) (2.12)

I n both equations 2.11 and 2.12, N
exponent. The main differentetween the STOs and the GTOshs variabler in
the exponential function that is squared in Gaussian functions. Consequently, a single
Gaussian function will start with a curve, whereas the STOs begin with a straight
downward line. This explains why tH&TOs cannot be replaced by a $#nGTO
(Figure 2.2).
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However, using the advantage that a product of two Gaussian functions can be
expressed as a single Gaussian, the STOs are approximated by a linear combination of
GTOs as displayed in Equation 2.13.

%o Q %o | C$) (o)

Where L is the number of primitive Gaussian functi@ased in the linear
combination. Each GTOs is then defined by its coeffidlertnd its &ponent 8As

shown in Figure 2.2, the fit of the GTOs compared with the STO description is
improved when the number of Gaussian functions used in the linear combination

increase®®,

STO

- 1GTO
2GTO
3 GTO

.0 5 1.0 I5 20 25 30 35 40
Radius (a.u.)

Figure2.2: Comparison of the quality of GTOs up to'&t8rm linear combination to modalplot
1sSTO orbitat®s,

A general rule says that three times as mailp&as STOs arrequired to

reach a certain level of accuracy.
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2.1.3.2 Basis sets classification

Once the type of functions (STO/GTO) is determined, it is possible to build the
basis set for the system. Most of the GTOs available in the literatecentered at
the nuclei. However, for particular calculations for example, where the Van der Waals
interactions have to be considered, basis functions centered at a bond or between two

nonbonded atoms may be used. GTOs centered at the nucleiheeendrthis thesis.

The basis sets containing the minimum number of functions are known as
fiminimal basisseés. Only t he mini mum amount of fur
the electrons of a neutral atom are used in the basis set desttipiidis kind of
basis set are thus ignoring the unoccupied orbitals. Severe drawbacks will also be
encountered when modeling si mphomdsand gani c
more dffuse “-bonds will be defined with the same and unique exponent, asaonly

single set op orbitals is available.

The next improvement is the development of theateddouble zetdbasis
sets where all the basis functions are doubled. Thus, simple organic molecules for
example, can be modelled using a double seb ofbitds. The U-bonds will be
described by the function having a large exponent whereas the other function (having
asnal |l er exponent )-bonds.| | be used for the

When studying the chemical properties of a system, it is possible to simplify
the basis set (and thusduce the computational cost of the calculation) by taking into
account that the chemical bonding ocduesveen valence orbitals. The core orbitals,
being independent of the chemical environment, will not fluctuate considerably from
one molecule to anotheThus, doubling the basis functions describing the core orbitals
will not improve the accuracy of tlwalculations. The basis sets where only the valence

orbitals are doubled are knownsgsit valence basis?

Although thesplit valence basigllow an improved representation of the
chemical bonding, higher angular momentum functions, knowrpdarization

functions,play a major role to correctly describe the shagebe orbitals.
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This can be explained by taking the simple example eHab0GNnd. The atomic
orbitals involved are the hydrogen 1s, and the ca@s@nd2p orbitals. However, if
the hydrogen atom is defined only by s atomic orbitals, ti¢ libnd will not be
correctly described. By adding a set pforbitals to the hydrogen atonsome
component of the p orbitals can be used to improve the description of the chemical
bond. In other words, the presence of polarization functions allows the valence orbitals
to distort from their original shape and to conform better to the molecwiaoement.
Generally, the first set of polarization functiomsfinctions for hydrogen atoms and
d-functions for heavier elements) is sufficient to describe most of the mtianz
effects.

When the system studied includes atoms located below théwostows of
the periodic table, it is possible to reduce the computational cost by replacing the basis
functions representing the numerous core electrons by a single pofngdunction

is usually callecEffective Core Potential (ECF¥ or Pseudopotential (PRY’,

When GTOs are used to describe the valence orbitals, the ECP is generally
made of Gassian functions as well. The quality of an ECP depends on the proportion
of electrons chosen to be described by an ECP. The best compromise between the
accuracy of the callations and the computational cost is obtained when the next
lower shell below thealence orbitals is described by normal GTOs. In this thesis, the
Ti atoms are described by a small core ECP where the orbitals having a quantum

numbern, equal to 1 an@ are represented by an ECP function.

2.1.4 Modelling of periodic system

2.1.4.1  Periodic and molecular systems

When a system containing several atoms is studied, the atomic orbitals will be
modified by their interaction with other atoms. Thus, pebability of finding an
electron in a specific location in a molecule is descrimedhe molecular orbitals.
These molecular orbitals are obtained by a linear combination of the atomic orbitals
(LCAO) as detailed in Equation 2.14:
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Q=B Az (2.14)

wheries gt he mol estands farrthe atomiciorbitalland ¢ Gorresponds to
the coefficient indicatingheweight of the atomic orbital contribution. The molecular

orbitals are used to describe the finite system, such as the molecule.

When the system studied is an infinite crystal, it will be described by crystalline
orbitals. The general procedure is ttene as for the molecular orbitals, but the

periodicity of the lattice and the space group symmetry are fully exploited.

Thent-TiO2 studied in this thesis were built by repeating a primitive unit cell
in the three dimensions of space. The periodicityhefgstem can be described by
crystalline orbitals where the functions have the same periodicity, i.e. Bloch functions.
These particular wave functions enable the user to model periodic systems containing
hundreds or thousands of atoms as they only cartbielerbitals within the given unit
cell. However, the solutions obtained depend on the reciprocal space (i.e. the Brillouin
zone). Consequently, a grid of k points, sampling the reciprocal space, has to be

generated, generally according to the Plichkhorstmethod®.

In a threedimensional crystal, the sampling points belong to a lattice called the
APaM&knkhor st net 0 t haaidvectors (Equaioni2is:d by t hr €

— N—nN-— (2.15)

R, R andR being the reiprocal lattice vectors; andiisis;, iss representing the

integers "shrinking factors" (IS). Their values are input as 15=$s= iss. A second
shrinking factor defining thée®$%amededi ng of
for the calculation of the density matrix. The values of tiranking factors depend on

the system studied and need to be optimized, as detailed in section 2.2.2.
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The other parameters that control the accuracy of the calculations are the cuto
parameters fothe bielectronic integrals. The bielectronic integrale used in the
CRYSTAL programto describe the Coulomb contributions to the total energy
(Equation 2.16):

N =

Z Plg2 Z P3, Z ‘P1‘P2 |‘P3 ‘Ph+n] (2.16)
g

12 34 n h

where the indices 1, 2, 3 and 4 refers to the atomic orbitals of the unit cell while the
indices g, n and h define the infinite set of translation vectorsthreidensity matrix

and( is the Gaussian distribution defining the élen density.

The cutoff threshold parameters are based on the overlap between two atomic
orbitals. When the overlap is smaller than™©°¢ the corresponding integral is

neglected. There are several values to define:

1 the overlap threshold for Couttb integrals,
1 the penetration threshold for Coulomb integrals,
1 the overlap threshold for HF exchange integrals,

1 the pseudaverlap for HF exchange series.

The optimization otthese truncation criteria for the modelling of the titania

nanotubes is detadl in section 2.2.2.

2.1.4.2 The seltonsistent field approach

The CRYSTAL codeemployed in this thesis will use Gaussian basis sets to
generatethe electron charge density of the system studied, and then calculate its
corresponding energy. The crystalline orbitals (CO) will be determined and optimized
by using an iterative approa&hnown as the Sel€onsistent Field (SCF) procedure.
The SCF apprach can be applied to both the HF and DFT methods. Following its
procedure, the program will take into account the atomic orbitals input as basis set to
guess a set of approximated orbitatsefficients to describe the molecular and

crystalline orbitals ath calculate the corresponding energy of the system.
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The new set of crystalline orbitals obtained allow to derive a new set of
coefficients and to calculate the corresponding energy. Thisnevgy is compared
with the previous one. The whole processhient repeated until the difference in
energies differs by less than a given thresiiéttiat has to be defined in theput file.

In this thesis, the cwdff value is the default onef the CRYSTAL program: 16
Hartree of the total energy.

2.1.5 Geometry optimization of a periodic system

A crystal structure is described by a space group, the cell parameters and the
coordindes of the atoms within the unit cell. These parameters areedefirthe input
file and correspond to the crystalline unit cell. The CRYSTAL program will then
transform the crystalline cell into a primitive cell to optimize #fgciency of the
calculation.A primitive cell is a cell of minimum volume that containsly the
irreducible atoms. This primitive cell can then be expanded in the three dimensions of
the space by symmetry. An extended primitive cell is called a supercell, the size of the
supercell is defined in the input file by a matrix indicating how mameg the
primitive unit cell should be repeated in the different directions, creating a larger

primitive cell.

The geometry of a crystal can be optimized to determine the most stable
configuration. When a geometry optimization is performed, it conceipsh@natoms
of the primitive unit cell, the other atoms being symmetric. The choice of primitive
units, allowing for a full geometry optimization (space group P1) or a higher
symmety. This means that the geometry of crystals containing several hundreds o
atoms can be optimized but also that structures available in higher energy states than
ground state at 0°K can be studied. The CRYSTAL software will locate the minima
and saddle pats on the potential energy surface (PES) by using analytical gradient
based algorithms. The software evaluates the gradient each time the energy is
computed and updates the second derivative matrix by using the Biibldemer
GoldfarlbShanno (BFGS) algihm.
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The geometry optimization is an iterative process where theaweaisquare,
and the absolute value of the largest component of both the gradients and the estimated
displacements, are evaluated at the end of each optimization cycle. When the
differences in values differs by less than a given threshold, the optimize®
converged. For exampl e, i n CRYSTAL, t he
107 Hartreebetween two geometries.

2.2 Modeling of nanotubular TiO»

2.2.1 Basis sets andunctional choices

In order have a better understanding of ttdiO, behavie when used as
anode in microbatteries, we performed hybrid Density Functional Calculations (DFT).
This ab initio method allows to access information on the electronic struofuties
atoms. The software chosen was the periodic CRYSTate that fully exploits the
helical rototranslational symmetry of the nanotube structureastidally reduce the
computational tim& using 1 Dimensional (1D)yymmetry. Thusnt-TiOz exhibiting
large unit cells (108 to 540 atoms dependangthe diameter) are reachable by first
principles studies. The symmetry is used for the calculation of one arelé¢atoon
integrals, and for the Foakatrix diagonalization.

Labat et at%® compared the performances of different functionals to study the
structural and electronic properties of anatase and rutile. They found that bot*PBEO
and B3LYP®? functionals are in good agreement with the experimental ndin
energies and band structure. Based on this results, Ferrartathalse the PBEO
functional to perform DFT analysis of anataseTiO> exhibiting negatie strain
energies. However, the calculated band gap was equal to 4.3 eV for bulk anatase. Later,
Lisovski et al®! carried out calculatizs to determine the most favorable functional
allowing to investigate the effect of sulphur doping irtits thegative strain energy
nt-TiO2. They calculated the lattice parameters and band gaps of anatase hulk TiO

using various functionals and obtaihthe results summarized in Table 2.1.
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Although the band gap value calculated using B3LYP is around 0.5 eV larger
than the experimental one, the B3LYP functional is the one allowing to model the most
accurate band ga As a result, Lisovski et &t chose this hybrid functional but
modified the admixture coefficient for the ntotal Hartree Fock exchaado obtain
a band gap value of 3.16/eThis modified functional was later used by the same

group to study other doped anatas&@iO; structure®*

Table2.1: Lattice constants and band gapsnhtase bulk Tiecalculated by Lisovski et 8t.using

different functionals.

E, a, A c, A Ag,, eV

B3PW 3.785 9.580 3.667
PBEO 3.778 9.545 4.109
B3LYP 3.800 9.647 3.641
SOGGAXC 4.449 9.539 0.669
LDA 3.766 9.353 1.999
PBE 3.821 9.597 2.019
PWGGA 3.817 9.595 2.023

HF 3.777 9.643 12.357

Experiment 3.784 9.507 3.18

These two research groups made different basehegtes. Ferrari et 4f.used
a 41131 HayWadt’! small core effective core potential (ECP) and arelgttron
8-411G (d) basis sets for titanium and oxygen atoms, respectively. These two basis
sets were taken from tf@RYSTAL website basis sets librdfy. On the other hand,
Lisovski et aP! chose the ECR11sp311G (d), a HaywWadt basis set optimized by
Piskunov et at’3, for Ti atoms; and a full electron 841spld bass set that they

optimized themselves for the oxygen atoms.

By looking at the basis sets librafy available onCRYSTAL website, we

selected four of them:

f aTi86-51G (3d) and a @-411 basis set&, both used to study the adsorption
properties of TiQsurface.

f the HayWadt411sp311G (d}"3used by Lisovski et al. for Ti atoms.

f an oxygen atom-811d1" basis set optimized for BaT#@rystal.
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We then used both PBEO and B3LYénctionals to calculate the lattice
constants and the band gaps of bulk anatasguBi@g different combinations of these
four basis sets. Full geometry optimization was perfarmelaxation of both the cell
parameters and the atomic coordinates wéogvatl. The results obtained (Table 2.2)

were then compared with experimental ¢ata

Considering both # band gap value as well as lattice parameters, the most
accurate values cqrared to the experimental ones were obtained when using the
B3LYP functional, the alklectron 8411(d) basis set for O and the H&jadt small
core ECP with a 41B11G (d) basis s$efor Ti atoms. Moreover, this Haywadt
functional allowed us to reduce themputational cost of the calculations by taking

into account only the valence electrons.

As the intercalation of lithium ions into the-TiO2 leads to the reduction of
the titanium ions from Ti*to Ti**, the same approach was repeated for the bulk of
Ti20z, which exhibit the corundum crystal structure. The results are displayed in Table
2.3. Again, the combination of computational parameters highlighted in bold appears

to be a suitable compromise.

Table2.2: Calculated and experimental lattice constants and band gaps of bulk anatase TiO

Lattice parameters
Ti Basis set | O Basis set| Functionals |Band gap (eV A)
a c

86-51G(3d) 8-411 B3LYP 4.71 3.735 | 9.974
86-51G(3d) 8-411 PBEO 5.22 3.71 9.898
411-311G(d) 8-411(d) B3LYP 3.77 3.791 9.768
411-311G(d) | 8-411(d) PBEO 4.41 3.776 | 9.599
411-311G(d) 8411 B3LYP 4.09 3.755 8.987
411-311G(d) 8411 PBEO 4.56 3.731 8.878

Experimental values? for anatase TiQ; 3.2 3.785 | 9.514
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Table2.3: Calculated and experimental lattice constants and band gaps of corun€m Ti

Ti Basis set | O Basis set| Functionals |Band gap (eV|Lattice parameters
(A)
a c

86-51G(3d) 8411 B3LYP 1.095 5.247 | 13.068

86-51G(3d) 8411 PBEO 1.529 5.218 | 12.921
411-311G(d) 8-411(d) B3LYP 0.863 5.247 | 13.428
411-311G(d) | 8-411(d) PBEO 1.182 5.203 | 13.307
411-311G(d) 8-411 B3LYP 0.94 5.254 | 13.304
411-311G(d) 8-411 PBEO 1.28 5.21 13.18
Experimental values ’®for corundum Ti203 0.1 5.157 | 13.61

An ECP basis set was chosen for titanium atongusity the valence electrons
to carry out the calculations. This basis set takes into account only the most external
p andd atomic orbitals because the core electrons are described Iffgetive core
potential (ECP). The3s, 3p, 4sand 3d atomic orbials are filled with electrons.
However, to describe the system more accurately4dend 5d orbitals have been
considered in this basis set. Previous theoretical studies have shown yhheGad
orbitals are occupied upon Li intercalatiéh Conseqgantly, the4d and 5d atomic
orbitals are added to improve polation phenomena. This Hayadt basis set is

displayed in AppendiA.

To reduce the computational cost of the calculations 5therbitals were
omitted and the titanium basis set was optimized by adjusting the alpha exponent of
the Gaussian function deiiig the4d orbitals. For this, we calculated the total energy
of bulk anatase Ti®for different alpha values, starting with theitial one of
0.8310327. The alpha coefficient was then gradually decreased until an energy

minimum was found. The results abted are presented as a graph in Figure 2.3.
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Hay-Wadt Ti basis set optimization
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Figure2.3: Total energies of bldlanatase Ti@calculated with different alpha coefficient. Blue

rhombus basis set with ondyd and orange square éd, 5d) basis set.

The total energies, obtained with the modifiédl Gaussian functions and
without5d orbitals, are displayed with blue rhombus. For comparison, the total energy

obtained with the original basis set is represented on the graph by an orange square

Although an energy minimum was reached when the alpha coefficient was
around 0.6, the correspding total energy is still higher than the one obtained when
the original basis set is used. This means that our optimization of the basis set leads to
a lessstable system. As a result, we chose to keep the original basis set (as displayed

in AppendixA) to perform all the calculations reported in this thesis.

69



2.2.2 Selt-Consistent Field (SCF) parameters optimization

After determining the most suitable basets and functional, we optimized the
shrinking factor IS by modifying the-jgoint grid in thereciprocal space as detailed in

section 2.1.3.

We calculated the total energy of optimized anatase bulk Wit different
IS integer values to determine theshsuitable one. The results are presented as graph

in Figure 2.4.

Shrinking Factor optimization
-417.52

-417.522
-417.524 /
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-417.528 ¢
-417.53

0 2 4 6 8 10
IS values

Figure2.4: Total energies of bulk anatase Ti€alculated for different shrinking factor values.
The best compromise between the preaisid the results obtained and the
computational cost was found for the shimgkfactor 6. The same values were chosen

by Ferrari et af® to study anataset-TiOx.

The last parameters to optimize are the cutoff threshold parameters for
Coulomb and exchange integrals evaluation that are detailed in section 2.1.3. They are
defined by five integrs in the input that set up the smallest order of magnitude for
Coulomb ovéap tolerance, Coulomb penetration tolerance, exchange overlap
tolerance, exchange pseudo overlap tolerance f(g) and exchange pseudo overlap

tolerance p(g).

The results displayad Figure 2.5 were obtained following the same approach:
the total energyfdulk anatase Ti@were calculated using different truncation criteria,
starting with the default ones 6 6 6 6 12. The values were then gradually increased (7

77714: 8888 16&tc.).

70



Cutoff threshold parameters optimization
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Figure2.5: Total energies of bulk anatase Fi&hd calculation durations obtained with different cutoff
threshold parameters. Total energy and computational time are displayed with blue rhodnbus a

orange squares, respectively.

The total energy calculated is dispdaly with blue rhombus and the
corresponding calculation duration is represented by orange squares. A compromise
between the accuracy of the calculation and the computational cost egssnchnd

all calculations have been done using the 8 8 8 8 16 setting.
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2.3 Conclusion

To summarize this part:

1 the calculations of the lattice parameters and band gaps, dild&tinatase
TiO2 andbulk corundum TiO3, enabled us to choose th8IB/P functional,
a HayWadt small core ECP with a 4B111G (d) basis set for Ti atoms, and

an allelectron 8411(d) basis set for the oxygen atoms.

1 the comparison between the bulk anatase.Ti@al energies and the
calculationdurations allowed us to aptize the SCF parameters. Shrinking
factors of 6 6 and a 68 8 8 8 1606 sef
exchange integrals seem to be a good compromise between the accuracy of

the calculations and the computationaltcos
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Chapter 3

Properties of the anatase bulk, slab
and nanotube

3.1 Aims

The aim of this section is to carry out a complete study of the properties
exhibited by the anatase bulk, slab and nanotube to understand hewrtimetry
affects the electronic structure. The results iobth were compared with previous
studies reported in the literature to confirm the suitability of the basis sets and
functional chosen in this thesis. Moreover, the optimized geometries, electronic
structures and total energies calculated for the threersgsare used as references in
the next chapters when cations “(land Nd) are intercalated into the different
structures. The comparison of the slab properties with the bulk ones facilitates the
understanding of the surface behavior towards cation al&ian. The slab properties
are also compared with the nanotube ones
upo on the surface reactivity. Nanotube
diameters are also studied in this section to determine tls¢ suitable nanotube
model.

3.2 The bulk properties

As described in section 1.2.3, anatase is a crystal exhibiting a tetragonal
symmetry and belonging to th@t)1/amdspace group. In the bulk sttuce, all the
atoms ardully coordinated with sixfold Ti ®oms (Tkc) and threefold oxygen atoms
(Os0).
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The bulk crystal was built using the latticenstants reported in the literature:
a=3.792 Ac=9.497 &®. In this crystal, the TO bonds are 1.94 long in thex and
y directions and 1.97 A long in thedirection. TheO-Ti-O angles equal55°. These
values confirm that the T¥Joctahedra exhibit a loW2q symmetry (instead of the
ideal G, one)!. This low symmetry will induce a split tietzg orbitals: thedxy orbitals
will have a lower energy than thk; and dy; ones because no octahedra edges are

shared in thab plare.

A full geometry optimization was performed using B®&LYP functional and
the basis sets detailed in the previous chaptidg parameters are presented in Table
2.2). This optimization leads to an extension of the bond6.8& A along thez-
direction whereas the extension is very small in #yeplare. The O-Ti-O angles
slightly decrease to 153.6°. The modifications caedygained by the higher energy
of the dx; anddy; orbitals, compared to thay ones.The structure modifications are
displayed in Figure 3.1 whetke titanium atoms are in greyd the oxygen ones in

red.

Figure3.1: Non-optimized (a) and optimized (b) bulk anatase using computational settings from

section 2.2. The Ti and O atoms are in grey and red, respectively.
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The Mulliken analysis showed a Z charge of 9.685 for the titanium atoms and
9.158 for he oxygen atoms, confirming the partially covalent character of the anatase.
Partial charges on the ions can be calculated as the difference betweenahdlQe
8e, respetively. Thus, the effective charges are +2.32e for the titanium atoms and
-1.16e for the oxygen ones. These values are similar to the ones reported in previous
theoretical studi¢é,

The Density of States (DOS) of the bulk anatase is displayed in Figure 3.2. It
shows a band gap formed by fherbitals of the oxygen atoms in the valence band,
andthed orbitals of the titania atoms in the conduction band. Its value is 3.77 eV.
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Figure 3.2: DOS of TiQ bulk anatase
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3.3 Properties of the (001) terminated slab

To study the behavior of the anataseotubes as anode, we chose to work
with the 3 monolayer (ML) thick nanotuleghibiting a negative strain energy over the
whole diameter range that was reported by Ferrari®®t Ehe slab is cut along the
(001) surface, as displayed in Figure 3.3 where the Ti aatb@s are displayed in

grey and red, respectively.

Figure3.3: Optimized 3ML anatase slab cut along the (001) surface. Green labels indicate full

coordinated while black labelsidercoordinated atoms.

The coordination of the atoms are detailed in Figure 3.3 where the fully
coordnated atoms are indicated with green arrows and the undercoordinated atoms are
pointed out with black arrows. The two most external layers are made of
undercoordinated fivefold Ti atoms €d)i and contain a mix of fully coordinated
threefold oxygen atom@zsc) and undercoordinated twofold oxygen atomsc((as
discussed in section 1.2.4. These two layers are equivalent but the chain of
undercoordinate®,. atoms are running perpendicularly to each other. The internal
layer is only made of fully coordinateatoms: sixfold Ti atoms (dd and threefold

oxygen atoms (6J).
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When a full geometry optimization is performed (both atomic coordinates and
cell parameters are allowed to relax), the slab is stretched mdinection and shrunk
in thex andy directions. The structure modifications are detailed in Figure 3.4 where
the nonoptimized slab is shown in Figure 3.4a while the modifications in boigihHen
and angles are displayed in Figures 3.4b and 3.4c. It is found th&t-@éonds
parallel to thez-direction are elongated from97 A to 2.05 AThe elongation of the
outermost layer of the (001) anatase surface was already mentionedstodpdoy
Ortega et df” and was explained by the electronic repulsion of théaseratoms.
However, the elongation observed in the 3 ML slab is A.@&s than the one reported
in the literaturé” where a single anatase surface was studied. One contributing factor
to this difference is explained by thexluction of the dipole moment in the slab, where
the presence of a symmetrical mirror plane in the center of the slab removes the dipole
momentover the slab. Another reason can be associated with differences in the
computational setup.

In thexy plare, the Ti-Ozc bonds are slightly shorter (0.02 A) than theCE
bonds. The @ anions are moving outwarilom the surface, leading t®i-Ozc-Ti
chains with an optimized angle of 140Fhe shortening of the bonds between
undercoordinated ions and the disglaent of the anions outwaftbm the surface
are regularly mentioné® as an usual reconstruction stabiligithe metal oxide

surface.

The symmetry breakage observed inxpplare of the slab is lesgronounced
than the ones reported for single anatase suffdweserethe G atoms nove closer
to one of the neighboring skichains. In the single anatase surface, th®tibonds
exhibit strongly inequivalent bond lengths of 1.77 A and A18s it was displayed
in Figure 1.10. The absence of this kind of reconstruction in the ghdtecexplained
by thetwo O.c-Ti-O2cchains that are running perpendicularly to each other at each side

of the slab and limit the surface reconstruction.
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Figure3.4: Geometry optimization of th@01) 3ML slab where the Ti atoms are in grey and the O
ones in red. The neoptimized slab is displayed in figure a. The changes in bond lengths and the

angle modiications are detailed in figures b and c, respectively.
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The Mulliken analysis is displayeoh Figure 3.5 where the charges are
indicated in green for the Ti atoms and in black for oxygen ones. In anatase bulk, the
charges of the ions were +2.32e for tit@nium and-1.16e for the oxygen. Thus, a
slight decrease of the oxygen charges, asasgeall small increase of the Ti charges, are
observed overall, indicating a more covalent character in the slab than in the bulk. This
result confirms the limited el&@onic repulsion of the surface atoms and explains the
restricted extension of the slab adpthez-direction.The decrease of the partial charge
observed for the undercoordinategt fons agrees with the shorter length exhibited by
the Ti-Ozc bonds.

Figure3.5: Mulliken charges of the (001) 3ML slab. Green labels represent Ti and black labels O

atoms, respectively.

The DOS of the anatase slab is displayed in Figure 3.6 where the blue plot
refers to the tml DOS of the slab, while the black, red and green saoe related to
the s, p andd orbital contributions of the selected atom, respectively. The selected

atoms are highlighted in green.

The DOS for the slab is not significantly different from thélmne. However,
it is noticed that the undercoordinat@gtatoms are located higher in the valence band
than the fully coordinated ones. As a result, they contribute to upper part of the valence
band and are more reactive. These results are in agreenterd previous study

carried out by Calatayud et4l.
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The band gap of the slab equals 3.97 eV afd2=V larger than in the bulk.
The valence and the conduction bands are also shifted to lower energies compared to
the values reported for the bulk (Figure 3.2). Such results were already reported in th
literaturé®8%and are explained by the presence of undercoordinateh® Ticions.
Before the relaxation of the surface, dangling bonds betweentlam®the Tdcions
will be formed, generating surface states locatst to the valence band top and close
to the conduction dmd bottom. The relaxation will allow electron transfers that will
partially saturate the dangling bonds and remove the surface state fromdtgapan
As a result, the surface electronic structuii exhibit a larger band gap with a shift
of both the valence and conductions bands.
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Figure3.6: DOS of the anatase (001) 3ML slab where the Ti atam@sn grey and the O ones in red.
The blue plostands for the total DOS of the slab, while the red and green colors are relateg to the

andd orbital contributions of the selected atom (highlighted in green), respectively.
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The surface energy can be mdhted according to the Equation 1.2. As the
lateral size of the slab was not constrained in this thesigpmtsation is based on a
fully relaxed structure when consideringtkslab). This equation was already used by
Vittadini et al’® to characterize different slabs of Bi'he slab used to build the
nt-TiO2 in this thesis exhibits a formation engigf 0.61 eV/TiQ. This positive value
indicates that the slab is less stable than the bulk, because of the tensile stress and the
electronic repulsion present on the surfaces, as well as the presence of

undercoordinated atoms.

3.4 The nanotubes constructio

The thredayer thick [001] anatase nanotubes were reported by Ferrafi®et al.

to exhibt a negativestrain energy over the whole diameter range, indicating a higher

stability of the nanotube compared to the 3 ML slab. The nanotubes can be built by
Arol l ing upo rmBertsl(Oabdireatiory &sgletailed i Figure 3.7
below.

Figure3.7: 3ML nt-TiO rolled up along the (0y,) direction (a) or therg, 0) direction (b). The grey

and red spheres represent the Ti and O atoms, respectively.
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Thent-TiO2 rolled up along ta (0,n2) direction showed a particularly unstable
structure (Figure 3.7a) with a lot of bonds breaking during the geometry optimization
resulting in a positive strain energy. This result is in agreement with the litétature
and can be explained by the i mportant st
upo: the ones |l ocated inside the nanot ub:e
the ones situated on the external wall are widely stretched.

When thent-TiO: is rolled along therfy, 0) direction, the bond lengths are
slightly modified, thus the stress applied on the structure is less damaging. This
Air olulpiongl ooks miormrtiee aratase tswuctard and the calculations
converge easily. As a result, only thanotubes rolled up along the,(0) direction

were considered in this thesis.

The next step was to calculate and compare the strain enejgf (ETiO2
consideringifferent diameters of the nanotubes in order to determine the most stable
one, andhen the best compromise between the computational time and the size of the
nanotubes (the bigger ones being closer to the experimental system discussed in
section 1.2.2)Thus, nt-TiOz with internal diameters in the range of 8 to 66 A were

optimized. The mallest and the largest nanotubes are displayed in Figure 3.8 below.
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Figure3.8: 3ML nt-TiOz rolled up along theng,0) direction having an internal diameter of 8 A (a) and
66 A (b). The O and Tatoms are in red and grey, respectively.
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The strain energies of the nanotubes were then calculated using Edudtion
(described in section 1.2.5)he results are shown ingkre 3.9 and confirm that the

strain energy is negative over the whole diameter range.
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Figure3.9: Strain energy of anatase 3Nt-TiO2 versus the diameter.

The most negative strain energy is obsefeedhe smallest diameter (849.
However, thisnt-TiO2 underwent an important reconstruction during the geometry
optimization as shown in Figure 3.10. The final structure is too different from the
anatase cryat and can not be considered as a suitalaldel for thent-TiO2 electrode.

This is explained by the symmetry restrictions imposed during geometry optimization.
The strain energies calculated are similar to the ones reported by Ferrdfi atdl.
Lisovski et al’*,
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Figure3.10: 3ML nt-TiO2 having an internal diametef 8 A before (a) and after (b) geometry

optimization. The red and grey spheres stand for the O and Ti atoms, respectively.

Thent-TiO2 having a diameteof 23 A conserved its anatase structure during
geometry optimizatin. The higher strain energy shown for this diameter (Figure 3.9)
can be explained by the important modification of both the bond length and the angles

bet ween t he bonadspoduwrriorcge stsh ea rforuonldl isrugc h  a

The nanotubes having diametéstween 383 and 66 A exhibit almost the
same strain energy and show similar rearrangements during their optimiEatron.
computational time saving, the #8diametemt-TiO2 was chsen in this thesis. The
structure modificaons occurring during geometry optimization are displayed in
Figure 3.11 and will be analyzed in detail in the next section.
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Figure3.11: 38 A diameteBML nanotibebefore (a) and after (lgeometry optimization. The O and

Ti atoms are in red and grey, respectively.
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3.5 Properties of the 38 A diameter nanotube

The bond lengths and the angles of theDTTi chains of the 38 A diameter
optimized nanotube are displayedhe Figure 3.12. The anglaie detailed in Figures
3.12a and b, while the bond lengths perpendicular to the nanotube axis are indicated
in Figures 3.12c and d. The bond lengths parallel to the nanotube axis are displayed in
Figure 3.12e.
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Figure3.12: Measures of the TO-Ti chain angles and @ bond lengths of the optimized-TiO-.
The grey and red spheres represent the Ti and O atoms, respectively. Figures a and b detailed the

angles while the bonléngths are showin figures ¢, d and e.

When the geometry of the nanotube is optimized, several geometrical
reconstructions occur, including a breaking of the nanotube symmetry. Sev&al Ti
bonds that had the same lengths before the geometry optimizgonolonger
equivalent, resulting in a distorted structure. The reconstruction seems to be driven by
the displacement of the titania inward and the oxygens outward displacements of the
surface walls. These particular motions tbheé cations and anionspresentthe

expected displacements for metal oxide surface stabiliz&tion
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The undercoordinated©Tis.-O2cchains located on each outermost layer are
running perpendicularly to each other, thus only the internal one will be modified by
the rollingup as displayed in Figure 3.13 where the undercoordinated oxygen atoms

are highlighted in green.

Figure3.13: Localization of the undercoordinated oxygen atoms (highlighted in green) in the anatase

slab (a) and nanotube (b). The O atoms are in red and the Ti ones in grey.

The O2-Tisc-O2cchains that are paralltoy axis in the slab, will be parallel to
the nanotube axis, and will not be affected by the rollipgstress. Thus, the -Oxc
bonds located on the external wall of the nanotube will not be modified whereas the
Ti-Osc bonds locted on the same wallilvbe widened. The situation is different for
the internal wall where the 2. bonds are shortened whereasTth®s. ones remain

unchanged.

As expected, the internal wall is more affected than the external one by the
reconstructin, as the stressistrd uced by the Arolling upo
layer is higher than in the outermost wall. As a result, the ionic displacements are more
pronounced, leading to an importalgcreas¢éhe Q¢ TiscO2c angle from 155° in the
slabto 124° in the optinzed nt-TiO2, generating a tensile stress of thaer wall
surface. In additionthe shortening of the undercoordinafig.-O2c bonds supports
the stabilization of the structure. Consequently, the tensile stress caused by the smaller
angles is probably copensated by the translations of the ions, considering the shorter

undercoordinatedis-O2c bonds.
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The ionic displacements oliwed in the optimizedt-TiO, were also reported

as a frustrated attempt form a lepidocrocite structur® Such a reconstruction was

already observed for thievo monolayer thick anatase (001) $fabThis sheet will

spontaneously rearrange into a stable lepidostiucture where the Tiions are fully

coordinated and the bond angles arbtire oxygen atoms smaller.

As a conclusiont h e

the symmetry and can be interpreted as a frustrated attempt to fepidacrocite

stress

caused by the

nr ol

structure. This reorganization leads to a stable structurestathier undercoordinated

bonds. Moreover, the displacements of the cationsrd from the surface and the

anions outwardrom it reduce the electronic repulsion between surfage. Thus, the

nt-TiO> are more stable than the corresponding slabs and exhibit a negative strain

energy.As expected, only slight modifications of the angles and bond lengths occur

along the

applied.This structure is similar to the work presented by Ferrari8tdaspite using

nanotube

a slighty different functional.

axi s wher e ofheslabisr e s s

The Mulliken charges of the titania and oxygen ions in bulk, slab and nanotube

structures are compared in Table 3.1 below. As the geometry optimization of the

nt-TiO2 broke the symmetry of the urgell, the ions have lea labelled as displayed

in Figure 3.14.

Table3.1: Mulliken charges of the Ti and O ions in optimized anatase bulk, slabtan@®,

structures.
lon Charges in bulk Chargesinslab | Charges innt-TiO
o1 -1.158 -1.134 -1.114
Ti2 2.315 2.269 2.270
03 -1.158 -1.146 -1.165
04 -1.158 -1.131 -1.131
Ti5 2.315 2.285 2.298
06 -1.158 -1.131 -1.178
o7 -1.158 -1.146 -1.199
Ti8 2.315 2.269 2.245
09 -1.158 -1.134 -1.027
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Figure3.14: Labelling of the Ti and O ions constituting the optimized unit cell oftHEO..

The changes of the charge distribution in the nanotubes are more pronounced
in the internal wall where the undercoordinati¢ghia and oxygen ions (labelldd8
andO9) exhibit a more covalent interaction compared to the outermost wall. This can
be explaned by the shorter undercoordinateeOrbonds. On the other hand, the fully
coordinated oxygen ion®7 and O6 that are boned to theTi8 cation show higher
Mulliken charges than in the slab, possibly indicating a more ionic character. It would
appear thatheTi8 cation is sharing more electrons with the undercoordinated oxygen
than with the fully coordinated ones, resultingan electron redistribution leading to
a more delocalized electronic structure at the surface than in the central layer of the

tubewall.

In the external wall, the modifications are smaller than in the innermost wall
and any electron redistribution concenly the oxygen ion®1 andO3. The charge
of the undercoordinateti2 and fully coordinate®4 ions are not modified. The fully
coordinated oxyge®3 shows a more ionic character, probably caused by the increase
of the T+O bond length, whereas the @ndoordinated oxyge®1 is slightly more
covalent. On the other hand, the fully coordinafésglion located in the middle of the
structure exhibits a more ionic character, probably induced by the ionic behavior of
the bonded7 andO6ions.
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As a conclsion, the Mulliken analysis shows that the undercoordinated ions
exhibit a more covalent charactas a contrary of the fully coordinated ones that are
more ionic. As a result, the nanotube exhibits a more delocalized electronic structure
at the surfacehian in the central layer. Moreover, the undercoordinated ions located in
the internal wall exhibita more covalent interaction than the ones located in the
outermost wall. These changes in electronic structure are similar to the ones reported
by Ferrari etal*® and Piskunov et &', and are emphasized by the modifications of

the bond lengths.

The DOS of thent-TiO2 was computed for each of the atoms constituting
the irreducible unit cell of the nanotube (all the other atoms are related by symmetry)
and is displayed in Figure 3.15. The blue plot represents the total DOSn{Ttit&
while the red and green colorseaassociated with theandd orbital of the selected
atom, respectively. Theorbitals are plotted in black but do not appear on the Figure

3.15 as they are not present in the conduction or the valence band.

The states close tthe top of the valenceabnd are almost exclusively
represented by thH2p states of the O1 and the O3 atoifisese wo atoms are located
on the external wall. These results are in agreement with previous theoretical
studieé®°® and point out the higher reactivity of the external wall compared to the
internal one. Thus, the electrochemical reaction should more likely occur on the

external wall.
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Figure3.15: DOS of the optimizeat-TiO,. Atomic labels are presented in Figure 3.14. The blue plot
stands for the total DOS of the nanotube while the red and green plots represent the contributions of

thep andd orbitals, respectively.

The kand gap of the nanotube is 4.44 eV. Thisigak higher than the values
of the bulk and the corresponding slab. It can be explained tstrihetural changes
in the walls of nanotube caused by the striisovski et al’’ and Ferrari et & both

showed that the smaller the nanotuibe larger is the band gap.
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3.6 Conclusion

1 The anatase bulk is elongated along thdirection during geometry
optimization. This structure change can be explainethbysplitting of the
titaniad orbitals, resulting in thdyyorbitals having a lower emgy than thel.
anddy;ones.

1 The band gap of the anatase bulk is 3.77 eV large dmaned by theo orbitals
of the oxygen atoms in the valence band and the edptyitals of the titania
atoms in the conduction band.

1 The surface reconstruction obged in the slab is smaller thére one reported
for a single anatase surface.

1 The slab exhibits a slightly more covalent character than the bulk. Its band gap
is 0.2 eV higher than the bulk one, and its valence and conduction bands are
located 0.7 eV lver in energy compared to the areported for the bulk. The
undercoordinated £ atoms of the slab contribute to the upper part of its
valence band while the titania emptyrbitals are located in the conduction
band.

1 The nanotube chosen in this thasisolled up along thenf, 0) direction and
is 38 A diameter.

1 The geometry optimization of the nanotube leads to a distorted strtitatire
can be interpreted as a frustrated attempt to form a lepidocrocite structure.

1 The undercoordinated atoms of thanntube exhibit a more cdeat
interaction than the fully coordinated ones. Thus, the electronic structure is
more delocalized at the surface than in the central layer of the nanotube wall.
Moreover, the undercoordinated atoms located on the internaneadlightly
more covalenthan the ones located on the external wall.

1 The band gap of the nanotube is 4.44 eV. The value is higher than both the
bulk (3.77 eV) and the slab (3.97 eV). The states close to the top of the
valence band are almost excluswekpresented by the oxygeatoms
located on the external wall.

1 The results are comparable to the study carried out by Ferrari et al. using the
PBEO functional.
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Chapter 4

Lithium intercalation into anatase

4.1 Aims

The main goal of this section is to carry owoaparative study dhe lithium
intercalation into the anatase bulk, slab and nanotube. The calculations performed on
the LiosTiO2 bulk anatase is partly used to choose the most suitable Li basis set to
study the lithium intercalation process into asataMoreoverab initio calculations
performed on big systems like nanotubes require the use of geometry constraints. Thus,
the comparison of the results obtained for thesLIO2 bulk using these constraints
with previous studies reported in the literatis usefulwhen judging the results

introducing such an approximation to be aware of its influences.

Anatase surfaces were reported to exhibit higher lithium capacities than the
corresponding bufé1% Thus, lithium is also inserted with a concentration of x = 1
into both the bulk and slab anatase in order to make a comparable study between the
bulk and slab using the results obtained to better understand the relelpiayrface
recastruction towards lithium intercalation. Moreover, the slab possesses two
symmetric outermost surfaces which can be used to study the influence of the

polarization by inserting lithium ions into only one or the two outermost surfaces.

The @lculations a the lithium insertion into the slab and the nanotube are also
used to estimate and to isolate the influence of the strain energy. The different
intercalation sites present in the nanotube are studied separately as several
experimental stud&®>"highlighted the major role of the external wall with respect to
lithium intercalation. Moreover, the high surface area of the nanotubes results in good
contact between the eledyte and theexternal wall reported to lead to a higher
capacitive behaviodt than observed in the bulk. Thus, lithium will also be added
above the outermost surfaces of the slab, as well as above the internal and external

walls of thent-TiO2to confirm an eventual lithium metal plating.
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4.2 Choice of Lithium basis set

The first step consisted of finding a suitable lithium basis set to study its
intercalation into the different systsnof TiO.. The most favourable lithium
intercalation sitesan bedetermined by comparing tlafferentlithium intercalation
energiegalculatedusingthe Equatiorl 4 (defined in section 1.2.6.1As a result, the
lithium basis set must be able to define bothdhergy of the lithium in a meta
bulk as well as an ionic species intercalated inside the SirGcture. However, while
most of the basis sets are able to determine the properties of the lithium as an
intercalated ion (derived as')j they fail to decribe metallic bulk but lead tmasis set
linear dependemes. When the calculations are performed using this kind of basis set,
the bulk lithium energy (E) mentioned in Equatioi.4 needs to be replaced by a
single point calculation performed on ortlilim atom. The comparison of thigium
intercalation energies will still allow to correctly determine the most favourable
intercalation sites. Nonetheless, the intercalation voltage associated may not be

correct.

Four lithium basis sét? 18 were tested in this thesis. They were firstly used to
calculate the total energy of a lithium metallic b(ikhen it was not possible because
of the basis set linear depend&sanentioned abovea single point calculation was
performed instegd The bas sets were then used to study the lithium intercalation
into a TiG:bulk. The different lithium intercalation engies and intercalation voltages
were compared to determine the most suitable basis set. All the calculations were
performed using the same B8P functional, shrink factor and cuff threshold, as
for thent-TiOx.

The metallic lithium exhibits a body cdeed cubic structure at room
temperatur&®. It belongs to the space groum¢m) ard its lattice parameter equals
3.48 A. Thdithium bulk lattice is displayed in Figure 4.1.
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Figure4.1: Crystallographic structure of lithium bulk space grdnmom.

A full geometry optimization of theithium bulk was performed using the

different basis sets. The energies obtained are shown in Table 4.1. The only basis set

that did not allow a bulk energy calculation was the Li_6 #3@r which the

calculation was based on a single point. The lowest bulk energy is obtained with the
Li_ POB_TZVP®basis set.

A TiO2 bulk supercell (1 x 1 x 2) was then built to compare the lithium

intercalation energy. The lithium ions weintercalated every second octahedral

intercalation site to respect the experimental concentfatasr0.5 Li ion per TiQ

unit. The noroptimized Lb.sTiO2 supercell is shown in Figure 4.2.

Table4.1: Total bulk energies or single point energy obtained with the differdpadis sets

Basis set Lithium bulk energy (eV) | Single point energy (eV)
Li 6 1162 -198.002
Li 6 1165 -204.288
Li POB_Tzw® -204.65
Li_3s2p® -204.@1
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Figured.2: LiosTiO2 supercell before geometry optimization. The grey, red and purple colours

represent the Ti, O and Li ions, respectively.

The structure was then fully optimized and the total energies of both the
lithiated and no#lithiated TiO2 bulks were calculated. Thalues obtained, combined
with the lithium bulk energies reported in Table 4.1, were used to calculate the lithium

intercalation energies for each basis set.

The lithium intercalation energies and intercalation voltagais\jtated using
Equatiors 1.4 and1.6'!% obtained with the different basis sets are reported in Table
4.2.

Table4.2: Lithium intercalation errglies and voltages calctdal with different basis sets.

* Note Li_6_11G®is based on single point calculation.

_ Lithium intercalation Lithium intercalation
Basis set
energy (kJ/mol) voltage (V)
Li_6_11¢2= -799.8989461 33.16
Li_6_11¢% -199.6884317 4.14
Li_POB_TzZV® -158.9592606 3.29
Li_3s2p® -162.5367926 3.37
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The experimental intercalan potential of lithium into titaniurdioxide equals
1.75 \VA®_ One of he closest value was obtained with the Li_3s2p basis set. Moreover,
this basis set is computationally efficient, an important criteria for modellifmgof
system such ast-TiO, and was reported by Doll et to be robust. As a result, this
Li_3s2p bas set was chosen to study the Li intercalation into anataB> in this

thesis.

4.3 Lithium intercalation into Li o510, anatasebulk

In order to hae a better understanding of theTiO2 as an anode in lithium
microbatteries, a detailed study of the Li intercalation into bulk anatase was first
carried out. There were two goals following this approach. The first one was to
compare our model with theqvious theoretical studies on lithiumtércalation. The
second one was to constituteedof reference data from where the differences between

the intercalation into a bulk and into a nanostructure can be studied.

The experimental lithium intercalatioatio into an anatase bulk equals 0i5 L
ion per TiQ unit. Following this result, the most stable Li distribution was repbtted
to be assoctad with half of the octahedral intercalation sites occupied. Previous
theoretical studig§''8 reported an orthorhombic distortion of the lattice and the
formation of a titanate structure belonging to threnaspace groufs upon lithium
intercalation. However, the modelling of such a phase transformation requires either
the use of supercells containing several dozens of independent?aiétosa several
steps optimization procedure in which the restrictions are released one*byTtiee
theoretical studies afit-TiO2 are possible at aab initio scale only thanks to the
symmetry operators, that reduce the size of the unit cell below ten atomisined
with a simple optimization procedure. As a result, the lithiated anatase bulk was
optimized following the same conditions as for titdi0, ones: the unit cell chosen

was as small as possible and fully optimized in a single step.
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A (1 x 1 x2) superceltontaining 14 atoms (4 Ti@nit and 2 intercalated Li)
was built. The lithium atoms were inserted under their reduced form (with three
electrons) in half of the octahedral sites available alongdirection. A full geometry
optimization (lmth the atomic positions and the cell parameters were relaxed) was then
performed. The number of symmetry operators was kept constant during the
optimization procedure as this condition is compulsory for the ringedf nt-TiO».
Consequently, no anisopiz modification of the unit cell can be observed because the
number of symmetry operators can not be reduced. The changes occurring in the bulk

anatase upon lithium intercalation are shown in Figure 4.3.

Figure4.3: Optimized norithiated (a) and lithiated (b) bulk anatase. The Ti atoms are in grey, the O
ones in red and the Li ions in purple. The reducédi@ins are highlighted in green.

The lithium intercalation induces an elongation from 129t 2.04A of all
the T+O bonds present in theandy directions. Consequently, the-T3-O angles
present in thexy plare are also increased by 10°. The modifizas occurring in the
z-direction are quite different: the-0 bond lengths depend on tiegree of oxidation
of the titania ions. The ¥i O bonds exhibit a very similar length as the one observed
in Ti203 (2.04A for the former an®.02 A for the latter)Instead, thdi** O bonds
are shortened to 1.9%. As a resultthe lithiated anataseontains an alternance of
short and long FO bondsalong thez-direction. The size of the conventional unit cell
is also modified by the Li intercalation.
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By comparing the cell parameters of the two optimized structures before and
after the Li intercalatin, it can be observed that thparameter is readed from 9.77
A t0 9.39 A in the lithiated structur@nthe contrary, the andb cell parameters are
increased from 3.79 A to 3.99 A upon Li intercalation. By taking into account the fact
thatthe symmaty operators avoid any anisotropic modification in yeplare, the
optimized lithiated bulk structure is coherent with the prevtbasretical studies.

Figure4.4: Visudization of the LO bonds present in the plare. The grey, red and purple spheres
represent the Ti, O and Li elemensspectively.

The Li position inside the octahedra intercalation sites is shown in Figure 4.4.
The oxygen atoms located in tkgplane are not all at the same height but stand above
and below a centred plenleading to the formation of distorted octahedra. Similar
results were reported by Tielens et’®abr Legrain et at*® performingab initio
calculations. In our model, the lithium stagtthe middle of the octahedron and is

fourfold coordinated, no shift along teeadirection was observed.
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The previous theoretical studies do not agree with each other concerning the
size of the shifof Li along thec-direction the values reportedarying between 0.15
A and 0.682540149 Moreover, Dawson et &t.showed that the shiftgubsition is only
0.01eV more stable than the centred ofe.a result, the shift of the Li ions along the
c-direction seems to be strongly influenced by the computational method chosen.
Thus, the small size of the unit cell chosen in this thesis, combined with a full geometry
optimization performed in a single step, can explain the absence of shift observed for
the lithiated bulk Another explanation for the absence of shift might be the location

of the Liion in a high symmetry point, representing a local minimum.

A possibe explanation for the modifications of the bond lengths upon Li
intercalation is linkedo the filling of the antbondingdy. orbitals. The destabilization
of the electronic structure was balanced by aiJaliter-like orthorhombic distortion
of the lattce. HoweverMorgan and Watsdf€ proved later thiathe added electrons
were not enough to induce such a distortion. They pointed out the key role played by
the intercalated lithium to stabilize the distorted structure. They noticed than@he
distances were close to the ones observed.i2O>, enhanang the Coulomb
stabilization of the Li.

In our model, the symmetry constraints avoisethorhombic distortion of the
lattice. As a result, all the Tt O and LiO bonds located in they plare are parallel
to each other and exhibit tlsame length of 2.0A. This value is close to thei-O
distance of 1.996 A observed in,0x? but stretchethe T O bonds above their
equiibrium position equal to 1.98. Consequently, th€oulomb stabilization of the
lithium seems to be one of the main driving mechanisms for the reorganization of the

|lattice, @ proposed bivorgan and Watsdte.

The Mulliken population analysis showed that the lithium gives 0.8e to the
lattice when intecalated. This extra charge is localized ind@rbital of theadjacent
titanium ion, reducing it t@i%* (Figure 4.3) in agreement with XAS restitfs'?¢ The
dxz anddy; orbitals stay empty, confirming that no Jaheller distortion of the lattice
can be observed. Similar results were reported by the most recent theoretical

studied18149
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The DOS of the lithiated bulk is displayed in Figure 4.5 where the blue plot
represents the total DOS of the structure while the black, red and green colors are
related to the, p andd orbital contributions of the selected atom, respectively.Zfhe
orbitalsof the oxygen atoms constituting the valence band are slightly affected by the
Li intercalation. The main modification concethsg dyyorbitals of the titania ions that
were initially empty and located in the conduction band of the anatase bulk. These
orbitals are nowoccupied for thdi®* ions and form docalized state in the band gap

situated 0.62 eV below the conduction band edge.

This phenomenon is in agreement with the previous stti#é¢8and can be
explained by théott-Hubbard theory. Indeed, the occupancy of a singlédKtate
generates important intetomic Coulomb repulsions between the diffekotbitals
and induces a splitting of the occupied orbital below the conduction band. The lithium
orbitals are not visil@ in the DOS plotted in Figure 4.5 as tlieynot contribute to the
band gap, the Zsorbitals being located above the3d ones®.

As mentioned in the previous part of this chapter, the lithium is intercalated
with an energy of1.68 eV per TO. unit, corresponding to an intercalation voltage of
337V.
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Figure4.5: DOS of the LisTiO, bulk where VB and CB represent the valence and conduction bands.
The blue plot represents the total DOS wtilile red and green plots stand for the contribution opthe

andd orbitals, respectively.
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The previous theoretical studt€$'4® pointed out the instability of the
tetrahedral intercalation sites causedtly electrostatic repulsion of the Ti ions.
order to compare the behaviour of our maaligh the previous studies, Li ions were
also intercalated in different tetrahedral sites of the anatase bulk, the concentration
being the same as for the octahedral sites. The aim of this study is to ef#ence
results that can be then comparedhwite lithium intercalation into the slab and
nanotube tetrahedral sites that will be discussed in the next sections. Itigeed,
tetrahedral sites located near the surface of the slahe aanotubes can akit less
electrostatic repulsions as only haf the Ti ions are present. Moreover, the sites
located on the external wall of the nanotuaeswidened by the strain energy.

In our model, all the Li ions inserted in a bulk tetrahedral site spontaneously
moved to the nearest octahedral site whestitueture is allowed to relax. An example
of the Li behaviour is illustrated in Figure 4.6 where the black arrow indicates the
displacement of the lithium ion during geometry optimization. Similar results were

observed by Legrain et &°.

Figure4.6: Anatase bulk with one Li ion intercalated itetrahedral siteThe Ti atoms are indicated

in grey, theO ones in red and the Li ion in purple.
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4.4 Lithium intercalation into LiTiO > anatasebulk

The nanostructured TiCelectrodes exhibit higher capacities because of their
larger surfaceXANES studie$?®indicates a Ti oxidation state close fof@ thefirst
four narometers of Ti@ present below the surface. Further theoretical study carried
out by Belak et at?® confirmedthe formation of a LiTi@rich phaseat the surfacef
the electrode. The slabs and nanotubes studied in this thesis both exhibit favorable Li
intercalation for capacities superior to x = 0.5. In order to have a deeper understanding
of their behavior with this high concentration of lithiumfudly lithiated LiTiO2
anatase bulk was studied. The optimized structure is shown in Figure 4.7.

Figure4.7: Optimized fully lithiated anatase bulk LiT¥OThe Li ions are in purple while the Ti and O

atoms are irgrey and red, respectively.

TheLiTiO 2 exhibits a slightlydistorted rock salt structure. The-Oiand T+O
bonds present in they plare exhibit the same length of 2.08 whereas the bonds
located along the axis are 0.1 A longerll the andes of the unit cell equal 90°,
meaning that the bondse either colinear or perpendicular to each other. The lattice
parameters of the conventional unit cell are 4.06 A andc =8.51 A in agreement

with previous stuaig'0.99:189
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All the octahedral intercalation sites are now occupied byo$dkcoordinated
Li ions. Consequently, each intercalated lithium is coordinated by four other ones
located 2.948 away. The unfavorable ilii repulsive interactions are displayed in
Figure 48. For comparison, the octahedra sites that stay empty ibigg€ O, are
highlighted in blueThus,the Li-Li repulsions can explain the less favorable lithium
intercalation energy exhibited by théTiO. compared to the bkTiO2 bulk anatase
The lithum is intercalated with an energy €f.27 eV per TiQunit in the LiTiO»

whereas this value equalk.68 eV when the capacity is lowered to x = 0.5.

Figure4.8: Optimized anatase bulk LiTi&howing the LiLi interaction.The grey, red and purple
colours represent énTi, O and Li ions, respectivelyhe Li ion highlighted in blue are not present in

theLiosTiO2bulk anatase.

The DOS of the LiTiQis shown in Figure 4.9 where the blue plot represents
the total DOS of the unit cell while the green and red plots $tautkded andp orbitals
of the indicag¢d atom, respectivelyThe Fermi level that is normally drawn on top of
occupied bands cannot plotted inthis Figure because the conduction band is

partially filled with electrons.
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Figure4.9: DOS of the LiTiQ bulk. The blue plot stands for the total DOS of the slab, while the red
and green colors are related to fhendd orbital contributions of the indicated atokB and CB

represent the valence and conductands, respectively.

From Figure 4.9, it is &m that the conduction band exhibits a main sharp peak
surrounded by smaller ones. This shape is typical of thieidfis and was already
observed in LgsTiOz titanate. Nonetheless, the*Tpeaks do not forra localized state
in the band gap as it wasetlease in the bisTiO2 titanate but all states are described
by the conduction band. The explanations to the differences in the band structure can
be associated with the mixed oxidation state @&LiO2, where both T4 and T
ions are present, leading to occupied{Tard unoccupied () d orbitals. The Ti*
have thedy orbital filled with an electrofiorming a localized state in the band gap,
instead the conduction band of the titanate is formettidogmptyd orbitals of the Ti*
ions. In LiTiOz only Ti** ions are present and the three lowkgtdy,anddy;orbitals
of the TiQ are occupied with the electrons given by the lithium, in agreement with
previous studié§>3” Consequently, there imrsingle occupied orbital available and

thus, no localized state can be formed in the band gap.
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The DOS indicates a higher population of the valence band compared to the
TiO2 and the LisTiO> titanate. The main contribution ces from the2p orbitals of
the oxygen atoms. The Mulliken population predicts that the lithium ions give 0.97 e
per TiG unit compared to 0.8 e ind4TiO2. The extra charge of 0.17e is located in
the 2p orbitals of the oxygens, in agreement with the lteseported by Mackrodtte
al'®°. The DOS also confirms that the Li ions do not contribute to the band gap as their

2sorbitals are located above thendoiction band.

As a conclusion, the electron transfer affects both the oxygen and the titania
sublattices and leads to a 0.2 eV smaftland gap than the one observed in bulk
anatase, indicating a higher electronic conductivity. Van de Krol*&t @bint out the
enhancement of the LiTiOelectronicconductivity induced by the filling of thd
orbitals present in the conductidrand. However, the experimental conductivity
exhibited by the LiTiQis higher than the one of theplsTiO2titanate.

4.5 Lithium intercalation into the slab

In chapter 3, it was concluded that the oxygen terminated (101) surface was the
energy most favourable surface, but only from the oxygen terminated (001) is it
possible to construct nanotubes with a negative strairggn@&o compare lithium
intercalationin the surface structure and the nanotubes, only the (001) oxygen

terminated surface for anatase is considered in this study.

The main goal was to gain a deeper understanding of the intercalation into the
surface strutire and to compare with both the bahd the nanotubes. It is also worth
mentioning that the calculations carried out on a slab are computationally far less
expensive than the ones performed on the nanotubes. Thus, the number of tests can be
multiplied o explore a large number of configtioms. Some calculations were
difficult to converge or showed structural breakdown, mainly because of a polarization
or an interatomic repulsion that dominated the interactions. It is expected that this
surface will exibit similar behaviour imt-TiO2. Thus, the nanotube calculations that
were identified to be difficult to converge were optimized using low truncation criteria

to confirm the similar behaviour and save computational time.
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Another reason to study lithiunmsertion into the slab was to isaathe
influence of the strain by comparing the surface intercalation energies with th@
ones. To determine the energetically most favourable site in the structure, both
octahedral and tetrahedral sites have lweasidered in the outermost surfaagdr as
well as in the centre of the slab. For completeness, different Li ion concentrations
ranging from x = 0.33 to x = 1 have been considered and the insertion voltage
calculated. When the lithium ions were intertathin the sites located near the

surface, only one side of the slab was considered as the two surfaces are symmetric.

4.5.1 Intercalation with lithium capacity of x = 0.33

Initially, a low concentration of intercalated lithium was considered. Only one
Li ion per slab primitive unit cell was ieged, corresponding to a stoichiometry of
Lio.33TiO2. The first step was to determine which of the tetrahedral or the octahedral
intercalation sites were the most favourable. The location of these two kinds of
intercahtion sites is shown in Figure 4.Ixhe inner octahedral intercalation sites are
filled with lithium in the picture a, while some tetrahedral sites located near the
outermost surface are lithiated in the slab displayed in Figure 4.10b.

Figure4.10: Anatase (001) slabs with lithiated octahedral (a) and tetrahedral (b) intercalation sites.

Grey, red and purple spheres represent Ti, O and Li, respectively.
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4511 The tetrahedral intercalation $&s

For the bulk structure of anatase, it was concluded that the tetrahedral
intercalation sites were not favourable because of the Coulombic repulsion of the four
surrounding Ti atoms. Nonetheless, when the bulk is cut to build the slab, new
tetrahedrasites with mly 2 Ti atoms are formed at the surface of the slab. These sites

exhibit less electrostatic repulsions and can potentially host Li ions.

Thus, lithium was intercalated at the surface of the slab as displayed in Figure
4.11a. However, when tlgeometry wa optimized, the lithium moved spontaneously
to the nearest octahedral sites as indicated by the black arrow. As a result, the
tetrahedral intercalation sites present at the surface are not the most favourable ones

and will not host Li ions.

Ti alternately
reduced

Figure4.11: Intercalation of Li ions in the outer (a) and inner (b) tetrahedral sites of the (001) anatase

slab. The Ti atoms are grey, the O ones in red and the Li ions in purple.

The tetrahedral @t located at the inner part of the surface were also filled with
lithium as displayed in Figure 4.11b. The reactivity of these sites might have been
influenced by the undercoordinated surface atoms. Nonetheless, the calculations did
not converge becauséng surrounding Ti atoms were alternately reduced. As a
conclusion, the tetrahedral intercalation sites present in the slab behave in the same
way as the bulk ones and cannot host Li ions. Thus, only the octahedral sites present

in the shb will be considexd in the next part of this section.
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451.2 The octahedral intercalation sites

The primitive unit cell of the slab contains three octahedral intercalation sites

whose locations are indicated by black crosses in Figure 4.12.

Figure4.12: Octahedral intercalation sites (black crosses) present in the anatase (001) slab. The grey,

and red spheres represent the Ti and O atoms, respectively.

The lithium is intercalated with a capacity of x = 0.33 whesingle Li ion is
added to the slab primitive unit cell. Thus, the lithium can be inserted in the centre of
the slab or on one of its outermost surfaces. The surfaces being symmetric, it is not
necessary to carry out two separate studies of the Litimserat the top and at the
bottom of the slab. However, this intercalation breaks the slab symmetry, resulting in
the creation of a dipole moment over the slab that can influence the resultedbtai
This is not the case when the lithium is inserteddthtof outermost surface layers,

corresponding to a capacity of x = 0.67 that will be discussed in section 4.5.3.

When only one of the surfaces is filled with lithium, the slab is polarized
leadirg to large structural rearrangements to reduce the inddipete moment as

displayed in Figure 4.13.
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Figure4.13: Side (a) and face (b) views of the optimizegstTiO2 anatase (001) slab. The Li ions are
in purple while the Ti and O atoms are in grey and resheetively.

The lithium will move inwardfrom the surface in an attempt to reduce the
dipole moment. Consequently, the oxygen anions move outward from theestof
enhance the stabilization of the slab. Moreover, the Mulliken population indicates that
all the titania atoms located on the lithiated surface are reduced’tstdfing the
additional charge from lithium in thedy orbitals, the othed orbitals stay empty.
Similar results were observed for bulkokTiO:2 titanate. Thedyy orbitals exhibiing
the lowest energy in Tif they will be the first ones to host the added electrons.
However, the Mulliken population also indicates that the overtaqulation between
the TF* and its neighbouring surface atoms is more consequent with the fully

coordnated oxygens than with the undercoordinated ones.

The localized filling of thedk, orbitals, will limit the elongation of the $HO
bond distances prest in thexy plare as displayed in Figure 4.14. As discussed in
section 4.3, all the ¥i-O bonds paillel to thexy plare increased to 2.04 upon
lithium intercalationin the LisTiO2 bulk titanite Moreover, the higher overlap
population between the ¥fiand the fully coordinated oxygen atoms will reduce the
extension of the Pi-Osc bonds that are pallel to thex axis. Consequently, the
lithiated octahedral intercalation sites are shorter ande rdtorted than the one
observed in the bulk. The inserted lithium ions are-foid coordinated with L-iO
distances varying betwe@r02 A and 1.95 A adisplayed in Figure 4.14. These values
are close to the ones observed isCeibulk. Onthe contrarytheTi%*-O bonds parallel
to thez axis are extended. A similar behaviour was also observed for tHémated
slab that was elongated in thdirection.
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Figure4.14: Top views of theptimized (001) slab showing the widths of the intercalation sites (in
blue) and the FD bond lengths (in black) when one outermost surface is lithiated. The purple, red

and grey colours stand for the Li, O and Ti ions.

Thus,the Li intercalation in aingle surface layer despite creating a dipole
moment leads to a stable system exhibiting a negative intercalation enefigy7of
eV. This intercalation energy is lessgaéive that the one calculated fiire bulk
LiosTiO2 titanate that equald.68 eV gr TiG; unit. Thus, the lithium intercalation is
less favourable in a single outermost surface of the slab than in bulk titanate. However,
the dipole moment generated hetslab is increasing the intercalation energy value.

The lithium was also intercdkd in the inner octahedral sites as it is shown in
Figure 4.15. The Mulliken population confirms that all the central titania atoms are
reduced to Fi"and host the extreharge in theidyy orbitals. So, the charge repartition
is the same as the one observed for the lithiated outermost surface. However, the
overlap population between the>Tand the oxygen atoms is equivalent in xrend
in they-direction as the centref the slab does nabntain undercoordinated atoms.

As a result, the intercalation sites are not distorted alongythkare as displayed in
Figure 4.15. The lithium ions are located in the middle of the octahedron, coordinated

by four oxygen atoms with bond distance o0fa6 A.

The geometry optimization performed after the lithium intercalation into the
centre of the slab leads to a different structure from the one observed for the lithiation
of the outermost surface. These results point out the mmajerplayed by the
undercoordinated surface atoms in the geometry changes that facilitate the lithium

intercalation.
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Figure4.15: Lithium intercalation into the inner octahedral sites of the (001) ansitatseThe grey,

red and purple spheres represent Ti, O and Li, respectively.

The corresponding intercalation energy equ@l91 eV per TiQunit and is
less favourable than the ones exhibited when inserted on the outer surface layer.
Moreover, by compang this slab itercalation energy with the one exhibited by the
bulk LiosTiO2 titanate, it can be seen that the intercalation energy in the centre of the
slab is less favourable than the £1iO> bulk structure (which corresponds-tb68
eV per TiQunit). In anataseulk, the lithium intercalation occurs through a {ploase
thermodynamic equilibriufd? between a L-poor phase exhibiting a cagity of
x = 0.0P°and a Lirich phase made &fiosTiO2 titanate. When lithium is inserted into
the inner octahedron of the slab, all the other octahedron alormdihection stay
empty and exhibit a geometry inflomed by surface reconstruction. Thus, the changes
in geometry allowing to stabilize the lithium intercalation are more constrained in the

slab than in the bulk and can explain the differences observed in intercalation energies.

The DOS of the slabsorrespading to a capacity of bksTiO> are presented
in Figure 4.16. The blue plot corresponds to the lithiation of the octahedral sites located
in the centre of the slab, while the red plot stands for the lithiation of one outermost
surface. In both s, ndocalized state is generated in the band gap. By comparing
the two valence bands of this figure, it appears that the undercoordinated oxygen atoms
are slightly higher in energy, and thus more reactive, when they are neighbouring with
lithium. The ®©nduction band is located at higher energy when the lithiation is
performed on the outermost surface than when it is performed into the internal
octahedral sites. This phenomenon can be explained by the weaker stability of the
undercoordinated titania atsnonce e surrounding lithium reduced them to'Ti

Moreover, the generated dipole moment will also destabilize fHiéofis.
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Figure4.16: Total DOS of the anatase (001) slab having the external (blt)eoplite internal (red

plot) intercalation sites lithiatetB and CB refer to the valence and conduction bands, respectively.

4.5.2 Intercalation with lithium capacity of x = 0.5

The most favourable lithium intercalation into the bulk anataseolssrved
when halfof the octahedral sites were empty, corresponding to a capacity of x = 0.5.
However, the primitive unit cell of the slab contains three,;Ti@Gits, meaning that
inserting lithium with the same capacity requires the use of a supercelirgng six
TiO2units. This unit cell is shown in Figure 4.17 but the calculations did not converge.
The surrounding Ti atoms are alternately reducewasalready observed for the
tetrahedral sites. This result points out the instability of this kindhtefcalation.
Moreover, both experimental and theoretical stuéit¢8tindicate that the lithium is
intercalated with capacities close to x = 1 at the saréddhe TiQ eledrodes. Thus,
the instability of the supercell, combined with the results of the previous studies, do
not maket necessary to study lithium intercalation into the slab for lower capacities

than x = 0.33. As a result, no supercell slabsenused anymorae this thesis.
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Figure4.17: (001) Anatase supercell slab with Li intercalated in half of the octahedral sites. The grey,

red and purple spheres are related to Ti, O ancekpectively.

4.5.3 Intercalation with lithium capacity of x = 0.67

An intercalation ratio of x = 0.67 is obtained when both the outermost surfaces
are lithiated. In this configuration, the two surfaces are symmetric, and no dipole
moment will be generated/tithium intercalation. Thughe surface reconstruction is
different from the one exhibited by the singly lithiated surface that was driven by the
reduction of the dipole moment. The differences in geometry induced by the lithiation
of the second surfa@e displayed in Figures 4.58d 4.19.

Figure4.18: Side and face views of optimized anatase (001) slabs with lithium inserted in a single
surface layer (a) or in both (b) surface layers. The Ti, OLaatbms are in grey, red and i,

respectively.
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Figure4.19: Top views of the optimized (001) slabs showing the widths of the intercalation sites (in
blue) and the FD bond lengths (in black) when ofe or two (b) outermost surfazare lithiated.

The purple, red and grey colours are related to Li, O and Ti, respectively.

When the second outermost surface is lithiated, the lithium ions are not
displaced inward in the surface but stay in the outetnsurface layers as the
polarization of the slab is reduced. The lithiation of the second external surface also
modified the T#*-O bond lengths by shortening all the bonds parallekixis to 2.01
A, as displayed in Figure 4.18nthe contrary, the $1-O bonds present in the extafn

surfaces are widened by 0.4 A in batandy directions as it is shown in Figure 4.19.

The Li-O bonds are extended from 2.02 A to 2.07 A alongctheis whereas
their lengths are slightly modifiedamg they axis. As a result, the lithiation of the
second surfaces leads to more distorted octahedral intercalation sites. These changes

can be explained by the displacement of the Li ions in the outermost surface layers.

The modification of the FO bord lengths can be explained by the electronic
structue of the titania atoms located on the outermost surface. The Mulliken
population indicates that all the external titania atoms are reducedl @ndi exhibit
now hybridizedd orbitals. Nevertheless, thdling of the hybridizedd orbitals is
different dgending on which outermost surface thé*Tons are located, as it is
detailed in Figure 4.20.
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Figure4.20: Filling of the titaniad orbitals of the titania located on the upper (a) and lower (b)
outernost (001) surfaces. The purple, red and grey colours are associated with Li, O and Ti,

respectively.

The QcTi-Os3c chains present in the outermost surfage running
perpendicularly to each other as shown in Figure 4.20. Thus, i€ -Osc chains
located on the upper outermost surface are parallel t® #xés whereas the ones
situated on the lower external surface are parallel tg alxés. The T3 dyy orbitals are
not empty but get hybridized with tkerbitals parallel to the £ Ti-Osc chairs. Thus,
the Tf* located on the upper outermost surface shows a consequent filling aktheir
orbitals, theidy; orbitals staying empty. The situation is reversed for the titania present
on the lower outermost surface: the added charges are hostée By orbitals
whereas thel; orbitals are empty. Thus, th&@**-O bonds are shortened along the
z-direction as thel, anddy.titania orbitals are now hosting electrons. The electronic
repartition will also increase the®riObond lengths in thaxy plare as thedyy orbitals
contain less charges. The Mulliken population analysis of the outermost bonds parallel
to thexy plare confirms that the overlap population is higher in th&-Ts. bonds
than in the Ti"-Ozcones. A similar overlap populah was olserved when only one
outermost surface was lithiated. As a result, th€®Tonds forming the outermost
surfaces does not exhibit the same lengths, thleCe bonds being longer than the

Ti%*-Osc0nes.
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There are several possible explanatianhé hybidization of the orbitals. The
first one being the intercalation ratio whose value is x = 0.67. Previous $téétés
mentioned the hybridization of the titaniaorbitals when the lithium capacities
overcome x = 0.5. The particular geometry of the structure can also destabilize the
orbitals when the two outer surfaces are lithiated. As discussed in section 4.5.1, the
lithiation of a singk external surface les to an anisotropic extension of thg*J0
bonds present in the outermagplares, enhancing the stabilization of tthgorbitals.
As a result, the TO bonds forming the upper outermost surface are elongated along
they axis when lithium is intercalad. However, the externak@Ti®*-Osc chains are
running perpendicularly to each other. Thus, if the lower outermost surface gets
lithiated as well, the extension of the outermosOTbonds forming this surface will
be more pronounced along tkexis. As a result, when the two external acefs are
lithiated, the stabilization criteria are conflicting. All the*Toyy orbitals will be
destabilized, facilitating the hybridization and the filling of the other titdmebitals.

For a better undstanding of the changes in electronic streestupon lithium
intercalation, the DOS of the slabs having only one or both the outermost surfaces
lithiated are shown in Figure 4.21. The red plot stands for the lithiation of one of the
outermost surfaces whithe green plot corresponds to the lithiataf both external

surfaces.
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Figure4.21: DOS of the anatase slabs having one (red plot) or two (green plot) outermost (001)

surfaces lithiatedvB and CB stand for the valence and conduction bands, tésggc
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The lithium intercalation into the second outermost surface does not generate
a localized state in the band gap but generates some modifications 1O$hé&oth
the valence and the conttion bands are shifted to a slightly higher energy. This can
be explained by the increase of the number of undercoordinated atoms neighbouring
with lithium. The conduction band also exhibit a less localized character induced by
the hybridization of the tianiad orbitals.

The Lio.s7TiO2 slab exhibits a lithium imrcalation energy 6fL.91 eV per TiQ
unit, representing the most negative value calculated for the slabs in this thesis. This
result points out the particularly favourable intercalation exéuliity the TiQ surface

towards high lithium capacities.

4.5.4 Intercalation with lithium capacity of x =1

The lithium was then intercalated with the maximal capacity of x = 1,
corresponding to a fully lithiated slab. This capacity was the one reported in the
literaturé®31°for the lithium intercalation into the anatase surface. As a result, the

fully lithiated slab was studied in detail in this thesis.

To better understand the effects of high lithium concentration intsléie
geometry, the structural modifications induced by lithium intercalation are displayed
in Figure 4.22. The optimized néithiated slab is shown in Figure 4.22b for
comparisonangdoi nt s out that the | ithiumednterc
in the outermosty planes and elongates T bond lengths. Thus, the lithium insertion
results in visible surface reconstruction leading to a mix geometry between the

LiosTiO2 titanate and the LiTi©rock salt structures.

Figure4.22: Optimized lithiated anatase (001) slab with the maximal capacity of x =1 (a) and non

lithiated slab (b). The Liions are in purple, while theamd O atoms are in grey and red, respectively.

118



The main modifications ofhe geometry occur on the outer surface layers
where the undercoordinated oxygen atoms seems to play a major role. The measures
of angles and bond lengths are displayed in Figurewtiz3e the hievalues refer to
the LirO bonds, while the Btkones areelated to the TO ones.

Figure4.23: Face view (a) and top view (b) of the optimized fully lithiated (001) slab including the
measures of angles and bond lengths of thki@D (blue) and GTi-O (black) tains. The Ti ions are

in grey, the O ones in red and the Li ones in purple.

Both the T+O and L+O bonds involving the undercoordinated oxygen atoms
are longer than the bonds invimlg the fully coordinated ones. Similar bond length
differences were obseed in section 4.5.3 (x = 0.67) where the two outermost surfaces
were lithiated. Moreover, the 1@.c-Li chains exhibit a higher angle of 173.7°,
indicating that the undercoordindteoxygens build almost flat bonds with the
neighbouring Li ions, as in threck salt structure.

In the non lithiated slab, it was observed that thea@ms moved outward
from the surface. This phenomenon is regularly observed for the metalsuxfdees
and enhances their stabilizattéh However, when the lithium is intercalated with a
capacity of x=1, the Q¢ atoms move inwardrom the surface. They seem to be
attracted by thé.i ions inserted into the octahedral sites located at the centre of the
slab. The Figure 4.24 shows the profile of the slab where a decrease ofltHe O
angle by 9° can bebserved. The undercoordinated oxygen atoms are located 2.71

away from the lithim inserted in the inner intercalation site.
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Figure4.24: Profile of the non lithiated (a) and fully lithiated @)atase (001) slab. The grey, red and

purple colours are related to Ti, O and Li, respedtyi.

The T+O bonds along the-direction do not all exhibit the same lengths as it
is displayed in Figure 4.25 where thed®s:bond length is indicating in bé while
the Tk-Oscone is shown in black. Thus, theF0Oscbonds are 0.09 A shortdran the
Tisec-Oscones. The filling of the titanid orbitals upon lithium intercalation can explain
this difference. The undercoordinatedcTitania located at theutermost surfaces will
host the added charge in theli; and dy, orbitals, leading to &hortening of the
TiscOscbondsOnthe contrary, the fully coordinated titania atoms located at the centre
of the slab accommodate the added charge indarbitals, theidy, anddy; orbitals
staying empty. Thus, the electronic structuréhe fully coordinated titania facilitates
the displacement of thes@atoms outwardrom the surface. The Mulliken population

of the titania atom will be discuss in detail with the DOS below.

Figure4.25: Measures of the 34Oz (blue) and T4-Osc(black) bond lengths along thzexis of the
fully lithiated anatase (001) slab. The Ti, O and Li ions are indicated in grey, red and purple,

respectively.
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The octahedral intercalation sites located at théecer the slab exhibit some
differences wth the ones located at the outermost surfaces, i.e. all teahd L+O
bonds located in the innesy plare are parallel to each other and exhibit the same
length of 2.03 A. Thus, the {®-Li and TiO-Ti anglesare equal and measures 162°.
These valueare similar to the ones observed for the optimizedILO: titanate bulk.

As it is illustrated in Figure 4.26, the lithium intercalated in the middle of the slab are
four-fold coordinated and sit at the centeraof octahedral site that is not distorted in

thexy plare.

Figure4.26: Measures of the EO bond lengths and angles of the octahedral sites located at the centre

of the fully lithiated (001) slab. The LTi and O ions are in purple, grey and red, respectively.

To summarize this part, it can be notitkdt the three octahedral sites present
in the slab are not equivalent once they are occupied by lithium ions. The two
intercalation sites present at eaithe of the slab shows a different geometry from the
ones located in the centre. The lithium inteiceli on seems t o induce
the outermost surface layers, mainly influenced by the undercoordination of the atoms.
Consequently, the outermasirfaces of the slab exhibit a structure close to the rock
salt structure of LiTiQ whereas the geagtry changes occurring in the inner slab is
closer to the one observed fop ETiO> titanate. As a conclusion, the changes in the
geometry controlled byhe undercoordinated surface atoms is acting as one of the
driving mechanisms for the formation of theh LiTiO2 phase observed at the surface

of the anatase electrodes.
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The DOS and Mulliken populations were analysed to have a better
understanding of #helectronic structure of the lithiated slab. The lithium inserted in
the external octahedgives 0.68 e to the lattice and is slightly less ionic than the one
intercalated in the middle of the slab that donates 0.71 e to the surrounding atoms. The
Mullik en population confirms that all the Ti ions are reduced ¥y ffie extra charge
being accormodated by theid orbitals. A slight part of the lithium charge is also
given to the oxygen sublattice but in a less apparent way than for the rock salt LiTiO
bulk.

The DOS of the inner atoms of the slab is displayed in Figure 4.27 while the
Figure 4.28 shows the DOS of the atoms constituting the external surface layers. In
both figures, the red and green plots refer tgthedd orbitals of the indicating atom
respectively. The total DOS of the unit cell corresponds to the blue plot.

Figured4.27: DOS of the atoms constituting the inner wall of the fully lithiated (001) slab. The blue
plot represents the totBIOS of the slab while the red and green colours refer tp #meld orbital
contributions of the selected atom (highlighted in yellovB.and CB indicate the positions of the

valence and conduction bands, respectively.
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