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Anatase TiO2 nanotubes as negative electrodes for 

Lithium-ion and Sodium-ion microbatteries 

 

Abstract: 

 

The aim of this thesis is to gain a deeper understanding of the anatase TiO2 

nanotubes as negative electrodes in lithium-ion and sodium-ion microbatteries by 

researching their fundamental intercalation processes. The nano-structuring of the 

anatase TiO2 electrodes allows to improve their electrochemical behaviour, and thus 

the batteries capacities. To this end, a DFT study of the lithium and sodium insertions 

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

 The study shows that the anatase TiO2 exhibits a higher reactivity towards 

sodium than towards lithium, resulting in two different insertion mechanisms: Li ions 

are intercalated via a two-phases equilibrium, while Na ions insertion occurs 

spontaneously without phase transformation. This high reactivity towards sodium may 

induce Na trapping, partly explaining the irreversible capacity losses observed during 

the first cycle.  

The sodium ions are favourably adsorbed above all the oxygen atoms of the 

anatase surface and spontaneously inserted into the surface. 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 sites of the nanotubes are located in their 

external wall, stabilizing the nt-TiO2 structure. Li and Na ions are also favourably 

adsorbed on-top the outermost oxygen atoms, explaining why more external wall 

exposure exhibit better capacities. Reactivity with the internal wall is spontaneous for 

Li ions, while the Na ions require low potentials and are associated with rupturing      

Ti-O bonds in agreement with the formation of amorphous nt-TiO2 below 0.5 V vs 

Na/Na+.  
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Anatase TiO2 nanotubes as negative electrodes for  

Lithium-ion and Sodium-ion microbatteries 

by 

Marine Riesenmey 

 

Thesis 

Submitted to the University of Kent as part of the 

requirement in the subject of Chemistry for the degree 

 

of 

Doctor of Philosophy 

 

School of Physical Sciences 

May 2020 

 



i 
 

Contents 

List of Figures ............................................................................................................ iv 

List of Tables ............................................................................................................ xv 

Acknowledgements .................................................................................................. xvi 

Declaration .............................................................................................................. xvii 

Abstract .................................................................................................................. xviii 

Chapter 1 Introduction .......................................................................................... 1 

1.1 Aims .............................................................................................................. 1 

1.2 Background ................................................................................................... 4 

1.2.1 The Li-ions batteries .............................................................................. 4 

1.2.2 The TiO2 nanotubes as anode for microbatteries ................................... 6 

1.2.3 The anatase crystal structure ................................................................ 12 

1.2.4 Theoretical studies of the anatase surfaces .......................................... 15 

1.2.5 Modelling of TiO2 nanotubes ............................................................... 18 

1.2.6 Modelling of Li intercalation into TiO2 bulk anatase .......................... 28 

1.2.6.1        The intercalation sites .................................................................. 28 

1.2.6.2        The phase separation between anatase and Li0.5TiO2 titanate ...... 31 

1.2.6.3        The Li0.5TiO2 titanate structure .................................................... 32 

1.2.6.4        The electron transfer from lithium to the titanate ........................ 35 

1.2.6.5        The Lithium Deintercalation ........................................................ 36 

1.2.6.6        Lithium intercalation above x= 0.5 .............................................. 37 

1.2.7 Modelling of Li intercalation into anatase nanotube............................ 39 

1.2.8 The sodium ion batteries ...................................................................... 42 

1.2.9 Modelling of Na intercalation into TiO2 anatase ................................. 44 

1.3 Summary ..................................................................................................... 47 

Chapter 2 Methodology ....................................................................................... 49 

2.1. Hartree Fock and DFT theory ..................................................................... 49 

2.1.1. A brief introduction to computational chemistry ................................. 49 

2.1.2 Fundamentals of the quantum mechanics methods .............................. 51 

2.1.2.1        The Schrödinger Equation ........................................................... 51 

2.1.2.2        The Born-Oppenheimer approximation ....................................... 51 

2.1.2.3        The Hartree Fock approximation ................................................. 53 

2.1.2.4        The Density functional theory approximation ............................. 54 

2.1.2.5        The Hartree Fock / DFT hybrid methods ..................................... 56 



ii 
 

2.1.3 The basis sets ....................................................................................... 57 

2.1.3.1        Slater and Gaussian type orbitals ................................................. 57 

2.1.3.2        Basis sets classification ................................................................ 60 

2.1.4 Modelling of periodic system .............................................................. 61 

2.1.4.1        Periodic and molecular systems ................................................... 61 

2.1.4.2        The self-consistent field approach ............................................... 63 

2.1.5 Geometry optimization of a periodic system ....................................... 64 

2.2 Modeling of nanotubular TiO2 .................................................................... 65 

2.2.1 Basis sets and functional choices ......................................................... 65 

2.2.2 Self-Consistent Field (SCF) parameters optimization ......................... 70 

2.3 Conclusion ................................................................................................... 72 

Chapter 3 Properties of the anatase bulk, slab and nanotube ......................... 73 

3.1 Aims ............................................................................................................ 73 

3.2 The bulk properties ...................................................................................... 73 

3.3 Properties of the (001) terminated slab ....................................................... 76 

3.4 The nanotubes construction ......................................................................... 81 

3.5 Properties of the 38 Å diameter nanotube ................................................... 85 

3.6 Conclusion ................................................................................................... 91 

Chapter 4 Lithium intercalation into anatase ................................................... 92 

4.1 Aims ............................................................................................................ 92 

4.2 Choice of Lithium basis set ......................................................................... 93 

4.3 Lithium intercalation into Li0.5TiO2 anatase bulk ....................................... 96 

4.4 Lithium intercalation into LiTiO2 anatase bulk ......................................... 103 

4.5 Lithium intercalation into the slab ............................................................. 106 

4.5.1 Intercalation with lithium capacity of x = 0.33 .................................. 107 

4.5.1.1        The tetrahedral intercalation sites .............................................. 108 

4.5.1.2        The octahedral intercalation sites ............................................... 109 

4.5.2 Intercalation with lithium capacity of x = 0.5 .................................... 113 

4.5.3 Intercalation with lithium capacity of x = 0.67 .................................. 114 

4.5.4 Intercalation with lithium capacity of x = 1 ....................................... 118 

4.5.5 Intercalation voltages ......................................................................... 127 

4.5.6 Intercalation versus lithium metal plating .......................................... 129 

4.6 Lithium intercalation into the nanotube .................................................... 130 

4.6.1 Intercalation with lithium capacity of x = 0.33 .................................. 130 

4.6.1.1   The tetrahedral intercalation sites ................................................... 131 



iii 
 

4.6.1.2     The octahedral intercalation sites .................................................. 133 

4.6.2 Intercalation with lithium capacities of x = 0.67  and x = 1 .............. 149 

4.6.3 Intercalation versus lithium metal plating .......................................... 150 

4.6.4 Intercalation voltages ......................................................................... 152 

4.7 Conclusion ................................................................................................. 154 

Chapter 5 Sodium intercalation into anatase .................................................. 157 

5.1 Aims .......................................................................................................... 157 

5.2 Choice of Sodium basis set ....................................................................... 158 

5.3 Sodium intercalation into Na0.5TiO2 anatase bulk ..................................... 161 

5.4 Sodium intercalation into NaTiO2 bulk anatase ........................................ 167 

5.5 Sodium intercalation into the slab ............................................................. 171 

5.5.1 Intercalation with sodium capacity of x = 0.33 .................................. 172 

5.5.2 Intercalation with sodium capacity of x = 0.67 .................................. 176 

5.5.3 Intercalation with sodium capacity of x = 1 ....................................... 180 

5.5.4 Intercalation voltages ......................................................................... 183 

5.5.5 Intercalation versus sodium metal plating ......................................... 185 

5.6 Sodium intercalation into the nanotube ..................................................... 188 

5.6.1 Intercalation with sodium capacity of x = 0.33 .................................. 189 

5.6.1.1   Intercalation into the external wall .................................................. 189 

5.6.1.2   Intercalation into the internal wall .................................................. 192 

5.6.2.3   Intercalation into the central layer................................................... 194 

5.6.2 Intercalation with sodium capacities of x = 0.67  and x = 1 .............. 195 

5.6.3 Intercalation versus sodium metal plating ......................................... 196 

5.7 Conclusion ................................................................................................. 199 

Chapter 6 Conclusions and future work .......................................................... 201 

6.1 Lithium intercalation into anatase ............................................................. 202 

6.2 Sodium intercalation into anatase .............................................................. 204 

6.3 Comparison of the lithium and sodium insertions ..................................... 208 

6.4 Future work ............................................................................................... 210 

Appendix A  Titanium basis set ............................................................................ 212 

References ............................................................................................................... 213 

 

 



iv 
 

List of Figures 

 

Figure 1.1: Charge and discharge mechanisms of a lithium batteries8. ....................... 4 

Figure 1.2: Lithium metal13 (a) and Lithium ion15 (b) batteries. .................................. 6 

Figure 1.3: Schematic of the 2D and 3D thin film microbatteries. .............................. 7 

Figure 1.4: Anatase, rutile and TiO2 (B) polymorphs where the grey and red spheres 

represent the titania and oxygen atoms, respectively25. ............................................... 8 

Figure 1.5: Anatase conventional unit cell (a) where the Ti atoms are displayed in grey 

and the O ones in red; and a polyhedral representation of the anatase structure showing 

the TiO6 octahedrons26 (b). ........................................................................................ 12 

Figure 1.6: Splitting of the d orbitals in an octahedral complex. ............................... 13 

Figure 1.7: Splitting of titanium d orbitals in going from ideal Oh to anatase (D2d)
41.

 .................................................................................................................................... 13 

Figure 1.8: Density of states (DOS) of bulk anatase TiO2
26. VB and CB represent the 

valence and conduction bands, respectively. ............................................................. 14 

Figure 1.9: Unreconstructed anatase (001) surface showing the coordiantion of the 

different atoms50. Reprinted (adapted) with permission from reference50. Copyright 

2014 American Chemical Society. ............................................................................. 15 

Figure 1.10: Bond lengths of the optimized (001) anatase surface49. ........................ 16 

Figure 1.11: DOS of the (001) anatase (001) surface, showing the O2c and O3c 

contributions56. ........................................................................................................... 18 

Figure 1.12: zig-zag (0,n2) and (n1,0) and armchair (n1,n2) rolling up vectors of a 

graphene lattice6. ........................................................................................................ 19 

Figure 1.13: (12,0) zig-zag, (6,6) armchair and (6,4) chiral single walled carbon 

nanotubes65. ................................................................................................................ 20 

Figure 1.14: Anatase surfaces and the corresponding rolling-up vectors48. The Ti atoms 

are in purple and the O ones in green. Republished with permission of Royal Society 

of Chemistry, from reference48 obtained in 2021; permission conveyed through 

Copyright Clearance Center, Inc. ............................................................................... 21 

Figure 1.15: Fluorite armchair TiO2 nanotube where Obe and Obi refer to the bridging 

oxygens ...................................................................................................................... 22 



v 
 

Figure 1.16: (15, 0) nt-TiO2 generated from a three monolayer thick (100) slab48. The 

O atoms are in green and the Ti ones in purple. Republished with permission of Royal 

Society of Chemistry, from reference48 obtained in 2021; permission conveyed 

through Copyright Clearance Center, Inc. ................................................................. 23 

Figure 1.17: Two monolayer thick lepidocrocite slab (a) and nt-TiO2 (b)48. The Ti 

atoms are in purple and the O ones in green. Republished with permission of Royal 

Society of Chemistry, from reference48 obtained in 2021; permission conveyed 

through Copyright Clearance Center, Inc. ................................................................. 24 

Figure 1.18: 3ML nt-TiO2 rolled up along the (0, n2) direction (a) or the (n1, 0) 

direction (b)86. The O atoms are in red and the Ti ones in blue. Reprinted (adapted) 

with permission from reference86. Copyright 2010 American Chemical Society. .... 25 

Figure 1.19: Non optimized (a) and optimized into a nanotubular structure (b) 3 ML 

thick anatase slab cut along the (001) direction86. The Ti and O atoms are in blue and 

red, respectively. Reprinted (adapted) with permission from reference86. Copyright 

2010 American Chemical Society. ............................................................................. 25 

Figure 1.20: Calculated strain energies for (n1, 0) nt-TiO2 built from anatase (001) 

slab91, where D is the diameter of the nanotube......................................................... 26 

Figure 1.21: Lithium ion inserted into an octahedral intercalation site of bulk anatase. 

The Ti atoms are indicated in grey, the O ones in red and the Li one in purple. ....... 29 

Figure 1.22: The conventional unit cells of the two most stable Li distribution 

structures for x = 0.540 referred to as structure I (Pmma) or structure II (Imm2). The Li 

ions are in purple, while the Ti and O atoms are in grey and red, respectively. ........ 30 

Figure 1.23: Octahedral packing of bulk anatase117 (a) and Li0.5TiO2 titanate (b)118. The 

Ti atoms are in blue, the O ones in red and the Li ions in purple. Republished with 

permission of Royal Society of Chemistry, from reference117 obtained in 2021; 

permission conveyed through Copyright Clearance Center, Inc. .............................. 33 

Figure 1.24: Illustration of the electronic structure modification upon lithium 

intercalation41. ............................................................................................................ 34 

Figure 1.25: Top (right) and side (left) views of the four investigated Li intercalation 

sites in an (101) nt-TiO2
138. The grey, red and purple spheres represent the Ti, O and 

Li atoms. Republished with permission of Royal Society of Chemistry, from 

reference138 obtained in 2021; permission conveyed through Copyright Clearance 

Center, Inc. ................................................................................................................. 40 



vi 
 

Figure 1.26: Diffusion pathways between the different Li intercalation sites in an (101) 

nt-TiO2
138. The grey, red and purple spheres represent the Ti, O and Li atoms. 

Republished with permission of Royal Society of Chemistry, from reference138 

obtained in 2021; permission conveyed through Copyright Clearance Center, Inc. . 41 

Figure 1.27: Total DOS of Li0.11TiO2 (blue), Na0.11TiO2 (red), Mg0.11TiO2 (green) and 

TiO2 (black) anatase bulks. The vertical lines represent the respective the Fermi 

energies149. ................................................................................................................. 45 

Figure 2.1:  Repartition of the different simulation methods according to the space-

time scale151. ............................................................................................................... 50 

Figure 2.2: Comparison of the quality of GTOs up to a 3rd term linear combination to 

model a plot    1s-STO orbital166. ............................................................................... 59 

Figure 2.3: Total energies of bulk anatase TiO2 calculated with different alpha 

coefficient. Blue rhombus basis set with only 4d and orange square is (4d, 5d) basis 

set. .............................................................................................................................. 69 

Figure 2.4: Total energies of bulk anatase TiO2 calculated for different shrinking factor 

values.......................................................................................................................... 70 

Figure 2.5: Total energies of bulk anatase TiO2 and calculation durations obtained with 

different cutoff threshold parameters. Total energy and computational time are 

displayed with blue rhombus and orange squares, respectively. ............................... 71 

Figure 3.1: 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. ..... 74 

Figure 3.2: DOS of TiO2 bulk anatase. ...................................................................... 75 

Figure 3.3: Optimized 3ML anatase slab cut along the (001) surface. Green labels 

indicate full coordinated while black labels undercoordinated atoms. ...................... 76 

Figure 3.4: Geometry optimization of the (001) 3ML slab where the Ti atoms are in 

grey and the O ones in red. The non-optimized slab is displayed in figure a. The 

changes in bond lengths and the angle modifications are detailed in figures b and c, 

respectively. ............................................................................................................... 78 

Figure 3.5: Mulliken charges of the (001) 3ML slab. Green labels represent Ti and 

black labels O atoms, respectively. ............................................................................ 79 

Figure 3.6: DOS of the anatase (001) 3ML slab where the Ti atoms are in grey and the 

O ones in red. The blue plot stands for the total DOS of the slab, while the red and 

green colors are related to the p and d orbital contributions of the selected atom 

(highlighted in green), respectively............................................................................ 80 



vii 
 

Figure 3.7: 3ML nt-TiO2 rolled up along the (0, n2) direction (a) or the (n1, 0) direction 

(b). The grey and red spheres represent the Ti and O atoms, respectively. ............... 81 

Figure 3.8: 3ML nt-TiO2 rolled up along the (n1,0) direction having an internal 

diameter of 8 Å (a) and 66 Å (b). The O and Ti atoms are in red and grey, respectively.

 .................................................................................................................................... 82 

Figure 3.9: Strain energy of anatase 3ML nt-TiO2 versus the diameter. ................... 83 

Figure 3.10: 3ML nt-TiO2 having an internal diameter of 8 Å before (a) and after (b) 

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

respectively. ............................................................................................................... 84 

Figure 3.11: 38 Å diameter 3ML nanotube before (a) and after (b) geometry 

optimization. The O and Ti atoms are in red and grey, respectively. ........................ 84 

Figure 3.12: Measures of the Ti-O-Ti chain angles and Ti-O bond lengths of the 

optimized nt-TiO2. The grey and red spheres represent the Ti and O atoms, 

respectively. Figures a and b detailed the angles while the bond lengths are shown in 

figures c, d and e. ....................................................................................................... 85 

Figure 3.13: 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. ............................................................................................................................ 86 

Figure 3.14: Labelling of the Ti and O ions constituting the optimized unit cell of the 

nt-TiO2. ...................................................................................................................... 88 

Figure 3.15: DOS of the optimized nt-TiO2. 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 the p and d orbitals, respectively. ............................... 90 

Figure 4.1: Crystallographic structure of lithium bulk space group Im3m. ............... 94 

Figure 4.2: Li0.5TiO2 supercell before geometry optimization. The grey, red and purple 

colours represent the Ti, O and Li ions, respectively. ................................................ 95 

Figure 4.3: Optimized non-lithiated (a) and lithiated (b) bulk anatase. The Ti atoms are 

in grey, the O ones in red and the Li ions in purple. The reduced Ti3+ ions are 

highlighted in green.................................................................................................... 97 

Figure 4.4: Visualization of the Li-O bonds present in the xy plane. The grey, red and 

purple spheres represent the Ti, O and Li elements, respectively. ............................. 98 

Figure 4.5: DOS of the Li0.5TiO2 bulk where VB and CB represent the valence and 

conduction bands. The blue plot represents the total DOS while the red and green plots 

stand for the contribution of the p and d orbitals, respectively. ............................... 101 



viii 
 

Figure 4.6: Anatase bulk with one Li ion intercalated in a tetrahedral site. The Ti atoms 

are indicated in grey, the O ones in red and the Li ion in purple. ............................ 102 

Figure 4.7: Optimized fully lithiated anatase bulk LiTiO2. The Li ions are in purple 

while the Ti and O atoms are in grey and red, respectively. .................................... 103 

Figure 4.8: Optimized anatase bulk LiTiO2 showing the Li-Li interaction. The grey, 

red and purple colours represent the Ti, O and Li ions, respectively. The Li ion 

highlighted in blue are not present in the Li0.5TiO2 bulk anatase. ............................ 104 

Figure 4.9: DOS of the LiTiO2 bulk. The blue plot stands for the total DOS of the slab, 

while the red and green colors are related to the p and d orbital contributions of the 

indicated atom. VB and CB represent the valence and conduction bands, respectively.

 .................................................................................................................................. 105 

Figure 4.10: Anatase (001) slabs with lithiated octahedral (a) and tetrahedral (b) 

intercalation sites. Grey, red and purple spheres represent Ti, O and Li, respectively.

 .................................................................................................................................. 107 

Figure 4.11: Intercalation of Li ions in the outer (a) and inner (b) tetrahedral sites of 

the (001) anatase slab. The Ti atoms are in grey, the O ones in red and the Li ions in 

purple........................................................................................................................ 108 

Figure 4.12: Octahedral intercalation sites (black crosses) present in the anatase (001) 

slab. The grey, and red spheres represent the Ti and O atoms, respectively. .......... 109 

Figure 4.13: Side (a) and face (b) views of the optimized Li0.33TiO2 anatase (001) slab. 

The Li ions are in purple while the Ti and O atoms are in grey and red, respectively.

 .................................................................................................................................. 110 

Figure 4.14: Top views of the optimized (001) slab showing the widths of the 

intercalation sites (in blue) and the Ti-O bond lengths (in black) when one outermost 

surface is lithiated. The purple, red and grey colours stand for the Li, O and Ti ions.

 .................................................................................................................................. 111 

Figure 4.15: Lithium intercalation into the inner octahedral sites of the (001) anatase 

slab. The grey, red and purple spheres represent Ti, O and Li, respectively. .......... 112 

Figure 4.16: Total DOS of the anatase (001) slab having the external (blue plot) or the 

internal (red plot) intercalation sites lithiated. VB and CB refer to the valence and 

conduction bands, respectively. ............................................................................... 113 

Figure 4.17: (001) Anatase supercell slab with Li intercalated in half of the octahedral 

sites. The grey, red and purple spheres are related to Ti, O and Li, respectively. ... 114 



ix 
 

Figure 4.18: 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, O and Li atoms are in 

grey, red and purple, respectively. ........................................................................... 114 

Figure 4.19: Top views of the optimized (001) slabs showing the widths of the 

intercalation sites (in blue) and the Ti-O bond lengths (in black) when one (a) or two 

(b) outermost surfaces are lithiated. The purple, red and grey colours are related to Li, 

O and Ti, respectively. ............................................................................................. 115 

Figure 4.20: Filling of the titania d orbitals of the titania located on the upper (a) and 

lower (b) outermost (001) surfaces. The purple, red and grey colours are associated 

with Li, O and Ti, respectively. ............................................................................... 116 

Figure 4.21: DOS of the anatase slabs having one (red plot) or two (green plot) 

outermost (001) surfaces lithiated. VB and CB stand for the valence and conduction 

bands, respectively. .................................................................................................. 117 

Figure 4.22: Optimized lithiated anatase (001) slab with the maximal capacity of x = 

1 (a) and non-lithiated slab (b). The Li ions are in purple, while the Ti and O atoms are 

in grey and red, respectively. ................................................................................... 118 

Figure 4.23: Face view (a) and top view (b) of the optimized fully lithiated (001) slab 

including the measures of angles and bond lengths of the O-Li-O (blue) and O-Ti-O 

(black) chains. The Ti ions are in grey, the O ones in red and the Li ones in purple.

 .................................................................................................................................. 119 

Figure 4.24: Profile of the non lithiated (a) and fully lithiated (b) anatase (001) slab. 

The grey, red and purple colours are related to Ti, O and Li, respectively.............. 120 

Figure 4.25: Measures of the Ti6c-O3c (blue) and Ti5c-O3c (black) bond lengths along 

the z axis of the fully lithiated anatase (001) slab. The Ti, O and Li ions are indicated 

in grey, red and purple, respectively. ....................................................................... 120 

Figure 4.26: Measures of the Li-O bond lengths and angles of the octahedral sites 

located at the centre of the fully lithiated (001) slab. The Li, Ti and O ions are in purple, 

grey and red, respectively. ....................................................................................... 121 

Figure 4.27 : DOS of the atoms constituting the inner wall of the fully lithiated (001) 

slab. The blue plot represents the total DOS of the slab while the red and green colours 

refer to the p and d orbital contributions of the selected atom (highlighted in yellow). 

VB and CB indicate the positions of the valence and conduction bands, respectively.

 .................................................................................................................................. 122 



x 
 

Figure 4.28 : DOS of the external atoms of the fully lithiated (001) slab. The total DOS 

is displayed in blue while the red and green colours are associated with the p and d 

orbital contributions of the selected atom (highlighted in yellow). VB and CB represent 

the valence and conduction bands, respectively. ..................................................... 123 

Figure 4.29: Total DOS of the anatase (001) slabs lithiated only on the external 

surfaces (green plot) or fully lithiated (magenta plot). VB and CB indicate the positions 

of the valence and conduction bands, respectively. ................................................. 125 

Figure 4.30: Total DOS of the fully lithiated (001) slab (red plot) compared with the 

half (green plot) and fully (blue plot) lithiated anatase bulk. VB and CB stand for the 

valence and conduction bands, respectively. ........................................................... 126 

Figure 4.31: Anatase (001) slabs with lithium adsorbed on fully coordinated (a) or 

undercoordinated (b) surface oxygen atoms. The purple, red and grey spheres are 

associated with Li, O and Ti, respectively. .............................................................. 129 

Figure 4.32: Optimized anatase (36, 0) nanotube with Li ions intercalated into the 

inward surface of the external wall. The Ti, O and Li elements are represented in grey, 

red and purple, respectively. .................................................................................... 131 

Figure 4.33: Optimized anatase (36, 0) nanotube with lithium ions inserted at the 

surface of the external wall. The grey, red and purple spheres represent the Ti, O and 

Li elements, respectively. The black arrows indicate the displacement of the Li ions 

upon geometry optimization. ................................................................................... 132 

Figure 4.34: Optimized anatase (36,0) nanotube with lithium intercalated into the 

external wall before (a) and after (b) the final geometry optimization. The Ti atoms are 

in grey, the O ones in red and the Li ions in purple. The Ti-O bond lengths are indicated 

in green. .................................................................................................................... 135 

Figure 4.35: Non-optimized (a) and optimized (b) anatase (36,0) nanotubes with 

lithium intercalated into the external wall. The purple, red and grey spheres represent 

the Li, O and Ti elements, respectively.................................................................... 136 

Figure 4.36: DOS of the titania atoms located on the external wall of the Li0.33TiO2 

anatase (36,0) nanotube. The blue and green plots are associated with the total DOS 

and the d orbital contributions of the Ti atoms, respectively. VB and CB represent the 

valence and conduction bands, respectively. ........................................................... 138 

Figure 4.37: Previously optimized anatase (36,0) nanotube with lithium intercalated 

into the internal wall before (a) and after (b) the final geometry optimization. The Li 



xi 
 

ions are in purple while the Ti and O atoms are in grey and red, respectively. The Ti-

O bond lengths are indicated in green. ..................................................................... 139 

Figure 4.38: Non-optimized anatase (36,0) nanotube with lithium intercalated into the 

internal wall before (a) and after (b) geometry optimization. The grey, red and purple 

colours refer to the Ti, O and Li elements, respectively. The Ti-O bond lengths are 

indicated in green. .................................................................................................... 141 

Figure 4.39: DOS of the Ti3+ ions of the previously optimized anatase (36,0) nanotube 

having its internal wall lithiated. The blue and green plots represent the total DOS and 

the titania d orbital contributions, respectively. VB represents the valence band while 

CB stands for the conduction band. ......................................................................... 142 

Figure 4.40: DOS of the Ti3+ ions of the nt-S2 anatase (36,0) nanotube having its 

internal wall lithiated. The blue and green plots stand for the total DOS and the d orbital 

contribution of the Ti atoms, respectively. VB and CB represent the valence and 

conduction bands, respectively. ............................................................................... 143 

Figure 4.41: Optimized anatase (36,0) nanotube with lithium inserted into the central 

layer. The Li ions are in purple while the Ti and O atoms are in grey and red, 

respectively. ............................................................................................................. 144 

Figure 4.42: DOS of the reduced Ti ions located in the central layer and in the external 

wall of the previously optimized anatase (36,0) nanotube having its central layer 

lithiated. The total DOS is displayed in blue while the green plots represent the d 

orbital contributions of the selected titania atom (highlighted in green). VB and CB 

stand for the valence and conduction bands, respectively. ...................................... 145 

Figure 4.43: Nt-S2 anatase (36,0) nanotube with lithium inserted into the central layer 

before (a) and after (b) geometry optimization. The grey, red and purple spheres 

represent the Ti, O and Li elements, respectively. ................................................... 147 

Figure 4.44: DOS of the Ti3+ ions located on the external wall and the central layer of 

the nt-S2 anatase (36,0) nanotube having its central layer lithiated. The blue and green 

plots refer to the total DOS and the Ti d orbital contributions, respectively. VB 

represents the valence band while CB stands for the conduction band. .................. 148 

Figure 4.45: Non-optimized anatase (36,0) nanotube having both its internal and 

external walls lithiated. The Li ions are in purple while the Ti and O atoms are in grey 

and red, respectively................................................................................................. 150 



xii 
 

Figure 4.46: Nt-S2 anatase (36,0) nanotube with lithium adsorbed at the surface of the 

external wall. The purple, red and grey spheres represent the Li, O and Ti elements, 

respectively. ............................................................................................................. 151 

Figure 5.1: Primitive unit cell of sodium bulk. ........................................................ 159 

Figure 5.2: Non-optimized Na0.5TiO2 supercell. The Na ions are in blue while the Ti 

and O atoms are in grey and red, respectively. ........................................................ 160 

Figure 5.3: Optimized anatase TiO2 (a), Na0.5TiO2 (b) and Li0.5TiO2 (c) bulks. The Na 

and Li ions are in blue and purple, while Ti and O elements are in grey and red, 

respectively. The reduced Ti3+ ions are highlighted in green. ................................. 162 

Figure 5.4: Measures of the Na-O distances for Na0.5TiO2 bulk. The blue, grey and red 

colours represent the Na, Ti and O elements, respectively. ..................................... 163 

Figure 5.5: DOS of the Na0.5TiO2 bulk where VB and CB indicate the positions of the 

valence and conduction bands. The blue plot represents the total DOS while the red 

and green plots stand for the p and d orbital contributions, respectively. ................ 165 

Figure 5.6: Total DOS of the Li0.5TiO2 and Na0.5TiO2 bulks. VB and CB stand for the 

valence and conduction bands, respectively. ........................................................... 166 

Figure 5.7: Measures of the Ti-O bond lengths and angle (a) and of the Na-O distances 

(b) of the optimized NaTiO2 anatase bulk. The Na ions are in blue while the Ti and O 

atoms are in grey and red, respectively. ................................................................... 168 

Figure 5.8: DOS of the NaTiO2 bulk. The total DOS is represented in blue while the 

red and green plots stand for the p and d orbital contributions, respectively. VB and 

CB indicate the positions of the valence band and conduction bands, respectively. 169 

Figure 5.9 : Total DOS of the LiTiO2 and NaTiO2 bulks. VB and CB represent the 

valence and conduction bands, respectively. ........................................................... 170 

Figure 5.10: (001) anatase slab having its outermost tetrahedral sites filled with 

sodium. The blue, red and grey colours represent the Na, O and Ti elements, 

respectively. ............................................................................................................. 172 

Figure 5.11: Side (a) and face (b) views of the optimized Na0.33TiO2 anatase (001) slab. 

The blue, red and grey colours represent the Na, O and Ti elements, respectively. 173 

Figure 5.12: Total DOS of the optimized (001) anatase slab having Na ions intercalated 

in one outermost surface. VB stands for the valence band while CB represents the 

conduction band. ...................................................................................................... 174 

Figure 5.13: Optimized (001) anatase slab with Na ions inserted into the inner 

octahedral sites. The Na ions are in light blue while the Ti and O are in grey and red, 



xiii 
 

respectively. The Na-O distance are indicated in blue while the Ti-O bond length is 

written in black. ........................................................................................................ 175 

Figure 5.14: Total DOS of the optimized anatase (001) slab having the inner octahedral 

sites filled with sodium. VB and CB represent the valence and conduction bands, 

respectively. ............................................................................................................. 175 

Figure 5.15: Non optimized Na0.67TiO2 (a), optimized Na0.67TiO2 (b) and optimized 

Li0.67TiO2 (c) (001) slabs. The blue, purple, red and grey colours represent the Na, Li, 

O and Ti elements, respectively. .............................................................................. 177 

Figure 5.16: Storage of the added charges in the (001) Na0.67TiO2 anatase slab. The 

blue, red and grey colours stand for the Na, O and Ti elements, respectively. ........ 178 

Figure 5.17: Total DOS of the Na0.67TiO2 (001) anatase slab where VB and CB indicate 

the positions of the valence and conduction bands, respectively. ............................ 179 

Figure 5.18: Side (a) and face (b) views of the optimized NaTiO2 (001) anatase slab. 

The Na ions are represented in blue while the Ti and O atoms are in grey and red, 

respectively. ............................................................................................................. 181 

Figure 5.19: Total DOS of the optimized NaTiO2 (001) anatase slab. VB and CB stand 

for the valence and conduction bands, respectively. ................................................ 181 

Figure 5.20: Optimized TiO2 (a) and NaTiO2 (b) (001) anatase slabs. The Na ions are 

in blue while the Ti and O atoms are in grey and red, respectively. ........................ 182 

Figure 5.21: Optimized (001) anatase slabs with sodium adsorbed above the fully 

coordinated (a) and undercoordinated (b) surface oxygen atoms. The Na ions are in 

blue while the Ti and O atoms are in grey and red, respectively. ............................ 185 

Figure 5.22: Total DOS of the anatase (001) slab having sodium adsorbed above its 

fully coordinated oxygen atoms. VB represents the valence band while CB stands for 

the conduction band. ................................................................................................ 186 

Figure 5.23: Total DOS of the anatase (001) slab having sodium adsorbed above its 

undercoordinated oxygen atoms. VB and CB indicate the positions of the valence and 

conduction bands, respectively. ............................................................................... 187 

Figure 5.24: Nt-S2 anatase (36,0) nanotube having sodium intercalated into the 

external wall before (a) and after (b) geometry optimization. The blue, red and grey 

spheres represent the Na, O and Ti elements, respectively. ..................................... 190 

Figure 5.25: Total DOS of the anatase (36,0) nanotube having Na intercalated in its 

external wall. VB and CB represent the valence and conduction bands, respectively.

 .................................................................................................................................. 191 



xiv 
 

Figure 5.26: Sodium intercalation into the internal wall of nt-S1 (a) and nt-S2 (b) 

anatase (36,0) nanotubes. The blue, red and grey colors represent the Na, O and Ti 

elements, respectively. ............................................................................................. 192 

Figure 5.27: Nt-S1 anatase (36,0) nanotube having sodium intercalated into its internal 

wall after geometry optimization. The Na are in blue, the O in red and the Ti in grey.

 .................................................................................................................................. 193 

Figure 5.28: Nt-S2 anatase (36,0) nanotube having sodium intercalated into its central 

layer. The Na ions are in blue while the Ti and O atoms are in grey and red, 

respectively. ............................................................................................................. 194 

Figure 5.29: Nt-S2 anatase (36,0) nanotube having both its internal and external walls 

sodiated. The blue, red and grey spheres represent the Na, O and Ti elements, 

respectively. ............................................................................................................. 195 

Figure 5.30: Nt-S2 anatase (36,0) nanotube having sodium adsorbed above the fully 

coordinated oxygen atoms of the external wall. The blue, red and grey colors stand for 

the Na, O and Ti elements, respectively. ................................................................. 196 

Figure 5.31: Total DOS of the Nt-S2 anatase (36,0) nanotube having sodium adsorbed 

above the fully coordinated oxygen atoms located on the external wall. VB stands for 

the valence band while CB represents the conduction band. ................................... 197 

Figure A.1: Hay-Wadt ECP basis set chosen for titanium atom173 .......................... 212 

 

 

 

 

 

 

 

 

 



xv 
 

List of Tables  

 

Table 2.1: Lattice constants and band gaps of anatase bulk TiO2 calculated by 

Lisovski et al.91 using different functionals. .............................................................. 66 

Table 2.2: Calculated and experimental lattice constants and band gaps of bulk 

anatase TiO2. .............................................................................................................. 67 

Table 2.3: Calculated and experimental lattice constants and band gaps of corundum 

Ti2O3. .......................................................................................................................... 68 

Table 3.1: Mulliken charges of the Ti and O ions in optimized anatase bulk, slab and 

nt-TiO2 structures. ...................................................................................................... 87 

Table 4.1: Total bulk energies or single point energy obtained with the different Li 

basis sets. .................................................................................................................... 94 

Table 4.2: Lithium intercalation energies and voltages calculated with different basis 

sets. ............................................................................................................................. 95 

Table 4.3: Lithium intercalation energies and voltages for different (001) slab 

configurations. .......................................................................................................... 127 

Table 4.4: Lithium intercalation energies and voltages for different anatase (36,0) 

nanotube configurations. .......................................................................................... 153 

Table 5.1: Total bulk energies or single point energy obtained with the different Na 

basis sets. .................................................................................................................. 159 

Table 5.2: Sodium intercalation energies and voltages calculated with different basis 

sets. ........................................................................................................................... 160 

Table 5.3: Sodium intercalation energies and voltages for different slab and bulk 

configurations. .......................................................................................................... 183 

Table 5.4: Intercalation energies and voltages obtained for the sodiated and lithiated 

bulks. ........................................................................................................................ 184 

Table 6.1: Comparison of the lithium and sodium intercalation energies and voltages 

in the different TiO2 structures. ................................................................................ 209 

 



xvi 
 

Acknowledgements 

 
I would like to thank my supervisor, Dr. Maria Alfredsson for having offered 

me the opportunity to do this work and for all her help and endless support. She taught 

me to always stay positive and motivated even when things do not go as planned.  

I would like to thank the Alistore European Research Institute for providing 

the funding that has allowed this research to be possible and for all the rewarding 

exchanges within its different institutions all over Europe.  

I would also like to thank the School of Physical Sciences for providing the 

resources necessary to carry out this work and express my profound gratitude to its 

staff for their assistance and willingness to help. I am also fully indebted to Dr. Tim 

Kinnear for all his help solving the computer issues.  

To my friends who accompanied me through this challenging last period of 

study, I would like to thank you all from the bottom of my heart for always being able 

to find the right words or things to do to keep my spirits up! 

Last but not least, I wish to thank my family for their unwavering love and 

support, with a special huge thanks to my parents for having awakened my curiosity 

towards science. 

 

 

 

 

 

 

 

 



xvii 
 

Declaration 

 
I hereby declare that the work presented in this thesis is totally that of the author, expect 

where due acknowledgment has been made. This work has not been previously 

submitted, in whole or in part, for any other academic degree. 

 

Candidate: Marine Riesenmey 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xviii 
 

Abstract 

 
The aim of this thesis is to gain a deeper understanding of the anatase TiO2 

nanotubes as negative electrodes in lithium-ion and sodium-ion microbatteries by 

researching their fundamental intercalation processes. The nano-structuring of the 

anatase TiO2 electrodes allows to improve their electrochemical behaviour, and thus 

the batteries capacities. To this end, a DFT study of the lithium and sodium insertions 

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

 The study shows that the anatase TiO2 exhibits a higher reactivity towards 

sodium than towards lithium, resulting in two different insertion mechanisms: Li ions 

are intercalated via a two-phases equilibrium, while Na ions insertion occurs 

spontaneously without phase transformation. This high reactivity towards sodium may 

induce Na trapping, partly explaining the irreversible capacity losses observed during 

the first cycle.  

Lithium ions are intercalated spontaneously with higher capacities into the 

surface than into the bulk and can explain the capacities exceeding the theoretical bulk 

value reported for the nanostructured electrodes. The lithium intercalation induces a 

gradual structural reconstruction, forming a rock salt LiTiO2 phase, but its inward 

growth is limited to a few nanometres.  

The sodium ions are favourably adsorbed above all the oxygen atoms of the 

anatase surface and spontaneously inserted into the surface. 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 sites of the nanotubes are located in their 

external wall, stabilizing the nt-TiO2 structure. Li and Na ions are also favourably 

adsorbed on-top the outermost oxygen atoms, explaining why more external wall 

exposure exhibit better capacities. Reactivity with the internal wall is spontaneous for 

Li ions, while the Na ions require low potentials and are associated with rupturing      

Ti-O bonds in agreement with the formation of amorphous nt-TiO2 below 0.5 V vs 

Na/Na+.  
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Chapter 1  

 

Introduction 

 

TiO2 nanotubes are a promising material as negative electrode for lithium-ion 

and sodium-ion microbatteries. This three-dimensional (3D) nano-architectured 

electrode improve the areal capacity of the microbatteries by 65% compared to a two-

dimensional (2D) thin film1. First-principles calculations were carried out in this thesis 

to gain a deeper understanding of both the chemical and structural changes occurring 

in this electrode, and hence optimize its performances.  

 

1.1 Aims 

The miniaturization of portable devices requires the development of power 

sources at the micrometer scale, which is a huge potential market. Thus, microbatteries 

are used for remote and nomadic powering of autonomous portable devices, such as 

microelectromechanical systems (a system where a component, such as a sensor or an 

actuator, is built directly on a computer chip and powered by its own microbattery), 

implantable medical devices, RFIDs and many others2. Owing to the high energy 

density, the microbatteries are Li-ion batteries. However, the similar electrochemical 

properties of sodium, combined with its abundance and low cost, have recently 

encouraged the scientists to develop Na-ion batteries as a promising and cheaper 

alternative to the Li-ion ones. The low energy per unit area and the lifetime of actual 

microbatteries, based on the 2D thin film technology, are holding back the 

development of the latter applications. Changing the configuration of the electrodes, 

from 2D to a 3D nano-architecture, is one of the ways to improve the electrochemical 

performances.  
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Titania can self-organize into amorphous nanotubes (nt-TiO2) thanks to a 

template-free, simple anodization process leading to an increase of the microbattery 

capacities by 65%. Moreover, the anodization process allows a good electrical contact 

between the active material and the current collector, excluding the use of additives, 

such as, carbon blacks or polymer binders3. The amorphous nt-TiO2 can then be 

transformed into anatase ones by annealing.  

Recently, polymer electrolyte was successfully electrodeposited inside TiO2 

nanotubes4, opening the way to an electrochemically fabricated 3D microbattery. 

Nevertheless, the fundamental processes involved in nt-TiO2 as negative electrode are 

still poorly understood while further improvements require a deeper understanding of 

both the chemical and structural changes occurring in this electrode. Density 

Functional Calculations (DFT) allows to access information on the electronic structure 

of the atoms. The development of software like the periodic CRYSTAL5 code, that 

fully exploits the helical rototranslational symmetry of the nanotube structure, allows 

to drastically reduce the computational time6. Thus, nt-TiO2 containing several 

hundreds of atoms are reachable by first principles studies.   

The three layers thick (3ML) [001] anatase nt-TiO2 are one of the rare 

nanotubes models to exhibit a negative strain energy over the whole diameter range, 

indicating a higher stability of the nanotube compared to the corresponding 3 ML 

sheet. This result points out the favourable formation of nanotubes and make the 3ML 

[001] anatase nt-TiO2 a suitable model to acquire a better understanding of nt-TiO2 as 

negative electrode. This model has never been used before for the study of lithium or 

sodium intercalation to the best of our knowledges.  

The aim of this thesis is to gain a deeper understanding of the lithium and 

sodium intercalations into the nanotubular anatase electrodes by means of DFT 

calculations. The identification of the most favourable intercalation sites present in the 

nanotubes will help to determine the most suitable nt-TiO2 architecture. The length, 

diameter and wall thickness of the nanotubes produced experimentally can then be 

designed by changing the electrochemical parameters (potential, time, electrolyte 

composition) to fabricate microbatteries with enhanced performances.  
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The first objective of this work is to study the cation intercalations into the bulk 

at different concentrations using the same geometry constraints as the ones required 

for the modelling of nanotubes. The results obtained will then be compared with the 

previous theoretical studies to isolate the influences of these constraints. The bulk 

studies also allow to constitute a collection of reference data from where the 

intercalation into the slab and nanotubes can later be compared.  

In a second phase, the cation insertions into the slab will be investigated. This 

part will allow to better understand the role plays by the anatase surface on the cation 

intercalations, and thus on the battery capacities. Another advantage of the slab 

calculations is their low computational cost that allows to explore many different 

configurations. Like for the bulk, the calculations carried out on the slab will form a 

collection of reference data from where the influence of the strain energy present in 

the nanotubes will be later be isolated.  

 The last step will be to study the cation intercalations into the nanotubes using 

the 3ML [001] anatase nt-TiO2 rolled up along the (n1,0) direction as model. The 

calculations will help to better understand how the narrowing and the widening of the 

octahedral sites induced by the strain energy affect the cation intercalations. This study 

will also allow to determine if other phenomena, such as insertion into the tetrahedral 

sites or favourable cation adsorptions at the surface, are present in the nanotubes.  

The lithium and sodium intercalations will be compared throughout the 

Chapter 5 to describe some phenomena observed experimentally7, such as, the absence 

of potential plateau during the cycling of the sodiated electrodes or the transformation 

of the anatase nanotubes into amorphous ones when Na ions are intercalated at low 

voltages.  
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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 reactions with the potential to store it. 

Each cell contains an anode or negative electrode, a cathode or positive electrode and 

an electrolyte that separates the two electrodes assisting ion 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 batteries, the 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 cell, as detailed in Figure 1.1. 

 

 

 

Figure 1.1: Charge and discharge mechanisms of a lithium batteries8. 

 

 

 Several parameters that depend on the chemistry of the system allow to define 

the battery properties. Among them are the cell voltage, expressed in volt, that 

represents the difference between the potential of each electrode; or the capacity, in 

ampere-hour per gram, that corresponds to the quantity of electricity that can be stored 

per gram of active material. This variable can be deduced from the number of 

exchanged electrons per gram of material and is an intrinsic property of the active 

material. 
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Lithium is the lightest solid element of the periodic table, with a molar mass 

equal to 6.491 g.mol-1 and a density equal to 0.53 g.cm-3, as well as the most 

electropositive metal (-3.04 V versus standard hydrogen electrode). Due to the 

properties of Li-metal, this element has found attraction as the anode, allowing the 

design of storage systems with high energy density that aroused the interest of the 

scientists during the previous century9. The first work about lithium batteries was 

initiated by G.N Lewis in 1912 and the first commercialization occurred in 1970 thanks 

to the development of insertion cathode materials by S. Whittingham10. This first 

commercialized battery was made of a lithium metal anode, a TiS2 cathode and an 

organic electrolyte. However, the formation of irregular deposits11 of lithium 

(dendrites) during the charge lead the metal anode to reach the cathode and short-

circuit the electrochemical cell, introducing safety issues. 

 Two main approaches were developed to reduce the growth of dendrites12. The 

first one consists on replacing the liquid electrolyte by a solid one, whose mechanical 

properties stop the growth of the dendrites avoiding to short circuit the cell. The solid 

electrolyte can be a polymer, leading to the so-called “lithium polymer battery” 

technology, or a solid-state inorganic electrolyte as it is illustrated in Figure 1.2a13. 

The other approach is to replace the metallic anode by a low potential insertion 

material, such as graphite14 as it is displayed in Figure 1.2b15 . 

The latter solution is referred to as “lithium ion battery” technology because 

the lithium is only present in its ionic state. The first lithium ion batteries were 

commercialized by Sony in 199116 using graphite as the negative electrode (anode), 

LiCoO2 as the positive electrode (cathode) and a solution of LiPF6 dissolved in 

ethylene carbonate (EC) and diethylene carbonate (DEC) as the electrolyte.  

The very low Li intercalation potential exhibited by the graphite facilitates 

lithium electrodeposition on the electrodes. As a result, even a slight overcharging of 

the battery can lead to the growth of dendrites that can easily cause short circuits and 

destroy the battery cell by causing serious runaway exothermic reactions17. This 

problem brought the scientists to look for alternative negative electrode materials.  
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Figure 1.2: Lithium metal13 (a) and Lithium ion15 (b) batteries. 

 

 

1.2.2 The TiO2 nanotubes as anode for microbatteries 

The high intercalation potential exhibited by the titanium dioxide electrode 

(1.75 V versus Li+/Li redox couple) eliminates the risk of dendrites formation in case 

of overcharging, and make TiO2 a promising alternative negative electrode material18. 

Macklin and Neat19 were the first to report the high capacity and reversibility of lithium 

insertion into titanium oxide electrodes for battery applications. 



7 
 

The theoretical capacity of graphite is 379 mA.h.g-1, while TiO2 anatase 

theoretically reaches 168 mA.h.g-1. However, this modest capacity can be improved 

by moving from a planar (2D) configuration to 3D-nanoarchitectured electrode 

structure exhibiting larger specific area17. Thus, the interfacial area between active 

components of the battery increases while the diffusion distances remain short.  

In 1999, Zwilling et al.20 reported for the first time the possibility to form 

organized porous TiO2 structures by anodization of titanium in an electrolyte 

containing chromic acid and hydrofluoric acid. The nanotubular titanium oxide          

(nt-TiO2) produced by anodization has then gained significant attention as a material 

with increased versatility. Among the different applications, it opened up the 

possibility using nanostructured titania as a possible negative material in Li-ion 

batteries21. The first electrochemical study on lithium storage in self-supported nt-TiO2 

obtained by electrochemical anodization was published by Fang22 et al. in 2008.  

 

 

Figure 1.3: Schematic of the 2D and 3D thin film microbatteries. 
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One of the main advantages of the anodization process is to generate a good 

electrical contact between the active material and the current collector, excluding the 

use of additives, such as, carbon blacks or polymer binders that are currently used in 

composite electrodes, as shown in Figure 1.3. The anodization process generates 

amorphous nt-TiO2. However, these amorphous nanotubes can be easily transformed 

into anatase ones by annealing at 150-500°C temperatures range23. The good discharge 

capacity and cycling stability make nt-TiO2 very promising materials for Li-ion 

microbatteries. 

Among all polymorphs of titania, the anatase structure is a potential candidate 

due to the good lithium intercalation behaviour associated to enhanced safety, low self-

discharge, good capacity retention on cycling and high power24. Other polymorphs of 

TiO2 have also been studied as the negative electrode in Li-ion batteries. Examples of 

different starting material include rutile, anatase or TiO2-B, as displayed in Figure 1.4 

where the titania and oxygen atoms are represented in grey and red, respectively.  

 

 

Figure 1.4: Anatase, rutile and TiO2 (B) polymorphs where the grey and red spheres represent the 

titania and oxygen atoms, respectively25. 
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The lithium intercalation into rutile is negligible at room temperature26 while 

TiO2 (B) is a very promising intercalation material with a reported capacity of 305 

mA.h.g-1 for electrodes made of TiO2 (B) nanowires21. However, the nanowires 

require the use of composite electrode. Li+ ion insertion into the crystalline anatase 

phase is possible up to 0.5 Li per Ti reaching a theoretical capacity value of 168 

mA.h.g-1 27. The nanostructured anatase electrodes made of nanosheets28 or 

nanotubes29 exhibit a capacity of 200 mA.h.g-1.  

The important role played by the anatase surface was highlighted in 1997 by 

Lindstrom et al.30 who observed a particularly high capacity for the nanoporous 

anatase TiO2 films and attributed it to Li ions adsorption at the surface. Ten years 

later, Wang et al.31 studied the pseudocapacitive contributions to electrochemical 

energy storage in anatase TiO2 nanoparticles. This study showed that the charge stored 

at the surface of the TiO2 from the pseudocapacitance storage mechanism contributes 

to the total charge storage of the nanoparticles. The effects on capacities become 

increasingly important for particles sizes under 10 nm.  

Zhang et al.32 reported the pseudocapacitive contribution to the 

electrochemical energy storage for different nanotubes of TiO2 including the anatase 

ones. The importance of this contribution depends on the phase and morphology of 

the nt-TiO2. The pseudocapacitive Li ion storage with respect to oriented anatase nt-

TiO2 grown by anodization was studied by Zhu et al.31. They showed that the anatase 

nt-TiO2 electrodes have both pseudocapacitive Li+ storage associated with the 

nanotube surface and the Li+ storage within the bulk material.  

The relative contribution of the pseudocapacitive and bulk storages depends 

strongly on the scan rate. At low scan rates, the bulk Li+ storage dominates the total 

Li+ storage. However, at the scan rate of 1 mV/s, the pseudocapacitive storage 

capacity has a similar value to the bulk storage capacity and even overcome the bulk 

one at higher scan rates. As a result, the storage of Li+ associated with the surface, 

along with the storage in the bulk TiO2, could explain the improved Li+ storage 

capacity for nt-TiO2. This study also showed that the pseudocapacitive behaviour is 

observed between 1.75 and 1.4V. The rate capability of the charge capacity for            

nt-TiO2 electrodes with different film thickness was also investigated and did not 

show any thickness dependence.  
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This result implies that the electron transport across the nt-TiO2 is not the rate-

limiting step for Li+ intercalation/deintercalation process. It also indicates that the 

electrolyte ion conduction within the nt-TiO2 pores or between the nanotubes is fast 

enough. Similar investigation were recently conducted by Plylahan et al.33 using a 

PEG-MMA 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 al.34 using reflection mode grazing incidence X-ray Absorption 

Spectroscopy (XAS) in powder samples of anatase. For the largest glancing angle 

measured, corresponding to a penetration depth of more than 50 nm, the spectrum is 

recognized as that of Li-titanate (Li0.5TiO2). The corresponding edge position leads to 

a Ti oxidation state of +3.4, which is comparable to that of the bulk Li-titanate; +3.5 

estimated from X-ray Absorption Near Edge Spectroscopy (XANES) measurements 

in transmission mode. However, for a smaller glancing angle, corresponding to a 

penetration depth of about 3-4 nm, the Ti oxidation state results in a value close to +3.  

As a result, a thin Ti3+ layer, with a XANES structure similar to that of Ti2O3 

is formed on a Li-titanate layer by the electrochemical intercalation of Li into anatase. 

Moreover, after the first intercalation/deintercalation cycle, the Ti3+ top layer is also 

present in the partly charged and deintercalated state, although the thickness is reduced 

to a few Ångstroms, meaning that this transformation is not fully reversible, and after 

the first cycle, structural changes remain present.  

The Extended X-Ray Absorption Fine Structure (EXAFS) signal showed that 

the near neighbour atomic configuration of the first 4 nm, characterized by Ti3+ states, 

is comparable with that of the Li-titanate phase. Therefore, it is concluded that Li 

intercalation into anatase TiO2 leads to the transformation toward the Li-titanate 

structure, in addition, a thin film of about 4 nm in thickness has a similar atomic 

structure compared to Li-titanate but with a Ti valence close to 3+ (like in Ti2O3).  
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The effective Ti3+ valence of the first 4 nm suggests a composition close to 

LiTiO2 in order to preserve local charge neutrality. Assuming a similar 

crystallographic structure as the orthorhombic Li-titanate (Li0.5TiO2), it seems 

reasonable that in LiTiO2 all of the available octahedral sites will be occupied by Li, 

whereas in the Li-titanate, every second site remains unoccupied. The thickness of the 

layer is such that the charge cannot be compensated by ions adsorbed at the surface, 

and additional Li ions are required to intercalate into the material for charge 

compensation.  

A further study was carried out by Wagemaker et al.35 on anatase 

nanoparticles. It showed that the lithiation results into the formation of a LiTiO2 phase 

of approximately 4 nm, independent of the particle size. As a result, the particles of 7 

nm were completely transformed into the LiTiO2 phase.  

Anatase transition into LiTiO2 phase was reported in the literature19 under 

cycling at 120°C where the whole material was converted to composition x=1. 

However, the cycle ability at elevated temperatures after the formation of the LiTiO2 

material is worse compared to the cycle ability up to a maximum composition x=0.5. 

This might indicate that the formation of the x=1 material fractures the anatase TiO2 

electrode material in such a way that it leads to a decrease of the capacity within a few 

cycles. 

Another important study was carried out by Bi et al.36 who grew nt-TiO2 into 

Ti foam. The nt-TiO2 grown on foam exhibit much higher capacities than the nt-TiO2 

grown from Ti foil. This study was carried out on amorphous nt-TiO2. The nanotubes 

grown on the curved foam are more distant from each other, allowing a better contact 

between the electrolyte and the external wall. They also exhibit a more obvious 

pseudocapacitive behaviour. On the other hand, Wei et al.37 reported the fabrication 

of highly ordered anatase nt-TiO2 via a two steps anodization process. A continuous 

nano-ring layer is formed at the top of nt-TiO2, avoiding any contact between the 

electrolyte and the external wall of the nanotubes. The electrochemical study of this 

nt-TiO2 shows the absence of Li-intercalation occurring at the surface, meaning that 

the inner wall of the nanotubes does not exhibit pseudo-capacitive behaviour.  
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1.2.3 The anatase crystal structure 

Considering that the nanotubes, when in crystalline form, adopt the anatase 

crystal structure, a closer understanding of this phase is discussed in more details. 

Anatase is an insulating, nonmagnetic, and partially covalent crystal38. Anatase has a 

tetragonal symmetry, its space group is I(4)1/amd (lattice constants: a = 3.792 Å,            

c = 9.497 Å)39. The Ti atoms occupy the 4e positions of the space group whereas the 

oxygen atoms fill the 8e positions. The rest of the volume consists of empty 

octahedrons centered at 4b positions and tetrahedrons at 16f special positions40. Thus, 

the anatase structure can also be seen as a chain of distorted TiO6 octahedrons sharing 

four adjacent edges. This stacking, equivalent in the a and b directions, leads to empty 

zigzag channels in the anatase framework41. 

 

           

Figure 1.5: Anatase conventional unit cell (a) where the Ti atoms are displayed in grey and the O ones 

in red; and a polyhedral representation of the anatase structure showing the TiO6 octahedrons26 (b). 

 

 

In a free ion, all the d orbitals are degenerate. In an octahedral field, the d 

orbitals split into two groups as shown in Figure 1.6:  

- The dxy, dxz, and dyz orbitals are lowered in energy and are collectively referred to as 

the t2g orbitals.  

- The dz2 and dx2-y2 have higher energy and are labelled the eg orbitals.  
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Figure 1.6: Splitting of the d orbitals in an octahedral complex. 

 

The octahedral crystal field splitting energy is written Δo. This is the energy 

difference between the t2g and eg orbitals. In an octahedral field, the eg orbitals are 

destabilized by 3/5 Δo whereas the t2g orbitals are stabilized by 2/5 Δo compared to the 

free ion.  

 

Nuspl et al.41 reported a further splitting of the t2g set of the titanium d orbitals 

in the TiO2 anatase structure, attributed to the distorted local TiO6 geometry, which is 

lowered from Oh in an idealized framework to D2d (Figure 1.7). The degenerated dxz 

and dyz are higher in energy due to the edge sharing of the octahedra in the bc and ac 

planes. The lowest energy orbitals dxy are in the ab planes where there is no edge 

sharing26.  

 

 

Figure 1.7: Splitting of titanium d orbitals in going from ideal Oh to anatase (D2d)41. 
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This distortion is seen in the calculated density of states (DOS) where the 

valence band is predominantly of O (2p) character while the lower conduction band 

consists of Ti (dxy) orbitals26. The observed band gap of anatase is approximately 3.2 

eV42 and the valence bandwidth measured in X-ray photoelectron spectroscopy (XPS) 

is 4.75 eV43. The values calculated computationally are strongly influenced by the 

functionals and basis sets choices. The anatase DOS computed by Koudriachova et 

al.26 is shown in Figure 1.8. It can be noticed that the band gap equals approximately 

2 eV and the valence bandwidth 4.83 eV. Lower occupied bands consist of largely O 

(2s) character and lie 10–11 eV below the upper bands. 

 

 

Figure 1.8: Density of states (DOS) of bulk anatase TiO2
26. VB and CB represent the valence and 

conduction bands, respectively. 

 

Mulliken population analyses reported by Stashans44 and Mackrodt et al.38 

using Hartree Fock methods showed effective cation charges of + 2.3 e and +2.5 e, 

respectively. Both studies reported that the oxygen has an effective charge equal to        

-1.15 e.  
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1.2.4 Theoretical studies of the anatase surfaces 

In anatase, both experimental45 and computational46 studies proved that the 

(101) surface is the most stable one. As a result, the first theoretical study on lithium 

intercalation into anatase was performed using a bulk and a (101) surface44. The first 

simulations on nt-TiO2 were also built by rolling up slabs cut along the (101) 

direction47. However, all these nanotubes exhibited a positive strain energy.  The only 

reported 3 monolayer thick nt-TiO2 exhibiting negative strain energies over the whole 

diameter range were built by rolling up a slab cut along the (001) direction48.  

The (001) surface is more reactive because of the unsaturated coordination of 

the Ti atoms that are exclusively fivefold coordinated (Ti5c)
49.  The oxygen atoms 

present at this surface are a mix of fully coordinated threefold oxygens O3c and 

unsaturated twofold O2c as displayed in Figure 1.950.  

 

 

Figure 1.9: Unreconstructed anatase (001) surface showing the coordiantion of the different atoms50. 

Reprinted (adapted) with permission from reference50. Copyright 2014 American Chemical Society. 

 

When the surface is allowed to relax, the bonds of the first four layers are 

elongated in the z-direction, resulting in an increase of the slab thickness49. The 

distance separating two oxygen atoms in the bulk z-direction equals 2.37 Å while in 

the slab this distance varies between 2.52 Å and 2.43 Å depending on the position in 

the structure (Figure 1.10). The significant elongation of the first layer can be 

explained by the electronic repulsion between atoms on the surface51.  
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Figure 1.10: Bond lengths of the optimized (001) anatase surface49. 

 

Another surface rearrangement is the displacement of the O2c atoms closer to 

one of the neighboring Ti5c chains, breaking the symmetry of the structure. Ortega et 

al.49 reported that the Ti5c-O2c bonds that were equivalent in the unrelaxed surface 

(with a bond length of 1.93 Å) become strongly inequivalent with bond lengths of 2.18 

and 1.77 Å as illustrated in Figure 1.10. Vittadini et al.52 explain this particular 

modification by the conflicting stabilization criteria of the (001) anatase 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 outward from the bulk plane. This 

symmetry breaking decreases the O2c-Ti5c-O2c angle from 157 to 146°, causing a 

tensile stress of the surface mentioned in several theoretical studies53,54. 

Vittadini et al.52 also showed, using simulations, that the 2 monolayer thick 

slab, when cut along the (001) surface, spontaneously transforms into a very stable 

lepidocrocite structure with fully sixfold coordinated Ti atoms. When a third layer is 

added to this slab, the O2c-Ti5c-O2c chains present at the bottom and at the surface of 

the structure are running perpendicularly to each other.  As a consequence, the 

inequivalent Ti5c-O2c bond lengths observed in the relaxed (001) surface can also be 

interpreted as a frustrated attempt to a lepidocrocite structure. 
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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 energy (ES)49,52 by using the formula detailed in 

Equation 1.1:  

 

                                            ES = 
1

2A
[ESlab − EBulk  (

nSlab

nBulk
 )]                                  (1.1) 

 

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

atoms, ESlab and EBulk are the energy of the slab and the bulk, respectively. 

 

Araujo et al.51 reviewed the (001) surface energies using different theoretical 

levels, including density functional theory (DFT) functionals. They reported a value 

of 84 meV when the B3LYP hybrid functional was used to perform the calculations55.  

 

When the lateral size of the slab is not constrained, the formation energy of the 

slab can be calculated using the formula displayed in Equation 1.2 below. This energy 

was referred to as Efilm by Vittadini et al.52 

 

Efilm = 
Etot (slab)

n
− Etot (TiO2)                                       (1.2) 

 

Etot (slab) stands for the total energy of the optimized slab, n is the number of 

TiO2 units used to build the slab and Etot (TiO2) is the total energy of optimized bulk 

anatase. By using the PBE functional, Vittadini et al.52 reported a film energy of 0.44 

eV/TiO2 for the optimized 3 monolayer thick (001) anatase slab.  

The electronic structure of the (001) anatase surface is very similar to the bulk 

one with a valence band mainly composed of O (2p) character and a conduction band 

essentially made with Ti (3d) states. Only the three outmost layers undergoes slight 

modifications. Zhao et al.54 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.56 studied the different contribution of the O2c and O3c surface 

oxygen atoms to the valence band. They showed that the O2c atom dominates the upper 

part of the valence band whereas the O3c atom is located at a lower energy as displayed 

in Figure 1.11. The particular location of the undercoordinated oxygen atoms confirms 

its higher reactivity.  

 

Figure 1.11: DOS of the (001) anatase (001) surface, showing the O2c and O3c contributions56. 

 

 

1.2.5 Modelling of TiO2 nanotubes 

The first synthesis of carbon nanotubes by Iijima57 in 1991 raised the question 

about the possible existence of nanotubular forms of other compounds. One year later 

Tenne et al.58 reported the synthesis of the first inorganic nanotubes made of WS2.  

This was followed by the synthesis of wide range of inorganic nanotubes59 including 

the nt-TiO2.  Due to their chemical inertness, endurance, strong oxidizing power, large 

surface area, high photocatalytic activity, non-toxicity and lower production cost, they 

have aroused the interest of the scientists. Their first fabrication was achieved by 

Hoyer60 in 1996 using electrodeposition into a polymer mold obtained from a porous 

aluminum oxide. Two years later, Kasuga et al.61 reported the first hydrothermal 

synthesis of nt-TiO2. 
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 The nt-TiO2 were then fabricated using various routes62 like sol-gel methods, 

hydro/solvothermal approaches, electro-chemical means or template-assisted 

methods. Such a broad range of synthesis methods lead to a large variety of nt-TiO2 

morphologies63: they can be single-walled or multi-walled 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 modeled. They 

were built by rolling a graphene sheet64 as detailed in Figure 1.12.  

 

 

Figure 1.12: zig-zag (0,n2) and (n1,0) and armchair (n1,n2) rolling up vectors of a graphene lattice6. 

 

The rolling up vector 𝑅  ⃗⃗ ⃗⃗  must be a translation vector of the 2D lattice and will 

define the nanotube circumference. It is defined as 𝑅  ⃗⃗ ⃗⃗  = n1𝑎1  ⃗⃗⃗⃗ ⃗⃗  + n2𝑎2  ⃗⃗ ⃗⃗ ⃗⃗    where 𝑎1  ⃗⃗⃗⃗ ⃗⃗   and 

𝑎2  ⃗⃗ ⃗⃗ ⃗⃗   are the slab cell vectors; n1 and n2 must be integers. The choice of the (n1,n2) 

indices allows to define three groups of nanotubes63: 

• When n1 = n2, the nanotube is known as “armchair”. Historically, the hexagonal 

lattice of the graphene was forming an armchair pattern along the 

circumference of the carbon nanotube.  

• When n1 = 0 or n2 = 0, the nanotube belong to the so-called “zig-zag” family. 

The hexagonal lattice of the graphene was forming a zig-zag pattern along the 

circumference. 

• When n1 ≠ n2, the nanotube belongs to the “chiral” family. 



20 
 

Zig-zag and armchair nanotubes are both achiral tubes, as a contrary of the 

chiral ones (Figure 1.13).  

 

 

Figure 1.13: (12,0) zig-zag, (6,6) armchair and (6,4) chiral single walled carbon nanotubes65. 

 

Nanotubes are characterized by a helical symmetry that reduces drastically the 

computational time. Thus, ab initio calculations can be performed on nanotubes 

containing several hundreds of atoms6. The same rolling up method was used to 

generate inorganic nanotubes from other 2D slabs. Ab initio calculation of the first 

inorganic nanotubes66 was carried out on boron nitride (BN) nanotubes by rolling up 

a BN graphitic sheet.  

The first theoretical study of titania nanotubes (nt-TiO2) was reported by 

Ivanovskaya et al.67 in 2003 using tight binding Extended Hückel calculation without 

performing geometry optimization. Further studies were then performed on single 

walled nt-TiO2 exhibiting other crystalline structures such as anatase, dititanate68, 

trititanate47,69, lepidocrocite70,71, rutile72,73 or hexagonal ABC74. 

The slabs used to generate anatase nt-TiO2 can be cut from three anatase 

surfaces: (101), (001) and (100). These surfaces and the rolling-up vectors are shown 

in Figure 1.1448 where the titania atoms are indicated in purple and the oxygen ones in 

green. 
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Figure 1.14: Anatase surfaces and the corresponding rolling-up vectors48. The Ti atoms are in purple 

and the O ones in green. Republished with permission of Royal Society of Chemistry, from 

reference48 obtained in 2021; permission conveyed through Copyright Clearance Center, Inc. 

 

The nanotubes stability can be evaluated by calculating the so-called strain 

energy described in Equation 1.3: 

 

Estrain =
ESlab

nSlab
− 

ENanotube

nNanotube
                         (1.3) 

 

where ESlab and ENanotube stands for the total energy of the optimized slab and nanotube, 

respectively, while nSlab and nNanotube indicates the number of TiO2 unit used to build 

the primitive cell of the structure.  

The strain energy reflects the ability of the system to cope with the strain 

coming from the surface tensions present at each side of the rolled slab. Thus, a 

negative strain energy points out the higher stability of the nanotube compared to the 

corresponding flat structure.  

The thickness of the slabs resulting in stable nanotubes is included between one 

and three monolayers (a monolayer consists of one TiO2 unit). Several 

theoretical48,75,76 studies have demonstrated that the single walled nt-TiO2 built with 

four monolayers are not stable. At this critical thickness, the favored structure is a 

double-walled nt-TiO2 made of a pair of two monolayers.  

The first slabs used to build the anatase nt-TiO2 were cut along the (101) 

direction, probably because both experimental45 and theoretical46  studies have shown 

that the (101) anatase surface is particularly stable. However, the specific symmetry 

of the (101) surface makes it not possible to generate three monolayers thick slabs75.  
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The first nt-TiO2 considered were one monolayer thick and all exhibited 

positive strain energies67,70,72. Nevertheless, further studies75,77 proved that the 

optimization of these nt-TiO2 leads to a spontaneous reorganize into the (111) fluorite 

TiO2 structure, as displayed in Figure 1.15 where Obe stands for the bridging oxygen 

atoms located on the external surface while the bridging oxygens located on the 

internal surface are referred as Obi.  

 

Figure 1.15: Fluorite armchair TiO2 nanotube where Obe and Obi refer to the bridging oxygens  

located on the external and the internal surfaces, respectively48. Republished with permission of Royal 

Society of Chemistry, from reference48 obtained in 2021; permission conveyed through Copyright 

Clearance Center, Inc. 

 

 

Nt-TiO2 built by rolling up two monolayers of anatase (101) were then studied 

by many groups47,78–83, especially for their application in photovoltaic 82 or hydrogen 

adsorption83. Although the stability of these nt-TiO2 is enhanced when the diameter 

increases81, the strain energy introduced makes the nt-TiO2 energies higher than the 

corresponding sheet structures over the entire diameter range47.  

Only few studies about the nt-TiO2 made from slabs cut along the (100) 

direction were carried out, probably because of the low geometry exhibited by this 

structure. The minimum thickness of a slab is two monolayers.  Hart et al.47 found that 

the nanotubes made from the two monolayer thick (100) slabs of anatase exhibits 

higher energy than the corresponding nt-TiO2 made from (101) slabs. This result points 

out the low stability of the (100) anatase nt-TiO2. Moreover, Ferrari et al.48 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) slab48. This 

kind of nt-TiO2 exhibit a very peculiar structure made of three layers thick blocks 

connected by one layer thick junctions as illustrated in Figure 1.16, where the titania 

and oxygen atoms are displayed in purple and green, respectively. Although this 

structure confers a certain degree of flexibility to the nt-TiO2, they showed a positive 

strain energy over the whole diameter range.  

 

 

Figure 1.16: (15, 0) nt-TiO2 generated from a three monolayer thick (100) slab48. The O atoms are in 

green and the Ti ones in purple. Republished with permission of Royal Society of Chemistry, from 

reference48 obtained in 2021; permission conveyed through Copyright Clearance Center, Inc. 

 

The last anatase slabs allowing to generate nt-TiO2 are cut along the (001) 

direction. Evarestov et al.84 carried out theoretical calculations on one monolayer thick 

nt-TiO2. They observed that the nanotubes with chirality (n1,0) exhibit a negative strain 

energy after geometry optimization. This means that this kind of nt-TiO2 are more 

stable than the corresponding slab. However, the reason for this stabilization is not 

fully understood. The authors also found that the stability of the nanotubes decreases 

when the diameter increases. This model of nt-TiO2 was later used by Pan et al.85 to 

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

However, further studies by Ferrari et al.86 suggest that both the two monolayer 

thick anatase (001) slab52,87 and the one monolayer thick anatase (001) nt-TiO2
77,84

 will 

spontaneously rearrange into a two monolayer thick lepidocrocite structure. From 

Figure 1.17 it is seen that the lepidocrocite structure demonstrates a layered structure 

with fully coordinated Ti (purple) and O (green) atoms.  
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The two reasons mentioned88 to explain the reconstructions are the change of 

coordination of the Ti cations from fivefold-coordinated to fully sixfold-coordinated; 

and the reduction of the bond angle between the oxygen atoms. The corresponding 

lepidocrocite nt-TiO2 exhibit a positive strain energy over the entire diameter range77, 

which is what was predicted by Ferrari et al48.  

 

 

Figure 1.17: Two monolayer thick lepidocrocite slab (a) and nt-TiO2 (b)48. The Ti atoms are in purple 

and the O ones in green. Republished with permission of Royal Society of Chemistry, from 

reference48 obtained in 2021; permission conveyed through Copyright Clearance Center, Inc. 

 

 

The (n1, 0) nt-TiO2 generated from a three monolayer thick (001) slab exhibit 

a negative strain energy for all the diameters above 8 Å86, meaning that the nanotubular 

structure is more stable than the corresponding thin film. Other studies48,77 showed that 

the (0, n2) nanotubes built from the same slab are less stable than the corresponding 

(n1, 0) ones. All the (0, n2) nt-TiO2 exhibit a positive strain energy. The (0, 60) and the 

(60, 0) nanotubes having a diameter of 37.1 Å are shown in Figure 1.1886 where the 

titania atoms are in blue and the oxygen ones in red. It can be noticed that the stress 

induced by the rolling up is more consequent for the (0, n2) nanotubes where the bonds 

located on the external wall undergo an important extension while the bonds located 

on the internal wall are significantly compressed. As a result, the (0, n2) nanotubes are 

less stable than the (n1, 0) nanotubes and exhibit positive strain energies over the whole 

diameter range86.   
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Figure 1.18: 3ML nt-TiO2 rolled up along the (0, n2) direction (a) or the (n1, 0) direction (b)86. The O 

atoms are in red and the Ti ones in blue. Reprinted (adapted) with permission from reference86. 

Copyright 2010 American Chemical Society. 

 

The negative strain energy exhibited by the (n1, 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 the sheet, which 

are perpendicularly oriented to each other. This particular orientation creates a 

directional asymmetry on both sides of the slab, as illustrated in Figure 1.19a86 where 

the bi-coordinated oxygen atoms are identified as O2c. In this figure, the titania and 

oxygen atoms are in blue and red, respectively.  

 

 

Figure 1.19: Non optimized (a) and optimized into a nanotubular structure (b) 3 ML thick anatase slab 

cut along the (001) direction86. The Ti and O atoms are in blue and red, respectively. Reprinted 

(adapted) with permission from reference86. Copyright 2010 American Chemical Society. 

(0, 60) (60, 0) 
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When the nt-TiO2 geometry is optimized, the internal and external walls are 

running perpendicularly to each other, the internal wall being subjected to a larger 

stress than the external one50. The final structure of the nt-TiO2 is made of two 

perpendicular layers, the bottom one being a lepidocrocite-like structure, as displayed 

in Figure 1.19b. The asymmetry of the two sides of a slab was already identified as a 

possible driving force for the formation of nanotubular structure. This phenomena was 

encountered in several nanotubular crystals such as imogolite89 that also exhibits a 

negative strain energy. Although they showed a positive strain energy, the titanate 

(hydrated TiO2) nt-TiO2 were claimed to roll up as a consequence of the asymmetry 

caused by hydrogen deficiency at the top of H2Ti3O7 thin plates90.  

The strain energy of the (n1, 0) nt-TiO2 having different diameters were 

calculated91 and are displayed in Figure 1.20.  

 

 

Figure 1.20: Calculated strain energies for (n1, 0) nt-TiO2 built from anatase (001) slab91, where D is 

the diameter of the nanotube. 
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Ferrari et al.86 showed that the strain energy is increasing again for diameters 

above 60 Å, indicating a preferred nanotube size in the 40−60 Å diameter range. This 

result is in agreement with the internal diameter of 4−5 nm exhibited by the multi-

layered (001) anatase nanotubes obtained by hydrothermal synthesis92. Moreover, 

XANES analysis have confirmed the presence of 40% of five-coordinated titanium 

atoms in nanotubular structures92,93.  

The band gap width of the (001) anatase nt-TiO2 depends on the chosen 

computational method. Generally, these anatase nanotubes are semi-conductor 

exhibiting band gaps slightly higher than the bulk84. This can be explained by the 

increase of the strain energy that induces structural changes in the nanotube walls.  

The (n1, 0) nt-TiO2 exhibiting negative strain energy were the model chosen by 

the group of Lisovski et al.94 to study the effect of different substitution doping for 

water splitting hydrogen generation. The nt-TiO2 selected was the (36, 0) nanotube as 

it is the smallest nanotube exhibiting similar properties to those of nt-TiO2 with larger 

diameters.  

The (36,0) nanotubes exhibit an internal diameter of 38 Å and agree with the 

size of the multi-layered nanotubes synthesized by hydrothermal methods92. As a 

result, the (36,0) nanotubes appear as a good compromise for the modelling of big 

systems with acceptable calculations requirements. The first study carried out by this 

group concerned the sulphur doped nt-TiO2
91

. They subsequently extend their research 

to the effect of oxygen substitution by carbon or nitrogen and the effect of titanium 

substitution by iron. They found that the most favourable atom positions for oxygen 

substitution are located in the outer wall of the nt-TiO2
95, and identified the co-doped 

nanotubes with nitrogen and sulphur as the most favourable ones for water splitting96.  
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1.2.6 Modelling of Li intercalation into TiO2 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. 

Experimental studies found Li ions residing in the octahedral sites97,98,99. Theoretical 

studies confirmed this tendency: Li intercalation into the tetrahedral sites lead to 

serious problems of convergence40 or to a spontaneous drift of the Li to the octahedral 

site100. 

The most favourable lithium intercalation sites present can also be determined 

by comparing the lithium intercalation energies. The more negative is the energy, the 

more favourable is the lithium intercalation site. This intercalation energy can be 

calculated following the Equation 1.4101:  

 

ELi Intercalation  =  
ELi𝑥TiO2 –  (ETiO2  + 𝑥 ELi)

𝑥
                        (1.4)  

 
 

where ELi Intercalation defines the intercalation energy per lithium ion into the TiO2 

structure, ELi𝑥TiO2
 is the total energy of the lithiated structure, ETiO2

stands for total 

energy of the optimized system without lithium, x is the number of lithium per TiO2 

unit and ELi defines the total energy of the optimized bulk structure of metallic lithium. 

Thus, Koudriachova et al.102 reported a preference for intercalation into the octahedral 

site by 0.45 eV compared to the tetrahedral one. Belak et al.103 explained that the 

adjacent tetrahedral sites between neighboring Li octahedra share faces with two Ti 

containing octahedra. The strong electrostatic repulsion from these face-sharing Ti 

renders the tetrahedral sites unstable. Consequently, Li ions will sit exclusively in 

noticeably distorted octahedral sites (due to the presence of Ti4+) with edge lengths 

(O–O interatomic distance) varying between 3.08 Å and 3.77 Å103.  
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Various concentration of Li has been intercalated to follow the structural and 

energetical effects into anatase. The amount of Li-ions is represented as LixTiO2, 

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 Figure 1.21 where the Li 

ion is in purple while the Ti and O atoms are indicated in grey and red, respectively. 

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

102,104.  

For x < 1/4, Tielens et al.40 reported a small shift of about 0.1 Å above the 

symmetry plane of the oxygen octahedron but the Li ions remain four-fold 

coordinated. 

 

 

Figure 1.21: Lithium ion inserted into an octahedral intercalation site of bulk anatase. The Ti atoms 

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

 

For higher concentrations, both experimental39,105 and theoretical 

studies106,107,108,109,110 showed that the Li ions will be shifted up or down the c axis, 

leading to fivefold-coordinated cations. If the geometry of the cell is constrained, the 

the anatase structure is maintained and the displacement distances up and down from 

the center, as well as the 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 other105. If the cell parameters are allowed to relax during geometry 

optimization, the lithiated anatase will be transform into Li0.5TiO2 titanate whose 

structure will be detailed below. In titanate, the 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 more toward the center of the 

octahedron will suffer less Li−Li coulomb repulsion105. Moreover in this position,     

Li-O distances range from 1.97 to 2.05 Å and are close to the Li-O distance of 1.996 

Å observed in Li2O2
26.  
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Experimentally, the maximum Li insertion ratio for bulk anatase commonly 

reported is x = 0.599. The Li0.5TiO2 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 al.26 consist of half-filled c-channels and are 

detailed in Figure 1.22. In this figure, the Ti atoms are in grey, the O atoms in red and 

the Li ions in purple. Li can be placed either at (0.5, 0.0, 0.25) position and give form 

to a Pmma symmetry unit cell (structure I), or at (0.5, 0.5, 0.0) position forming an 

Imm2 symmetry unit cell (structure II). 

 

 

Figure 1.22: The conventional unit cells of the two most stable Li distribution structures for x = 0.540 

referred to as structure I (Pmma) or structure II (Imm2). The Li ions are in purple, while the Ti and O 

atoms are in grey and red, respectively.  

 

 

Koudriachova et al. reported an energy difference between these two structures 

which equals 0.001 eV per formula unit at room temperature. Consequently, a mixture 

of these two distributions is expected. Averaging structural parameters over the A and 

B structures results in a system with orthorhombic Imma symmetry in agreement with 

the crystallographic data obtained by neutron diffraction analysis98. A Density 

functional theory (DFT) study carried out later by Tielens et al.40 using a plane wave 

pseudopotential approach confirmed the very small difference of 30meV in total 

energy between the two configurations.  
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1.2.6.2        The phase separation between anatase and Li0.5TiO2 titanate 

 

Though no significant expansion is required to accommodate Li-ions into 

anatase, experimental and theoretical studies both show that serious structural changes 

are involved in the Li-intercalation process. The in situ X-ray diffraction carried out 

by Van de Krol et al.111 showed that Li intercalation into anatase occurs as a single 

phase reaction up to x = 0.05. Further intercalation leads to a phase separation between 

a Li-poor phase that exhibit a tetragonal anatase structure having a Li fraction of x ≈ 

0.0199  and a Li-rich phase made of Li0.5TiO2 titanate. The separation occurs with sub-

micron domain sizes and only the relative phase proportions vary upon Li intercalation 

until the whole structure can be considered as a single Li-rich phase at x = 0.5112. The 

ratio between the two phases does not change significantly as a function of 

temperature105. This two-phase thermodynamic equilibrium allows to maintain a 

constant electrical potential over a wide range of Li concentrations103,113. The 

intercalation potential of TiO2 equals 1.75 V versus Li+/Li redox couple18 and can be 

calculated using Equation 1.5114: 

 

V(x) = 
−ΔG

𝑥F
                                        (1.5) 

 

where ΔG is the free energy change in joule per mole, x stands for the number of 

intercalated lithium per TiO2 unit and F is the Faraday constant that equals 96485.33 

C/mol. Nevertheless, the free energy change can be approximated by the lithium 

intercalation energy ELi intercalation as the contribution of the entropy to the cell voltage 

is small enough to be ignored115. As a result, most of the lithium intercalation voltages 

are calculated using Equation 1.6:  

 

V(x) = −
ELi intercalation

𝑥F
                               (1.6) 
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Open circuit voltage calculated in different theoretical studies are close to this 

value depending on the kind of calculations performed104,110,116.  

Nuclear Magnetic Resonance (NMR) measurements carried out by 

Wagemaker et al.99 showed that the diffusion coefficient for Li ions inside each of the 

two phases (4.7 × 10-12 cm2/s for anatase and 1.3 × 10-11 cm2/s for lithium titanate 

Li0.5TiO2) is several order of magnitude higher than the overall diffusion coefficient 

previously determined using electrochemical techniques (≈10-15 cm2/s) 30,111. As a 

result, the diffusion rate must be limited by the diffusion 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 Li0.5TiO2 titanate structure 

 

The Li-rich phase is known as lithium titanate with composition Li0.5TiO2. This 

phase results from an orthorhombic distortion of the anatase structure made by an 

anisotropic expansion in the ab plane (by 1% in the a-direction and about 8% in the     

b-direction) accompanied by a contraction along the c-direction by 5%26 compared to 

the anatase structure. Expansion in the b-direction is limited by the Ti-O and Li-O 

bonds that would be stretched above common values. The volume of the unit cell 

increases by about 4%99. 

 The dimensional changes reduce the tetragonal symmetry of the anatase to the 

Imma orthorhombic space group (No. 74, lattice constants: a = 3.819 Å, b = 4.084 Å  

c = 9.066 Å)39.  Lithium titanate exhibits more regularly shaped TiO6 octahedra than 

anatase99.  The contraction along the c-direction is explained by a change in the 

octahedral packing (the expansion in the ab plane allow the layer above to penetrate 

more deeply) rather than a modification of the octahedra height. The difference in 

octahedral packing between the bulk anatase and the Li0.5TiO2 titanate is shown in 

Figure 1.23 where the titania atoms are in blue, the oxygen ones in red and the lithium 

ions in purple.  
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Figure 1.23: Octahedral packing of bulk anatase117 (a) and Li0.5TiO2 titanate (b)118. The Ti atoms are in 

blue, the O ones in red and the Li ions in purple. Republished with permission of Royal Society of 

Chemistry, from reference117 obtained in 2021; permission conveyed through Copyright Clearance 

Center, Inc. 

 

 

The formation of zig-zag Ti-Ti bonds along the b-direction was the first 

mechanism proposed  by Nuspl et al.41 in 1997 to explain the orthorhombic distortion. 

Later Mulliken analysis carried out by Koudriachova et al.26 showed no significant 

population of these Ti-Ti bonds, indicating that the formation of Ti-Ti 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 mechanism 

for the orthorhombic distortion. Indeed, anatase Ti 3d orbitals exhibit highly localized 

nature. Lithium having a very low ionization energy, each Li-ion donates 0.86 e to the 

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

Though the dxy orbital is the lowest in energy, this orbital is a shallow acceptor 

as the corresponding Ti-O bonds are not coplanar. Insertion of electrons into this 

orbital leads to additional repulsions resulting in a further and unfavourable elongation 

of the Ti-O bonds. Moreover, no π (dxy
Ti – dxy

Ti) bonds can be formed as the nearest Ti 

neighbor for an interaction is 3.784 Å apart.   
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Consequently, for x > 0.0625, occupancy of anti-bonding orbitals begins, 

leading to a destabilization of the framework balanced by spontaneous Jahn–Teller-

like orthorhombic distortion of the lattice leading to the formation of the Li0.5TiO2 

lithium titanate phase. The degeneracy of the orbitals is lifted and the additional charge 

will be located exclusively in the dyz orbitals, the dxy states being empty, as shown in 

Figure 1.24. The dyz orbitals split slightly from the conduction band and form gap 

states. The dyz orbitals were reported to be located 1.74 eV above the valence band 

edge with a width of 1.5 eV26.  

 

 

 

Figure 1.24: Illustration of the electronic structure modification upon lithium intercalation41.  

 

The elongation of the Ti-O bond length observed along the b-direction (from 

1.93 Å to 2.02 Å) is typical of the Ti3+-O distances observed in Ti2O3 (2.02 Å), whereas 

no significant bond length modification occurs in the a-direction. As a result, the          

Ti–O–Ti chains parallel to the b-direction are almost flat. Moreover, the Li+–O and    

Ti3+–O distances being very similar, the broadening in the b-direction creates ideal off-

center positions for the Li ions. Nearly co-linear Li–O–Li contacts are also formed 

along b, leading to five-fold coordinated Li-ions.  

The similarity of the Li+ and Ti3+ ionic radius also plays a role in the stability 

of the structure26. Morgan and Watson118 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 orthorhombic titanate 

phase. The specific Li–O distances enhances the Coulomb stabilization of the Li. By 

trying different configurations, the authors showed that the intercalation energy per 

lithium is a minimum of x = 0.5.  
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Consequently, for 0.01 < x < 0.5, structures are unstable with respect to a 

mixture of lithium titanate and Li-poor anatase. The low energy of specific lithium 

configurations for x = 0.5 is the origin of the anatase–titanate phase separation 

identified by these authors. The formation of short Li-O valence bonds were later 

confirmed by Raman investigations119,120. 

Belak et al.103 claimed that the structure transformation has much in common 

with the martensitic phase transformations occurring in shape memory alloys. The 

restricted dimensional changes (occurring only in the bc plane) results in planes that 

are common to both TiO2 anatase and Li0.5TiO2 with zero misfit strain. Consequently, 

the strain invariant interface separating the two phases is parallel to any of the strain 

invariant planes.  

 

1.2.6.4        The electron transfer from lithium to the titanate 

 

Lithium has a very low ionization energy. The energy level of its 2s electron is 

located well above the Ti 3d levels that make up the conduction band121. Consequently, 

the 2s electrons will enter the lowest unoccupied energy levels, which are located in 

the conduction band107. 

X-ray Photoelectron Spectrometry (XPS) measurements122 indicate the 

formation of Ti3+ species upon Li+ intercalation. XANES studies123 shows a Ti 

oxidation state of +3.4 in Li-titanate. Theoretical studies shows a binding energy for 

the [Lii
•−TiTi

‘] neutral pair which equals −0.5 eV107, indicating that it is energetically 

favourable for a Li+ interstitial to bind to a Ti3+ ion. Thus, the intercalation potential 

of titania is determined by the change of oxidation state of the Ti ions and not by the 

O ions as it is assumed to be the case for transition metal oxides124 such as LiCoO2 or 

LiMn2O4
125. XAS studies112,126 showed that Li intercalation results in the occupation 

of the Ti 3d orbitals rather than the other possibility Ti 4s. 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 + U104 calculations predict a defect state located 0.96 eV below the 

conduction band edge in agreement with XPS studies. It is known that GGA cannot be 

used for this type of calculations due to the inherent self-interaction error. When GGA 

is used, the charge is delocalized over all atoms, leading to a metallic state in 

contradiction with experimental conductivity measurements and XPS118. GGA + U is 

also reported  to be subjected to band gap error that can be corrected by using a sX 

functional110. 

 The formation of a defect state in the band gap can be explained by the Mott-

Hubbard theory: the occupancy of some Ti 3d state leads to strong intra-atomic d-d 

Coulomb repulsion, inducing a splitting between the occupied and the unoccupied Ti 

3d states100. Only one Ti 3d state is occupied upon Li intercalation127. Morgan et al.104 

reported that the occupied 3d states are strongly localized on single Ti atoms 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 electrons that occupy this 3d level and that are bound to the Ti cation 

are reported to be trapped as polarons100. Short range and weak interactions between 

the localized electron and the inserted lithium were also reported104,107,108. Small 

change in the valence bandwidth26 and a decrease of the O2p –Ti 3d interaction128 were 

reported upon Li insertion.   

 

1.2.6.5        The Lithium Deintercalation 

During the extraction of Li ions from the electrode, the orthorhombic cell is 

maintained until x = 0.25129. Chronopotentiometric measurements carried out by 

Kavan et al.130 showed that the intercalation process is three time slower than the 

deintercalation.  
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This can be explained by four different phenomena: 

- a solvent effect (during the intercalation, an extra activation energy is required to 

remove the lithium from the solvent)130.  

- a large difference in the mobility of Li ions between anatase and titanate40,111. 

- the lattice relaxation accompanying the accommodation of lithium that is an activated 

process130  

- the overall diffusion during insertion is limited by the motion of Li ions between the 

two phases (or by the movement of the phase boundaries)99. 

The first insertion/extraction cycle will shorten the c axis by 2 %129,131 whereas 

the a and b axis will not be modified. A two-fold decrease in the conductivity is also 

observed and can be attributed to chemical changes occurring at the electrode 

surface121.  

 

1.2.6.6        Lithium intercalation above x= 0.5  

 

Li intercalation above 0.5 Li ion per TiO2 unit has been reported in the literature 

using chemical synthesis. Intercalation with n-butyllithium leads to a ratio of x = 0.7132. 

Electrochemically, higher ratio can be obtained by cycling the battery at an elevated 

temperature of 120°C131 but the electrodes age quickly133. Another possibility to 

increase the lithium ratio without damaging the electrode, and thus being able to cycle 

the battery for a long time period, is to use nanostructured anatase electrodes. 

Capacities up to x = 0.75 were reported for 3-4 nm nanorods134. Nanoparticles smaller 

than 7 nm can be fully lithiated (x = 1)135,136.  

This high ratio insertion occurs via a two-phase equilibrium between the 

Li0.5TiO2 titanate and a rich Li1TiO2 phase103,118. The Li1TiO2 rich phase has a 

tetragonally distorted rock salt structure40,102 similar to the anatase structure (I41/amd) 

but with different lattice parameters (a = 4.043 Å, c = 8.628 Å)99.  

The shortening of the c-direction can be attributed to an increase of the 

Madelung field induced by a better alternation of opposite charged ions. Li–O bonds 

(2.026 Å) and Ti–O bonds (2.120 Å) have very similar bond lengths in the rock salt 

structure40.  
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Increasing the lithium ratio above x = 0.5 leads to a progressive filling and a 

strengthening of the Ti−Ti 3dyz bonding bands, resulting in a very small decrease of 

the bond lengths (from 2.8914 Å to 2.8878 Å)41,123. The Ti valence changes from 4+ to 

3+ 103 and the orbitals are fully hybridized137. 

 By carrying out UHF calculations on LiTiO2 (and considering only isotropic 

variation of the unit cell), Mackrodt et al.38 showed that the electron transfer is 

confined almost exclusively to the oxygen sublattice closest to the lithium with less 

than 10% to the cation sites. Electron 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 which have been 

identified in oxygen deficient TiO2. The increase in conductivity for x values above 

0.5 reported by Van de Krol et al.121 can be attributed to the filling of higher band with 

good conduction properties.  

The TiO6 octahedra exhibit regular geometry with uniform and noticeably 

smaller length103 and the Li ions are now six fold coordinated137. The octahedral 

distortions that open up the path for Li diffusion in Li0.5TiO2 titanate disappeared. The 

diffusion becomes isotropic with higher migration barriers (it becomes more difficult 

for the Li ions to pass between the two oxygen atoms forming the octahedra edges)103. 

Moreover, higher Li ratio induces stronger Li-Li repulsion. In Li0.5TiO2 titanate, the 

average Li−Li distance is 2.54 Å98 in the a-direction and 3.50 Å in the b-direction. 

Consequently, each Li is surrounding by two empty sites in the a-direction to minimize 

the Coulomb interaction. An increase of the Li concentration above x = 0.5 will lead 

to more and more adjacent Li-Li neighbours at 2.54 Å introducing unfavourable 

repulsive interactions41.  
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Diffusion will be the main factor limiting the Li intercalation above 0.5 Li per 

TiO2 unit. Theoretical studies102,103 reported Li insertion energy barriers 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 coefficient. Belak 

et al.103 reported a diffusion coefficient value of 6 × 10–26 cm2/s for the fully lithiated 

phase. The same authors also showed that the LiTiO2 rich phase will firstly be formed 

at the surface of the electrode with an inward growth towards the bulk. XANES 

studies123 confirmed that the Ti oxidation state is close to 3+ for a 3-4 nm depth below 

the surface.  

Further lithiation will require additional Li ions from the electrolyte to diffuse 

through the LiTiO2 phase and reach the two-phase reaction front. Nevertheless, the 

very low diffusion coefficients exhibited by LiTiO2 will prevent further Li supply once 

a thin layer of LiTiO2 has covered the electrode surface. Thus, the capacity of anatase 

is limited to half of its theoretical value for non-nanostructured electrodes. Full 

lithiation was reported only for the smallest nanoparticles ( < 7 nm) where the distance 

are too small to be limited by diffusion135,136. Although intercalation with x > 0.5 have 

been reported for non-nanostructured electrodes at elevated temperatures (diffusivity 

increases with the temperature), the electrodes age quickly because of the strong local 

distortions of the structure102. 

 

1.2.7 Modelling of Li intercalation into anatase nanotube 

Liang et al.138 investigated lithium intercalation and diffusion into anatase        

nt-TiO2 using the two monolayers thick anatase (101) nanotubes as model. They 

performed ab initio calculation on the (9, 0) nanotube to determine the most favourable 

lithium intercalation sites. The lithium ions were inserted in one repeated unit of the 

nanotube to avoid any Li-Li interactions. Consequently, the Li concentration was 

relatively low. Four intercalation sites were considered and are displayed in Figure 

1.25138 where the grey, red and purple spheres stand for the Ti, O and Li atoms.  
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Figure 1.25: Top (right) and side (left) views of the four investigated Li intercalation sites in an (101) 

nt-TiO2
138. The grey, red and purple spheres represent the Ti, O and Li atoms. Republished with 

permission of Royal Society of Chemistry, from reference138 obtained in 2021; permission conveyed 

through Copyright Clearance Center, Inc. 

 

 

The “a” and “A” sites are located on the outermost wall while the “b” and “B” 

sites are located on the innermost wall. The ions intercalated in the “A” and “B” sites 

were surrounded by eight atoms unlike the Li inserted in the “a” and “b” positions that 

were encircled by only four atoms. It is interesting to note that the “A” and “B” 

positions look very similar to the octahedral intercalation sites encountered in the bulk 

anatase. Similarly, the “a” and “b” sites can be the equivalent of the tetrahedral 

intercalation sites.  

When geometry optimization was performed, the Li ions located in the “a” and 

“b” positions moved spontaneously to the “A” and “B” sites, respectively. This 

indicates that the “a” and “b” locations are not stable. Theoretical calculations127 have 

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.138 found that the intercalation of the Li ions is 0.32 eV 

(energetically) more stable in the B-sites located on the inner surface than on the          

A-sites located on the outer one for the (9, 0) nt-TiO2. However, they showed that this 

energy difference is gradually reduced when the nt-TiO2 diameter increases. The same 

authors also studied several diffusion pathways that are displayed in Figure 1.26 where 

the titania atoms are in grey, the oxygen ones in red and the lithium ions in purple.  
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Figure 1.26: Diffusion pathways between the different Li intercalation sites in an (101) nt-TiO2
138. 

The grey, red and purple spheres represent the Ti, O and Li atoms. Republished with permission of 

Royal Society of Chemistry, from reference138 obtained in 2021; permission conveyed through 

Copyright Clearance Center, Inc. 

 

 

The pathway exhibiting the lowest energy barrier is the one denoted IV because 

of the very short distance separating the two “B” intercalation sites. The second lowest 

energy barrier was calculated for the path II. However, the A1 → B1 diffusion has a 

lower activation barrier than the B1 → A1, indicating that it is more favourable for the 

Li ions to move from the outer side to the inner one than to do the opposite. The paths 

labelled I and III exhibit the highest activation energies, suggesting that diffusion 

within the layer is higher than diffusion along the nanotube. The effect of the oxygen 

vacancies on the Li diffusion was also investigated. The most stable oxygen vacancies 

are created by removing the two-fold coordinated oxygen atoms located in the inner 

surface. When these vacancies are present, the diffusion barriers along path II (from 

the outer surface to the inner one) is reduced from 0.8 eV to 0.53 eV. 
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1.2.8 The sodium ion batteries 

The electrochemical properties of sodium have aroused the scientist’s interest 

to build sodium ion batteries. This element is much more abundant than lithium and 

have a redox potential that equals -2.71 V versus the hydrogen electrode139, only 0.3 

V above that of lithium. Consequently, the sodium ion batteries can be a promising 

and cheaper alternative to the lithium ones.  

The first Na cells based on TiO2 electrodes were built by Xiong et al.140 in 

2011. They used amorphous TiO2 nanotubes and reported a self-improved capacity of 

150 mA.h.g-1 after 15 cycles. The initial capacity equalled 75 mA.h.g-1 after the first 

cycle and slowly increases 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 this phenomenon by the inability of the sodium ions to infiltrate 

within nt-TiO2 exhibiting smaller diameters. Two years later, Bi et al.36 reported a 

similar self-improving behaviour of amorphous nt-TiO2 grown on Ti foam. They 

observed a continual improvement of the capacity, that triples its initial value after 100 

cycles, and explained this enhancement by a transformation of the amorphous nt-TiO2 

into a face-centred cubic crystalline structure.  

Sodium ions were then successfully intercalated into anatase nanoparticles141–

143, nanorods144 and nanotubes7,145. Wu et al.141 showed that anatase nanoparticles can 

be cycled for more than 1000 cycles retaining the same capacity. However, they 

noticed that the anatase structure completely disappeared after the first sodium 

intercalation to form a mixture of amorphous sodium titanate, metallic titanium and 

sodium superoxide NaO2. On the other hand, Li et al.143 reported that anatase 

nanoparticles underwent a phase transformation into a rhombohedral O3-type layered 

structure once fully sodiated. By cycling anatase nanoparticles at 90°C, Ding et al.142 

noticed that a Na2TiIITiIVO4 solid solution was formed after the first sodium 

intercalation. The deintercalation process reversibly transformed the solid solution into 

a mixture of amorphous TiO2, amorphous Na2TiO3 and crystalline TiO.  
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Kim et al.144 used anatase nanorods as electrode material in sodium ion 

batteries. They carried out Ex Situ XRD characterization indicating that the anatase 

structure is maintained during the Na intercalation/deintercalation cycles for a voltage 

range of 3–0 V vs Na/Na+. The XAS studies of the electrode showed that the Na 

insertion induces a reversible Ti4+/Ti3+ redox reaction. The authors also demonstrated 

that the capacity and rate capability of anatase nanorods can be improved by carbon 

coating.  

Gonzales et al.145 used anatase nanotubes in sodium ion batteries. They 

reported a capacity of 190 mA.h.g-1 after 800 cycles for nanotubes having an inner 

diameter of 92 nm. However, irreversible capacity losses were observed in the first 

cycle whatever was the cycling condition. The XRD analysis performed by the authors 

showed that the anatase structure is retained, even for potential equal to 0.0 V vs 

Na+/Na. These results agree with the XRD measurements carried out by Bella et al.146 

indicating that the crystallinity of the anatase nt-TiO2 is not modified by Na 

intercalation for potential included between 0.3 and 2.5 V vs Na+/Na. However, the 

electrochemical tests reported by Gonzales et al. indicates the presence of irreversible 

faradic processes, associated with both electrolyte decomposition and sodium 

intercalation into the nanotubes, for potentials below 0.3 V vs Na+/Na. Consequently, 

the best cycling behaviours were observed for 2.6-0.5 V of potential limits. 

 Moreover, by comparing the results obtained with those reported for 

equivalent lithium ion batteries, the authors noticed that the accommodation in the 

surface of the nt-TiO2 is more important for the Na ions than for the Li ones. As a 

result, the capacity of 190 mA.h.g-1 observed for the Na-ion batteries based on anatase 

nanotubes is close to the one observed for the equivalent Li-ion batteries29 that equals 

200 mA.h.g-1. 
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Three years later, Li et al.7 performed XANES analysis of both amorphous and 

anatase nt-TiO2 at different charge/discharge potentials in Na-ion batteries. Their study 

suggests that the irreversible loss of capacity observed during the first cycle for both 

phases can 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 the next charge/discharge cycles. 

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

indicating that the Na+ ions rather adsorb than diffuse inside the nanotubes.  

The XANES measurements carried out for the anatase nanotubes indicates that 

the nt-TiO2 retain their anatase structure only for potential above 0.5 V 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 caused by the 

accommodation of large Na+ that will induce a distortion of the local structure of the 

TiO6 octahedron, as well as a modification of their long-range connectivity. The 

authors also reported the reversible formation of flower-like structures made of 

Na2CO3 at the top surface of nt-TiO2 once discharged to 0.01 V.  

  

 

1.2.9 Modelling of Na intercalation into TiO2 anatase                                               

Several theoretical studies about sodium intercalation into bulk anatase were 

carried out. All these studies identified the octahedral sites as the most favourable ones 

for sodium insertion. The first study was performed by Lunell et al.106 using DFT in a 

Na0.5TiO2 cell where half of the octahedral sites were filled with sodium. The geometry 

modifications generated by the sodium insertion were an elongation of the Ti-O bonds 

located in the xy plane by 0.31 Å whereas the Ti-O bonds parallel to the z axis were 

shortened by 0.41 Å. Similar structures changes were observed in the Li0.5TiO2 cell 

but the bond length modifications were less important147.  
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By comparing two anatase bulks doped with 0.9 % of lithium or sodium, 

Kortados et al.148 confirmed that the Na ions generate bigger lattice distortions than 

the Li ones. Lunell et al.106 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 Å along the c 

direction. This particular location of the Na ions was later confirmed by other 

theoretical studies25,143,149. As a result, both the Na and Li ions are five-fold 

coordinated when they are intercalated into a bulk anatase.  

Lithium and sodium intercalations into anatase bulk induce similar 

modifications to the electronic structure25,148,149. The added electron is given to one of 

the nearest Ti neighbours, reducing it to Ti3+. The extra charge is stored in a single Ti 

3d state, generating strong intra-atomic coulombic repulsions between the different d 

orbitals. According to the Mott–Hubbard theory, the coulombic repulsions will be 

balanced by a splitting between the occupied and unoccupied Ti 3d states. Thus, the 

occupied Ti 3d states create a defect state in the band gap, while the unoccupied Ti 3d 

states stay in the conduction band.  

The total DOS of the Na0.11TiO2 anatase bulk is displayed in red in Figure 

1.27149. For comparison, the total DOS of the TiO2, Li0.11TiO2 and Mg0.11TiO2 anatase 

bulks are also displayed in black, blue and green. The vertical lines in the Figure 

represent the Fermi energies. 

 

 

Figure 1.27: Total DOS of Li0.11TiO2 (blue), Na0.11TiO2 (red), Mg0.11TiO2 (green) and TiO2 (black) 

anatase bulks. The vertical lines represent the respective the Fermi energies149. 
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The sodium intercalation energies reported in the literature all indicate that the 

sodium insertion into anatase bulk is favourable. Their values depend on both the 

computational parameters and the sodium concentration. Thus, Legrain et al.149 found 

an intercalation energy of −0.27 eV per TiO2 unit the for Na0.11TiO2 bulk. The same 

authors also compare the intercalation energies into the Na0.11TiO2 and Li0.11TiO2 

bulks and noticed that the lithium insertion is much more favourable with an 

intercalation energy that equals -1.85 eV per TiO2 unit. In addition, Bella et al.146 

reported a sodium insertion energy of −0.14 eV per TiO2 unit when the capacity is         

x = 0.03 while Li et al.143 calculated an energy of −0.08 eV for a capacity of x = 0.008. 

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 lattice146.  

Li et al.143 studied two fully sodiated NaTiO2 bulks having a rhombohedral 

layered structure  (R3̅m space group) and a tetragonal anatase structure (I(4)1/amd 

space group). They reported sodium intercalation energies of -1.247 eV and -0.975 eV 

per TiO2 unit for the rhombohedral and tetragonal structures, respectively. These 

results suggest that the anatase structure may not be retained with high sodium ratio.  

The sodium intercalation into anatase TiO2 surfaces and nanotubes has not been 

considered computationally to the best of our knowledge. 
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1.3 Summary 

 

• The miniaturization of portable devices requires the development of 

batteries at the micrometer scale. Most of the microbatteries are based 

on the lithium ion technologies because of the high energy density 

exhibited by this element. 

• The nano-structuring of the anatase TiO2 improves its capacity and 

makes it a promising material as anode for Li-ion microbatteries. 

Moreover, anatase nanotubes can be easily produced by a simple and 

template-free anodization process. These nanotubes have a good 

electrical contact with the current collector and do not need to be mixed 

with carbon blacks or polymer binders.  

• Electrochemical measurements carried out on anatase nt-TiO2 indicate 

the presence of a pseudocapacitive Li+ storage occurring at the 

nanotube surface. Moreover, XANES analysis showed the formation of 

a thin film of about 4 nm in thickness with a Ti valence close to 3+ at 

the surface of the nt-TiO2. The external wall of the nt-TiO2 seems to 

play a major role in the storage of the Li+ ions at the surface while the 

internal walls do not store lithium at their surfaces.  

• The helical symmetry of the nanotubes allows to drastically reduce the 

computational time and to perform ab initio calculations on 

nanotubular structures containing several hundreds of atoms. The (n1, 

0) anatase nt-TiO2 generated from the 3 ML (001) slab exhibit a 

negative strain energy and were already chosen as a suitable model to 

study the water splitting hydrogen generation or different doping of the 

anatase nt-TiO2.  
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• Both experimental and computational studies confirmed a maximum 

Li intercalation ratio of x = 0.5 into anatase bulk. The lithiated anatase 

undergoes an orthorhombic distortion and is transformed into a 

Li0.5TiO2 titanate structure where the lithium ions occupy half of the 

octahedral intercalation sites. The Li intercalation occurs through a 

two-phase equilibrium between a Li-poor phase having a Li fraction of 

x ≈ 0.01 and a Li-rich phase made of Li0.5TiO2 titanate.  

• The computational studies confirmed the existence of a LiTiO2 rich 

phase exhibiting a tetragonally distorted rock salt structure. 

Nevertheless, the disappearance of the octahedral distortions in this 

rich phase limits the Li diffusion and increases the migration barriers. 

As a result, the LiTiO2 rich phase will firstly be formed at the surface 

of the electrode but its inward growth towards the bulk will be limited 

to a few nanometers.  

• The abundance and electrochemical properties of sodium have 

encouraged the scientists to develop sodium ion batteries as a cheaper 

alternative to the lithium ones. Anatase nt-TiO2 were recently used in 

Na-ion microbatteries. However, irreversible capacity losses were 

reported for the first cycle, independently of the cycling conditions. 

The anatase nt-TiO2 surface is more reactive towards sodium than 

towards lithium and is irreversibly transformed into amorphous sodium 

titanate where the Ti4+ ions are partially reduced to metallic Ti. 

• The theoretical studies carried out about sodium intercalation into bulk 

anatase indicate that the Na+ ions are inserted into the octahedral sites. 

The sodium insertion generates lattice distortions similar to the 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 computational study of sodium 

intercalation into anatase surfaces or nanotubes 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 began around 1950 and gradually increased with the 

computer power over time. It gained further recognition in 1998 after John Pople and 

Walter Kohn won the Nobel Prize in Chemistry150 for 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 is a valuable tool to identify the reaction 

pathways and predict the most likely products, allowing the development of more 

productive and efficient synthesis processes. Thus, the financial and time constraints 

associated with laboratory trials are considerably reduced. It can also be used to 

explore the physical processes involved in phenomena, such as, phase changes, 

corrosion or energy storage. Computational chemistry becomes particularly pertinent 

to predict the properties of expensive or harmful substances. In this thesis, it is 

employed to help understanding complex results obtained by experimental techniques.  

The simulations can be performed over a broad space-time scale as illustrated 

in Figure 2.1151.  
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Figure 2.1:  Repartition of the different simulation methods according to the space-time scale151. 

 

Quantum mechanics allows to perform simulations at an atomic scale. Thus, 

information about the electronic structure e.g. band structure and the chemical bonds 

(for example bond strengths and lengths) can be obtained. Density functional theory 

(DFT) or hybrids between DFT and the Hartree-Fock (HF) approximation are 

currently the most common methods to perform quantum mechanics calculations152. 

Most DFT based calculations are performed at zero Kelvin, excluding atomic motion, 

i.e. zero point energy (ZPE).  

Instead, molecular dynamics is used to study the interactions between atoms as 

they are translated in Hubbard space. It simulates the natural motion of the molecular 

system, according to Newton’s law. This method is widely employed to study the 

conformations of large molecules, for example proteins. Simulations at a mesoscopic 

scale requires methods, such as coarse grained or dissipative particle dynamics 

methods. Phenomena describing structural analysis, fluid flow or heat transfer can be 

studied using finite element method.  

The choice of the simulation methods depends on the space-time scale of 

interest. The aim of this thesis is to get a better understanding of energetics, i.e. 

intercalation voltages, as well as structural information of the Li+ and Na+ intercalation 

into nanotubes of anatase TiO2. The modifications are mainly occurring at the atomic 

scale and quantum mechanics based on DFT/ hybrid methods were the most suitable 

choice.  
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2.1.2 Fundamentals of the quantum mechanics methods  

2.1.2.1        The Schrödinger Equation 

 

Electrons are much lighter than atoms or molecules and they can only be 

described by quantum mechanics. In contrast to classical mechanics that is 

deterministic, quantum mechanics is probabilistic. As a result, quantum mechanics 

allows only to calculate the probability of a particle to be at a certain place at a certain 

time. Indeed, Heisenberg’s uncertainty principle avoids determining simultaneously 

the place and the time. The probability of finding a particle at a certain place at a certain 

time is described by the Schrödinger Equation152. Thus, by solving or finding an 

approximate solution of this equation, it is possible to access the properties of a 

molecule, such as its energy. The time-independent Schrödinger Equation is defined 

by Equation 2.1. 

 

 

                                            ĤΨ(R, r) = EΨ(R, r)                                                   (2.1) 

 

In this equation, Ĥ is the Hamiltonian operator, ψ is the wave function and E is 

the energy of the state described by the wave function. The wave function is defined 

by the location of the nucleus (R) and an electron (r). This equation is used in wave 

function theories, such as the Hartree-Fock approximation.  

 

2.1.2.2        The Born-Oppenheimer approximation 

 

The mass difference between the electron and the nuclei is very important. For 

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 difference will induce a velocity difference: the electrons move considerably 

faster than the nuclei. Consequently, they can adjust very fast if the nuclei position 

changes. The Sun-Earth system can be used as an analogy, where the planets are 

rotating around the stationary sun. A good approximation is, therefore, to consider that 

the electrons are moving around a fixed nucleus.  
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This simplification is referred to as the Born-Oppenheimer153 approximation, 

allowing the wave function ψ(R, r) to be factorized in two independent terms as 

described in Equation 2.2: 

 

                                              Ψ(R, r) = Φ(R)φR(r)                                                (2.2) 

 

where Φ(R) represents the nuclear term (the nuclei are free to move and the electrons 

are fixed) whereas φR(r) stands for the electronic term (the electrons are free to move 

around fixed nuclei). As a result, the electronic wave function φR(r) 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: 

 

                                                 ĤφR(r) = EφR(r)                                                     (2.3) 

 

The Hamiltonian operator contains kinetic (T̂) and potential (V̂) operators as 

described in Equation 2.4: 

 

                                                Ĥ = T̂ - V̂ext + V̂int                                                              (2.4) 

 

In Equation 2.4,  T̂ = - ∑
h2

2m
 ∇i

2N
i=1  represents the kinetic energy of the system, 

V̂ext = ∑
Zl

|ri−Rl
|

  
i,l  stands for the external potential of the nuclei on the electrons, and       

V̂int = 
1

2
∑

1

|ri−rj
|

i/j  expresses the potential between two separate electrons. This last V̂int 

operator will make the Schrödinger Equation impossible to solve exactly for systems 

containing more than one electron. Consequently, mathematical approximations were 

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

 

One of the most common approximations is the Hartree-Fock (HF) method150 

that concerns the V̂int operator. For many-electron systems, it will be very complicated 

to take into account the interaction between each individual electron. The HF 

approximation assumes that the N-electron wave function can be replaced by a 

antisymmetric product of N one-electron wave functions. This antisymmetric product 

is known as the Slater determinant. The HF approximation will then make all the 

electrons indistinguishable. As a consequence, one electron will not interact with the 

other electrons individually, but with an average potential representing a “cloud” of 

electrons present in the system. Thus, the HF approximation does not take into account 

the electron correlation but calculates an exact exchange term corresponding to the 

interaction between one electron and an average potential of all of the other electrons. 

As a result, the one-electron wavefunctions can be obtained as solutions of the 

HF equation (Equation 2.5): 

 

                                              𝐹 ̂Ψi(xi) = εiΨi(xi)                                                         (2.5) 

 

where 𝐹 ̂is 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 exact solution of the Schrödinger 

equation. The Hartree Fock limit is defined as the energy calculated using a complete 

basis set (see section 2.1.3). The energy difference between the exact solution and the 

HF limit defines the correlation energy. The name “correlation energy” originates from 

the fact that HF does not take into account the influence of individual electrons in the 

system. As the electrons are repelling each other, the position of one electron will 

affect the positions of the other ones and they will be localized as far apart as possible.  
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2.1.2.4        The Density functional theory approximation 

 

Another well-known approximation to the Schrödinger equation is the density 

functional theory (DFT) method. In the same way as the HF method, the DFT 

approximation is based on a single-electron function. The DFT originates from a study 

carried out by Hohenberg and Kohn in 1964154, showing that it is possible to describe 

the ground state properties of a real system, such as its ground state energy, uniquely 

with its electron charge density ρ(r). The electron charge density depends only 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 by a functional of its electron charge density 

E[ρ(r)] as displayed in Equation 2.6155. 

 

                                  E[ρ(r)] = F[ρ(r)] + ∫Vext ρ(r)dr                                           (2.6) 

 

This functional, describing the energy of the system, is the sum of two terms: 

the first one F[ρ(r)] is a universal functional taking into account the kinetic energy of 

the electrons and the electron-electron interactions. The second term represents the 

interaction of an external potential Vext(r) with the electrons.   

However, the universal functional F[ρ(r)] remained unknown until Kohn and 

Sham156 proposed to approximate it as the sum of three terms described by in Equation 

2.7: 

   

                      F[ρ(r)] = EKE[ρ(r)] + EH[ρ(r)] + EXC[ρ(r)]                                       (2.7) 

 

EKE represents the kinetic energy of a non-interactive electron gas exhibiting 

the same electronic density ρ(r) as the real (interacting) one. EH stands for the electron-

electron interaction energy and EXC is the exchange-correlation energy that cannot be 

solved exactly but needs to be approximated.  
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The first approximation applied to the exchange correlation functional 

EXC[ρ(r)] is referred to as the Local Density Approximation (LDA). It is based on the 

assumption that the electron density is homogeneous throughout the space157. Thus, 

the exchange correlation energy EXC can be calculated by integrating the uniform 

electron gas over all space described in Equation 2.8. 

 

                               EXC
LDA[ρ(r)] = ∫ 𝜌(𝐫) 𝜀𝑥𝑐(𝜌(𝐫))d𝐫                                             (2.8) 

 

In this equation, εxc(ρ(r)) is the exchange correlation energy of the uniform 

electron gas as a function of the density ρ(r).  

The LDA functional was the only approximation available for many years. 

Although this method was working well to describe metals, it failed to describe 

correctly anisotropic systems158. This issue gave rise to the development of other 

functionals based on the Generalized Gradient Approximation (GGA).  

The GGA functionals take into account the possible inhomogeneous repartition 

of the electron charge density. They contain the same exchange correlation 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 Equation 2.9157.  

 

                                            EXC
GGA = EXC

LDA[𝜌, 𝛻𝜌]                                                                       (2.9) 

 

A large variety of GGA functionals were developed and are still employed 

today. Among them are the Becke-Lee-Yang-Parr (BLYP)159,160 and the Perdew-

Burke-Ernzerhof (PBE)161 functionals used 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 having highly localized electrons 

(such as transition metal oxides, including TiO2) cannot be described correctly. This 

is due to the so-called self-interaction error present in the Kohn-Sham approximated 

functional.  The classic coulomb term, included in the electron-electron interaction 

energy EH[ρ(r)], contains the spurious interaction of the electron with itself. 

Consequently, the orbitals having strongly localized electrons will be destabilized, and 

their electrons will be improperly delocalized to minimize the self-interaction155.  

However, this issue is not present in the HF method where the exchange term between 

the electrons is exact. One approach to compensate for the self-interaction error when 

studying transition metal 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 self-interaction error while keeping the correlation energy from 

DFT162. The exchange-correlation energy EXC present in the Kohn-Sham 

approximated functional becomes a sum of two terms detailed in Equation 2.10.  

 

                               EXC[ρ(r)] = EX
HF+KS + EC

KS                                                      (2.10) 

 

In this equation, EX
HF+KS is the exchange energy defined by a sum of the Kohn-

Sham and some fraction of the HF exchange. EC
KS is the correlation energy defined in 

the Kohn-Sham functional. 

One of the most commonly employed hybrid functionals is the B3LYP163 one. 

It was developed by Becke who used a functional described by three parameters (B3) 

for the exchange energy, to which he added the Lee-Yang-Parr (LYP)160 correlation 

functional. The proportions of HF and DFT were determined by fitting experimental 

data for a small set of elements. Based on this fitting, Becke proposed a mixing of 20% 

HF with 80% of DFT (Becke) exchange.  
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The PBE0164 is another well-known hybrid functional, built similarly to the 

B3LYP, by mixing 25% of HF with 75% of PBE (DFT) exchange. The PBEO was 

developed for solids while the B3LYP was originally used to represent molecular 

systems.  

As detailed in section 2.2.1, the B3LYP and PBE0 functionals appeared to be 

the most suitable choice to describe TiO2
165. 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 orbitals 

 

The Schrödinger Equation can be solved exactly only for one-electron systems 

like the hydrogen atom or the H2
+ molecule. Contrary to classical mechanics where all 

the energies are allowed, the number of solutions in quantum mechanics is not infinite, 

resulting in discrete energy levels (eigenvalues). The wave functions, singular or 

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

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

use spherical coordinates, as the electrons are moving in the three dimensions.  

The exact solutions of the Schrödinger Equation for the hydrogen atom are 

referred to as the hydrogenic orbitals and depend on the three spatial variables r, θ and 

φ. They are classified by three quantum number n¸ l and m, corresponding to r, θ and 

φ, respectively. Consequently, the n quantum number will describe the size of the 

orbital, the l quantum number its shape, and the m quantum number its orientation 

relative to a fixed coordinate system. The orbitals can be visualized by plotting the 

corresponding wave function152 Ψn, l, m (r, θ, φ). 

Mathematically, the orbitals can be written as a product of a radial function 

(representing the behavior according to the r distance between the electron and the 

nucleus), and spherical harmonic functions that will describe the angular part as a 

function of θ and φ.  
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Theoretically, all kind of basis functions, including exponential, Gaussian, 

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 often called 

atomic orbitals whereas it is generally not a solution of any atomic Schrödinger 

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. They exhibit a similar structure to the hydrogenic orbitals where the 

dependence on the r distance is described by an exponential function. The STOs allow 

to obtain very accurate results for atomic and diatomic systems.  

However, from a computational point of view, exponential functions are 

difficult to handle, especially for molecular systems where the atomic orbitals can be 

centered on different nuclei.  The general form of the STOs is displayed in Equation 

2.11152. 

 

 

                                χSTO
 = N.Yl,m (φ ,θ)rn-1exp(-αr)                                             (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 as described in Equation 2.12:  

    

                                    ΧGTO
 = Nxlymznexp(-αr2)                                                   (2.12) 

 

In both equations 2.11 and 2.12, N is a normalization factor and α is the 

exponent. The main difference between the STOs and the GTOs is the variable r 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 the STOs cannot be replaced by a single GTO 

(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. 

 

𝜙𝜇 = ∑𝑑𝑖𝜇

𝐿

𝑖=1

𝜙𝑖(𝛼𝑖𝜇)                                                     (2.13) 

 

Where L is the number of primitive Gaussian functions 𝜙𝑖used in the linear 

combination. Each GTOs is then defined by its coefficient diμ and its exponent 𝛼𝑖𝜇. As 

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 

increases166.  

 

 

Figure 2.2: Comparison of the quality of GTOs up to a 3rd term linear combination to model a plot    

1s-STO orbital166.  

 

A general rule says that three times as many GTOs as STOs are required to 

reach a certain level of accuracy.  

 

 

 



60 
 

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 literature are centered 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 

non-bonded atoms may be used. GTOs centered at the nuclei were chosen in this thesis. 

The basis sets containing the minimum number of functions are known as 

“minimal basis sets”. Only the minimum amount of functions necessary to contain all 

the electrons of a neutral atom are used in the basis set description152. This kind of 

basis set are thus ignoring the unoccupied orbitals. Severe drawbacks will also be 

encountered when modeling simple organic molecules: the contracted σ-bonds and 

more diffuse π-bonds will be defined with the same and unique exponent, as only a 

single set of p orbitals is available.  

The next improvement is the development of the so-called double zeta basis 

sets where all the basis functions are doubled. Thus, simple organic molecules for 

example, can be modelled using a double set of p orbitals. The σ-bonds will be 

described by the function having a large exponent whereas the other function (having 

a smaller exponent) will be used for the π-bonds.   

When studying the chemical properties of a system, it is possible to simplify 

the basis set (and thus reduce the computational cost of the calculation) by taking into 

account that the chemical bonding occurs between valence orbitals. The core orbitals, 

being independent of the chemical environment, will not fluctuate considerably from 

one molecule to another. Thus, doubling the basis functions describing the core orbitals 

will not improve the accuracy of the calculations. The basis sets where only the valence 

orbitals are doubled are known as split valence basis152.  

Although the split valence basis allow an improved representation of the 

chemical bonding, higher angular momentum functions, known as polarization 

functions, play a major role to correctly describe the shapes of the orbitals. 
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This can be explained by taking the simple example of a C-H bond. The atomic 

orbitals involved are the hydrogen 1s, and the carbon 2s and 2p orbitals. However, if 

the hydrogen atom is defined only by s atomic orbitals, the C-H bond will not be 

correctly described. By adding a set of p orbitals to the hydrogen atom, some 

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 molecular environment. 

Generally, the first set of polarization functions (p-functions for hydrogen atoms and 

d-functions for heavier elements) is sufficient to describe most of the polarization 

effects.  

When the system studied includes atoms located below the first two rows 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 potential. This function 

is usually called Effective Core Potential (ECP)152 or Pseudopotential (PP)167.  

When GTOs are used to describe the valence orbitals, the ECP is generally 

made of Gaussian 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 calculations and the computational cost is obtained when the next 

lower shell below the valence 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 

number, n, equal to 1 and 2 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, the probability of finding an 

electron in a specific location in a molecule is described by the 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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                                               Ψi  =  ∑ ciφi
n
i=1                                                                                   (2.14) 

 

where Ψ is the molecular orbital, φ stands for the atomic orbital and c corresponds to 

the coefficient indicating the weight 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 the same as for the molecular orbitals, but the 

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

The nt-TiO2 studied in this thesis were built by repeating a primitive unit cell 

in the three dimensions of space. The periodicity of the system 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 consider the orbitals 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 Pack-Monkhorst method168.  

In a three-dimensional crystal, the sampling points belong to a lattice called the 

“Pack-Monkhorst net” that is defined by three basis vectors (Equation 2.15): 

 

                                           
b⃗⃗ 1

is1
   ;    

b⃗⃗ 2

is2
   ;    

b⃗⃗ 3

is3
                                                  (2.15)                    

  

b⃗ 1, b⃗ 2 and b⃗ 3 being the reciprocal lattice vectors; and is1, is2, is3 representing the 

integers "shrinking factors" (IS). Their values are input as IS = is1= is2 = is3. A second 

shrinking factor defining the sampling of k points within the “Gilat net”169,170 is needed 

for the calculation of the density matrix. The values of the shrinking 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 cutoff 

parameters for the bielectronic integrals. The bielectronic integrals are used in the 

CRYSTAL program to describe the Coulomb contributions to the total energy 

(Equation 2.16): 

 

 

                                                                                                                                                                  (2.16) 

 

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 vectors. P is the density matrix 

and φ is the Gaussian distribution defining the electron density.  

The cutoff threshold parameters are based on the overlap between two atomic 

orbitals. When the overlap is smaller than 10-thresold, the corresponding integral is 

neglected. There are several values to define: 

•  the overlap threshold for Coulomb integrals, 

•  the penetration threshold for Coulomb integrals,  

• the overlap threshold for HF exchange integrals, 

• the pseudo-overlap for HF exchange series.  

The optimization of these truncation criteria for the modelling of the titania 

nanotubes is detailed in section 2.2.2. 

 

2.1.4.2        The self-consistent field approach 

 

The CRYSTAL code5 employed in this thesis will use Gaussian basis sets to 

generate the 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 approach known as the Self-Consistent Field (SCF) procedure. 

The SCF approach 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 orbitals coefficients to describe the molecular and 

crystalline orbitals and 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. This new energy is compared 

with the previous one. The whole process is then repeated until the difference in 

energies differs by less than a given threshold162 that has to be defined in the input file. 

In this thesis, the cut-off value is the default one of the CRYSTAL program: 10-6 

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 

coordinates of the atoms within the unit cell. These parameters are defined in the input 

file and correspond to the crystalline unit cell. The CRYSTAL program will then 

transform the crystalline cell into a primitive cell to optimize the efficiency of the 

calculation. A primitive cell is a cell of minimum volume that contains only 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 many times 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 concerns only the atoms 

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 

symmetry. This means that the geometry of crystals containing several hundreds of 

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 points 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 Broyden-Fletcher-

Goldfarb-Shanno (BFGS) algorithm.  
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The geometry optimization is an iterative process where the root-mean-square, 

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 optimization has 

converged. For example, in CRYSTAL, the default threshold value is ΔE equal to      

10-7 Hartree between two geometries.  

 

 

2.2 Modeling of nanotubular TiO2 

 
2.2.1 Basis sets and functional choices  

In order have a better understanding of the nt-TiO2 behavior when used as 

anode in microbatteries, we performed hybrid Density Functional Calculations (DFT). 

This ab initio method allows to access information on the electronic structure of the 

atoms. The software chosen was the periodic CRYSTAL5 code that fully exploits the 

helical rototranslational symmetry of the nanotube structure to drastically reduce the 

computational time6, using 1 Dimensional (1D) symmetry. Thus, nt-TiO2 exhibiting 

large unit cells (108 to 540 atoms depending on the diameter) are reachable by first 

principles studies. The symmetry is used for the calculation of one and two-electron 

integrals, and for the Fock-matrix diagonalization.  

Labat et al.165 compared the performances of different functionals to study the 

structural and electronic properties of anatase and rutile. They found that both PBE0164 

and B3LYP163 functionals are in good agreement with the experimental binding 

energies and band structure. Based on this results, Ferrari et al.48 chose the PBE0 

functional to perform DFT analysis of anatase nt-TiO2 exhibiting negative strain 

energies. However, the calculated band gap was equal to 4.3 eV for bulk anatase. Later, 

Lisovski et al.91 carried out calculations to determine the most favorable functional 

allowing to investigate the effect of sulphur doping into this negative strain energy     

nt-TiO2. They calculated the lattice parameters and band gaps of anatase bulk TiO2 

using various functionals and obtained the 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 gap. As a result, Lisovski et al.91 chose this hybrid functional but 

modified the admixture coefficient for the non-local Hartree Fock exchange to obtain 

a band gap value of 3.16 eV. This modified functional was later used by the same 

group to study other doped anatase nt-TiO2 structures94,96.   

 

Table 2.1: Lattice constants and band gaps of anatase bulk TiO2 calculated by Lisovski et al.91 using 

different functionals. 

 

 

These two research groups made different basis set choices. Ferrari et al.48 used 

a 411-31 Hay-Wadt171 small core effective core potential (ECP) and an all-electron    

8-411G (d) basis sets for titanium and oxygen atoms, respectively. These two basis 

sets were taken from the CRYSTAL website basis sets library172. On the other hand, 

Lisovski et al.91 chose the ECP-411sp-311G (d), a Hay-Wadt basis set optimized by 

Piskunov et al.173, for Ti atoms; and a full electron 6s-311sp-1d basis set that they 

optimized themselves for the oxygen atoms.  

By looking at the basis sets library172 available on CRYSTAL website, we 

selected four of them:  

• a Ti-86-51G (3d) and a O-8-411 basis sets174, both used to study the adsorption 

properties of TiO2 surface.  

• the Hay-Wadt 411sp-311G (d)173 used by Lisovski et al. for Ti atoms. 

• an oxygen atom 8-411d1175 basis set optimized for BaTiO3 crystal. 
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We then used both PBE0 and B3LYP functionals to calculate the lattice 

constants and the band gaps of bulk anatase TiO2 using different combinations of these 

four basis sets. Full geometry optimization was performed: relaxation of both the cell 

parameters and the atomic coordinates were allowed. The results obtained (Table 2.2) 

were then compared with experimental data42.  

Considering both the band gap value as well as lattice parameters, the most 

accurate values compared to the experimental ones were obtained when using the 

B3LYP functional, the all-electron 8-411(d) basis set for O and the Hay-Wadt small 

core ECP with a 411-311G (d) basis set for Ti atoms. Moreover, this Hay-Wadt 

functional allowed us to reduce the computational cost of the calculations by taking 

into account only the valence electrons.  

As the intercalation of lithium ions into the nt-TiO2 leads to the reduction of 

the titanium ions from Ti4+ to Ti3+, the same approach was repeated for the bulk of 

Ti2O3, 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.  

Table 2.2: Calculated and experimental lattice constants and band gaps of bulk anatase TiO2. 

Ti Basis set O Basis set Functionals Band gap (eV) 

Lattice parameters 

(Å) 

a c 

86-51G(3d) 8-411 B3LYP 4.71 3.735 9.974 

86-51G(3d) 8-411 PBE0 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) PBE0 4.41 3.776 9.599 

411-311G(d) 8-411 B3LYP 4.09 3.755 8.987 

411-311G(d) 8-411 PBE0 4.56 3.731 8.878 

Experimental values42 for anatase TiO2 3.2 3.785 9.514 
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Table 2.3: Calculated and experimental lattice constants and band gaps of corundum Ti2O3. 

Ti Basis set O Basis set Functionals Band gap (eV) Lattice parameters 

(Å) 

a c 

86-51G(3d) 8-411 B3LYP 1.095 5.247 13.068 

86-51G(3d) 8-411 PBE0 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) PBE0 1.182 5.203 13.307 

411-311G(d) 8-411 B3LYP 0.94 5.254 13.304 

411-311G(d) 8-411 PBE0 1.28 5.21 13.18 

Experimental values176 for corundum Ti2O3 0.1 5.157 13.61 

 

 

An ECP basis set was chosen for titanium atom using only the valence electrons 

to carry out the calculations. This basis set takes into account only the most external s, 

p and d atomic orbitals because the core electrons are described by an effective core 

potential (ECP). The 3s, 3p, 4s and 3d atomic orbitals are filled with electrons. 

However, to describe the system more accurately, the 4d and 5d orbitals have been 

considered in this basis set. Previous theoretical studies have shown that only the 3d 

orbitals are occupied upon Li intercalation127. Consequently, the 4d and 5d atomic 

orbitals are added to improve polarization phenomena. This Hay-Wadt basis set is 

displayed in Appendix A. 

To reduce the computational cost of the calculations, the 5d orbitals were 

omitted and the titanium basis set was optimized by adjusting the alpha exponent of 

the Gaussian function defining the 4d orbitals. For this, we calculated the total energy 

of bulk anatase TiO2 for different alpha values, starting with the initial one of 

0.8310327. The alpha coefficient was then gradually decreased until an energy 

minimum was found. The results obtained are presented as a graph in Figure 2.3.  
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Figure 2.3: Total energies of bulk anatase TiO2 calculated with different alpha coefficient. Blue 

rhombus basis set with only 4d and orange square is (4d, 5d) basis set. 

 

The total energies, obtained with the modified 4d Gaussian functions and 

without 5d 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 corresponding 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 less stable system. As a result, we chose to keep the original basis set (as displayed 

in Appendix A) to perform all the calculations reported in this thesis.  
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2.2.2 Self-Consistent Field (SCF) parameters optimization   

After determining the most suitable basis sets and functional, we optimized the 

shrinking factor IS by modifying the k-point grid in the reciprocal space as detailed in 

section 2.1.3. 

We calculated the total energy of optimized anatase bulk TiO2 with different 

IS integer values to determine the most suitable one. The results are presented as graph 

in Figure 2.4. 

 

Figure 2.4: Total energies of bulk anatase TiO2 calculated for different shrinking factor values. 

The best compromise between the precision of the results obtained and the 

computational cost was found for the shrinking factor 6. The same values were chosen 

by Ferrari et al.86 to study anatase nt-TiO2.   

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 integers in the input that set up the smallest order of magnitude for 

Coulomb overlap tolerance, Coulomb penetration tolerance, exchange overlap 

tolerance, exchange pseudo overlap tolerance f(g) and exchange pseudo overlap 

tolerance p(g).  

The results displayed in Figure 2.5 were obtained following the same approach: 

the total energy of bulk anatase TiO2 were calculated using different truncation criteria, 

starting with the default ones 6 6 6 6 12. The values were then gradually increased (7 

7 7 7 14; 8 8 8 8 16; etc.).  



71 
 

 

Figure 2.5: Total energies of bulk anatase TiO2 and calculation durations obtained with different cutoff 

threshold parameters. Total energy and computational time are displayed with blue rhombus and 

orange squares, respectively. 

 

The total energy calculated is displayed 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 was chosen, and 

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

 

To summarize this part:  

• the calculations of the lattice parameters and band gaps, of both bulk anatase 

TiO2 and bulk corundum Ti2O3, enabled us to choose the B3LYP functional, 

a Hay-Wadt small core ECP with a 411-311G (d) basis set for Ti atoms, and 

an all-electron 8-411(d) basis set for the oxygen atoms.  

• the comparison between the bulk anatase TiO2 total energies and the 

calculation durations allowed us to optimize the SCF parameters. Shrinking 

factors of 6 6 and a ‘8 8 8 8 16’ setting as cutoff threshold for Coulomb and 

exchange integrals seem to be a good compromise between the accuracy of 

the calculations and the computational cost.  
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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 how the symmetry 

affects the electronic structure. The results obtained 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 three systems are used as references in 

the next chapters when cations (Li+ and Na+) 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 intercalation. The slab properties 

are also compared with the nanotube ones to understand the influence of the “rolling 

up” on the surface reactivity. Nanotubes described by different roll vector and 

diameters are also studied in this section to determine the most 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 the I(4)1/amd space group. In the bulk structure, all the 

atoms are fully coordinated with sixfold Ti atoms (Ti6c) and threefold oxygen atoms 

(O3c).  
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The bulk crystal was built using the lattice constants reported in the literature:  

a = 3.792 Å, c = 9.497 Å39. In this crystal, the Ti-O bonds are 1.94 Å long in the x and 

y directions and 1.97 Å long in the z-direction. The O-Ti-O angles equal 155°. These 

values confirm that the TiO6 octahedra exhibit a low D2d symmetry (instead of the 

ideal Oh one)41. This low symmetry will induce a split of the t2g orbitals: the dxy orbitals 

will have a lower energy than the dxz and dyz ones because no octahedra edges are 

shared in the ab plane.  

A full geometry optimization was performed using the B3LYP functional and 

the basis sets detailed in the previous chapter (lattice parameters are presented in Table 

2.2). This optimization leads to an extension of the bonds by 0.03 Å along the z-

direction whereas the extension is very small in the xy plane. The O-Ti-O angles 

slightly decrease to 153.6°. The modifications can be explained by the higher energy 

of the dxz and dyz orbitals, compared to the dxy ones. The structure modifications are 

displayed in Figure 3.1 where the titanium atoms are in grey and the oxygen ones in 

red. 

 

 

 

Figure 3.1: 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 the oxygen atoms, confirming the partially covalent character of the anatase. 

Partial charges on the ions can be calculated as the difference between Ti 12e- and O 

8e-, respectively. 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 studies44.  

 

The Density of States (DOS) of the bulk anatase is displayed in Figure 3.2. It 

shows a band gap formed by the p orbitals of the oxygen atoms in the valence band, 

and the d orbitals of the titania atoms in the conduction band. Its value is 3.77 eV.  

 

 
Figure 3.2: DOS of TiO2 bulk anatase.  
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3.3  Properties of the (001) terminated slab 

To study the behavior of the anatase nanotubes as anode, we chose to work 

with the 3 monolayer (ML) thick nanotube exhibiting a negative strain energy over the 

whole diameter range that was reported by Ferrari et al86. The slab is cut along the 

(001) surface, as displayed in Figure 3.3 where the Ti and O atoms are displayed in 

grey and red, respectively.   

 

Figure 3.3: Optimized 3ML anatase slab cut along the (001) surface. Green labels indicate full 

coordinated while black labels undercoordinated atoms. 

 

 

The coordination of the atoms are detailed in Figure 3.3 where the fully 

coordinated 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 (Ti5c) and contain a mix of fully coordinated 

threefold oxygen atoms (O3c) and undercoordinated twofold oxygen atoms (O2c), as 

discussed in section 1.2.4. These two layers are equivalent but the chain of 

undercoordinated O2c atoms are running perpendicularly to each other. The internal 

layer is only made of fully coordinated atoms: sixfold Ti atoms (Ti6c) and threefold 

oxygen atoms (O3c).  
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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 in the z-direction and shrunk 

in the x and y directions.  The structure modifications are detailed in Figure 3.4 where 

the non-optimized slab is shown in Figure 3.4a while the modifications in bond lengths 

and angles are displayed in Figures 3.4b and 3.4c. It is found that the Ti-O bonds 

parallel to the z-direction are elongated from 1.97 Å to 2.05 Å. The elongation of the 

outermost layer of the (001) anatase surface was already mentioned in the study by 

Ortega et al177 and was explained by the electronic repulsion of the surface atoms. 

However, the elongation observed in the 3 ML slab is 0.07 Å less than the one reported 

in the literature177 where a single anatase surface was studied. One contributing factor 

to this difference is explained by the reduction of the dipole moment in the slab, where 

the presence of a symmetrical mirror plane in the center of the slab removes the dipole 

moment over the slab. Another reason can be associated with differences in the 

computational setup. 

In the xy plane, the Ti-O2c bonds are slightly shorter (0.02 Å) than the Ti-O3c 

bonds. The O2c anions are moving outward from the surface, leading to Ti-O2C-Ti 

chains with an optimized angle of 140°. The shortening of the bonds between 

undercoordinated ions and the displacement of the anions outward from the surface 

are regularly mentioned178 as an usual reconstruction stabilizing the metal oxide 

surface.  

The symmetry breakage observed in the xy plane of the slab is less pronounced 

than the ones reported for single anatase surfaces179 where the O2c atoms move closer 

to one of the neighboring Ti5c chains. In the single anatase surface, the Ti-O2c bonds 

exhibit strongly inequivalent bond lengths of 1.77 Å and 2.18 Å, as it was displayed 

in Figure 1.10. The absence of this kind of reconstruction in the slab can be explained 

by the two O2c-Ti-O2c chains that are running perpendicularly to each other at each side 

of the slab and limit the surface reconstruction.  
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Figure 3.4: Geometry optimization of the (001) 3ML slab where the Ti atoms are in grey and the O 

ones in red. The non-optimized slab is displayed in figure a. The changes in bond lengths and the 

angle modifications are detailed in figures b and c, respectively. 
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The Mulliken analysis is displayed in 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 the titanium and -1.16e for the oxygen.  Thus, a 

slight decrease of the oxygen charges, as well as a 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 electronic repulsion of the surface atoms and explains the 

restricted extension of the slab along the z-direction. The decrease of the partial charge 

observed for the undercoordinated O2c ions agrees with the shorter length exhibited by 

the Ti-O2c bonds.  

 

Figure 3.5: 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 total DOS of the slab, while the black, red and green colors are related to 

the s, p and d orbital contributions of the selected atom, respectively. The selected 

atoms are highlighted in green.  

The DOS for the slab is not significantly different from the bulk one. However, 

it is noticed that the undercoordinated O2c atoms 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 agreement with a previous study 

carried out by Calatayud et al.56.  
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The band gap of the slab equals 3.97 eV and is 0.2 eV 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 the 

literature48,180 and are explained by the presence of undercoordinated O2c and Ti5c ions. 

Before the relaxation of the surface, dangling bonds between the O2c and the Ti5c ions 

will be formed, generating surface states located near to the valence band top and close 

to the conduction band bottom. The relaxation will allow electron transfers that will 

partially saturate the dangling bonds and remove the surface state from the band gap. 

As a result, the surface electronic structure will exhibit a larger band gap with a shift 

of both the valence and conductions bands.  

 

 

Figure 3.6: DOS of the anatase (001) 3ML slab where the Ti atoms are in grey and the O ones in red. 

The blue plot stands for the total DOS of the slab, while the red and green colors are related to the p 

and d orbital contributions of the selected atom (highlighted in green), respectively. 
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The surface energy can be calculated according to the Equation 1.2. As the 

lateral size of the slab was not constrained in this thesis, its formation is based on a 

fully relaxed structure when considering Etot (slab). This equation was already used by 

Vittadini et al178. to characterize different slabs of TiO2. The slab used to build the     

nt-TiO2 in this thesis exhibits a formation energy of 0.61 eV/TiO2.  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 construction 

The three layer thick [001] anatase nanotubes were reported by Ferrari et al.86 

to exhibit a negative strain 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 

“rolling up” the slab along the (n1, 0) or the (0, n2) direction, as detailed in Figure 3.7 

below.  

 

 

 

Figure 3.7: 3ML nt-TiO2 rolled up along the (0, n2) direction (a) or the (n1, 0) direction (b). The grey 

and red spheres represent the Ti and O atoms, respectively.  
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The nt-TiO2 rolled up along the (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 literature91 

and can be explained by the important stress applied on the bonds during the “rolling 

up”: the ones located inside the nanotubes undergo a significant compression whereas 

the ones situated on the external wall are widely stretched. 

When the nt-TiO2 is rolled along the (n1, 0) direction, the bond lengths are 

slightly modified, thus the stress applied on the structure is less damaging. This 

“rolling-up” looks more “natural” for the anatase structure and the calculations 

converge easily. As a result, only the nanotubes rolled up along the (n1, 0) direction 

were considered in this thesis.  

The next step was to calculate and compare the strain energy (Es) of nt-TiO2 

considering different diameters of the nanotubes in order to determine the most stable 

one, and then 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-TiO2 with internal diameters in the range of 8 to 66 Å were 

optimized. The smallest and the largest nanotubes are displayed in Figure 3.8 below. 

 

 

 

Figure 3.8: 3ML nt-TiO2 rolled up along the (n1,0) direction having an internal diameter of 8 Å (a) and 

66 Å (b). The O and Ti atoms are in red and grey, respectively.  
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  The strain energies of the nanotubes were then calculated using Equation 1.3 

(described in section 1.2.5). The results are shown in Figure 3.9 and confirm that the 

strain energy is negative over the whole diameter range.  

 

 

Figure 3.9: Strain energy of anatase 3ML nt-TiO2 versus the diameter.  

 

The most negative strain energy is observed for the smallest diameter (8.9 Å). 

However, this nt-TiO2 underwent an important reconstruction during the geometry 

optimization as shown in Figure 3.10. The final structure is too different from the 

anatase crystal and can not be considered as a suitable model for the nt-TiO2 electrode. 

This is explained by the symmetry restrictions imposed during geometry optimization. 

The strain energies calculated are similar to the ones reported by Ferrari et al.86 and 

Lisovski et al.91.  
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Figure 3.10: 3ML nt-TiO2 having an internal diameter of 8 Å before (a) and after (b) geometry 

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

 

The nt-TiO2 having a diameter of 23 Å conserved its anatase structure during 

geometry optimization. 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 

between the bonds during the “rolling up” process around such a small diameter. 

The nanotubes having diameters between 38 Å and 66 Å exhibit almost the 

same strain energy and show similar rearrangements during their optimization. For 

computational time saving, the 38 Å diameter nt-TiO2 was chosen in this thesis. The 

structure modifications occurring during geometry optimization are displayed in 

Figure 3.11 and will be analyzed in detail in the next section. 

 

 

Figure 3.11: 38 Å diameter 3ML nanotube before (a) and after (b) geometry optimization. The O and 

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

The bond lengths and the angles of the Ti-O-Ti chains of the 38 Å diameter 

optimized nanotube are displayed in the Figure 3.12. The angles are 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.  

 

 

 

Figure 3.12: Measures of the Ti-O-Ti chain angles and Ti-O bond lengths of the optimized nt-TiO2. 

The grey and red spheres represent the Ti and O atoms, respectively. Figures a and b detailed the 

angles while the bond lengths are shown in figures c, d and e. 

 

When the geometry of the nanotube is optimized, several geometrical 

reconstructions occur, including a breaking of the nanotube symmetry. Several Ti-O 

bonds that had the same lengths before the geometry optimization are no longer 

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 of the cations and anions represent the 

expected displacements for metal oxide surface stabilization178.   



86 
 

The undercoordinated O2c-Ti5c-O2c chains located on each outermost layer are 

running perpendicularly to each other, thus only the internal one will be modified by 

the rolling-up as displayed in Figure 3.13 where the undercoordinated oxygen atoms 

are highlighted in green.  

 

 

Figure 3.13: 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 O2c-Ti5c-O2c chains that are parallel to y axis in the slab, will be parallel to 

the nanotube axis, and will not be affected by the rolling-up stress. Thus, the Ti-O2c 

bonds located on the external wall of the nanotube will not be modified whereas the 

Ti-O3c bonds located on the same wall will be widened. The situation is different for 

the internal wall where the Ti-O2c bonds are shortened whereas the Ti-O3c ones remain 

unchanged.  

As expected, the internal wall is more affected than the external one by the 

reconstruction, as the stress introduced by the “rolling up” of the surface slab in this 

layer is higher than in the outermost wall. As a result, the ionic displacements are more 

pronounced, leading to an important decrease the O2c-Ti5c-O2c angle from 155° in the 

slab to 124° in the optimized nt-TiO2, generating a tensile stress of the inner wall 

surface. In addition, the shortening of the undercoordinated Ti5c-O2c bonds supports 

the stabilization of the structure. Consequently, the tensile stress caused by the smaller 

angles is probably compensated by the translations of the ions, considering the shorter 

undercoordinated Ti5c-O2c bonds.  
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The ionic displacements observed in the optimized nt-TiO2, were also reported 

as a frustrated attempt to form a lepidocrocite structure50. Such a reconstruction was 

already observed for the two monolayer thick anatase (001) slab87.  This sheet will 

spontaneously rearrange into a stable lepidocrocite structure where the Ti ions are fully 

coordinated and the bond angles around the oxygen atoms smaller.   

As a conclusion, the stress caused by the “rolling up” is absorbed by breaking 

the symmetry and can be interpreted as a frustrated attempt to form a lepidocrocite 

structure. This reorganization leads to a stable structure with shorter undercoordinated 

bonds. Moreover, the displacements of the cations inward from the surface and the 

anions outward from it reduce the electronic repulsion between surface ions. Thus, the 

nt-TiO2 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 nanotube axis where no stress associated with the “rolling up” of the slab is 

applied. This structure is similar to the work presented by Ferrari et al.86 despite using 

a slightly different functional.   

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 unit cell, the ions have been labelled as displayed 

in Figure 3.14.  

 

Table 3.1: Mulliken charges of the Ti and O ions in optimized anatase bulk, slab and nt-TiO2 

structures. 

Ion Charges in bulk Charges in slab Charges in nt-TiO2 

O1 -1.158 -1.134 -1.114 

Ti2 2.315 2.269 2.270 

O3 -1.158 -1.146 -1.165 

O4 -1.158 -1.131 -1.131 

Ti5 2.315 2.285 2.298 

O6 -1.158 -1.131 -1.178 

O7 -1.158 -1.146 -1.199 

Ti8 2.315 2.269 2.245 

O9 -1.158 -1.134 -1.027 
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Figure 3.14: Labelling of the Ti and O ions constituting the optimized unit cell of the nt-TiO2. 

 

The changes of the charge distribution in the nanotubes are more pronounced 

in the internal wall where the undercoordinated titania and oxygen ions (labelled Ti8 

and O9) exhibit a more covalent interaction compared to the outermost wall. This can 

be explained by the shorter undercoordinated Ti-O bonds. On the other hand, the fully 

coordinated oxygen ions O7 and O6 that are bonded to the Ti8 cation show higher 

Mulliken charges than in the slab, possibly indicating a more ionic character. It would 

appear that the Ti8 cation is sharing more electrons with the undercoordinated oxygen 

than with the fully coordinated ones, resulting in an electron redistribution leading to 

a more delocalized electronic structure at the surface than in the central layer of the 

tube wall.  

In the external wall, the modifications are smaller than in the innermost wall 

and any electron redistribution concern only the oxygen ions O1 and O3. The charge 

of the undercoordinated Ti2 and fully coordinated O4 ions are not modified. The fully 

coordinated oxygen O3 shows a more ionic character, probably caused by the increase 

of the Ti-O bond length, whereas the undercoordinated oxygen O1 is slightly more 

covalent. On the other hand, the fully coordinated Ti5 ion located in the middle of the 

structure exhibits a more ionic character, probably induced by the ionic behavior of 

the bonded O7 and O6 ions.  
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As a conclusion, the Mulliken analysis shows that the undercoordinated ions 

exhibit a more covalent character, as a contrary of the fully coordinated ones that are 

more ionic. As a result, the nanotube exhibits a more delocalized electronic structure 

at the surface than in the central layer. Moreover, the undercoordinated ions located in 

the internal wall exhibit a more covalent interaction than the ones located in the 

outermost wall. These changes in electronic structure are similar to the ones reported 

by Ferrari et al.48 and Piskunov et al.181, and are emphasized by the modifications of 

the bond lengths.  

 

 The DOS of the nt-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 DOS of the nt-TiO2 

while the red and green colors are associated with the p and d orbital of the selected 

atom, respectively. The s orbitals 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 to the top of the valence band are almost exclusively 

represented by the 2p states of the O1 and the O3 atoms. These two atoms are located 

on the external wall. These results are in agreement with previous theoretical 

studies48,95 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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Figure 3.15: DOS of the optimized nt-TiO2. 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 

the p and d orbitals, respectively.  

 

The band gap of the nanotube is 4.44 eV. This value is higher than the values 

of the bulk and the corresponding slab. It can be explained by the structural changes 

in the walls of nanotube caused by the strain. Lisovski et al.77 and Ferrari et al.48 both 

showed that the smaller the nanotube, the larger is the band gap.  
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3.6 Conclusion 

• The anatase bulk is elongated along the z-direction during geometry 

optimization. This structure change can be explained by the splitting of the 

titania d orbitals, resulting in the dxy orbitals having a lower energy than the dxz 

and dyz ones.  

• The band gap of the anatase bulk is 3.77 eV large and is formed by the p orbitals 

of the oxygen atoms in the valence band and the empty d orbitals of the titania 

atoms in the conduction band. 

• The surface reconstruction observed in the slab is smaller than the one reported 

for a single anatase surface.  

• 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 lower in energy compared to the ones reported for the bulk. The 

undercoordinated O2c atoms of the slab contribute to the upper part of its 

valence band while the titania empty d orbitals are located in the conduction 

band.  

• The nanotube chosen in this thesis is rolled up along the (n1, 0) direction and 

is 38 Å diameter.  

• The geometry optimization of the nanotube leads to a distorted structure that 

can be interpreted as a frustrated attempt to form a lepidocrocite structure. 

• The undercoordinated atoms of the nanotube exhibit a more covalent 

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 internal wall are slightly 

more covalent than the ones located on the external wall.  

• 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 exclusively represented by the oxygen atoms 

located on the external wall.  

• The results are comparable to the study carried out by Ferrari et al. using the 

PBE0 functional.  
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Chapter 4  

 

Lithium intercalation into anatase 

 

4.1 Aims 

The main goal of this section is to carry out a comparative study of the lithium 

intercalation into the anatase bulk, slab and nanotube. The calculations performed on 

the Li0.5TiO2 bulk anatase is partly used to choose the most suitable Li basis set to 

study the lithium intercalation process into anatase. Moreover, ab initio calculations 

performed on big systems like nanotubes require the use of geometry constraints. Thus, 

the comparison of the results obtained for the Li0.5TiO2 bulk using these constraints 

with previous studies reported in the literature is useful when 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 bulk34,103. 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 role played by surface 

reconstruction 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 calculations on 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 studies36,37 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 electrolyte and the external wall reported to lead to a higher 

capacitive behaviour36 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 the nt-TiO2 to 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 systems of TiO2. The most favourable lithium 

intercalation sites can be determined by comparing the different lithium intercalation 

energies calculated using the Equation 1.4 (defined in section 1.2.6.1). As a result, the 

lithium basis set must be able to define both the energy of the lithium in a metallic 

bulk as well as an ionic species intercalated inside the TiO2 structure. However, while 

most of the basis sets are able to determine the properties of the lithium as an 

intercalated ion (derived as Li+), they fail to describe metallic bulk but lead to basis set 

linear dependencies. When the calculations are performed using this kind of basis set, 

the bulk lithium energy (ELi) mentioned in Equation 1.4 needs to be replaced by a 

single point calculation performed on one lithium atom. The comparison of the lithium 

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 set182–185 were tested in this thesis. They were firstly used to 

calculate the total energy of a lithium metallic bulk (when it was not possible because 

of the basis set linear dependencies mentioned above, a single point calculation was 

performed instead). The basis sets were then used to study the lithium intercalation 

into a TiO2 bulk. The different lithium intercalation energies and intercalation voltages 

were compared to determine the most suitable basis set. All the calculations were 

performed using the same B3LYP functional, shrink factor and cut-off threshold, as 

for the nt-TiO2. 

The metallic lithium exhibits a body centred cubic structure at room 

temperature186. It belongs to the space group (Im3̅m) and its lattice parameter equals 

3.48 Å. The lithium bulk lattice is displayed in Figure 4.1. 
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Figure 4.1: Crystallographic structure of lithium bulk space group Im3̅m. 

 

A full geometry optimization of the lithium 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_11G182 for which the 

calculation was based on a single point. The lowest bulk energy is obtained with the 

Li_POB_TZVP184 basis set.  

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

intercalation energy. The lithium ions were intercalated every second octahedral 

intercalation site to respect the experimental concentration99 of 0.5 Li ion per TiO2 

unit. The non-optimized Li0.5TiO2 supercell is shown in Figure 4.2. 

 

Table 4.1: Total bulk energies or single point energy obtained with the different Li basis sets. 

Basis set Lithium bulk energy (eV) Single point energy (eV) 

Li_6_11G182  -198.002 

Li_6_11G183 -204.288  

Li_POB_TZVP184 -204.655  

Li_3s2p185 -204.691  
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Figure 4.2: Li0.5TiO2 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 non-lithiated TiO2 bulks were calculated. The values 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 voltages (calculated using 

Equations 1.4 and 1.6114) obtained with the different basis sets are reported in Table 

4.2.  

 

Table 4.2: Lithium intercalation energies and voltages calculated with different basis sets.  

* Note Li_6_11G182 is based on single point calculation. 

Basis set 
Lithium intercalation 

energy (kJ/mol) 

Lithium intercalation 

voltage (V) 

Li_6_11G182 * -799.8989461 33.16 

Li_6_11G183 -199.6884317 4.14 

Li_POB_TZVP184 -158.9592606 3.29 

Li_3s2p185 -162.5367926 3.37 
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The experimental intercalation potential of lithium into titanium dioxide equals 

1.75 V187. One of the closest value was obtained with the Li_3s2p basis set. Moreover, 

this basis set is computationally efficient, an important criteria for modelling of big 

system such as nt-TiO2, and was reported by Doll et al185. to be robust. As a result, this 

Li_3s2p basis set was chosen to study the Li intercalation into anatase nt-TiO2 in this 

thesis.  

 

4.3 Lithium intercalation into Li0.5TiO2 anatase bulk 

In order to have a better understanding of the nt-TiO2 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 the previous theoretical studies on lithium intercalation. The 

second one was to constitute a set of reference data from where the differences between 

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

The experimental lithium intercalation ratio into an anatase bulk equals 0.5 Li 

ion per TiO2 unit. Following this result, the most stable Li distribution was reported137 

to be associated with half of the octahedral intercalation sites occupied. Previous 

theoretical studies26,118 reported an orthorhombic distortion of the lattice and the 

formation of a titanate structure belonging to the Imma space group26 upon lithium 

intercalation. However, the modelling of such a phase transformation requires either 

the use of supercells containing several dozens of independent atoms,25,149 or a several 

steps optimization procedure in which the restrictions are released one by one40. The 

theoretical studies of nt-TiO2 are possible at an ab initio scale only thanks to the 

symmetry operators, that reduce the size of the unit cell below ten atoms, combined 

with a simple optimization procedure. As a result, the lithiated anatase bulk was 

optimized following the same conditions as for the nt-TiO2 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 x 2) supercell containing 14 atoms (4 TiO2 unit 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 along the z-direction. A full geometry 

optimization (both 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 modelling of nt-TiO2.  

Consequently, no anisotropic 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.  

 

 

 

Figure 4.3: Optimized non-lithiated (a) and lithiated (b) bulk anatase. The Ti atoms are in grey, the O 

ones in red and the Li ions in purple. The reduced Ti3+ ions are highlighted in green. 

 

The lithium intercalation induces an elongation from 1.95 Å to 2.04 Å of all 

the Ti-O bonds present in the x and y directions. Consequently, the O-Ti-O angles 

present in the xy plane are also increased by 10°. The modifications occurring in the     

z-direction are quite different: the Ti-O bond lengths depend on the degree of oxidation 

of the titania ions. The Ti3+−O bonds exhibit a very similar length as the one observed 

in Ti2O3 (2.04 Å for the former and 2.02 Å for the latter). Instead, the Ti4+−O bonds 

are shortened to 1.94 Å. As a result, the lithiated anatase contains an alternance of 

short and long Ti-O bonds along the z-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 intercalation, it can be observed that the c parameter is reduced from 9.77 

Å to 9.39 Å in the lithiated structure. On the contrary, the a and b cell parameters are 

increased from 3.79 Å to 3.99 Å upon Li intercalation. By taking into account the fact 

that the symmetry operators avoid any anisotropic modification in the xy plane, the 

optimized lithiated bulk structure is coherent with the previous theoretical studies26. 

 

 

 

Figure 4.4: Visualization of the Li-O bonds present in the xy plane. The grey, red and purple spheres 

represent the Ti, O and Li elements, respectively.   

 

The Li position inside the octahedra intercalation sites is shown in Figure 4.4. 

The oxygen atoms located in the xy plane are not all at the same height but stand above 

and below a centred plane, leading to the formation of distorted octahedra. Similar 

results were reported by Tielens et al.40 or Legrain et al.149 performing ab initio  

calculations. In our model, the lithium stays at the middle of the octahedron and is 

fourfold coordinated, no shift along the c-direction was observed.  
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The previous theoretical studies do not agree with each other concerning the 

size of the shift of Li along the c-direction, the values reported varying between 0.15 

Å and 0.6 Å25,40,149. Moreover, Dawson et al.25 showed that the shifted position is only 

0.01 eV more stable than the centred one. As 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 Li ion in a high symmetry point, representing a local minimum.   

A possible explanation for the modifications of the bond lengths upon Li 

intercalation is linked to the filling of the anti-bonding dyz orbitals. The destabilization 

of the electronic structure was balanced by a Jahn–Teller-like orthorhombic distortion 

of the lattice. However, Morgan and Watson118 proved later that the 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 the Li-O 

distances were close to the ones observed in Li2O2, enhancing the Coulomb 

stabilization of the Li.  

In our model, the symmetry constraints avoid an orthorhombic distortion of the 

lattice. As a result, all the Ti4+−O and Li-O bonds located in the xy plane are parallel 

to each other and exhibit the same length of 2.04 Å. This value is close to the Li-O 

distance of 1.996 Å observed in Li2O2
26

 but stretches the Ti4+−O bonds above their 

equilibrium position equal to 1.93 Å.  Consequently, the Coulomb stabilization of the 

lithium seems to be one of the main driving mechanisms for the reorganization of the 

lattice, as proposed by Morgan and Watson118.  

The Mulliken population analysis showed that the lithium gives 0.8e to the 

lattice when intercalated. This extra charge is localized in the dxy orbital of the adjacent 

titanium ion, reducing it to Ti3+ (Figure 4.3) in agreement with XAS results112,126. The 

dxz and dyz orbitals stay empty, confirming that no Jahn-Teller distortion of the lattice 

can be observed. Similar results were reported by the most recent theoretical 

studies118,149.  
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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 s, p and d orbital contributions of the selected atom, respectively. The 2p 

orbitals of the oxygen atoms constituting the valence band are slightly affected by the 

Li intercalation. The main modification concerns the dxy orbitals of the titania ions that 

were initially empty and located in the conduction band of the anatase bulk. These 

orbitals are now occupied for the Ti3+ ions and form a localized state in the band gap 

situated 0.62 eV below the conduction band edge.  

This phenomenon is in agreement with the previous studies104,149 and can be 

explained by the Mott-Hubbard theory. Indeed, the occupancy of a single Ti 3d state 

generates important intra-atomic Coulomb repulsions between the different d orbitals 

and induces a splitting of the occupied orbital below the conduction band. The lithium 

orbitals are not visible in the DOS plotted in Figure 4.5 as they do not contribute to the 

band gap, the O2s orbitals being located above the Ti 3d ones188. 

As mentioned in the previous part of this chapter, the lithium is intercalated 

with an energy of -1.68 eV per TiO2 unit, corresponding to an intercalation voltage of 

3.37 V. 
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Figure 4.5: DOS of the Li0.5TiO2 bulk where VB and CB represent the valence and conduction bands. 

The blue plot represents the total DOS while the red and green plots stand for the contribution of the p 

and d orbitals, respectively. 
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The previous theoretical studies103,149 pointed out the instability of the 

tetrahedral intercalation sites caused by the electrostatic repulsion of the Ti ions. In 

order to compare the behaviour of our model with 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 obtain reference 

results that can be then compared with the lithium intercalation into the slab and 

nanotube tetrahedral sites that will be discussed in the next sections. Indeed, the 

tetrahedral sites located near the surface of the slabs or the nanotubes can exhibit less 

electrostatic repulsions as only half of the Ti ions are present. Moreover, the sites 

located on the external wall of the nanotubes are widened by the strain energy. 

In our model, all the Li ions inserted in a bulk tetrahedral site spontaneously 

moved to the nearest octahedral site when the structure 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 al.149.   

 

 

Figure 4.6: Anatase bulk with one Li ion intercalated in a tetrahedral site. The Ti atoms are indicated 

in grey, the O ones in red and the Li ion in purple. 
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4.4 Lithium intercalation into LiTiO2 anatase bulk 

The nanostructured TiO2 electrodes exhibit higher capacities because of their 

larger surface. XANES studies123 indicates a Ti oxidation state close to 3+ for the first 

four nanometers of TiO2 present below the surface. Further theoretical study carried 

out by Belak et al.103 confirmed the formation of a LiTiO2 rich phase at the surface of 

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 lithium, a fully lithiated LiTiO2 

anatase bulk was studied. The optimized structure is shown in Figure 4.7.  

 

 

Figure 4.7: Optimized fully lithiated anatase bulk LiTiO2. The Li ions are in purple while the Ti and O 

atoms are in grey and red, respectively. 

 

The LiTiO2 exhibits a slightly distorted rock salt structure. The Li-O and Ti-O 

bonds present in the xy plane exhibit the same length of 2.03 Å whereas the bonds 

located along the z axis are 0.1 Å longer. All the angles of the unit cell equal 90°, 

meaning that the bonds are either colinear or perpendicular to each other. The lattice 

parameters of the conventional unit cell are a = 4.06 Å and c =8.51 Å in agreement 

with previous studies40,99,189.  
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All the octahedral intercalation sites are now occupied by six-fold coordinated 

Li ions. Consequently, each intercalated lithium is coordinated by four other ones 

located 2.94 Å away.  The unfavorable Li-Li repulsive interactions are displayed in 

Figure 4.8. For comparison, the octahedra sites that stay empty in the Li0.5TiO2 are 

highlighted in blue. Thus, the Li-Li repulsions can explain the less favorable lithium 

intercalation energy exhibited by the LiTiO2 compared to the Li0.5TiO2 bulk anatase. 

The lithium is intercalated with an energy of -1.27 eV per TiO2 unit in the LiTiO2 

whereas this value equals -1.68 eV when the capacity is lowered to x = 0.5.  

 

 

 

Figure 4.8: Optimized anatase bulk LiTiO2 showing the Li-Li interaction. The grey, red and purple 

colours represent the Ti, O and Li ions, respectively. The Li ion highlighted in blue are not present in 

the Li0.5TiO2 bulk anatase. 

 

The DOS of the LiTiO2 is shown in Figure 4.9 where the blue plot represents 

the total DOS of the unit cell while the green and red plots stand for the d and p orbitals 

of the indicated atom, respectively. The Fermi level that is normally drawn on top of 

occupied bands cannot be plotted in this Figure because the conduction band is 

partially filled with electrons. 
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Figure 4.9: DOS of the LiTiO2 bulk. The blue plot stands for the total DOS of the slab, while the red 

and green colors are related to the p and d orbital contributions of the indicated atom. VB and CB 

represent the valence and conduction bands, respectively. 

 

From Figure 4.9, it is seen that the conduction band exhibits a main sharp peak 

surrounded by smaller ones. This shape is typical of the Ti3+ ions and was already 

observed in Li0.5TiO2 titanate. Nonetheless, the Ti3+ peaks do not form a localized state 

in the band gap as it was the case in the Li0.5TiO2 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 of Li0.5TiO2, where both Ti3+ and Ti4+ 

ions are present, leading to occupied (Ti3+) and unoccupied (Ti4+) d orbitals. The Ti3+ 

have the dxy orbital filled with an electron forming a localized state in the band gap, 

instead the conduction band of the titanate is formed by the empty d orbitals of the Ti4+
 

ions. In LiTiO2 only Ti3+ ions are present and the three lowest dxy, dxz and dyz orbitals 

of the TiO2 are occupied with the electrons given by the lithium, in agreement with 

previous studies103,137. Consequently, there is no single 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 Li0.5TiO2 titanate. The main contribution comes from the 2p orbitals of 

the oxygen atoms. The Mulliken population predicts that the lithium ions give 0.97 e 

per TiO2 unit compared to 0.8 e in Li0.5TiO2. The extra charge of 0.17e is located in 

the 2p orbitals of the oxygens, in agreement with the results reported by Mackrodt et 

al190. The DOS also confirms that the Li ions do not contribute to the band gap as their 

2s orbitals are located above the conduction band.  

As a conclusion, the electron transfer affects both the oxygen and the titania 

sublattices and leads to a 0.2 eV smaller band gap than the one observed in bulk 

anatase, indicating a higher electronic conductivity. Van de Krol et al.188 point out the 

enhancement of the LiTiO2 electronic conductivity induced by the filling of the d 

orbitals present in the conduction band. However, the experimental conductivity 

exhibited by the LiTiO2 is higher than the one of the Li0.5TiO2 titanate. 

 

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 strain energy. To compare lithium 

intercalation in 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 structure and to compare with both the bulk and 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 to explore a large number of configurations. 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 exhibit similar behaviour in nt-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 lithium insertion into the slab was to isolate the 

influence of the strain by comparing the surface intercalation energies with the nt-TiO2 

ones. To determine the energetically most favourable site in the structure, both 

octahedral and tetrahedral sites have been considered in the outermost surface layer 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 intercalated in 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 inserted, corresponding to a stoichiometry of 

Li0.33TiO2. 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 

intercalation sites is shown in Figure 4.10. The 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.  

 

Figure 4.10: 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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4.5.1.1        The tetrahedral intercalation sites 

 

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 

tetrahedral sites with only 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 the geometry was 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.  

 

Figure 4.11: Intercalation of Li ions in the outer (a) and inner (b) tetrahedral sites of the (001) anatase 

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

 

The tetrahedral sites 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 because the 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 slab will be considered in the next part of this section.  
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4.5.1.2        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.  

 

Figure 4.12: 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 when a single 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 Li insertions at 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 results obtained. 

This is not the case when the lithium is inserted in both of 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 

leading to large structural rearrangements to reduce the induced dipole moment as 

displayed in Figure 4.13. 
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Figure 4.13: Side (a) and face (b) views of the optimized Li0.33TiO2 anatase (001) slab. The Li ions are 

in purple while the Ti and O atoms are in grey and red, respectively.  

 

The lithium will move inward from the surface in an attempt to reduce the 

dipole moment. Consequently, the oxygen anions move outward from the surface to 

enhance the stabilization of the slab. Moreover, the Mulliken population indicates that 

all the titania atoms located on the lithiated surface are reduced to Ti3+
 storing the 

additional charge from lithium in their dxy orbitals, the other d orbitals stay empty. 

Similar results were observed for bulk Li0.5TiO2 titanate. The dxy orbitals exhibiting 

the lowest energy in TiO2, they will be the first ones to host the added electrons. 

However, the Mulliken population also indicates that the overlap population between 

the Ti3+ and its neighbouring surface atoms is more consequent with the fully 

coordinated oxygens than with the undercoordinated ones. 

The localized filling of the dxy orbitals, will limit the elongation of the Ti3+-O 

bond distances present in the xy plane as displayed in Figure 4.14. As discussed in 

section 4.3, all the Ti3+-O bonds parallel to the xy plane increased to 2.04 Å upon 

lithium intercalation in the Li0.5TiO2 bulk titanite. Moreover, the higher overlap 

population between the Ti3+ and the fully coordinated oxygen atoms will reduce the 

extension of the Ti3+-O3c bonds that are parallel to the x axis. Consequently, the 

lithiated octahedral intercalation sites are shorter and more distorted than the one 

observed in the bulk. The inserted lithium ions are four-fold coordinated with Li-O 

distances varying between 2.02 Å and 1.95 Å as displayed in Figure 4.14. These values 

are close to the ones observed in Li2O2 bulk. On the contrary, the Ti3+-O bonds parallel 

to the z axis are extended. A similar behaviour was also observed for the non-lithiated 

slab that was elongated in the z-direction.  
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Figure 4.14: Top views of the optimized (001) slab showing the widths of the intercalation sites (in 

blue) and the Ti-O 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 a single surface layer despite creating a dipole 

moment leads to a stable system exhibiting a negative intercalation energy of -1.57 

eV. This intercalation energy is less negative that the one calculated for the bulk 

Li0.5TiO2 titanate that equals -1.68 eV per TiO2 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 in the slab is increasing the intercalation energy value.  

The lithium was also intercalated 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 Ti3+ and host the extra charge in their dxy orbitals. So, the charge repartition 

is the same as the one observed for the lithiated outermost surface. However, the 

overlap population between the Ti3+ and the oxygen atoms is equivalent in the x and 

in the y-direction as the centre of the slab does not contain undercoordinated atoms. 

As a result, the intercalation sites are not distorted along the xy plane as displayed in 

Figure 4.15. The lithium ions are located in the middle of the octahedron, coordinated 

by four oxygen atoms with a bond distance of 1.96 Å. 

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 major role played by the 

undercoordinated surface atoms in the geometry changes that facilitate the lithium 

intercalation.  
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Figure 4.15: Lithium intercalation into the inner octahedral sites of the (001) anatase slab. The grey, 

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

 

The corresponding intercalation energy equals -0.91 eV per TiO2 unit and is 

less favourable than the ones exhibited when inserted on the outer surface layer. 

Moreover, by comparing this slab intercalation energy with the one exhibited by the 

bulk Li0.5TiO2 titanate, it can be seen that the intercalation energy in the centre of the 

slab is less favourable than the Li0.5TiO2 bulk structure (which corresponds to -1.68 

eV per TiO2 unit). In anatase bulk, the lithium intercalation occurs through a two-phase 

thermodynamic equilibrium112 between a Li-poor phase exhibiting a capacity of             

x = 0.0199 and a Li-rich phase made of Li0.5TiO2 titanate. When lithium is inserted into 

the inner octahedron of the slab, all the other octahedron along the z-direction stay 

empty and exhibit a geometry influenced 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 slabs corresponding to a capacity of Li0.33TiO2 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 cases, no localized 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 conduction 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 atoms once the surrounding lithium reduced them to Ti3+. 

Moreover, the generated dipole moment will also destabilize the Ti3+ ions. 
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Figure 4.16: Total DOS of the anatase (001) slab having the external (blue plot) or the internal (red 

plot) intercalation sites lithiated. VB 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 anatase was observed 

when half of the octahedral sites were empty, corresponding to a capacity of x = 0.5. 

However, the primitive unit cell of the slab contains three TiO2 units, meaning that 

inserting lithium with the same capacity requires the use of a supercell containing six 

TiO2 units. This unit cell is shown in Figure 4.17 but the calculations did not converge. 

The surrounding Ti atoms are alternately reduced as was already observed for the 

tetrahedral sites. This result points out the instability of this kind of intercalation. 

Moreover, both experimental and theoretical studies103,191 indicate that the lithium is 

intercalated with capacities close to x = 1 at the surface of the TiO2 electrodes. Thus, 

the instability of the supercell, combined with the results of the previous studies, do 

not make it necessary to study lithium intercalation into the slab for lower capacities 

than x = 0.33. As a result, no supercell slabs were used anymore in this thesis.   
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Figure 4.17: (001) Anatase supercell slab with Li intercalated in half of the octahedral sites. The grey, 

red and purple spheres are related to Ti, O and Li, respectively.    

 

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 by lithium intercalation. Thus, the 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 surface are displayed in Figures 4.18 and 4.19. 

 

Figure 4.18: 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, O and Li atoms are in grey, red and purple, 

respectively.  
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Figure 4.19: Top views of the optimized (001) slabs showing the widths of the intercalation sites (in 

blue) and the Ti-O bond lengths (in black) when one (a) or two (b) outermost surfaces are 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 outermost surface layers as the 

polarization of the slab is reduced. The lithiation of the second external surface also 

modified the Ti3+-O bond lengths by shortening all the bonds parallel to z axis to 2.01 

Å, as displayed in Figure 4.18. On the contrary, the Ti3+-O bonds present in the external 

surfaces are widened by 0.4 Å in both x and y directions as it is shown in Figure 4.19. 

The Li-O bonds are extended from 2.02 Å to 2.07 Å along the x axis whereas 

their lengths are slightly modified along the y 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 Ti-O bond lengths can be explained by the electronic 

structure of the titania atoms located on the outermost surface. The Mulliken 

population indicates that all the external titania atoms are reduced to Ti3+ and exhibit 

now hybridized d orbitals. Nevertheless, the filling of the hybridized d orbitals is 

different depending on which outermost surface the Ti3+ ions are located, as it is 

detailed in Figure 4.20.  
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 Figure 4.20: Filling of the titania d orbitals of the titania located on the upper (a) and lower (b) 

outermost (001) surfaces. The purple, red and grey colours are associated with Li, O and Ti, 

respectively.  

 

 

The O3c-Ti-O3c chains present in the outermost surfaces are running 

perpendicularly to each other as shown in Figure 4.20. Thus, the O3c-Ti-O3c chains 

located on the upper outermost surface are parallel to the x axis whereas the ones 

situated on the lower external surface are parallel to the y axis. The Ti3+ dxy orbitals are 

not empty but get hybridized with the d orbitals parallel to the O3c-Ti-O3c chains. Thus, 

the Ti3+ located on the upper outermost surface shows a consequent filling of their dxz 

orbitals, their dyz orbitals staying empty. The situation is reversed for the titania present 

on the lower outermost surface: the added charges are hosted by the dyz orbitals 

whereas the dxz orbitals are empty. Thus, the Ti3+-O bonds are shortened along the        

z-direction as the dxz and dyz titania orbitals are now hosting electrons. The electronic 

repartition will also increase the Ti3+-O bond lengths in the xy plane as the dxy orbitals 

contain less charges.  The Mulliken population analysis of the outermost bonds parallel 

to the xy plane confirms that the overlap population is higher in the Ti3+-O3c bonds 

than in the Ti3+-O2c ones. A similar overlap population was observed when only one 

outermost surface was lithiated. As a result, the Ti-O bonds forming the outermost 

surfaces does not exhibit the same lengths, the Ti3+-O2c bonds being longer than the 

Ti3+-O3c ones. 

 



117 
 

There are several possible explanations to the hybridization of the orbitals. The 

first one being the intercalation ratio whose value is x = 0.67. Previous studies118,147 

mentioned the hybridization of the titania d orbitals when the lithium capacities 

overcome x = 0.5. The particular geometry of the structure can also destabilize the dxy 

orbitals when the two outer surfaces are lithiated. As discussed in section 4.5.1, the 

lithiation of a single external surface leads to an anisotropic extension of the Ti3+-O 

bonds present in the outermost xy planes, enhancing the stabilization of the dxy orbitals. 

As a result, the Ti-O bonds forming the upper outermost surface are elongated along 

the y axis when lithium is intercalated. However, the external O3c-Ti3+-O3c chains are 

running perpendicularly to each other. Thus, if the lower outermost surface gets 

lithiated as well, the extension of the outermost Ti-O bonds forming this surface will 

be more pronounced along the x axis. As a result, when the two external surfaces are 

lithiated, the stabilization criteria are conflicting. All the Ti3+ dxy orbitals will be 

destabilized, facilitating the hybridization and the filling of the other titania d orbitals.  

For a better understanding of the changes in electronic structure upon 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 while the green plot corresponds to the lithiation of both external 

surfaces.  

 

Figure 4.21: DOS of the anatase slabs having one (red plot) or two (green plot) outermost (001) 

surfaces lithiated. VB and CB stand for the valence and conduction bands, respectively. 
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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 to the DOS. Both 

the valence and the conduction 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 titania d orbitals.  

The Li0.67TiO2 slab exhibits a lithium intercalation energy of -1.91 eV per TiO2 

unit, representing the most negative value calculated for the slabs in this thesis. This 

result points out the particularly favourable intercalation exhibited by the TiO2 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 

literature103,191 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 into the slab 

geometry, the structural modifications induced by lithium intercalation are displayed 

in Figure 4.22. The optimized non-lithiated slab is shown in Figure 4.22b for 

comparison and points out that the lithium intercalation “flattens” all the bonds located 

in the outermost xy planes and elongates Ti-O bond lengths. Thus, the lithium insertion 

results in visible surface reconstruction leading to a mix geometry between the 

Li0.5TiO2 titanate and the LiTiO2 rock salt structures.  

 

Figure 4.22: Optimized lithiated anatase (001) slab with the maximal capacity of x = 1 (a) and non-

lithiated slab (b). The Li ions are in purple, while the Ti and O atoms are in grey and red, respectively. 
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The main modifications of the 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 Figure 4.23 where the blue values refer to 

the Li-O bonds, while the black ones are related to the Ti-O ones.  

 

 

Figure 4.23: Face view (a) and top view (b) of the optimized fully lithiated (001) slab including the 

measures of angles and bond lengths of the O-Li-O (blue) and O-Ti-O (black) chains. The Ti ions are 

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

 

Both the Ti-O and Li-O bonds involving the undercoordinated oxygen atoms 

are longer than the bonds involving the fully coordinated ones. Similar bond length 

differences were observed in section 4.5.3 (x = 0.67) where the two outermost surfaces 

were lithiated. Moreover, the Li-O2c-Li chains exhibit a higher angle of 173.7°, 

indicating that the undercoordinated oxygens build almost flat bonds with the 

neighbouring Li ions, as in the rock salt structure. 

In the non lithiated slab, it was observed that the O2c atoms moved outward 

from the surface. This phenomenon is regularly observed for the metal oxide surfaces 

and enhances their stabilization178. However, when the lithium is intercalated with a 

capacity of x =1, the O2c atoms move inward from the surface. They seem to be 

attracted by the Li 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 of the O-Ti-O 

angle by 9° can be observed. The undercoordinated oxygen atoms are located 2.71 Å 

away from the lithium inserted in the inner intercalation site.  
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Figure 4.24: Profile of the non lithiated (a) and fully lithiated (b) anatase (001) slab. The grey, red and 

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

 

The Ti-O bonds along the z-direction do not all exhibit the same lengths as it 

is displayed in Figure 4.25 where the Ti6c-O3c bond length is indicating in blue while 

the Ti5c-O3c one is shown in black. Thus, the Ti5c-O3c bonds are 0.09 Å shorter than the 

Ti6c-O3c ones. The filling of the titania d orbitals upon lithium intercalation can explain 

this difference. The undercoordinated Ti5c titania located at the outermost surfaces will 

host the added charge in their dxz and dyz orbitals, leading to a shortening of the          

Ti5c-O3c bonds. On the contrary, the fully coordinated titania atoms located at the centre 

of the slab accommodate the added charge in their dxy orbitals, their dxz and dyz orbitals 

staying empty. Thus, the electronic structure of the fully coordinated titania facilitates 

the displacement of the O3c atoms outward from the surface. The Mulliken population 

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

 

Figure 4.25: Measures of the Ti6c-O3c (blue) and Ti5c-O3c (black) bond lengths along the z axis 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 the center of the slab exhibit some 

differences with the ones located at the outermost surfaces, i.e. all the Ti-O and Li-O 

bonds located in the inner xy plane are parallel to each other and exhibit the same 

length of 2.03 Å. Thus, the Li-O-Li and Ti-O-Ti angles are equal and measures 162°. 

These values are similar to the ones observed for the optimized Li0.5TiO2 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 center of an octahedral site that is not distorted in 

the xy plane.  

 

 

Figure 4.26: Measures of the Li-O bond lengths and angles of the octahedral sites located at the centre 

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

 

To summarize this part, it can be noticed that the three octahedral sites present 

in the slab are not equivalent once they are occupied by lithium ions. The two 

intercalation sites present at each side of the slab shows a different geometry from the 

ones located in the centre. The lithium intercalation seems to induce a “flattening” of 

the outermost surface layers, mainly influenced by the undercoordination of the atoms. 

Consequently, the outermost surfaces of the slab exhibit a structure close to the rock 

salt structure of LiTiO2, whereas the geometry changes occurring in the inner slab is 

closer to the one observed for Li0.5TiO2 titanate. As a conclusion, the changes in the 

geometry controlled by the undercoordinated surface atoms is acting as one of the 

driving mechanisms for the formation of the rich 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 the electronic structure of the lithiated slab. The lithium inserted in 

the external octahedra gives 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 

Mulliken population confirms that all the Ti ions are reduced to Ti3+, the extra charge 

being accommodated by their d 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 LiTiO2 

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 to the p and d orbitals of the indicating atom, 

respectively. The total DOS of the unit cell corresponds to the blue plot. 

 

 

Figure 4.27 : DOS of the atoms constituting the inner wall of the fully lithiated (001) slab. The blue 

plot represents the total DOS of the slab while the red and green colours refer to the p and d orbital 

contributions of the selected atom (highlighted in yellow). VB and CB indicate the positions of the 

valence and conduction bands, respectively. 
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Figure 4.28 : DOS of the external atoms of the fully lithiated (001) slab. The total DOS is displayed in 

blue while the red and green colours are associated with the p and d orbital contributions of the 

selected atom (highlighted in yellow). VB and CB represent the valence and conduction bands, 

respectively.  

 

It is clear from Figures 4.27 and 4.28 that the contribution of the titania atoms 

to the band gap and DOS depends on their position in the slab. Indeed, the DOS 

indicates that the undercoordinated Ti5c atoms located on the external surface layers 

will lead to the formation of a local state in the band gap. Instead, the d orbitals of the 

fully coordinated Ti-atoms (Ti6c) are all located in the conduction band and do not 

contribute to the localised surface state.  
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The formation of a localized state in the band gap is explained by the Mott-

Hubbard theory. In the fully lithiated slab, all the titania atoms are reduced to Ti3+ and 

host the extra charge in their d orbitals, resulting in consequent Coulomb repulsions 

between the different Ti3+ d orbitals. Thus, the splitting of the surface atoms orbitals 

below the conduction band allows to balance the repulsions 

The repartition of the extra charge in the Ti d orbitals is different from the one 

observed in the rock salt LiTiO2 bulk, where the d orbitals were hybridized. In the slab, 

the accommodation of the added charge depends on the position of the Ti ion in the 

structure. The Mulliken population indicates that there is no hybridization of the d 

orbitals in the fully lithiated slab, the extra charge is accommodated in single d orbitals. 

The fully coordinated Ti ions located in the central layer store the charge in their dxy 

orbitals. Similar behaviour was observed in the Li0.5TiO2 bulk titanate. Moreover, the 

Ti3+-O bonds that are parallel to the xy plane in the bulk titanate, and the ones located 

in the central xy plane of the slab, exhibit similar length.  

The situation is different for the external Ti5c ions were the extra charges fill 

exclusively the dxz orbitals of the titania present on the upper outermost surface, or the 

dyz orbitals of the titania located on the lower external surface. These mentioned 

orbitals were already partially filled and hybridized with the dxy ones when both the 

outermost surfaces were lithiated, as it was reported in section 4.5.3. However, when 

the slab is fully lithiated, the orbitals are not hybridized and the dxy orbitals stay empty. 

The filling of the dxz and dyz orbitals can be explained by the orientation of the Ti3+-O3c 

bonds that are parallel to the filled orbitals. The external dxy orbitals are empty when 

the slab is fully lithiated because of the electronic repulsion of the parallel dxy orbitals 

located at the centre of the slab that are filled with electrons. This electronic repartition 

may explain the geometry of the lithiated slab by shortening the Ti5c-O bonds parallel 

to the z axis. Thus, the external Ti5c cations are displaced inward from the surface, 

giving to the outermost layers a geometry close to the LiTiO2 rock salt structure as it 

was displayed in Figure 4.22. 

The differences in electronic structure between the Li0.67TiO2 and the LiTiO2 

slabs can be visualized by comparing their respective DOS as displayed in Figure 4.29. 

In this figure, the green plot stands for the Li0.67TiO2 slab having the two external 

surfaces lithiated while the magenta plot is related to the fully lithiated slab LiTiO2.  
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Figure 4.29: Total DOS of the anatase (001) slabs lithiated only on the external surfaces (green plot) 

or fully lithiated (magenta plot). VB and CB indicate the positions of the valence and conduction 

bands, respectively. 

 

The absence of hybridization as well as the splitting of the Ti d orbitals 

exhibited by the fully lithiated slab can be clearly seen from the Figure 4.29. Moreover, 

the valence band of the LiTiO2 slab is slightly lower in energy than the Li0.67TiO2 one. 

Thus, the undercoordinated oxygen surface atoms are more stable when their 

neighbouring Ti3+ cations do not exhibit hybridized d orbitals.  

In order to have a better understanding of the electronic structure and 

conductivity induced by the lithium intercalation, the total DOS of the fully lithiated 

slab, the bulk Li0.5TiO2 titanate and the rock salt LiTiO2 were plotted on the same graph 

(Figure 4.30). 

The DOS of the lithiated slab presents more similarities with the Li0.5TiO2 

titanate structure than with the rock salt structure of LiTiO2. This can be explained by 

the absence of orbital hybridization. Instead both structures give rise to localized states 

in the band gap, representing a doped system with conductivity. 
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Figure 4.30: Total DOS of the fully lithiated (001) slab (red plot) compared with the half (green plot) 

and fully (blue plot) lithiated anatase bulk. VB and CB stand for the valence and conduction bands, 

respectively. 

 

The fully lithiated slab and the Li0.5TiO2 titanate bulk exhibit similar 

conduction bands, although the slab one contains more charges as all the slab titania 

atoms are reduced to Ti3+. The localized Ti d state present in the band gap and the 

valence band of the slab are lower in energy, and thus more stable, than the bulk 

structure ones. This can be related to the geometry of the system that is less constrained 

in the slab where all the Ti and O atoms are neighbouring with lithium. The Coulombic 

stabilization of the lithium was identified as one the main causes of the geometry 

changes occurring upon intercalation. However, in titanate, only half of the octahedral 

sites are filled with lithium, leading to a more constrained and less favourable 

optimized geometry for the lithium ions.  

The fully lithiated LiTiO2 slab exhibit a lithium intercalation energy of –1.86 

eV per TiO2 unit. This value is 0.05 eV less negative than the one shown by the 

Li0.67TiO2 slab, probably because of the Li-Li repulsion as it will be discussed in detail 

in the next section. 
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4.5.5 Intercalation voltages 

When designing novel electrode materials for application in Li-ion batteries 

and to interpret electrochemical measurements, the voltage of the intercalation process 

linked to the structural changes is of great assistance. Hence, the lithium intercalation 

energies per TiO2 unit and the corresponding intercalation voltages were calculated for 

all the lithiated slabs and compared with the bulk values. The results obtained are 

summarized in Table 4.3.   

 

Table 4.3: Lithium intercalation energies and voltages for different (001) slab configurations. 

Li position 
x 

(number of Li 

per TiO2 unit) 

ELi Intercalation (eV) 
Intercalation 

voltage (V) 

 

0.33 -1.57 4.7 

 

0.33 -0.91 2.73 

 

0.66 -1.91 2.86 

 

1 -1.86 1.86 

Titanate Li0.5TiO2  

bulk 
0.5 -1.68 3.37 

Rock salt LiTiO2  

bulk 
1 -1.27 1.27 
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 The lowest intercalation energy equals -1.91 eV per TiO2 unit and is observed 

when Li ions are intercalated in both the outermost layers of the slab. This result can 

be explained by the geometry close to the rock salt LiTiO2 exhibited by the fully 

lithiated surfaces. The lithium intercalation is 0.05 eV less favourable in the fully 

lithiated slab because of the Li-Li repulsions that were also observed in the LiTiO2 

bulk structure. These two slab intercalation energies are more negative than the ones 

exhibited by the Li0.5TiO2 titanate and the LiTiO2 rock salt bulk structures. This result 

points out the particularly favourable lithium intercalation with high capacities 

occurring into the anatase surface.  

Lithium intercalation into a singly outermost surface induces a dipole moment 

that will destabilize the slab and make the lithium intercalation less favourable 

compared to the previously mentioned Li0.67TiO2 and LiTiO2 slabs. However, by 

comparing the two Li0.33TiO2 slabs, it appears that the intercalation energy is 

considerably more negative when the lithium is intercalated in the outermost surface 

than when it is intercalated in the inner sites. This comparison highlights the favourable 

lithium insertion into the surface intercalation sites despite creating a dipole moment. 

The corresponding intercalation voltages are displayed in the right column of 

the Table 4.3. The voltages being calculated versus lithium, they do not correspond to 

a full battery where the titania electrode is usually the anode, but to a half cell made of 

a titania and a lithium metal electrode. In such a half cell, the titania is the cathode 

while the lithium metal is the anode. Thus, the lowest intercalation voltages correspond 

to the highest lithium capacities, because the insertion of lithium into TiO2 corresponds 

to the discharge curve.  
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4.5.6 Intercalation versus lithium metal plating 

The study of lithium adsorption at the surface of the slab will allow to complete 

this section. Lithium ions were added above the oxygen atoms located on the outermost 

surfaces. Both the fully coordinated and the undercoordinated oxygen atoms were 

alternately neighboured with lithium and the corresponding lithium intercalation 

energies were calculated. If the lithium is added on a single outer wall, it generates a 

consequent polarization of the slab that avoids any calculation convergence. Thus, the 

lithium must be added on both the outermost surfaces as it is displayed in Figure 4.31.  

 

Figure 4.31: Anatase (001) slabs with lithium adsorbed on fully coordinated (a) or undercoordinated 

(b) surface oxygen atoms. The purple, red and grey spheres are associated with Li, O and Ti, 

respectively.   

 
 

When the lithium ions are added above the fully coordinated oxygen, the 

corresponding intercalation energy equals 0.33 eV. The positive value indicates that 

this kind of insertion is not favourable and will destabilize the system. It was not 

possible to calculate the intercalation energy when the lithium ions were added above 

the undercoordinated oxygen atoms as the calculations did not converge. One of the 

reasons may be the locations of the lithium ions that are further away from the surface 

when they are added above the undercoordinated oxygens, and thus induce a bigger 

polarization of the slab.  

As a result, the calculations do not show any favourable adsorption of lithium 

ions above the surface. Thus, the lithium will be inserted straight away to the outer 

octahedral intercalation sites of the slab.  
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4.6 Lithium intercalation into the nanotube 

In chapter 3, the 38 Å diameter nt-TiO2 rolled up along the (n1,0) direction was 

determined as one of the most suitable models to study lithium intercalation. The study 

of the lithium intercalation into this nanotube has been guided by the results obtained 

with the corresponding slab. Thus, the lithium capacities exhibiting negative 

intercalation energies and easy convergences for the slab were the only ones studied 

in detail and with high truncation criteria for the nanotubes. Consequently, the 

calculations concerning the tetrahedral intercalation sites and the lithium metal plating 

were firstly carried out using low truncation criteria to confirm the lack of 

convergence, and thus the instability of the configuration, already observed for the 

slab. However, when the intercalation was favourable, as it was the case for lithium 

metal plating, the calculations were run a second time using the truncation criteria 

defined in chapter 2. Likewise, no supercell of the nanotube has been built as this 

configuration was particularly unstable for the slab.  

There are two ways to intercalate lithium into the nanotube. The first one 

consists of firstly optimize the non-lithiated nanotube as detailed in chapter 3, and then 

to insert lithium in the already optimized nt-TiO2. This system is referred to as nt-S1. 

The second way consists of inserting the Li ions into the slab as it was described in the 

previous section (4.5), and then to roll up the slab to form the lithiated nanotube. This 

system is referred to as nt-S2. As discussed in section 3.5, the geometry optimization 

of the nt-TiO2 generates several atomic displacements in the inner layer that break the 

symmetry of the structure. Thus, the intercalation sites present in the nt-S1 and in the 

nt-S2 do not exhibit the same geometry and need to be studied separately.   

In both nt-S1 and nt-S2 systems, the curvature breaks the symmetry of the 

surfaces. As a result, the octahedral intercalation sites located in the internal and in the 

external walls of the nanotube are not equivalent and need to be studied separately. 

 

4.6.1 Intercalation with lithium capacity of x = 0.33 

The lithium is intercalated into the nanotube with a capacity of x = 0.33 when 

only one layer of the nt-TiO2 is lithiated.  
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4.6.1.1   The tetrahedral intercalation sites 

 

In section 4.5, it has been concluded that none of the tetrahedral intercalation 

sites present in the slab were favourable for lithium intercalation because of the 

electronic repulsion of the surrounding Ti atoms.  

However, the Ti-O bonds located on the external wall of the nanotube have 

been elongated by the strain energy. Moreover, the atomic displacements occurring in 

the inner layer of the nt-TiO2 during the geometry optimization increases some of the 

external Ti-O bonds up to 2.27 Å as discussed in section 3.5. Consequently, the space 

between the titania atoms of the external wall becomes more important, making the 

tetrahedral intercalation sites located on this wall potentially favourable to host lithium 

ions. As a result, lithium ions have been intercalated into the tetrahedral sites located 

on the external layer of the nt-S1.   

The first tetrahedral sites to be lithiated were the ones present in the inward 

surface of the external wall, as shown in Figure 4.32. However, like for the slab the 

calculations did not converge, confirming the instability of this configuration.  

 

Figure 4.32: Optimized anatase (36, 0) nanotube with Li ions intercalated into the inward surface of 

the external wall. The Ti, O and Li elements are represented in grey, red and purple, respectively. 
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Figure 4.33: Optimized anatase (36, 0) nanotube with lithium ions inserted at the surface of the 

external wall. The grey, red and purple spheres represent the Ti, O and Li elements, respectively. The 

black arrows indicate the displacement of the Li ions upon geometry optimization. 

 

 

The lithium ions were then inserted at the surface of the external wall, where 

the electrostatic repulsions of the titania atoms are less consequent, as shown in Figure 

4.33. However, the lithium ions move to the nearest octahedral sites when the 

geometry is optimized as indicated by the black arrows in Figure 4.33. A similar 

behaviour was observed for the slab and points out the preferable lithium intercalation 

into the octahedral sites. As a conclusion, nt-TiO2 do not exhibit any favourable 

lithium intercalation into the tetrahedral sites despite elongated Ti-O bonds in the 

external wall. 
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4.6.1.2     The octahedral intercalation sites 

 

All the lithium insertion carried out into the octahedral intercalation sites of the 

slab were favourable. Moreover, the lithium intercalated in the outermost layer of the 

slab show a more favourable intercalation energy than the ones inserted in the middle 

of the slab, despite the dipole moment. This was explained by the consequent surface 

reconstruction that stabilizes the slab.  

 

• The octahedral intercalation sites located on the external wall 

 

The first lithium intercalation into the nt-TiO2 was carried out on the external 

wall of the nanotube. Lithium was inserted into both the nt-S1 and the nt-S2 nanotubes. 

Although these lithiated nanotubes both exhibit very similar geometry and electronic 

structure once they have been optimized, starting from different geometries allows a 

deeper understanding of the surface reconstruction induced by the lithium 

intercalation.  

The lithium was firstly intercalated into the nt-S1. The octahedral sites located 

on the external wall are highly distorted, as it is shown in Figure 4.34a. Thus, Li-O 

bond lengths varying from 1.75 Å along the tube axis to 2.89 Å in the xz plane.  

The geometry of the nanotube was then optimized a second time once the 

lithium ions have been intercalated. The optimized structure is displayed in Figure 

4.34b. It can be observed that the second optimization considerably reduce the 

distortion of the octahedral sites. The Li-O bonds become equivalent in the xz plane 

and exhibit the same length of 2.14 Å. The thickness of the nanotube also increases, 

leading to Li-O bonds that measure 1.98 Å along the y axis. As a result, the lengths 

exhibited by all the Li-O bonds are close to the ones observed in the Li2O2 bulk, 

highlighting the main role played by the Coulombic stabilization of the lithium ions. 

The lithium ions are intercalated outward of the surface and not inward as it was 

observed for the slab. This result indicates that the reduction of the dipole moment, 

induced by the lithium intercalation in a single outermost layer, is not the main driving 

mechanism for the external surface reconstruction of the nanotube. 
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Moreover, all the atomic displacements that were present in the inner layer of 

the nt-S1 to absorb the strain energy disappear when the external wall is lithiated. This 

result indicates that the lithium intercalation seems to absorb a part of the strain energy 

and helps to stabilize the whole nanotube. This tendency is confirmed by the evolution 

of the nanotube diameter. In chapter 3, it has been observed that the diameter of the 

non-lithiated nanotube was reduced by 2.6 Å during the optimization. This may have 

been caused by the elongation of the Ti-O bonds located on the external wall up to 

2.27 Å, as indicated in green in Figure 4.34a. This Ti-O bond length is far above the 

equilibrium value of 1.94 Å observed in the bulk. However, the second optimization 

of the nanotube, carried out after the lithiation, induces an increase of the nanotube 

diameter from 35.2 Å to 36.4 Å. Thus, the lithium intercalation, by removing the 

different atomic displacements present in the inner layer of the optimized nanotube, 

decrease the lengths of the Ti-O bond present in the external wall to 2.09 Å. As a result, 

the nanotube can expand to relieve the strain stress applied to the bonds located on the 

internal wall.  
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Figure 4.34: Optimized anatase (36,0) nanotube with lithium intercalated into the external wall before 

(a) and after (b) the final geometry optimization. The Ti atoms are in grey, the O ones in red and the 

Li ions in purple. The Ti-O bond lengths are indicated in green.  
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The lithium ions were also inserted into the nt-S2 for comparison, as it is 

displayed in Figure 4.35.  

 

 

Figure 4.35: Non-optimized (a) and optimized (b) anatase (36,0) nanotubes with lithium intercalated 

into the external wall. The purple, red and grey spheres represent the Li, O and Ti elements, 

respectively.  
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This lithiated nt-S2 was built by inserting the lithium ions into the slab before 

rolling up the whole structure. As a result, the starting nt-TiO2 does not contain any 

atomic displacement in the inner layer. However, the optimization of the lithiated 

nanotube does not generate atomic displacement in the inner layer neither, confirming 

that lithium intercalation into the external wall stabilizes the structure. The only 

modification concerns the Li-O and Ti-O2c bonds parallel to the y axis that are shorten 

to 2.02 Å and 1.96 Å, respectively. This modification can be explained by the 

Coulombic stabilization of the lithium and the reduction of the undercoordinated bond 

length. The latter being regularly observed in surface stabilization178.  

The nt-S1 and the nt-S2 nanotubes exhibit very similar electronic structure. As 

a result, the comparison of the DOS and Mulliken population of these two nanotubes 

is not necessary. Thus, only the electronic structure of the nt-S1 will be detailed and 

discussed. The Mulliken population shows that the lithium gives 0.67 e to the lattice. 

This added charge is hosted by the titania atoms located on the external wall that are 

all reduced to Ti3+
. The storage of the added charge into the d orbitals of the Ti3+ ions 

depends on their position in the nanotube. The particular geometry of the nanotube 

leads to Ti-O bonds exhibiting many different orientations in the xz plane, as it was 

shown in Figure 4.34. Thus, there are as many Ti-O bonds parallel to the x axis as there 

are Ti-O bonds parallel to the z axis. As a result, the filling of the titania d orbitals is 

different for every atom.  

The DOS of the titania atoms located on the external wall is shown in Figure 

4.36 where the blue plot represents the total DOS of the unit cell and the green plot 

stands for the d orbitals of the titania atoms. It can be observed that the added charges 

give rise to a localized state in the band gap. As a result, the conductivity of the 

nanotube is enhanced despite the low lithium capacity of x = 0.33. This result indicates 

that the strain energy, by modifying the charge repartition occurring upon lithium 

intercalation, also influences the conductivity of the nanotubes.  



138 
 

 

Figure 4.36: DOS of the titania atoms located on the external wall of the Li0.33TiO2 anatase (36,0) 

nanotube. The blue and green plots are associated with the total DOS and the d orbital contributions of 

the Ti atoms, respectively. VB and CB represent the valence and conduction bands, respectively. 

 

The lithium intercalation energy of both the nt-S1 and the nt-S2 nanotubes 

equals -2.42 eV per TiO2 unit, corresponding to an intercalation voltage of 7.25 V. 

This very favourable intercalation energy can be explained by the absorption of the 

strain energy induced by the lithium intercalation. By removing the different atomic 

displacements present in the inner layer of the previously optimized nanotube, the 

lithium insertion limits the extension of the Ti-O bonds above their equilibrium values. 

Moreover, the reduction of the titania atoms to Ti3+ also contributes to the stabilization 

of the nanotube as the length of the Ti3+-O bonds located on the external wall (that 

equals 2.09 Å) is closer to the equilibrium lengths of the Ti3+-O bonds than to the Ti4+-

O ones. The lithium insertion into the external wall is the most favourable one reported 

in this thesis.  

 

 



139 
 

• The octahedral intercalation sites located on the internal wall 

 

The lithium was then intercalated in the internal wall of the nt-S1. The changes 

in geometry induced by the lithium insertion are shown in Figure 4.37.  

 

 

Figure 4.37: Previously optimized anatase (36,0) nanotube with lithium intercalated into the internal 

wall before (a) and after (b) the final geometry optimization. The Li ions are in purple while the Ti 

and O atoms are in grey and red, respectively. The Ti-O bond lengths are indicated in green. 
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The octahedral sites located in the internal wall are highly distorted by the 

atomic displacements present in the inner layer of the nanotube. Consequently, the Li-

O bonds exhibit lengths varying between 1.75 Å and 2.16 Å, as shown in Figure 4.37a. 

When the final optimization is performed, the octahedral sites stay distorted and the 

lithium are only two-fold coordinated. This behaviour is very different from the one 

observed with the lithiation of the external wall, where all the atomic displacements 

present in the inner layer of the nanotube were released during the final optimization. 

Thus, the absorption of the strain energy by the lithiation of the internal wall is less 

consequent. The reduction of the titania atoms located on the internal wall to Ti3+, 

combined with the Li-Li repulsion (as the lithium ions are only separated by 3 Å) limits 

the stabilization of the nanotube, and lead to an increase of the nt-TiO2 diameter by 1.2 

Å. As a result, all the atomic displacements that were initially present in the inner layer 

of the nanotube are maintained.  

The lithium was then intercalated into the nt-S2, as it is shown in Figure 4.38, 

to complete the understanding of the geometry modifications induced by the lithiation 

of the internal wall. The octahedral sites are not distorted and the Li-O bond lengths 

equal 1.88 Å or 1.89 Å, as displayed in Figure 4.38a. The geometry optimization of 

the lithiated nanotube does not induce major geometry modifications.  Both the Ti-O 

and the Li-O bonds are elongated, probably because of the presence of Ti3+ ions and 

the Li-Li repulsion. However, the optimization of the structure does not generate any 

atomic displacement in the inner layer of the nanotube. Thus, the octahedral sites are 

not distorted, and the Li ions are three-fold coordinated. As a result, the lithiation of 

the internal wall avoids atomic displacements in the inner layer and seems to absorb a 

part of the strain energy.  

The comparison of the lithium intercalation into nt-S1 and nt-S2 nanotubes 

indicates that the lithiation of the internal wall participates to the stabilization of the 

nanotube by absorbing a part of the strain energy. However, this contribution is less 

consequent than the one observed with the external wall as the atomic displacements 

present in the inner layer of the nt-S1 are not released.  
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Figure 4.38: Non-optimized anatase (36,0) nanotube with lithium intercalated into the internal wall 

before (a) and after (b) geometry optimization. The grey, red and purple colours refer to the Ti, O and 

Li elements, respectively. The Ti-O bond lengths are indicated in green. 
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The Mulliken population of nt-S1 and nt-S2 nanotubes indicates that all the 

titania atoms present in the internal wall are reduced to Ti3+. However, like for the 

lithiation of the external wall, the repartition of the added charge into the d orbitals is 

different for each Ti3+ ions. This is due to the multiple orientations of the Ti-O bonds.  

The DOS of the Ti3+ ions belonging to the nt-S1 and nt-S2 previously 

optimized and the non-optimized nanotubes are shown in Figures 4.39 and 4.40, 

respectively. In both figures, the blue plot stands for the total DOS of the unit cell 

while the green plot corresponds to the d orbitals of the titania atoms. The two 

nanotubes do not exhibit the same electronic structure. The added charge forms a 

localized state in the band gap of the nt-S1, whereas it widens the conduction band of 

the nt-S2 without generating a splitting of the d orbitals. In both cases, the conductivity 

of the nanotubes is enhanced. These results indicate that the atomic displacements 

present in the inner layer of the previously optimized nanotube induces electronic 

repulsions between the different d orbitals of the Ti3+ ions. 

 

 

Figure 4.39: DOS of the Ti3+ ions of the previously optimized anatase (36,0) nanotube having its 

internal wall lithiated. The blue and green plots represent the total DOS and the titania d orbital 

contributions, respectively. VB represents the valence band while CB stands for the conduction band. 



143 
 

 

Figure 4.40: DOS of the Ti3+ ions of the nt-S2 anatase (36,0) nanotube having its internal wall 

lithiated. The blue and green plots stand for the total DOS and the d orbital contribution of the Ti 

atoms, respectively. VB and CB represent the valence and conduction bands, respectively.  

 

 

The lithium intercalation energies equal -1.31 eV and -1.09 eV for the nt-S1 

and the nt-S2 nanotubes, respectively. The corresponding intercalation voltages equal 

3.9 V and 3.3 V. In both cases the lithium insertion is favourable. The lower 

intercalation energy exhibited by the previously optimized nanotube can be explained 

by its enhanced stabilization induced by the atomic displacements in the inner layer. 

However, the internal wall exhibits the less favourable intercalation energies reported 

for the nanotube in this thesis, certainly because of the Li-Li repulsions and the 

presence of Ti3+ ions in the internal wall where the Ti-O bonds are particularly short.  
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• The octahedral intercalation sites located on the central layer 

 

The central layer of the anatase nanotube also contains octahedral sites. The 

lithium ions were firstly intercalated into the nt-S1, as it is shown in Figure 4.41. The 

atomic displacements present in the inner layer of the nanotube leads to highly 

distorted octahedral sites exhibiting Li-O bonds having lengths varying between       

1.75 Å along the nanotube axis to 2.14 Å in the xy plane. The lithium ions are also 

located 2.52 Å away from the oxygen atoms located on the external wall. The final 

geometry optimization does not modify the structure that remains the same as the 

initial one. Thus, the lithium ions stay two-fold coordinated. As a result, the lithium 

insertion into the central layer, like the one performed into the internal wall, does not 

remove the atomic displacements present in the inner layer of the nanotube. Thus, 

these two kinds of lithium intercalation absorb only a small part of the strain energy. 

As a conclusion, the lithiation of the external wall of the nanotube is the only 

configuration able to release the atomic displacements in the inner layer induced by 

the strain energy.   

 

 

 

 
 

Figure 4.41: Optimized anatase (36,0) nanotube with lithium inserted into the central layer. The Li 

ions are in purple while the Ti and O atoms are in grey and red, respectively.  
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The Mulliken population indicates that added charge is shared between the 

titania atoms located on the central layer and the one located on the external wall. They 

all exhibit a different repartition of the added charge in their d orbitals because of the 

different orientation exhibited by the Ti-O bonds. The titania atoms located on the 

internal wall do not contribute to the storage of the added charge. This result indicates 

that the storage of extra charges is more favourable in the external wall than in the 

central layer.   

The DOS of the titania atoms located on the central layer and on the external 

wall of nt-S1 is displayed in Figure 4.42. The green plots represent the d orbitals of 

the titania atoms while the blue plots stand for the total DOS of the unit cell. The 

lithiation of the central layer forms a localized state in the band gap. Both the titania 

located in the central layer and in the external wall contribute to this localized state. 

This electronic structure highlights the electronic repulsion between the d orbitals of 

the different titania atoms.  

 

 

Figure 4.42: DOS of the reduced Ti ions located in the central layer and in the external wall of the 

previously optimized anatase (36,0) nanotube having its central layer lithiated. The total DOS is 

displayed in blue while the green plots represent the d orbital contributions of the selected titania atom 

(highlighted in green). VB and CB stand for the valence and conduction bands, respectively. 
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The lithium was inserted in the central layer of the nt-S1 with an intercalation 

energy of -0.28 eV, corresponding to an intercalation voltage of 0.86 V. Although the 

lithium insertion is still favourable, the intercalation energy is the smallest reported for 

the nanotube in this thesis. This weak energy can be explained by the unfavourable 

storage of the added charge by the titania atoms located on the central layer. Moreover, 

the absence of reconstruction during the geometry optimization, resulting in highly 

distorted octahedral sites exhibiting Li-O bond lengths far from the equilibrium value 

reported in Li2O2, may also contribute to the small intercalation energy.  

For comparison, the lithium was also inserted into the central layer of the          

nt-S2, as it is displayed in Figure 4.43. The octahedral sites are not distorted in the xz 

plane and exhibit Li-O bond lengths included between 1.89 Å along the tube axis and 

2.06 Å in the xz plane. The lithium ions are also located 2.38 Å away from the oxygen 

atoms of the external wall. The geometry optimization induces an extension of the 

nanotube diameter by 1 Å. The width of the nanotube is also extended as the Li-O 

bond parallel to the nanotube axis are also elongated from 1.89 Å to 1.92 Å. The Li-O 

bonds located in the xz plane are also modified, allowing the lithium ions to move 

closer to the oxygen atoms located on the external wall. As the consequence, the 

lithium ions are five-fold coordinated with Li-O bond lengths varying between 2.13 Å 

and 2.16 Å in the xz plane. This result highlights the major role played by the 

Coulombic stabilization of the lithium ions in the geometry optimization. The Li ions 

inserted in the central layer of the non-optimized nanotube are the only five-fold 

coordinated lithium inserted into a nanotube reported in this thesis. Like for the internal 

wall, no atomic displacement in the inner layer of the nanotube occurs during the 

optimization.  
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Figure 4.43: Nt-S2 anatase (36,0) nanotube with lithium inserted into the central layer before (a) and 

after (b) geometry optimization. The grey, red and purple spheres represent the Ti, O and Li elements, 

respectively.  
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The Mulliken population indicates that the added charge is stored exclusively 

by the titania atoms located on the external wall. The titania atoms located on the 

central layer, that hosted a part of the added charge in the nt-S1, do not contribute to 

the storage of the added charge in the nt-S2. This phenomenon can be explained by 

the geometry of the nanotube in which the lithium ions are closer to the external wall 

and can be five-fold coordinated with the oxygen atoms located on this external wall. 

The filling of the d orbitals is different for each Ti3+ ions as it depends on the 

orientation of the Ti-O bonds.  

The DOS of the titania atoms located on the central layer and on the external 

wall are displayed in Figure 4.44. The blue plot refers to total DOS of the unit cell 

while the green plot stands for the d orbitals of the titania atoms.  

 

 

 

Figure 4.44: DOS of the Ti3+ ions located on the external wall and the central layer of the nt-S2 

anatase (36,0) nanotube having its central layer lithiated. The blue and green plots refer to the total 

DOS and the Ti d orbital contributions, respectively. VB represents the valence band while CB stands 

for the conduction band.  
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The DOS indicates that the added charge stored in the d orbitals of the titania 

atoms located on the external wall forms a localized state in the band gap. Similar 

results were observed with the lithiation of the external wall and indicates that the 

strain energy favours the electronic repulsions between the different d orbitals of the 

Ti3+. The titania atoms located on the central layer do not contribute to the localized 

state, despite being located closer to the lithium ions. As a result, the storage of added 

charges is more favourable in the external wall than inside the nanotube.  

The lithium was inserted into the central layer of the nt-S2 with an intercalation 

energy of -1.37 eV, corresponding to an intercalation voltage of 4.1 V. This 

intercalation energy is more favourable than the one reported for the nt-S1, probably 

because of the Li-O bond lengths that are closer to the equilibrium values reported for 

Li2O2. The lithium insertion into central layer is also more favourable than the one 

reported for the internal wall, certainly because of the reduction of the Li-Li repulsions.  

 

 

4.6.2 Intercalation with lithium capacities of x = 0.67  

and x = 1 

The lithium intercalation was favourable in the slab when the two outermost 

surfaces were lithiated, corresponding to an intercalation ratio of x = 0.67. The same 

configuration for the nanotube consists of inserting lithium into both the internal and 

the external walls. As the lithiation of the external wall led to a release of all the atomic 

displacements present in the inner layer of the nanotube, the lithium was intercalated 

into the non-optimized nt-S2 nanotube, as shown in Figure 4.45. However, the 

calculations did not converge because of the unstable repartition of the added charges. 

The two added charges were stored by the same titania atom, reducing it to Ti2+. 

Moreover, the titania atoms located on the external and on the internal walls were 

alternately reduced to Ti2+, making the calculation oscillating and impossible to 

converge.  
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Figure 4.45: Non-optimized anatase (36,0) nanotube having both its internal and external walls 

lithiated. The Li ions are in purple while the Ti and O atoms are in grey and red, respectively.  

 

Extra lithium ions were then intercalated into the central layer of the non-

optimized nanotube, leading to a lithium capacity of x = 1. However, the calculation 

did not converge neither because of alternating reduction of the titania atoms.  

 

4.6.3 Intercalation versus lithium metal plating 

The lithium metal plating was not favourable at the surface of the slab. 

However, the lithiation of the external wall of the nanotube was particularly 

favourable. Moreover, the geometry of the nanotube increases the distances between 

the different Li ions located at the surface of the external wall, reducing the Li-Li 

repulsion and making their possible adsorption more favourable. Thus, lithium ions 

were added at the surface of the external wall of the nt-S2, above the fully coordinated 

O3c atoms, as displayed in Figure 4.46. 
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Figure 4.46: Nt-S2 anatase (36,0) nanotube with lithium adsorbed at the surface of the external wall. 

The purple, red and grey spheres represent the Li, O and Ti elements, respectively. 

 

The geometry optimization does not generate structure changes but the 

presence of lithium at the surface of the external wall avoids atomic displacement in 

the inner layer of the nanotube. The lithium adsorption is favourable as the 

intercalation energy equals -0.68 eV per TiO2 unit, corresponding to a voltage of 2.1 

V. However, this energy is weaker compared to the one reported for the lithiation of 

the octahedral sites located on external wall, that equals -2.42 eV per TiO2 unit. It can 

be clearly seen from Figure 4.46 that both the octahedral sites of external wall and the 

adsorption sites above the fully coordinated oxygens cannot host lithium 

simultaneously because of the Li-Li repulsion. Thus, the lithium intercalation will 

primarily occur into the octahedral sites. However, the favourable adsorption above 

the O3c atoms certainly supports the diffusion of lithium ions from the electrolyte to 

the intercalation sites.  

Lithium ions were also added above the undercoordinated O2c atoms of the 

external wall. However, the calculations did not converge, indicating that this kind of 

adsorption is not favourable. The lithium ions were not inserted at the surface of the 

internal wall as the short distance between the Li ions does not make their adsorption 

favourable.  
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4.6.4 Intercalation voltages 

 

For a better understanding of the nt-TiO2 behaviour as electrode, the lithium 

intercalation energies per TiO2 unit and the corresponding intercalation voltages 

calculated for all the Li0.33TiO2 nanotubes are summarized in Table 4.4 where they are 

compared with the bulk value. As discussed in section 4.6.2, the calculations did not 

converge for the nanotubes having capacities above x = 0.33.  

The most favourable intercalation energy, observed when the Li ions are 

intercalated into the external wall, is the most negative one reported for lithium in this 

thesis. Thus, this intercalation is more favourable than the ones reported for anatase 

bulk or flat surface and highlights the reactivity of the nanotubes structure towards 

lithium. The corresponding voltage is particularly high and indicates that this lithiation 

will occur very early in the discharge process. The lithium intercalation into the 

external wall stabilizes the nanotube and removes the different atomic displacements 

in the inner layer induced by the strain energy.  

The lithium intercalation into the central layer is more favourable when no 

atomic displacements are present in the inner layer of the nanotube. In that case, the 

corresponding intercalation energy is equal to -1.37 eV per TiO2 unit and is more 

favourable than the one observed for the corresponding (001) slab that equalled -0.91 

eV (as discussed in section 4.5.5). Thus, by removing the atomic displacements present 

in the inner layer of the nanotube, the lithiation of the external wall also supports the 

lithium insertion into the central layer.  

Even though the lithium intercalation energies reported for the internal wall are 

negative, they are the less favourable reported for nanotubes in this thesis. This can be 

explained by the formation of short Ti3+-O bonds and the Li-Li repulsion. As a result, 

the corresponding intercalation voltages are relatively low, indicating that the lithiation 

of the internal wall will occur after the lithiation of the external wall and the central 

layer in the discharge process.  
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Table 4.4: Lithium intercalation energies and voltages for different anatase (36,0) nanotube 

configurations. 

Li position 
x 

(number of Li 

per TiO2 unit) 

ELi Intercalation (eV) 
Intercalation 

voltage (V) 

 

Nt-S1 and nt-S2 

0.33 -2.42 7.25 

 

Nt-S1 

0.33 -1.31 3.9 

 

Nt-S2 

0.33 -1.09 3.3 

 

 

 

 

Nt-S1 

0.33 -0.28 0.86 

 

 

 

 

Nt-S2 

0.33 -1.37 4.1 

Titanate Li0.5TiO2  

bulk 
0.5 -1.68 3.37 
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4.7 Conclusion 

• The lithium intercalation into anatase was studied using the lithium 3s2p basis set 

developed by Doll et al.185. 

• No favourable lithium intercalation into the tetrahedral sites was found for the 

bulk, slab and nanotube anatase. Consequently, only the insertions into the 

octahedral sites were studied in detail in this thesis and were all favourable. 

•  Lithium was intercalated with an energy of -1.68 eV per TiO2 unit into the bulk 

anatase when the capacity was equal to x = 0.5. The geometry constraints do not 

allow any orthorhombic distortion of the lattice upon lithium intercalation, but 

highlight the major role played by the Coulomb stabilization of the lithium on the 

reorganization of the lattice. This lithiation induces the formation of a localized 

state in the band gap that enhances the conductivity. 

• The lithium insertion into bulk anatase with a capacity of x = 1 leads to a slightly 

distorted rock salt structure. The corresponding intercalation energy equals -1.27 

eV per TiO2 unit and is less favorable than the one calculated for the Li0.5TiO2 

bulk because of the Li-Li repulsions. The LiTiO2 band gap does not contain any 

localized state but is 0.2 eV smaller than the TiO2 bulk anatase one.   

• The most favourable lithium insertions into the slab were found for capacities 

superior to x = 0.67, indicating that the lithiation into the anatase surface will 

spontaneously occur with high ratios. The intercalation energies equal -1.91 eV 

for the Li0.67TiO2 slab and -1.86 eV for the fully lithiated LiTiO2 slab. Both values 

are more negative, and thus more favourable, than the one calculated for the 

Li0.5TiO2 titanate bulk. 

• The lithiation of the two outermost surfaces, corresponding to the Li0.67TiO2 slab, 

reduces the titania ions present on the surfaces to Ti3+, and induces a hybridization 

of their dxy orbitals with the d orbitals parallel to the O3c-Ti-O3c chains. These 

changes of the electronic structure, combined with a higher overlap population in 

the Ti3+-O3c bonds than in the Ti3+-O2c ones, induces visible surface 

reconstruction. Thus, the lithiated outermost surfaces exhibits a mixed geometry 

between the LiTiO2 rock salt and the Li0.5TiO2 titanate structures. This lithiation 

of the outermost surfaces does not form a localized state in the band gap but 

reduces the value by 0.2 eV. 
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• In the fully lithiated LiTiO2 slab, the Ti3+ ions located on the outermost surfaces 

do not exhibit hybridized orbitals but store the added charge in the d orbital that 

is parallel to the Ti3+-O3c bonds. This electronic structure leads to the formation 

of a localized state in the band gap, resulting in a doped system with enhanced 

conductivity. The changes in electronic structure also affect the geometry of the 

surfaces by shortening the Ti5c-O bonds parallel to the z axis, and thus displace 

the external Ti3+ ions inward from the surfaces. The undercoordinated oxygen 

atoms present on the outermost surfaces are also displaced inward as they are 

attracted by the Li-fulfil intercalation sites located at the centre of the slab. As a 

result, a rich LiTiO2 phase having a geometry close to the rock salt structure is 

formed at the surface of the anatase electrode for a capacity of x = 1. 

• The lithiation of the nanotube with capacities superior to x = 0.33 leads to the 

reduction of the titania ions to Ti2+ as the the two added charges are stored together 

by the same ion.  However, the titania atoms located on the external and on the 

internal walls were alternately reduced to Ti2+, avoiding the convergence of the 

calculations. Thus, only the capacity of x = 0.33 was considered for the nanotubes 

in this thesis.  

• On the contrary of the slab, the storage of the added charge into nanotube titania 

d orbitals is different for every ion as it depends of the orientations of the Ti-O 

bonds.   

• Except for the external wall, the strain energy present in the nanotubes 

considerably limits the geometry reconstruction that is supporting the lithium 

intercalation.  

• The most favourable lithium intercalation into the nanotube was found for the 

external wall with a corresponding intercalation energy of -2.42 eV per TiO2 unit. 

Moreover, this lithiation stabilizes the nanotube by reducing the external titania 

to Ti3+, leading to external Ti-O bonds having a length close to the equilibrium 

value reported for the Ti3+-O bonds.  

• The lithiation of the external wall of the previously optimized nanotube releases 

all the atomic displacements present in the inner layer of the nt-TiO2 and widen 

its diameter. These geometry changes will facilitate the lithiation of the central 

layer that is 1.09 eV per TiO2 unit more favourable when no atomic displacements 

are present in the inner layer. 
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• All the lithium intercalations into the nanotube induce the formation of a localized 

state in the band gap, except the one performed into the internal wall of the nt-S2.  

• The only favourable lithium adsorption reported in this work was found above the 

fully coordinated oxygens located on the external wall of the nanotube.  
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Chapter 5  

 

Sodium intercalation into anatase 

 

5.1  Aims 

Just like lithium, sodium ions have been successfully intercalated into anatase 

nanoparticles141, nanorods144 or nanotubes145. However, the crystalline structures 

reported for the sodiated anatase differ depending on the nanoarchitecture of the 

electrode and the voltage applied. For example, a phase transformation into a 

rhombohedral layered structure was reported for the anatase nanoparticles143. On the 

contrary, the XRD measurements carried out on nanorods144 and nanotubes145 indicate 

that the anatase structure is retained even at 0.0 V vs. Na+/Na. However, a more recent 

study7 using XANES analysis reported an irreversible transformation of the anatase 

nanotubes into amorphous ones for potentials below 0.5 V vs. Na+/Na.  

The electrochemical measurements7,145 carried out on the anatase nt-TiO2 

indicate that the Na ions rather adsorb at the nanotube surface than diffuse inside the 

nt-TiO2. Moreover, the XANES analysis show an irreversible phase transformation of 

the nt-TiO2 surface into amorphous sodium titanate where the Ti4+ ions are partially 

reduced to metallic Ti.   

The main goal of this section is to carry out a comparative study of the sodium 

intercalation into the anatase bulk, slab and nanotube. No computational study of 

sodium intercalation into anatase surfaces or nanotubes has been carried out to the best 

of our knowledge. Thus, sodium is inserted into the bulk and slab with different 

capacities in order to better understand the formation of the amorphous phase observed 

for low potentials or in the surface region. Like for lithium, sodium is also inserted 

into the nanotube to isolate the influence of the strain energy and determine the most 

favourable intercalation sites present in the nt-TiO2. Sodium ions were also added 

above the slab and nanotube surfaces to check if the high surface reactivity towards 

sodium shown by the experimental studies can lead to a sodium metal plating. 
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5.2 Choice of Sodium basis set 

Sodium intercalation was studied in this thesis following the same approach as 

for lithium. Thus, the first step was to determine the more appropriate sodium basis set 

allowing to identify the most favourable intercalation sites present in the different TiO2 

systems. The basis set must be able to define both the energy of the sodium in a 

metallic bulk as well as an intercalated ion into a TiO2 structure. Some basis sets can 

fail to describe metallic bulk because of linear dependencies even though they are able 

to describe correctly the properties of sodium as an intercalated ionic species. When 

using this kind of basis sets, the metallic bulk energy is replaced by a single point 

calculation performed on one sodium atom. Moreover, the intercalation voltage 

calculated using one basis set may not be correct. As a result, the most suitable sodium 

basis set was determined by comparing the sodium intercalation energies and 

intercalation voltages obtained using different basis sets with the reference values 

reported in the literature. The sodium intercalation energy was calculated using the 

Equation 1.4 while the intercalation voltage was obtained from the Equation 1.6 (both 

detailed in section 1.2.6). 

 Three sodium basis sets184,192,193 reported on the CRYSTAL website library172(       

8-511G192, 8-511(1d) G193 and TZVP184) were tested in this thesis. Full geometry 

optimizations of the sodium metallic bulk were firstly performed using the three basis 

sets. All the calculations were carried out using the B3LYP functional, shrink factor 

and cut-off threshold described in chapter 2. The 8-511G192 basis set failed to describe 

the metallic bulk because of the linear dependencies. As a result, a single point 

calculation was performed instead using this basis set.  

The metallic sodium belongs to the same space group Im3̅m (Im-3m) as 

lithium, and exhibits a body centred cubic structure194. However, the sodium lattice 

parameter is 0.81 Å larger than lithium and equals 4.29 Å. The primitive unit cell of 

the sodium bulk is shown in Figure 5.1.  
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Figure 5.1: Primitive unit cell of sodium bulk. 

Figure 5.1: Primitive unit cell of sodium bulk. 

 

 

The total energies obtained with the different basis sets are displayed in Table 

5.1. The two basis sets that successfully optimized the bulk structure were the         

Na_8-511(1d) G193
 and the Na_TZVP184 ones. They both lead to the same total energy 

of - 4414.330 eV.  

 

Table 5.1: Total bulk energies or single point energy obtained with the different Na basis sets. 

Basis set Sodium bulk energy (eV) Single point energy (eV) 

Na_8-511G192  -4408.169 

Na_8-511(1d) G193 -4414.330  

Na_TZVP184  -4414.330  

 

 

The different Na basis sets were then employed to calculate the sodium 

intercalation energy into bulk anatase, using the same TiO2 bulk supercell (1 x 1 x 2) 

as the one used for lithium in chapter 4. This supercell allows to insert sodium every 

second octahedral site, corresponding to a capacity of Na0.5TiO2. The non-optimized 

Na0.5TiO2 supercell is displayed in Figure 5.2.  
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Figure 5.2: Non-optimized Na0.5TiO2 supercell. The Na ions are in blue while the Ti and O atoms are 

in grey and red, respectively.  

 

The Na0.5TiO2 supercells were then fully optimized and the total energies of 

the sodiated bulks were calculated. The values obtained were combined with the 

sodium bulk energies reported in Table 5.1 to calculate the sodium intercalation 

energies and the corresponding voltages for each basis set. The results obtained are 

summarized in Table 5.2.  

 

Table 5.2: Sodium intercalation energies and voltages calculated with different basis sets. 

* Note Na_8-511G is based on single point calculation. 

Basis set 
Sodium intercalation 

energy (kJ/mol) 

Sodium intercalation 

voltage (V) 

Na_8-511G192 -879.02 18.22 

Na_8-511(1d) G193 -172.13 3.57 

Na_TZVP184 -183.57 3.81 

 

 The sodium redox potential equals -2.71 V and is only 0.3 V above the lithium 

one195. Thus, the closest intercalation voltage is obtained with the Na_8-511(1d) G 

basis set. However, as the Na_TZVP and the Na_8-511(1d) G basis sets gave close 

results, their computational times were compared. It appears that the calculations 

performed using the Na_8-511(1d) G basis sets are two times faster. As a result, the 

Na_8-511(1d) G basis set was chosen to study the sodium intercalation into anatase in 

this thesis.  
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5.3 Sodium intercalation into Na0.5TiO2 anatase bulk 

In order to gain a deeper understanding of the influence of the sodium ions on 

the anatase structure, the first step consists on studying the effect of sodium 

intercalation into a bulk anatase. This study will allow to generate a set of data from 

where the differences between the intercalation into a bulk and into surfaces can be 

studied. The Na0.5TiO2 bulk will be also compared with the Li0.5TiO2 one. 

The previous theoretical studies25,106,149 point out the unfavourable 

intercalation of sodium into the tetrahedral intercalation sites due to its large radius. 

As a result, no intercalation of Na ions into the tetrahedral sites of bulk anatase have 

been considered. Thus, sodium was intercalated under its reduced form (with eleven 

electrons) into half of the octahedral sites of the (1 x 1 x 2) anatase supercell described 

in the previous section. The same supercell was used to study lithium intercalation into 

bulk in chapter 4 and corresponds to a capacity of x = 0.5. The geometry of the sodiated 

anatase bulk was then fully optimized (both the lattice parameters and the atomic 

positions were allowed to relax). However, the number of symmetry operators was 

kept constant during the geometry optimization as this constraint will be later 

necessary for the modelling of nanotubes. Consequently, all the anisotropic 

modifications of the lattice, including the orthorhombic distortion, can not be 

observed. The bond lengths of the optimized anatase bulks before and after sodium 

intercalation are displayed in Figures 5.3a and 5.3b.  

The Mulliken population analysis indicates the oxidation of the sodium atoms 

to Na+ ions, as well as the reduction of the adjacent titania ions to Ti3+. The reduced 

Ti3+ ions are highlighted in green in Figure 5.3b. The sodium intercalation induces an 

elongation of the Ti-O bonds located in the xy plane. This elongation is more 

pronounced for the Ti3+-O bonds than for the Ti4+-O ones, that equal 2.11 Å and 2.09 

Å, respectively. The bong length modifications along the z direction are also 

influenced by the oxidation state of the titania ions: the Ti3+-O bonds are slightly 

elongated by 0.03 Å whereas the Ti4+-O bonds are shorten to 1.90 Å.  
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Figure 5.3: Optimized anatase TiO2 (a), Na0.5TiO2 (b) and Li0.5TiO2 (c) bulks. The Na and Li ions are 

in blue and purple, while Ti and O elements are in grey and red, respectively. The reduced Ti3+ ions 

are highlighted in green. 
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Similar geometry modifications were induced by lithium intercalation, as it can 

observed from Figure 5.3c. However, the elongation of the Ti-O bonds located in the 

xy plane is more pronounced for the Na0.5TiO2 bulk than for the Li0.5TiO2 one. It is 

interesting to note that the situation is reversed for the Ti-O bonds parallel to the z-axis 

that are shorter when Na is intercalated. These results are in agreement with the 

previous study reported by Lunell et al.106.  

The octahedral sites of the optimized Na0.5TiO2 bulk are distorted as the oxygen 

atoms located in the xy plane are not all at the same height but sit above and below a 

central plane. The sodium ions are located in the middle of this distorted octahedral 

sites and are fourfold coordinated. The Na-O distances equal 2.11 Å in the equatorial 

plane and 2.62 Å along the z-axis, as displayed in Figure 5.4. This result disagrees with 

previous studies25,143,149 that mentioned a displacement of the Na ion varying between 

0.4 Å and 0.6 Å along the z direction, allowing the sodium to be fivefold coordinated. 

The absence of displacement along the z direction is explained by the fixed number of 

symmetry operators that avoids any anisotropic modification of the unit cell.  

 

 

 

 

Figure 5.4: Measures of the Na-O distances for Na0.5TiO2 bulk. The blue, grey and red colours 

represent the Na, Ti and O elements, respectively.  
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The Mulliken population analysis indicates that the extra charge is 

accommodated exclusively by the dxy orbital of the adjacent titanium ion, reducing it 

to Ti3+. Thus, there is no hybridization of the titania d orbitals, as it was already 

observed for the Li0.5TiO2 bulk.  

The partial DOS of the Na0.5TiO2 bulk are shown in Figure 5.5 where the blue 

plot stands for the total DOS of the bulk while the red and green colors represents the 

p and d orbital contributions of the indicated atom, respectively. The s orbitals do not 

appear on the graph as they do not contribute to the band gap. The main modification 

induced by the sodium intercalation is a splitting of the d orbitals. The dxy orbitals, that 

is now filled with an extra charge, form a localized state in the band gap located 0.87 

eV below the conduction band edge. This phenomenon was already observed for 

lithium intercalation and is explained by the Mott-Hubbard theory. 

The total DOS of the Na0.5TiO2 and Li0.5TiO2 bulks are compared in Figure 5.6 

where slight differences can be observed. The gap between the localized state and the 

edge of the conduction band is slightly larger for the Na0.5TiO2 bulk than for the 

Li0.5TiO2 one (with 0.87 eV and 0.62 eV respectively), in agreement with previous 

theoretical studies148,149. The valence band of the Na0.5TiO2 exhibits a smaller density 

than the Li0.5TiO2 one. 
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Figure 5.5: DOS of the Na0.5TiO2 bulk where VB and CB indicate the positions of the valence and 

conduction bands. The blue plot represents the total DOS while the red and green plots stand for the p 

and d orbital contributions, respectively.  
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Figure 5.6: Total DOS of the Li0.5TiO2 and Na0.5TiO2 bulks. VB and CB stand for the valence and 

conduction bands, respectively.  

 

 

Sodium was intercalated with an energy of -1.79 eV per TiO2 unit, 

corresponding to an intercalation voltage of 3.57 V. By comparing these results with 

the ones obtained for lithium intercalation in chapter 4 (that was inserted with an 

energy of -1.68 eV per TiO2 unit, associated with an intercalation voltage of 3.37 V), 

it can be noted that the sodium intercalation looks more favorable than the lithium one. 

This result disagrees with the previous theoretical studies25,149 that reported a much 

more favorable intercalation for lithium ions that exhibit smaller radius. Nevertheless, 

as detailed in section 5.1, the intercalation energy is strongly affected by the basis set 

chosen to model the inserted cation, making impossible a direct comparison between 

the lithium and sodium intercalation energies.  
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5.4 Sodium intercalation into NaTiO2 bulk anatase 

 

The crystallographic structure of the anatase bulk containing high sodium ratio 

seems to be strongly influenced by the experimental conditions. For example, anatase 

nanoparticles undergo a phase transformation into a rhombohedral layered structure 

once fully sodiated while some anatase nt-TiO2 are irreversibly transformed into 

amorphous ones when potentials below 0.5 V vs. Na+/Na are applied. Thus, the main 

goal of this section is to study the sodium intercalation at a high concentration to better 

understand its influence on the phase transformations.  

The optimized NaTiO2 bulk is shown in Figure 5.7. The insertion of 0.5 mols 

of additional Na ions into the anatase bulk induces a further elongation of the Ti-O 

bonds located in the xy plane that are now equal to 2.23 Å. In Na0.5TiO2, the bond 

distance of 2.09 Å was measured. It can be also noted that the Ti-O bonds parallel to 

the z-axis shorten to 1.97 Å compared to 2.03 Å in Na0.5TiO2 and have now the same 

length as in the non-sodiated anatase bulk. Moreover, the Ti-O-Ti chains belonging to 

the xy plane are not flat, as it was the case for the LiTiO2 bulk but have an angle of 

165.1°. As a result, the sodium intercalation with a ratio of x = 1 does not induce a 

phase transformation from anatase to a slightly distorted rock salt structure, as it was 

the case for lithium.  The structure exhibited by the NaTiO2 bulk corresponds to a 

“flattened” anatase one, in agreement with the experimental results144,145.  

The Na ions of the NaTiO2 bulk are six-fold coordinated with Na-O distances 

that equal 2.23 Å in the xy plane and 2.55 Å along the z direction, as detailed in Figure 

5.7b. The distance separating two Na ions equals 3.16 Å and is 0.22 Å longer than the 

one separating two Li ions in the rock salt structure. The Li ions were also six-fold 

coordinated in the LiTiO2 bulk with Li-O distances equal to 2.03 Å in the xy plane and 

2.12 Å along the z direction. 
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Figure 5.7: Measures of the Ti-O bond lengths and angle (a) and of the Na-O distances (b) of the 

optimized NaTiO2 anatase bulk. The Na ions are in blue while the Ti and O atoms are in grey and red, 

respectively.   

 

The Mulliken population analysis indicates the reduction of all the titania to 

Ti3+. However, no hybridization of the d orbitals is observed, instead the extra charge 

is stored exclusively in the dxy orbitals. This electronic repartition is very different from 

the one observed for the LiTiO2 bulk where the three lowest dxy, dxz and dyz orbitals of 

the TiO2 were hybridized and occupied with the extra electrons. 

The partial DOS of the NaTiO2 are displayed in Figure 5.8 where the blue plot 

stands for the total DOS of the bulk while the green and red plots represent the d and 

p orbitals of the indicating atom, respectively. The added charge stored in the dxy 

orbitals forms a localized state in the band gap. The main modification induced by the 

change of stoichiometry from Na0.5TiO2 to NaTiO2 concerns the conduction band that 

is shifted to higher energies for NaTiO2. As a result, the localized state is located 3.03 

eV below the edge of the conduction band, leading to a gap between the localized state 

and the edge of the conduction band that is 3.5 times larger in the NaTiO2 than in the 

Na0.5TiO2. The shift of the band gap can be explained by the electronic repulsions 

between the different d orbitals of the titania ions.  
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Figure 5.8: DOS of the NaTiO2 bulk. The total DOS is represented in blue while the red and green 

plots stand for the p and d orbital contributions, respectively. VB and CB indicate the positions of the 

valence band and conduction bands, respectively. 

 

 The LiTiO2 and NaTiO2 DOS are compared in Figure 5.9. The main difference 

concerns the localized state that is not present in LiTiO2 due to the hybridization of the 

d orbitals. Indeed, in LiTiO2 there is no single occupied orbital to form a localized state 

in the band gap, resulting in all the extra charges being located in the conduction band.  

The sodium was intercalated into NaTiO2 with an intercalation energy of -2.29 

eV per TiO2 unit. This energy is more favorable than the one encountered for Na0.5TiO2 

that equalled -1.79 eV per TiO2 unit. Moreover, the corresponding intercalation 

voltage for NaTiO2 equals 2.29 V and is particularly high, indicating that high 

concentration of Na will be easily intercalated into TiO2 anatase. These results let also 

suppose that some Na ions trapping can occur, explaining a part of the irreversible 

capacity losses observed experimentally during the first cycle145. The results observed 

for NaTiO2 are very different from the ones observed with lithium where the 

intercalation into the rock salt LiTiO2 was less favorable than in Li0.5TiO2 titanate, and 

occurred at only 1.27 V.  
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Figure 5.9 : Total DOS of the LiTiO2 and NaTiO2 bulks. VB and CB represent the valence and 

conduction bands, respectively.  

 

The results obtained for the NaTiO2 bulk can provide some explanations to the 

different phase transformations observed experimentally. The geometry optimization 

confirms that the anatase structure is maintained upon high sodium ratio. However, the 

structural changes necessary to accommodate the Na ions are important and may lead 

to bonds breaking when the sodiation/desodiation cycles are repeated. Moreover, the 

sodium does not require low potential to be intercalated with high ratio, meaning that 

the “flattened” NaTiO2 anatase phase can be formed relatively soon in the discharge 

process. As a result, the bonds breaking can occur early in the battery life and can 

increase after each charge/discharge cycle. The multiplication of these bonds breaking 

can progressively form an amorphous structure for the nt-TiO2
7

 or a reorganization of 

the lattice into a rhombohedral structure for the anatase nanoparticles143. Thus, the 

observations of the structural modifications of the anatase structure are strongly 

dependent on the intrinsic nature of the electrode and on the cycling conditions. Some 

electrodes can maintain an anatase structure whereas some others will be more brittle 

and undergo phase transformation. The formation of the NaTiO2 bulk at a relatively 

high voltage, combined with its associated bonds breaking, can also explain a part of 

the irreversible decrease of capacity often observed7,145 after the first discharge of the 

anatase electrode.  
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5.5 Sodium intercalation into the slab 

In section 5.4, it was concluded that a part of the irreversible capacity loss 

observed during the first cycle can be caused by the bonds breaking that take place in 

the anatase electrode. The particular reactions occurring between sodium and anatase 

surface mentioned in several studies7,145,146 also explain the decrease of capacity 

observed. The electrochemical measurements carried out by Bella et al.146 clearly 

indicate the formation of a passivating film at the surface of the electrode during the 

first cycle. The scanning electron microscopy images reported by Li et al.7 shows the 

formation of flower-like structures at the top surface of the nt-TiO2 when the potential 

applied equals 0.01 V vs Na/Na+. These flower-like structures were identified as 

Na2CO3 and disappear during the charge. Gonzales et al.145 mentioned a surface 

accommodation of the cation that is more pronounced in the Na cell than in the Li one. 

All these results indicate a higher reactivity of the anatase surface towards sodium than 

towards lithium.  

The XANES analysis carried out by Li et al.7 indicate a partial reduction of the 

Ti4+ ions into Ti metal occurring in the surface region of the nt-TiO2 electrode upon 

sodium intercalation. The XANES results also show an irreversible phase 

transformation of the nt-TiO2 surface from an anatase structure to amorphous phases 

during the first cycle. This result is different from the one observed with lithium 

intercalation where the ions induced a phase transformation of the surfaces layers into 

a rock salt structure.  

The main goal of this section is to gain a better understanding of the particular 

reactivity of the anatase surface towards sodium by studying its intercalation and 

adsorption at the surface of a slab. Like for lithium, these calculations will later allow 

to isolate the influence of the strain energy present in the nt-TiO2 by comparing the 

results obtained with the nanotubes ones. The slab used to carry out the calculations is 

the same as in chapter 4, it consists of a 3 monolayers thick (001) oxygen terminated 

surface that will be later used to construct nt-TiO2 with a negative strain energy. The 

sodium intercalation was studied with Na ions concentrations ranging from x = 0.33 

to x = 1. When the Na ions were inserted in the sites located on the outermost layers, 

only one side of the slab was considered as the two surfaces are symmetric.   
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5.5.1 Intercalation with sodium capacity of x = 0.33 

The stoichiometry of Na0.33TiO2 is obtained when only one sodium ion per slab 

primitive unit cell is inserted. As detailed in chapter 4, the anatase slab contains 

tetrahedral and octahedral intercalation sites that can be located in the inner or in the 

outermost layers. The inner tetrahedral intercalation sites exhibit very similar 

geometry as the bulk ones, and thus were not considered in this thesis as they are not 

favourable for sodium intercalation. However, the tetrahedral sites located on the 

outermost layers contain only two Ti atoms, and thus less Coulombic repulsions. As 

the anatase surface was reported to show a high reactivity towards sodium, the 

outermost tetrahedral sites were filled with Na ions to evaluate their eventual 

contributions to the sodium intercalation. The corresponding slab is displayed in 

Figure 5.10. However, the calculations did not converge, indicating that this kind of 

intercalation leads to an unstable system and is unfavourable. As a result, the 

tetrahedral sites do not contribute to the reactivity of the anatase surface towards 

sodium.  

 

 

Figure 5.10: (001) anatase slab having its outermost tetrahedral sites filled with sodium. The blue, red 

and grey colours represent the Na, O and Ti elements, respectively.  

 

 

 



173 
 

 Sodium ions were also intercalated into the octahedral sites located on one 

of the outermost layers. The corresponding optimized slab is shown in Figure 5.11. It 

can be noted that this kind of intercalation breaks the symmetry of the slab and 

generates a dipole moment over the slab that can influence the results obtained. 

 

Figure 5.11: Side (a) and face (b) views of the optimized Na0.33TiO2 anatase (001) slab. The blue, red 

and grey colours represent the Na, O and Ti elements, respectively.  

 

The sodium intercalation does not generate major structure changes to the slab 

that retains an anatase structure. However, it can be observed that the sodium ions are 

accommodated outside the surface. This intercalation position is different from the one 

observed with the lithium ions that were intercalated inside the outermost surface in 

an attempt to reduce the dipole moment. The lithium intercalation was accompanied 

by a surface reconstruction that is not present when Na ions are inserted instead. The 

Na ions are fourfold coordinated with Na-O distances that equal 2.00 Å and 2.45 Å 

along the x and y directions, respectively.  

The Mulliken population analysis indicates that all the titania atoms present on 

the outermost layer that contains sodium are reduced to Ti3+. There is no hybridization 

of the titania d orbitals but the added charge is stored exclusively in the dxz orbitals. 

The localisation of the additionnal charge is different from the one observed in the 

sodiated anatase bulks and in the corresponding lithiated slab, where the extra charges 

were stored exclusively in the dxy orbitals. The dxy orbitals are usually the first ones to 

be filled with the added electrons as they exhibit the lowest energy in TiO2. This 

different electronic repartition points out the electronic repulsion generated by the Na 

ions and can be explained by their larger radius.   
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The corresponding DOS is displayed in Figure 5.12 where the blue plot 

represents the total DOS of the slab. The reduced Ti3+ form a localized state in the 

band gap and lead to a DOS similar to the ones observed for the sodiated bulk. 

However, this DOS is different from the one reported for the corresponding Li0.33TiO2 

slab that does not contain any localized state, confirming the electronic repulsion 

generated by the Na ions.  

 

 

Figure 5.12: Total DOS of the optimized (001) anatase slab having Na ions intercalated in one 

outermost surface. VB stands for the valence band while CB represents the conduction band. 

 

The Na ions were favourably inserted with an intercalation energy equal to          

-1.19 eV per TiO2 unit. However, this intercalation is less favourable by 0.59 eV per 

TiO2 unit than the one found in the Na0.5TiO2 bulk. Similar results were obtained with 

lithium and were explained by the dipole moment generated in the slab.  

The Na ions were then inserted into the inner octahedral sites as it is displayed 

in Figure 5.13 where the Na-O distances and Ti-O bond lengths are indicated in blue 

and black, respectively. The sodium ions are four-fold coordinated with Na-O 

distances that equal 2.06 Å. Their insertion does not induce major structure 

modification except a slight elongation of the Ti-O bonds located in the xy plane whose 

lengths equal 2.03 Å and are 0.12 Å longer than in the non-sodiated slab. As a result, 

the anatase structure is retained.  
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Figure 5.13: Optimized (001) anatase slab with Na ions inserted into the inner octahedral sites. The 

Na ions are in light blue while the Ti and O are in grey and red, respectively. The Na-O distance are 

indicated in blue while the Ti-O bond length is written in black. 

 
 

The Mulliken population indicates that all the titania atoms located in the inner 

plane are reduced to Ti3+ and host the extra charge exclusively in their dxy orbitals. 

There is no hybridization of the titania d orbitals. This charge repartition is the same 

as the one observed for bulk. The total DOS, shown in Figure 5.14, indicates the 

formation of a localized state in the band gap. However, the shape of this localized 

state is different from the one observed when one outermost surface was sodiated. 

Here, the localized state does not contain any sharp peak. The broader peak suggests a 

more delocalized state, resulting in a smaller band gap and, therefore, an enhanced 

conductivity.  

 

Figure 5.14: Total DOS of the optimized anatase (001) slab having the inner octahedral sites filled 

with sodium. VB and CB represent the valence and conduction bands, respectively. 
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The corresponding intercalation energy equals -0.32 eV per TiO2 unit and is 

the less favourable reported for the sodiated slabs in this thesis. Similar results were 

observed for lithium intercalations and were explained by the particular structure of 

the slab. The inner sites are surrounded by empty octahedral sites on both outermost 

surfaces, whose geometry is influenced by the surface reconstruction. Thus, the 

geometry modifications of the inner octahedral sites, that usually allow to stabilize the 

sodium intercalation, are limited as it can be observed from the lengths exhibited by 

the Ti-O bonds located in the xy plane that equal 2.03 Å in the slab and 2.23 Å in the 

bulk.  

 

 

5.5.2 Intercalation with sodium capacity of x = 0.67 

The sodium ions were intercalated in both the outermost surfaces, leading to a 

capacity of Na0.67TiO2. This kind of intercalation is symmetric and does not generate 

a dipole moment in the slab. Thus, the surface reconstruction is not driven by the 

reduction of the dipole moment. The sodiated bulks before and after geometry 

optimization are displayed in Figure 5.15a and 5.15b, respectively. The optimized 

Li0.67TiO2 slab is shown in Figure 5.15c for comparison.  

The Na ions are four-fold coordinated in the centre of distorted octahedral sites, 

with Na-O distances varying between 2.04 and 2.33 Å. The Na-O distances are longer 

than the Li-O ones that equal 1.96 Å and 2.07 Å, respectively. It can be noted that the 

Na-O2c-Na angle equals 159.1° while the Li-O2c-Li angle is equal to 190.5°. Thus, the 

sodium ions are intercalated more outward the surface than the lithium ones, certainly 

because of their bigger radius.  
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Figure 5.15: Non optimized Na0.67TiO2 (a), optimized Na0.67TiO2 (b) and optimized Li0.67TiO2 (c) 

(001) slabs. The blue, purple, red and grey colours represent the Na, Li, O and Ti elements, 

respectively.  
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The Mulliken population analysis indicates that all the titania atoms located on 

the outermost surfaces are reduced to Ti3+. The added charge is accommodated in a 

single d orbital and there is no hybridization. Moreover, this extra charge is stored in 

the d orbitals that is parallel to the O3c-Ti-O3c chains. As a result, the Ti3+ that are 

located at the top of the slab host the added charge in their dxz orbitals whereas the ones 

located at the bottom accommodate this charge in their dyz orbitals, as it is displayed 

in Figure 5.16. The electronic repartition influences the length of the Ti-O bonds 

located on the outermost surface: the Ti3+-O3c bonds are shorter than the Ti3+-O2c ones. 

Thus, the octahedral sites present in the outermost surfaces are distorted.  

 

 

 

Figure 5.16: Storage of the added charges in the (001) Na0.67TiO2 anatase slab. The blue, red and grey 

colours stand for the Na, O and Ti elements, respectively.  

 

 

 

The electronic structure of the Na0.67TiO2 slab also indicates that the dxy 

orbitals, that are the lowest in energy in TiO2, are not involved in accommodating the 

extra charge. In the Li0.67TiO2 slab, the filling of the titania d orbitals were also 

influenced by the orientation of the O3c-Ti-O3c chains. The dxy orbitals were not empty 

but hosted one part of the extra charge and were hybridized with the d orbitals parallel 

to the O3c-Ti-O3c chains. These results confirm the consequent electronic repulsion 

generated by the Na ions. 
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The total DOS of the Na0.67TiO2 slab is shown in Figure 5.17. The sodium 

intercalation into the second outermost surface leads to a higher density of the 

localized state than observed when Na was intercalated in a single outermost surface 

(Figure 5.12). This DOS is different from the Li0.67TiO2 one that does not contain any 

localized state because of the hybridization of the d orbitals.  

 

 

Figure 5.17: Total DOS of the Na0.67TiO2 (001) anatase slab where VB and CB indicate the positions 

of the valence and conduction bands, respectively.  

 

 

 

The Na ions were inserted into the Na0.67TiO2 slab with an intercalation energy 

of -1.80 eV per TiO2 unit. This value is 0.02 eV more negative than the one calculated 

for the Na0.5TiO2 bulk and confirms the particularly high reactivity exhibited by the 

TiO2 surface towards sodium.  
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5.5.3 Intercalation with sodium capacity of x = 1 

When all the octahedral sites within the slab are filled with sodium, the 

corresponding capacity is NaTiO2. The optimized slab is shown in Figure 5.18 where 

it can be noticed that the sodium intercalation at high ratio leads to major structure 

modifications driven by the electronic structure of the titanium ions. The Mulliken 

population analysis indicates that all the titania present in the slab are reduced to Ti3+ 

upon sodium intercalation.  

The added charges are stored in single d orbitals without hybridization. The 

fillings of the d orbitals depend on the titania location. Thus, the Ti3+ ions located on 

the outermost surfaces host the added charge in the d orbitals that are parallel to the 

O3c-Ti-O3c chains:  the dxz orbitals for Ti3+ ions located at the top of the slab and the dyz 

orbitals for the ones located at the bottom. The titania ions located in the inner layer 

store the extra charge in their dxy orbitals.  

The Ti-O bond lengths are displayed in Figure 5.18. It can be noted that all the 

Ti-O bonds located in the xy plane are elongated. Moreover, the angles of the Ti-O-Ti 

chains located in this plane are increased, leading to “flatter” chains. The increases in 

the bond length depend on the location of the bond: the Ti-O bond lengths located in 

the outermost surfaces increase to 2.11 Å and 2.15 Å, while the bonds located in the 

inner plane are all elongated to 2.13 Å. The difference in bond length associated with 

the outermost surfaces is explained by the filling of the Ti3+ d orbitals that are parallel 

to the O3c-Ti-O3c chains, as discussed in section 5.5.2.  

The Ti-O bonds parallel to the z direction exhibit different bond lengths. The 

Ti6c-O3c bonds are 2.06 Å long while the Ti5c-O3c bonds have a length of 1.92 Å. As a 

result, the Ti6c-O3c bonds are 0.14 Å longer than the Ti5c-O3c ones. The lengths 

difference is explained by the filling of the Ti3+ d orbitals. The titania ions located in 

the outermost surfaces, by hosting the added charge in their d orbitals parallel to the 

O3c-Ti-O3c chains, generate short Ti5c-O3c bonds. At the opposite, the Ti3+ located in 

the inner layer store the added charge in their dxy orbitals. This particular storage 

induces an electronic repulsion that will elongates the Ti6c-O3c bonds.  
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Figure 5.18: Side (a) and face (b) views of the optimized NaTiO2 (001) anatase slab. The Na ions are 

represented in blue while the Ti and O atoms are in grey and red, respectively.  

 

The differences in bond length leads to inequivalent octahedral sites. The sites 

located in the outermost surfaces are distorted while the ones located in the central 

layer are symmetric. All the sodium ions are four-fold coordinated.  

The total DOS of the NaTiO2 slab is displayed in Figure 5.19 where it can be 

noted that the reduction of all the titania to Ti3+ forms a localized state in the band gap 

exhibiting a particularly high density. This DOS is similar to the LiTiO2 one where the 

electronic repulsion between the different Ti3+ d orbitals have generated a localized 

state, as discussed in chapter 4.  

 

 

Figure 5.19: Total DOS of the optimized NaTiO2 (001) anatase slab. VB and CB stand for the valence 

and conduction bands, respectively.  
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The sodium ions were inserted into the NaTiO2 slab with an intercalation 

energy of -1.95 eV per TiO2 unit. This value is the most favourable reported for the 

sodiated slab in this thesis, indicating that the Na intercalation will spontaneously 

occur with high ratio into the anatase surface. This intercalation is more favourable by 

0.17 eV per TiO2 unit than the one calculated for the Na0.5TiO2 bulk. However, by 

comparing the slab intercalation energy with the NaTiO2 bulk one, that equals -2.29 

eV per TiO2 unit, it can be noted that intercalation with high ratio is less favourable in 

the slab than in the bulk. This result can be explained by the larger radius of the Na 

ions that limit the surface reconstruction necessary to stabilize the structure.  

 To summarize this section, it can be concluded from the intercalation energy that 

sodium intercalation will spontaneously occur into the slab with the high ratio of            

x = 1. The optimized NaTiO2 and TiO2 slabs are compared in Figure 5.20 where the 

modification of the Ti-O bond lengths induced by the sodium insertion can be noticed. 

As a result, such an intercalation will inevitably be accompanied by bonds breaking, 

especially if the charge/discharge cycles are repeated. Thus, the anatase surface will 

progressively be transformed into an amorphous structure, in agreement with the 

XANES analysis carried out by Li et al.7.    

 

 

Figure 5.20: Optimized TiO2 (a) and NaTiO2 (b) (001) anatase slabs. The Na ions are in blue while the 

Ti and O atoms are in grey and red, respectively.   
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5.5.4 Intercalation voltages 

The sodium intercalation energies per TiO2 unit, and the corresponding 

intercalation voltages, calculated for all the bulks and slabs of the previous sections 

are summarized in Table 5.3.   

 

Table 5.3: Sodium intercalation energies and voltages for different slab and bulk configurations. 

Na position 
x 

(number of Na 

per TiO2 unit) 

ELi Intercalation (eV) 
Intercalation 

voltage (V) 

 

0.33 -1.19 3.57 

 

0.33 -0.32 0.96 

 

0.66 -1.80 2.70 

 

1 -1.95 1.94 

Na0.5TiO2  bulk 0.5 -1.78 3.57 

NaTiO2  bulk 1 -2.29 2.29 
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The comparison of the intercalation energies clearly indicates the preferable 

insertion with the highest ratio of x = 1 for both the slab and bulk. This result is 

different from the ones observed with lithium where the intercalation with a capacity 

of x = 1 were not the most favourable ones due to the Li-Li repulsions. Consequently, 

the reactivity of the anatase is more important towards sodium than toward lithium. As 

discussed in the previous section, the sodium insertion with a ratio of x = 1 is less 

favourable in the slab than in the bulk, certainly because of the limited surface 

reconstruction induced by the Na ions.  

The intercalation voltages were calculated versus sodium and thus correspond 

to a half cell made of a titania and a sodium metal electrode. They do not correspond 

to a full battery where the titania electrode is usually the anode. Like for the lithium 

intercalation voltages discussed in section 4.5.5, the lowest intercalation voltages 

correspond to the highest sodium capacities.  

The intercalation voltages obtained for the sodiated and lithiated bulks are 

summarized in Table 5.4. Although a direct comparison between the results obtained 

for sodium and lithium is not possible due to the strong influence of the basis sets, it 

is interesting to note that the voltage difference between the two capacities is much 

smaller for sodium than for lithium. This result points out that the full intercalation 

will occur earlier in the discharge when Na ions are intercalated.  

 

 

Table 5.4: Intercalation energies and voltages obtained for the sodiated and lithiated bulks. 

Bulk ELi Intercalation (eV) 
Intercalation 

voltage (V) 

Titanate Li0.5TiO2   -1.68 3.37 

Rock salt LiTiO2   -1.27 1.27 

Na0.5TiO2   -1.78 3.57 

NaTiO2  -2.29 2.29 
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5.5.5 Intercalation versus sodium metal plating 

As mentioned at the beginning of section 5.5, several experimental studies 

reported the formation of a passivating film at the surface of the electrode146, or the 

surface accommodation of Na ions145. Thus, Na ions were also added above the oxygen 

atoms located on the outermost surfaces of the slab to check is this kind of adsorption 

is favourable. Like for lithium, the sodium was added above both the outermost 

surfaces to avoid the formation of a dipole moment that will destabilize the whole slab. 

Na ions were successively added above the fully coordinated and undercoordinated 

oxygen atoms, as it is displayed in Figure 5.21.  

 

Figure 5.21: Optimized (001) anatase slabs with sodium adsorbed above the fully coordinated (a) and 

undercoordinated (b) surface oxygen atoms. The Na ions are in blue while the Ti and O atoms are in 

grey and red, respectively.  

 

 

The corresponding sodium adsorption energies were calculated using the same 

equation as for the sodium intercalation energies (Equation 1.4) and equal -0.57 eV 

per TiO2 unit for both the fully coordinated and undercoordinated oxygen atoms. The 

negative value points out the favourable sodium adsorption at the surface of TiO2 

electrodes. This favourable adsorption, that was not present with lithium, confirms the 

experimental results previously reported145,146.  
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The Na ions are favourably adsorbed above the fully coordinated oxygen with 

a Na-O distance that equals 2.25 Å. The adsorption induces a displacement of the 

undercoordinated oxygen located on the outermost surfaces outward from the surface. 

As a result, the Na-O2c distance equals 2.75 Å. The Mulliken analysis indicates that 

the Na ions give 0.8e to the lattice, inducing the reduction of the titania located on the 

outermost surfaces to Ti3+. It can be noted than when the Na ions were intercalated 

into the octahedral sites located on the outermost surfaces, they gave 0.9e to the lattice. 

The extra charge is stored exclusively on their dxz orbitals without hybridization. The 

corresponding DOS is displayed in Figure 5.22 and shows that the Ti3+ ions generates 

a localized state in the band gap. As a result, the adsorption of the Na ions above the 

fully coordinated oxygens leads to an electronic structure very similar to the one 

observed when sodium was intercalated into the octahedral sites located on the 

outermost surfaces.  

 

  

Figure 5.22: Total DOS of the anatase (001) slab having sodium adsorbed above its fully coordinated 

oxygen atoms. VB represents the valence band while CB stands for the conduction band. 
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The Na ions are also energetically stable when adsorbed above the 

undercoordinated oxygen atoms located in the outermost surfaces. The Na-O distances 

are shorter than the ones observed for the adsorption above the fully coordinated 

oxygens and equal 2.07 Å. The adsorption generates a slight displacement of the fully 

coordinated oxygen atoms located on the outermost surfaces outward from this 

surface. As a result, the O3c-Ti-O3c chains of the outermost surfaces are flattened. The 

Mulliken population indicates that the adsorbed sodium ions give 0.5e to the lattice 

and reduce the titanium located in the outer layers to Ti3+. The added charge induces a 

hybridization of the Ti3+ d orbitals and is stored in the dxz and dyz orbitals. The 

corresponding total DOS is displayed in Figure 5.23 and confirms that the 

hybridization of the orbitals avoids the formation of a localized state in the band gap.  

 

 

Figure 5.23: Total DOS of the anatase (001) slab having sodium adsorbed above its undercoordinated 

oxygen atoms. VB and CB indicate the positions of the valence and conduction bands, respectively. 
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 To summarize this section, it can be noted that the adsorption above the 

undercoordinated oxygen atoms gives less charge to the lattice than the one performed 

above the fully coordinated oxygens. As a result, the electronic repulsions between the 

different d orbitals of the Ti3+ ions are less important, and the orbitals are hybridized. 

The sodium adsorption energies indicate that both the adsorptions are favourable with 

the same energy of -0.57 eV per TiO2 unit. Thus, neither adsorption is more favourable 

than the other one and they will likely occur simultaneously. However, the adsorption 

energy of -0.57 eV per TiO2 unit is relatively small compared to the sodium 

intercalation energy of -1.80 eV per TiO2 unit reported for the Na0.67TiO2 slab. 

Consequently, the adsorbed Na ions will spontaneously move to the octahedral 

intercalation sites located in the outermost surfaces. As a conclusion, the favourable 

sodium adsorption certainly supports its further intercalation and confirms the high 

surface anatase reactivity towards this element.  

 

5.6 Sodium intercalation into the nanotube 

Sodium intercalation into the nanotubes was studied using the same 38 Å 

diameter nt-TiO2, rolled up along the (n1,0) direction, as for lithium. The calculations 

were guided by the results obtained for the corresponding slabs described in section 

5.5. Thus, the intercalation into tetrahedral sites were not considered for the sodiated 

nanotubes. However, both the intercalation into the octahedral sites and the sodium 

metal plating were studied in detail with high truncation criteria.  

The main differences between the non-optimized nanotube and the slab 

concern the Ti-O bond lengths. The rolling-up elongates the Ti-O3c bonds located on 

the external wall while it shortens the Ti-O2c bonds located on the internal wall. 

Sodium ions can be intercalated into the nt-TiO2 before or after the nanotube 

optimization. Like for lithium, when the Na ions are intercalated into the already 

optimized nanotube, this system is referred to as nt-S1. On the contrary, when the 

sodium is inserted into a non-optimized nanotube, this system is referred to as nt-S2. 

The optimization of the nanotube is breaking the symmetry of the Ti-O bonds located 

on the same wall, one becoming shorter than the other. Thus, the Na ions intercalated 

into the nt-S1 are inserted into distorted octahedral sites.  
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5.6.1 Intercalation with sodium capacity of x = 0.33 

The capacity of x = 0.33 is reached when the sodium ions are intercalated into 

a single layer of the nanotube.  

 

5.6.1.1   Intercalation into the external wall 

 

The study of lithium intercalation into the external wall, carried out in chapter 

4, indicates that the previous optimization of the nanotube does not influence the 

results obtained. Based on this result, sodium ions were inserted only into the nt-S2 

system (corresponding to sodium being inserted into the slab and secondary “rolled” 

into a nanotube) for computational time saving. The corresponding intercalated 

nanotube is shown in Figure 5.24 where it can be noticed that the Na ions are inserted 

outward from the surface. This Na location is similar to the one observed for the 

intercalation into the outermost surfaces of the slab, but also to the one reported for 

lithium in section 4.6.1. The geometry optimization leads to an increase of the 

nanotube thickness with optimized Na-O distance that equals 2.17 Å along the tube 

axis. In the xz plane, the Na-O distance equals 2.23 Å, resulting in Na ions that are 

four-fold coordinated.  By comparing the Na-O distances observed for the external 

wall of the nanotube with the ones reported for the outermost surface of the slab, that 

equalled 2.00 Å and 2.45 Å, it can be noticed that the octahedral sites are less distorted 

in the nanotubes than in the outermost surfaces of the slab. The sodium intercalation 

does not modify the nanotube diameter. This result is different from the one observed 

with lithium intercalation that induced a shrink of the nanotube diameter by 1.3 Å. The 

difference can be explained by the bigger radius of the Na ions that elongate the Ti-O 

bonds located on the external wall.  

The Mulliken population analysis indicates that the sodium give 0.9e to the 

lattice. This amount is the same as the one observed for the outermost surfaces of the 

slab but is higher than the one reported for lithium that gave 0.67e to the lattice. This 

result points out the higher reactivity of the external wall towards sodium. The sodium 

intercalation induces the reduction of all the titanium located on the external wall to 

Ti3+. The added charge is stored in a single d orbital that is different for each Ti3+ as it 

depends on the multiple orientations of the Ti-O bonds located on the xz plane.  
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Figure 5.24: Nt-S2 anatase (36,0) nanotube having sodium intercalated into the external wall before 

(a) and after (b) geometry optimization. The blue, red and grey spheres represent the Na, O and Ti 

elements, respectively.  
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The total DOS of the corresponding nanotube is displayed in Figure 5.25 where 

it can be observed that sodium intercalation generates a localized state in the band gap. 

A similar electronic structure was observed for the outermost surface of the slab or the 

corresponding lithium intercalation.  

 

   

Figure 5.25: Total DOS of the anatase (36,0) nanotube having Na intercalated in its external wall. VB 

and CB represent the valence and conduction bands, respectively. 

 

The Na ions were inserted with an intercalation energy equal to -2.27 eV per 

TiO2 unit, corresponding to an intercalation voltage of 6.8 V. This particularly 

favourable intercalation energy can be explained by the geometry of the octahedral 

sites that are less distorted than in the slab. Moreover, the Na intercalation avoids the 

formation of atomic displacements in the inner layer of the nanotube, indicating that 

the intercalation is stabilizing the nanotube. Thus, the intercalation energy is very low 

as it also includes the stabilization of the nanotube induced by the sodium intercalation.  

The Na insertion into the external wall is the only favourable intercalation 

found for sodium in this thesis. This result agrees with the lithium one where the most 

favourable intercalation was reported for the external wall.   
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5.6.1.2   Intercalation into the internal wall 

 

Sodium ions were then intercalated into the internal walls of both the nt-S1 and 

nt-S2 nanotubes, as displayed in Figure 5.26. 

 

 

Figure 5.26: Sodium intercalation into the internal wall of nt-S1 (a) and nt-S2 (b) anatase (36,0) 

nanotubes. The blue, red and grey colors represent the Na, O and Ti elements, respectively.  
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The calculations did not converge when the Na ions were intercalated into the 

nt-S2. This may be explained by the short length exhibited by the Na-O bonds located 

on the internal wall, that equals 1.88 Å, resulting in a particularly unstable system.  

The sodium intercalation into the nt-S1 breaks the Ti-O bonds located in the 

internal wall, as shown in Figure 5.27. This result highlights the capacity of sodium 

intercalation to break down the structure and generate amorphous TiO2 near the surface 

region. The associated intercalation energy is not favourable and equals 0.22 eV per 

TiO2 unit.  

 

 

 

Figure 5.27: Nt-S1 anatase (36,0) nanotube having sodium intercalated into its internal wall after 

geometry optimization. The Na are in blue, the O in red and the Ti in grey.    

 

The results obtained for sodium intercalation into the internal wall are very 

different from the ones obtained with lithium where the intercalation was favourable 

and did not break any Ti-O bond.  
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5.6.2.3   Intercalation into the central layer 

 

The octahedral sites located in the central layer of the nt-S2 were filled with 

sodium ions, as shown in Figure 5.28. However, the calculation did not converge, 

probably because of the instability of the system. The Na ions were then inserted into 

the central layer of the nt-S1, but the calculations did not converge neither. Thus, no 

favourable sodium intercalation into the central layer of the nanotube are found in this 

thesis. These results do not agree with the lithium ones that were favourably inserted 

into the central layer.  

 

 

Figure 5.28: Nt-S2 anatase (36,0) nanotube having sodium intercalated into its central layer. The Na 

ions are in blue while the Ti and O atoms are in grey and red, respectively.   
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5.6.2 Intercalation with sodium capacities of x = 0.67  

and x = 1 

The sodium ions were successfully intercalated into both the outermost 

surfaces of the slab, corresponding to a capacity of Na0.67TiO2. The same capacity can 

be obtained for the nanotube by filling both the internal and the external walls with 

sodium, as it is displayed in Figure 5.29. Nevertheless, the calculations did not run 

because of the linear dependencies of the basis sets. When lithium ions were inserted 

following this configuration, the calculations did not converge either because of the 

unstable repartition of the added charges.  

 

 

Figure 5.29: Nt-S2 anatase (36,0) nanotube having both its internal and external walls sodiated. The 

blue, red and grey spheres represent the Na, O and Ti elements, respectively. 

 

Sodium ions were then intercalated into the central layer as well as the internal 

and external walls to reach the capacity of x = 1, but again linear basis sets 

dependencies prevented the calculation to run. The calculation did not converge 

neither for the LiTiO2 nanotube because of the unstable repartition of the added 

charges. As a conclusion, the particular geometry exhibited by the anatase nanotube 

does not allow to perform calculations for lithium and sodium capacities superior to x 

= 0.33. 
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5.6.3 Intercalation versus sodium metal plating 

The sodium ions were successfully adsorbed above both the undercoordinated 

and fully coordinated oxygen atoms located on the outermost surfaces of the slab, 

indicating that a sodium metal plating is favourable at the anatase (001) surface. 

Gonzales et al.145 reported the accommodation of sodium at the surface of the 

nanotubes. Nevertheless, the adsorption at the surface of the internal wall cannot be 

studied because of the small nanotube radius that generates short and unfavourable 

Na-Na distances. Thus, Na ions were only added above the oxygen atoms located on 

the external wall.  

The sodium ions were favourably adsorbed above the fully coordinated 

oxygens of the Nt-S2, as displayed in Figure 5.30. The adsorptions of Na-ions in this 

site do not lead to significant structural changes. Thus, no atomic displacements are 

observed in the inner layer of the nanotube, indicating that the sodium adsorption 

contributes to the nanotube stabilization.  

 

Figure 5.30: Nt-S2 anatase (36,0) nanotube having sodium adsorbed above the fully coordinated 

oxygen atoms of the external wall. The blue, red and grey colors stand for the Na, O and Ti elements, 

respectively.  
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The Mulliken population analysis indicates that the sodium give 0.8e to the 

lattice, inducing a reduction of the titania located on the external wall to Ti3+. The 

added charge is stored in single d orbital that is different for each Ti3+ because of the 

multiple orientation of the Ti-O bonds. The corresponding total DOS, shown in Figure 

5.31, indicates that sodium adsorption induces the formation of a localized state in the 

band gap. A similar electronic structure was observed for the Na adsorption above the 

slab.  

 

Figure 5.31: Total DOS of the Nt-S2 anatase (36,0) nanotube having sodium adsorbed above the fully 

coordinated oxygen atoms located on the external wall. VB stands for the valence band while CB 

represents the conduction band. 

 

The adsorption energy equals -0.86 eV per TiO2 unit, corresponding to a 

voltage of 2.6 V. This energy is less favourable than the one reported for the sodium 

intercalation into the octahedral sites of the external wall that equalled -2.27 eV per 

TiO2 unit. This difference in energies indicates that the adsorbed sodium will 

spontaneously move to the octahedral sites during the battery cycling. Nonetheless, 

the favourable Na adsorption, by reducing the external titania to Ti3+, supports and 

speeds up the sodium diffusion from the electrolyte to the intercalation sites. 

Moreover, this result highlights the high reactivity of anatase surface towards sodium, 

in agreement with the passivating film146 or sodium accommodation145 reported in the 

experimental studies.  
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The calculations did not converge when the sodium ions were added above the 

above the undercoordinated oxygen atoms of the external wall, indicating that this kind 

of adsorption is not favourable. As a conclusion, only the fully coordinated oxygens 

contribute to the sodium adsorption at the surface of the external wall. Similar results 

were found for the lithium adsorption in chapter 4.  
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5.7 Conclusion 

 

• The 8-511(1d) G basis set developed by Banarek et al193 was chosen to study the 

sodium intercalation into anatase.  

• The sodium intercalation is not favourable into any tetrahedral sites, even into the 

ones located on the outermost surfaces where the Coulombic repulsions are 

reduced.  

• None of the sodium intercalations into the octahedral sites induces a hybridization 

of the Ti3+ d orbitals, indicating that the sodium insertion generated more 

electronic repulsions than the lithium one. As a result, all the sodium 

intercalations go along with the formation of a localized state in the band gap.  

• The Na0.5TiO2 and Li0.5TiO2 bulks exhibit similar geometry. However, the 

extension of the Ti-O bonds located in the xy plane, as well as their shrinking 

along the z direction, are more pronounced in the Na0.5TiO2 bulk.  

• The most favourable sodium intercalations into bulk and slab were found with the 

highest capacity of x = 1. These results differ from the lithium ones (where the 

most favourable insertions into bulk and slab were found for capacities of x = 0.5 

and x = 0.67, respectively) and highlight the higher reactivity of anatase towards 

sodium. Moreover, these high ratio intercalations are reached for relatively high 

voltages, indicating that they will occur soon in the discharge process. 

• The NaTiO2 bulk does not undergo a phase transformation into a tetragonal 

structure, like the LiTiO2 bulk, but retains its anatase structure. However, the      

Ti-O bond lengths are modified far above their equilibrium value, indicating that 

sodium intercalation can easily induce bonds breaking in the structure. This result 

explains how the most brittle anatase electrodes, like the anatase nanoparticles for 

example, can undergo phase transformations when low potentials are applied.  

• The NaTiO2 slab also retains its anatase structure. However, like for the NaTiO2 

bulk, the Ti-O bonds are shortened or elongated far above their equilibrium value. 

Thus, bonds breaking can occur easily and transform the anatase surface region 

into an amorphous phase, in agreement with the XANES observations. The bonds 

breaking occurring in the surface area also explained the further reductions of the 

Ti4+ ions into metallic Ti. 
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• The intercalation sites located in the outermost surfaces of the slab are more 

favourable than the ones located in the inner layer, highlighting the high anatase 

surface reactivity towards sodium. 

• The sodium ions intercalated in the outermost surfaces of the slab are 

accommodated outward from the surface. This intercalation position differs from 

the lithium one where the cations were displaced inward from the surface in an 

attempt to reduce the dipole moment. Thus, when Na ions are intercalated into a 

surface, its reconstruction is guided by the electronic repulsion of the sodium and 

not by the reduction of the dipole moment.  

• The only favourable sodium intercalation into the octahedral sites of the nanotube 

was found in the external wall where the Ti-O bonds exhibit the longer lengths. 

As a result, all the sodium intercalation into the nanotube with capacities superior 

to x = 0.33 were not favourable.  

• The sodium adsorption is favourable above all the oxygen atoms located on the 

outermost surfaces of the slab and above the fully coordinated oxygen atoms 

located in the external wall of the nanotube. However, in all cases, the adsorption 

energy is much smaller than the intercalation energy into the nearest octahedral 

sites where the adsorbed Na ions will spontaneously move. As a result, the 

favourable sodium adsorptions certainly support and speed up its diffusion from 

the electrolyte to the intercalation sites. 

• The lithium adsorption was favourable only above the fully coordinated oxygen 

atoms present in the external wall of the nanotube. No favourable lithium 

adsorptions were found above the slab, highlighting the higher anatase surface 

reactivity towards sodium.  
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Chapter 6  

 

Conclusions and future work 
 

  

The experimental studies carried out on the anatase TiO2 nanotubes point out 

their promising properties as a negative electrode for microbatteries. The nt-TiO2 

grown on Ti foam, and therefore having a better contact between the electrolyte and 

their external walls show improved capacities36 while the nt-TiO2 having no external 

wall do not exhibit any pseudocapacitive behaviour37. However, the fundamental 

processes involved in the lithium and sodium intercalations are not fully understood, 

holding back the improvement of the microbatteries.  

The different TiO2 crystalline structures and their corresponding surfaces are 

used in a wide variety of technological applications (e.g. batteries, heterogeneous 

catalysis, water splitting hydrogen generation, solar cell). Thus, they both have been 

extensively studied experimentally as well as computationally. A lot of studies have 

also been carried out about the lithium intercalation into the TiO2 bulk structures. 

However, less articles concern its intercalation into the surfaces and only one 

computational study about its insertion into the nanotubes has been carried out to the 

best of our knowledge. Due to their recent interest, the Na-ion batteries using TiO2 

electrodes have not been widely studied. Thus, no theoretical study concerning the 

sodium intercalation into the surfaces or nanotubes has been carried out yet.   

The main goal of this thesis was to gain a deeper comprehension of the anatase 

nanotubes as a negative electrode. By comparing the Li and Na intercalations into bulk, 

surfaces and nanotubes, the reactivity of the surface, as well as the influence of the 

strain energy can be better understood. Thus, the nt-TiO2 architecture allowing to 

accommodate the highest lithium or sodium capacities can be designed. 
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6.1 Lithium intercalation into anatase 

The calculations were firstly performed on the Li0.5TiO2 bulk anatase using the 

geometry constraints necessary for the modelling of nanotubes. The number of 

symmetry operators was kept constant during the geometry optimization as this 

condition will allow afterwards to reduce the size of the nanotube unit cell below ten 

atoms. Thus, no anisotropic modifications, such as the orthorhombic distortion of the 

cell or the shift of the Li ion along the c axis can be observed. However, the most 

recent theoretical studies27,118 indicated that the reduction of the Ti4+ ions to Ti3+ alone 

was not enough to induce an orthorhombic distortion of the lattice, the presence of the 

Li ions being necessary to stabilize the structure. These results are confirmed by the 

reorganization of the Li0.5TiO2 lattice observed in this thesis, that seems to be driven 

by the Coulomb stabilization of the lithium when geometry constraints are applied. 

The lithium ions were also intercalated into the anatase bulk with a capacity of x = 1 

but the intercalation energy is less favorable than the one reported for the Li0.5TiO2 

bulk because of the Li-Li repulsions. The LiTiO2 bulk exhibits a distorted rock salt 

structure in agreement with the previous studies40,196.  

The Li ions were then inserted into the (001) anatase slab, for which the most 

favorable lithium intercalations were found for capacities higher than x = 0.67. These 

results confirm the spontaneous and high ratio lithium insertion occurring into the 

surface and can partly explain the higher capacity observed for the nanostructured 

electrodes1,197. Moreover, the comparison of the lithium insertion energies between the 

bulk and the slab indicates a more favorable intercalation into the slab, highlighting 

the high reactivity of the anatase surface towards lithium. However, no lithium plating 

or favorable lithium intercalation into the tetrahedral sites were observed in the slab, 

indicating that none of these phenomena contributes to the lithium storage in thin film 

electrodes.  

The reconstruction of the lithiated anatase surface is influenced by the lithium 

concentration. When only the outermost surfaces of the slab are lithiated, the 

reconstruction is influenced by the coordination of the surface atoms, resulting in   

Ti3+-O3c bonds shorter than the Ti3+-O2c ones. Consequently, the Li0.67TiO2 slab exhibit 

a mixed geometry between the LiTiO2 rock salt and the Li0.5TiO2 titanate structures.  
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The further lithiation of the slab induces a “flattening” of the outermost surface 

layers, resulting in a LiTiO2 slab exhibiting a geometry close the rock salt structure. 

This later modification seems to be induced by the attraction of the undercoordinated 

surface oxygen atoms when Li intercalates into the centre of the slab. As a result, the 

gradual surface reconstructions occurring upon lithium intercalation appear to be one 

of the driving mechanisms for the formation of the rich LiTiO2 phase observed at the 

surface of the anatase electrodes in the experimental studies. 

The (36, 0) anatase nanotube, chosen as a model for the nanotubular anatase 

electrodes in this thesis, is made of three layers: one external wall, one central layer 

and one internal wall. The calculations performed on this nanotube were converging 

only when one single layer was lithiated, corresponding to a nanotube capacity of           

x = 0.33. The further lithiations induced an alternating reduction of the titania ions 

located on the external and on the internal walls to Ti2+. However, all the octahedral 

sites present in the same layer were filled with lithium, resulting in a fully lithiated 

wall with a layer capacity of x = 1. All the corresponding lithium insertion energies 

were negative, indicating that the lithium intercalation is favourable in all the nanotube 

octahedral sites. However, no favourable intercalation into the tetrahedral sites was 

observed despite the strain energy that expands their size in the external wall.  

 The most favourable intercalation sites are located on the external wall where 

the reduction of the external Ti4+ ions to Ti3+ results in outermost Ti-O bonds 

exhibiting length closer to the equilibrium value of the Ti3+-O bonds than to the         

Ti4+-O ones. Moreover, the lithium intercalation into the external wall was the only 

one releasing all the atomic displacements present in the inner layer of the nanotube, 

indicating that this insertion also plays a role in the stabilization of the nanotubular 

structure by absorbing the strain energy. The lithium intercalation into the central layer 

is five times more favourable when no atomic displacements are present in the inner 

layer of the nanotube. Thus, by removing the atomic displacements in the inner layer, 

the lithium intercalation into the external wall also promotes further lithiation of the 

central layer. On the contrary, the lithium insertion into the internal wall is the less 

favourable one and does not release the atomic displacements in the inner layer 

induced by the strain energy.  
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The comparison between the lithium intercalations into the nanotube and into 

the slab indicates that the lithium insertions into the external wall and the central layer 

of the nanotube are more favourable than the corresponding slab ones. Moreover, 

while no lithium metal plating was observed at the slab surface, the Li ions are 

favourably adsorbed above the fully coordinated oxygen atoms located on the external 

wall. However, the adsorption energy being significantly weaker than the intercalation 

energy into the adjacent octahedral sites, the adsorption does not contribute to the 

nanotube capacity but certainly supports the lithium diffusion from the electrolyte to 

the external wall. These results highlight the particularly high reactivity of the external 

wall but also explain why the nanotubes grown on Ti foam36 exhibit better capacities 

than the nanotubes grown on Ti foil, because the distance between the nanotubes on 

the Ti foam are larger exposing more of the external walls. This leads to a better contact 

between the electrolyte and their external walls. On the contrary, the lithium 

intercalation into the internal wall of the nanotube is less favourable than the 

corresponding slab one because of the reduced size of the octahedral sites. This result 

can explain the absence of pseudocapacitive behaviour observed experimentally for 

the nanotubes without external wall37. As a conclusion, the high reactivity of the 

external wall towards lithium should encourage the design of nanotubular electrodes 

allowing a good contact between the electrolyte and the nanotubes external walls. 

 

 

6.2 Sodium intercalation into anatase 

The sodium ions were intercalated into the octahedral sites of the anatase bulk 

with capacities of x = 0.5 and x = 1. Calculations were carried out using geometry 

constraints avoiding anisotropic modifications of the cell. As a result, no orthorhombic 

distortion of the lattice or shifts of the Na ions along the c-direction were observed. 

Both intercalations are favourable, in agreement with the literature141–143. The sodium 

intercalation induces an elongation of the Ti-O bonds located in the xy plane and a 

shortening of the ones parallel to the z direction. 
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 The lattice modifications are more important for the NaTiO2 bulk than for the 

Na0.5TiO2 one but in both cases the anatase structure is retained and no phase 

transformation into a rock salt structure is observed. As a result, the sodium 

intercalation into anatase does not occur via a two-phase equilibrium process, 

explaining why no plateau is observed experimentally in the charge/discharge 

potential profiles7. Moreover, the sodium intercalation energies indicate that its 

insertion is more favourable in the NaTiO2 bulk, where the Ti-O bonds are modified 

farther away from their equilibrium values, than for the Na0.5TiO2 bulk. This result 

highlights the high reactivity of anatase towards sodium but also shows that its 

intercalation will occur spontaneously with high ratio into the bulk. Thus, some Na 

ions trapping can also occur, explaining a part of the irreversible capacity losses 

observed experimentally during the first cycle145. The calculations indicate that the 

anatase structure is retained in agreement with the experimental results carried out on 

electrodes made of continuous portions of anatase such as nanorods144 or 

nanotubes145,146. However, for the smaller anatase nanoparticles embedded in a 

composite electrode, the structural changes can induce bonds breaking followed by a 

reorganization of the lattice into a rhombohedral structure or a mixture of amorphous 

sodium titanate, metallic titanium and sodium superoxide NaO2 as it was reported in 

the literature141,143.  

Sodium was also intercalated into the octahedral sites of the anatase slab with 

capacities ranging from x = 0.33 to x = 1. The intercalations were favourable and the 

anatase structure retained for all the sodium concentrations. The most favourable 

intercalation energy was found for x = 1, indicating that the Na ions will spontaneously 

be inserted with the highest ratio into the anatase surface. This result confirms the 

particularly high reactivity of anatase towards sodium previously observed in the bulk.  

In all the sodiated slabs, the Na ions inserted into the outermost layers are 

accommodated outward from the surface, limiting the surface reconstruction that is 

normally stabilized by a motion of the cations inward. The Ti-O bond length 

elongations are also less pronounced in the NaTiO2 slab than in the corresponding bulk. 

As a result, the sodium intercalation energy is 0.34 eV per TiO2 unit less favourable in 

the NaTiO2 slab compared to the bulk.  
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These results propose a limited stability of the sodiated surfaces, that combined 

with an important stress applied on the Ti-O bonds, can progressively transform the 

anatase surface into the amorphous structure reported experimentally7. This is 

especially true when the charge/discharge cycles are repeated.   

The high reactivity of the anatase surface towards sodium is also pointed out 

by the favourable adsorptions of the Na ions above all the oxygen atoms. These 

adsorptions certainly support and accelerate the sodium diffusion from the electrolyte 

to the octahedral sites, but also explain the formation of flower-like structures made of 

Na2CO3 observed at the top surface of the nt-TiO2 when low potentials are applied7.  

The only favourable sodium intercalation into the nanotube was found for the 

octahedral sites located on the external wall and corresponds to a capacity of x = 0.33. 

This insertion is more favourable than all the intercalations carried out into the slab 

probably because of the bigger size and the less distorted geometry exhibited by the 

nanotube external octahedral sites. The sodium ions are also favourably adsorbed 

above the fully coordinated oxygens of the external wall. Thus, the last step of the 

sodium diffusion from the electrolyte to the intercalation sites is supported and speeded 

up. The geometry optimization of the former nanotubes does not generate atomic 

displacements in the inner layer of the nt-TiO2, indicating that both sodium 

intercalation and adsorption on the external wall contribute to the nanotube 

stabilization by absorbing a part of the strain energy.  

The calculations carried out with sodium inserted into the internal wall 

converged only if the nanotube is previously optimized, and thus contains atomic 

displacements in the inner layer. The corresponding intercalation energy is not 

favourable and equals 0.22 eV per TiO2 unit. However, this relatively low insertion 

energy suggests that the Na ions are still able to interact with the internal wall, 

especially when low potentials are applied. The sodium intercalation into the internal 

wall is accompanied by a rupture of the neighbouring Ti-O bonds, confirming the 

ability of the Na ions to break down the structure. This result can explain the reduction 

of the Ti4+ ions into metallic Ti, as well as the irreversible phase transformation into 

amorphous TiO2, observed in the near surface regions by XANES analysis7.  
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The positive insertion energy reported for the internal wall also points out that 

the sodium intercalation associated with structural breakdowns is not going to occur 

spontaneously. However, as mentioned above, the relatively low insertion energy 

indicates that this phenomenon can occur at low potentials. This result confirms the 

full transformation of the anatase nanotubes into amorphous ones observed 

experimentally when voltage below 0.5 V vs Na/Na+ are applied7. It can also explain 

the irreversible loss of capacities or the hasty aging of the electrode reported 

experimentally145 for low potentials and highlights the importance of limiting the 

voltage applied while cycling.  

The calculations performed with sodium intercalated into the octahedral sites 

of the nanotube central layer do not converge. The lattice modifications necessary to 

intercalate the large Na cations are limited by the strain energy and cannot be 

compensated by an intercalation outward from the surface or the rupture of the 

outermost Ti-O bonds as it was observed for the external and the internal walls, 

respectively. Moreover, the octahedral sites present in the central layer are distorted 

by the strain energy. As a result, the nanotube containing sodium in its central layer is 

particularly unstable, preventing the calculations to converge. Thus, the sodium 

intercalation into the nanotube is more likely to occur in its surface, confirming the 

electrochemical measurements145 pointing out the important sodium accommodation 

in the nt-TiO2 surface.  

As a conclusion, the Na intercalation leads to a particularly destabilized system 

when occurring into the central layer, and to Ti-O bonds ruptures degrading the battery 

capacity when taking place into the internal wall. Thus, the most suitable Na insertion 

occurs into the external wall and should encourage the design of electrodes having a 

good contact between the nt-TiO2 external wall and the electrolyte. 
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6.3 Comparison of the lithium and sodium insertions  

 By comparing the sodium and lithium intercalations into the different anatase 

structures, the first thing that can be noted is the important electronic repulsion 

generated by the Na ions. As a result, all the sodium insertions induce the formation 

of a localized state in the band gap induced by an absence of hybridization of the 

neighbouring Ti3+ 3d orbitals. The electronic repulsion generated by the Na ions also 

have consequences on their intercalation into the surface: the sodium ions are inserted 

outward from the surface and limit the surface reconstruction. Thus, the sodiated 

surface are particularly unstable and will progressively be transformed into an 

amorphous structure. This phenomenon is very different from the lithium intercalation 

into the surface that will induce a phase transformation into a stable LiTiO2 rock-salt 

structure. 

The lithium and sodium intercalation energies into the different TiO2 structures 

and the corresponding voltages are summarized in Table 6.1. All the intercalation and 

adsorption energies reported for the nanotubes are the ones obtained with the nt-S2 

system, meaning that the nanotube has not been previously optimized, and thus does 

not contain atomic displacements in the inner layer. The more favourable sodium 

insertions into the bulk are in contradiction with the literature and highlight the 

influence of the basis set on the calculated intercalation energies. Thus, a direct 

comparison between the lithium and sodium insertion energies and their associated 

voltages is not possible. However, the higher reactivity of anatase towards sodium is 

shown by the spontaneous insertion of the Na ions with the highest ratio, as well as the 

adsorption above the slab that is favourable only for sodium.  

The lithium and sodium intercalations into the bulk occur through two different 

mechanisms. The lithium is inserted via a two-phases equilibrium process between a 

Li-poor phase made of Li0.01TiO2 anatase and a Li-rich phase made of Li0.5TiO2 

titanate. As a result, the lithium intercalation is associated with a constant electrical 

potential over a wide range of Li concentrations. On the contrary, the sodium insertion 

does not induce any phase transformation and occurs spontaneously with the highest 

capacity of x=1. This result explains the absence of potential plateau observed during 

the cycling of the sodiated electrodes. 
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Table 6.1: Comparison of the lithium and sodium intercalation energies and voltages in the different 

TiO2 structures. *NC indicates that the calculations do not converge. 

   Lithium Sodium 

TiO2 

structure 

x 

 

Cation 

position 

Insertion 

energy 

(eV) 

Insertion 

voltage 

(V) 

Insertion 

energy 

(eV) 

Insertion 

voltage 

(V) 

Bulk 
0.5 - -1.68 3.37 -1.78 3.57 

1 - -1.27 1.27 -2.29 2.29 

Slab 

0.33 Inner layer -0.91 2.73 -0.32 0.96 

0.33 
Outermost 

surface 
-1.57 4.7 -1.19 3.57 

0.67 - -1.91 2.86 -1.80 2.70 

1 - -1.86 1.86 -1.95 1.94 

0.67 Plating +0.33 - -0.57 0.85 

Nanotube 

0.33 

External 

wall 
-2.42 7.25 -2.27 6.8 

Internal 

wall 
-1.09 3.3 NC* - 

Central 

layer 
-1.37 4.1 NC* - 

0.67 

& 1 
- NC* - NC* - 

0.33 Plating -0.68 2.1 -0.86 2.6 

 

 

Both lithium and sodium insertions occur spontaneously with higher capacities 

into the surface than into the bulk, explaining why capacities up to 200 mA.h.g-1 can 

be reached in lithium microbatteries containing nanostructured electrodes29 while the 

maximal theoretical capacity of lithium intercalation into the bulk equals 168      

mA.h.g-1. As a result, the design of 2D or 3D anatase electrodes exhibiting large 

surface area should be favoured in both lithium and sodium microbatteries. Moreover, 

when the anatase electrodes are made of nanotubes, the space between the different 

nt-TiO2 should be large enough to allow the best possible contact between the 

electrolyte and their external walls that are particularly reactive towards lithium and 

sodium. 
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6.4 Future work  

 The particularly high intercalation voltages calculated for the nanotubes 

encourage a further optimization of the lithium and sodium basis sets that should be 

able to describe their behaviours as cations as well as metals. The modeling of metals 

requires the use of diffuse functions with low coefficients allowing to reproduce a 

nearly uniform density. However, the use of diffuse functions increases the 

calculations cost by requiring an important number of integrals to be calculated in 

order to avoid linear dependencies. So, by keeping in mind the calculation cost 

required for nanotubes, it can be interesting to try to decrease the function coefficients 

in order to get a better model of the metal, and thus more realistic intercalation 

voltages.   

 The computational cost of first principles calculations limits the size of the 

nanotubes. Nonetheless, larger nt-TiO2 can be investigated using Molecular 

Dynamics. Thus, lithium or sodium intercalations with capacities higher than x = 0.33, 

as well as their diffusions can be studied. It could be interesting to investigate how the 

distortion of the octahedral intercalation sites generated by the strain energy affect the 

cations diffusion, especially for lithium whose particularly low diffusion through the 

LiTiO2 rock salt structure is the main factor limiting the electrodes capacities103. The 

study of sodium intercalation into larger nanotubes can allow to gain a deeper 

understanding of the formation of the amorphous phase observed experimentally at the 

nanotubes surface7. Furthermore, the Molecular Dynamics methods can be useful to 

study the amorphous TiO2 nanotubes that are also used as electrodes in lithium and 

sodium microbatteries1,140.  

The TiO2 nanotubes are grown by an anodization process into an electrolyte 

containing fluorine ions. The first nt-TiO2 to be formed are amorphous and can then 

be transformed into anatase ones by annealing. The X-ray photoelectron spectroscopy 

(XPS) measurements indicate the presence of fluorine species in both the amorphous 

(up to about 5 wt%) and the anatase (less than 1 wt%) nanotubes198. These results 

encourage further investigations on the possible consequences that this fluorine 

presence can generate on the electrochemical properties of the nt-TiO2. 
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Sn-doped nanotubes can be fabricated by anodization of co-sputtered Ti-Sn 

thin films. These doped nt-TiO2 exhibit an amorphous structure and have been used in 

lithium microbatteries where they show better capacities than the corresponding non-

doped TiO2 nanotubes199. Moreover, the annealing of the Sn-doped nanotubes induces 

a phase transformation into rutile accompanied by a further enhancement of the 

capacities and lithium diffusion199. This behaviour towards lithium is very different 

from the rutile TiO2 bulk where the lithium intercalation at room temperature is 

negligible due to poor Li diffusion189. Thus, theoretical studies of the Sn-doped TiO2 

structures can help to better understand the mechanisms induced by the tin doping, but 

also to complete the comprehension of the nanotubular electrodes behaviour towards 

cation intercalation and diffusion.  
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Appendix A 

 

Titanium basis set  

 

 

 

Figure A.1: Hay-Wadt ECP basis set chosen for titanium atom173 
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