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RESUME 

Le développement des dispositifs microélectroniques a dopé la recherche dans le domaine des microbatteries 
tout solide rechargeables. Mais actuellement, les performances de ces microbatteries élaborées par des 
technologies couche mince (2D) sont limitées et le passage à une géométrie 3D adoptant le concept “Li-ion” ou 
“rocking chair” est incontournable. Cette dernière condition implique de combiner des matériaux de cathode 
comme LiCoO2, LiMn2O4 or LiFePO4 avec des anodes pouvant réagir de manière réversible avec les ions 
lithium. Parmi tous les matériaux pouvant servir potentiellement d’anode, les nanotubes de TiO2 révèlent des 
propriétés intéressantes pour concevoir des microbatteries Li-ion 3D. Facilement réalisable, la nano-architecture 
auto-organisée a montré des résultats très prometteurs en termes de capacités à des cinétiques relativement 
modérées. L’utilisation des nanotubes de TiO2 en tant qu’anode conduit à des cellules présentant de faible auto-
décharge et élimine le risque de surcharge grâce au haut potentiel de fonctionnement (1.72 V vs. Li+/Li). Dans 
ce travail de thèse, nous avons étudié la substitution des ions Ti4+ par Sn4+ et Fe2+ dans les nanotubes de TiO2. 
Bien que la présence d’ions Fe2+ n’ait pas amélioré les performances électrochimiques des nanotubes, nous 
avons pu mettre en évidence l’effet bénéfique des ions Sn4+. Nous avons aussi pu montré que la fabrication de 
matériaux composites à base de nanotubes de TiO2 et d’oxyde de métaux de transition électrodéposés se 
présentant sous forme de particules (NiO et Co3O4 ) augmentait les capacités d’un facteur 4. Un premier pas vers 
la fabrication d’une microbatterie entièrement 3D a été aussi réalisée en étudiant l’électrodéposition conforme 
d’électrolytes polymères sur les parois des nanotubes de TiO2. La morphologie de l’interface ainsi que les 
propriétés électrochimiques du matériau résultant ont été comparées à celles de nanotubes recouverts d’un 
électrolyte solide (LiPON) déposé par PVD (Physical Vapor Deposition). Les méthodes de caractérisation 
employées ont inclus la microscopie élecronique à balayage, en transmission, la diffraction des rayons X, la 
spectroscopie de Mössbauer et la spectroscopie de photoelectrons X. 

ABSTRACT 

The advent of modern microelectronic devices has necessitated the search for high-performance all-solid-state 
(rechargeable) lithium microbatteries. Presently, there is a need to move from 2D to 3D configurations, and also 
a necessity to adopt the “Li-ion” concept in designing these (thin-film) microbatteries. New electrode and 
electrolyte materials and cost-effective fabrication processes are also indispensable. Among all the potential 
anode materials, TiO2 nanotubes possess a spectacular characteristic for designing 3D Li-ion microbatteries. 
Besides the nano-architecture, TiO2 is non-toxic and inexpensive, and the nanotubes have intriguing lithium 
storage behaviour. The use of TiO2 as anode provides cells with low self-discharge and eliminates the risk of 
overcharging due to its higher operating voltage (ca. 1.72 V vs. Li+/Li). Moreover, the overall performance of 
TiO2 nanotubes can be improved. In this thesis, Sn4+ or Fe2+ cationic substitution for Ti4+ in TiO2 nanotubes was 
studied; although Fe2+ substitution did not improve the electrochemical behaviour of TiO2 nanotubes, Sn4+ 
substitution led to higher capacity values in comparison to simple TiO2 nanotubes even though Sn was not 
active within the studied potential window. Additionally, composites of TiO2 nanotubes with sub-micron NiO or 
Co3O4 particles were synthesized; the addition of these transition metal oxide particles onto the TiO2 nanotubes 
increased the capacity values by a factor of ∼4. As a first step towards the fabrication of a 3D microbattery with 
TiO2 nanotubes, electrodeposition of polymer electrolytes into TiO2 nanotubes was studied; the inter-phase 
morphology and the electrochemical behaviour of the resulting material were studied and compared to similar 
TiO2 nanotubes with LiPON solid electrolytes deposited by sputtering techniques. The characterization included 
scanning electron microscopy, transmission electron microscopy, X-ray diffraction, Mössbauer Spectroscopy 
and X-ray photoelectron spectroscopy. 
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CHAPTER O�E 

 

1. I�TRODUCTIO� 

 

1.1 Background 

 
The advent of modern microelectronic devices has necessitated the search for high-

performance all-solid-state (rechargeable) microbatteries. These microbatteries (based on 

thin-films) are integrated into microelectronic circuit boards to meet the very low energy 

requirement of devices such as, backup power for PC memory, microelectromechanical 

systems (MEMS), medical implants, hearing aids, “smart” cards, RFID tags, remote 

sensors and so forth1-4. These autonomous devices operate independently and thus on-chip 

electricity is indispensable.  

 For over four decades, microbatteries have evolved enormously with varying 

compositions, form factors and performance characteristics; but it cannot be 

overemphasized that only lithium-based systems fulfill the voltage and energy density 

requirements of microbatteries5, 6. It all began in 1969, when several silver and copper-

based microbatteries were studied because of the high ionic conductivity of silver and 

copper solid electrolytes, but they turned out to be impractical, of low energy densities 

and high cost7-10. Around the same time, Liang et al.11, 12 reported the first thin-film 

lithium cell comprising of the Li/LiI/AgI electrochemical chain which exhibited an open 

circuit voltage of 2.1 V. As a result of the work of Whittingham and Gamble13 on the 

reversible insertion of lithium into transition metal dichalcogenides in 1975, Kanehori et 

al.14 developed secondary thin-film lithium cells with amorphous Li3.6Si0.6P0.4O4 layers as 

the solid electrolyte, and TiS2 films deposited by condensed vapor deposition (CVD) as 
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the cathode. However, the extreme stiffness of the electrolyte material deterred it from 

fully accommodating the volume expansion of the cathode material upon lithium 

intercalation.  

 In 1988, Jourdaine et al.6 developed a microbattery comprising of Li|Li2O–

B2O3|V2O5–P2O5 or Li|Li2O–B2O3–P2O5|V2O5–TeO2 but the performance was poor due to 

low lithium diffusivity arising from the glassy nature of both the positive electrode 

(V2O5–P2O5 or V2O5–TeO2) and the electrolyte (Li2O–B2O3 or Li2O–B2O3–P2O5). In 

1989, Meunier et al.15 reported a promising microbattery that consisted of TiOxSy thin-

films (deposited by RF-sputtering) as cathodes, a sputter-deposited B2O3–0.8Li2O–

0.8Li2SO4 glass as electrolyte and a thermally evaporated lithium thin film as anode. It 

was in 1992 that Jones and Akridge16 reported the milestone work of a more functional 

thin-film microbattery. The microbattery was constructed using cathodic sputtering for 

deposition of chromium contacts, TiS2 cathode, and 6LiI-4Li3PO4–P2S5 solid electrolyte, 

whilst high-vacuum vapor deposition was used for the lithium thin-film anode.  

Although various other designs were reported17-21 with different cathode and electrolyte 

materials, it was the work of Bates et al.22, 23 in 1993 that made profound impact. Their cell 

designs consisted of Li-TiS2, Li-V2O5, and Li-LixMn2O4 couples with Li2.9PO3.3N0.46 (LiPON) 

as the solid electrolyte. The thin-film electrolyte was obtained by RF-magnetron sputtering of 

Li3PO4 in an N2 atmosphere. This solid electrolyte, having a conductivity of 2 µS cm–1 at 

room temperature, showed a good stability and thus it has become the widely adopted solid 

electrolyte for lithium-based microbatteries to date.  

 Conventionally, microbatteries are fabricated by a sequential layer-by-layer 

deposition of the cell components using physical-vapour-depositon (PVD) techniques, and 

they have quite small dimensions (~1000 mm3)24. The low output energy of a microbattery 

is simply a function of its size. They are generally called solid-state batteries as they are 
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composed of thin-film ceramic materials as anode, cathode and electrolyte5. The 

performance of thin-film batteries are commonly expressed in terms of energy or power 

per area (or volume), instead of per mass25.  

 
Figure 1 (a) Schematic of the internal configuration of a conventional (Planar) thin-film microbattery25; (b) An 

exemplary thin-film microbattery (courtesy of THI�ERGY™ MEC) 

 

 Figure 1a shows a schematic portraying the two-dimensional (2D) nature of 

conventional (thin-film) microbatteries, an exemplary commercial microbatteriy is also 

shown in Figure 1b. They comprise of a parallel configuration or a sandwich of a planar 

cathode and anode separated by an electrolyte. As a result of this 2D geometry, evidently, 

the microbatteries are not small enough. In addition, higher output energy/power densities 

are recently required of microbatteries, and eventhough this demand could be met by 

increasing the content of the active materials, it would simultaneously increase the 

dimensions or the areal footprint. However, as a result of the miniaturization of modern 

electronic devices, the size of microbatteries must be kept as small as possible (≤0.1 

(a)

(b)



 

cm3)24, 26, 27. This implies the 

3D architectures24, 28-31.  

 

Figure 2 Schematics of prospective 3
anodes; (b) interdigitated plane array of cathodes and anodes; (c) rod array of cylindrical
thin layer of electrolyte, and the remaining free volume filled with the
architecture in which the solid network o
with an ultrathin layer of electrolyte, and the remaining
anode31. 
 

 Achieving a three-dimensional (3D) thin

shift. The 3D design simply means

three dimensions27,28. Figure 

designs. Such 3D configuration

Chapter 1

4 

the reduction of the footprint of thin-film microbatteries through 

prospective 3D microbattery designs: (a) array of interdigitated cylindrical cathodes and 
array of cathodes and anodes; (c) rod array of cylindrical

the remaining free volume filled with the cathode material; (d) 
which the solid network of the sponge serves as the charge-insertion cathode, which is coated 

of electrolyte, and the remaining free volume filled with an interpenetrating

dimensional (3D) thin-film microbattery stands as a crucial paradigm 

shift. The 3D design simply means having anodes and cathodes with surface

Figure 2a-d shows schematics of prospective 3D microbattery 

3D configurations would make use of the out-of-plane dimension 

Chapter 1 : Introduction 

film microbatteries through 

 

cylindrical cathodes and 
array of cathodes and anodes; (c) rod array of cylindrical anodes coated with a 

cathode material; (d) aperiodic “sponge” 
cathode, which is coated 

filled with an interpenetrating (continuous) 

film microbattery stands as a crucial paradigm 

surfaces exposed in 

chematics of prospective 3D microbattery 

plane dimension instead of 
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just the in-plane surface of conventional thin-film microbatteries. Nanostructuration of 

electrode materials is one of the most promising approaches to realize this 3D paradigm of 

microbatteries, ensuring increased cell capacity and reduced areal footprint (i.e., square 

footage)31. Actually, nanostructuration of electrode materials is known to lead to higher 

energy densities because of increased effective surface area and short ion diffusion length 

between anode and cathode. Also, it is very suitable for sustaining mechanical and 

structural strain during electrochemical reactions29, 31, 32. 

 As yet, the 3D approach has not reached commercialization and there are not even 

many prototypes reported in literature. It was Nathan et al.
33 that first reported a 

‘functioning-full-3D’ li-ion microbattery based on a sandwich-like structure of 

conformally deposited thin-film electrodes, electrolyte and current collectors using wet 

chemistry. Golodnitsky et al.1, 34 proposed a 3D design of perforated silica-based 

substrates filled with current collector, cathode, electrolyte and anode materials. The 

materials were deposited by combined electrolytic methods and a series of spinning and 

vacuum impregnation steps. The silicon substrate perforated with high-aspect-ratio micro-

holes or micro-channels increased the active surface area by more than an order of 

magnitude and consequently the capacity. Baggetto et al.
27, 28 reported the most promising 

3D design based on a step-conformal successive deposition of Li-diffusion barrier layers, 

high energy density Si-anodes, solid-state electrolytes, cathodes and current collectors. In 

their design (Figure 3), a thin-film current collector covers a single crystal Si substrate. 

Anisotropic etching of the Si substrate led to a large surface area. A barrier layer was then 

deposited to protect the substrate from Li penetration, followed by a Si anode thin film, 

LiPON solid electrolyte, LiCoO2 cathode thin film and its current collector.  



 

Figure 3 Schematic of a 3D thin-film
etching (RIE) of a silicon substrate

Jeyaseelan and Rohan35 used lithographic techniques to pattern planar substrates to 

achieve 3D substrates for sequential deposition of electrode materials. 

proposed the carbon-microelec

as a possibility for fabricating 

ion microbattery based on a 

micropatterned LiPON/LiFePO

3D Li-ion microbattery consisting of a 

(selectively formed on interdigitated current collectors by 

PMMA gel electrolyte layer. 

 In addition to targeting high

fully adopt the “Li-ion” or the “rocking

microbatteries1, 28. This implies the combination of cathode materials such as LiCoO

LiMn2O4 or LiFePO4
39-41 with the wide range of possible anode materials that can react 

reversibly with lithium either by insertion

Cathode materials such as V2
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film (all-solid-state) Li-ion battery fabricated by electrochemical/r
tching (RIE) of a silicon substrate and conformally depositing the other components using 

chemical vapor deposition27. 
 

used lithographic techniques to pattern planar substrates to 

achieve 3D substrates for sequential deposition of electrode materials. 

microelectromechanical system (C-MEMS) microfabrication process 

as a possibility for fabricating 3D battery architectures. Lethien et al.37 

microbattery based on a micromachined silicon periodic nanopillar array

LiPON/LiFePO4 conformal layers. Recently, Yoshima 

microbattery consisting of a 3D Li4Ti5O12 anode and a 3D LiCoO

selectively formed on interdigitated current collectors by slip-casting

 

In addition to targeting higher energy densities, significant attempts are being made to 

ion” or the “rocking-chair” concept in the design of lithium

. This implies the combination of cathode materials such as LiCoO

with the wide range of possible anode materials that can react 

reversibly with lithium either by insertion42-44, alloying28, 32, 45, 46 or conversion

2O5 and TiOxSy are of considerable interest particularly with a 

Chapter 1 : Introduction 

 

by electrochemical/reactive ion 
and conformally depositing the other components using low pressure 

used lithographic techniques to pattern planar substrates to 

achieve 3D substrates for sequential deposition of electrode materials. Min et al.
36 

MEMS) microfabrication process 

 proposed a 3D Li-

silicon periodic nanopillar array and a 

 et al.38 reported a 

3D LiCoO2 cathode 

casting) separated by a 

attempts are being made to 

chair” concept in the design of lithium-based 

. This implies the combination of cathode materials such as LiCoO2, 

with the wide range of possible anode materials that can react 

or conversion47-50. 

are of considerable interest particularly with a 
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lithiated anode material to maintain the ‘Li-ion’ concept13, 51-53. As a matter of fact, the 

negative electrode material for thin-film microbatteries is of a great concern. All thin-film 

microbatteries utilize metallic lithium as anode and this is a major setback in fabrication 

and applications due to the low melting point and the strong reactivity of lithium. Metallic 

lithium is highly volatile and melts at about 181 ºC, a temperature usually lower than that 

applied during the re-flow soldering process widely used in the micro-electronic 

industries. In addition, an expensive packaging technology is always required due to the 

lithium anode53. Indeed, the importance of replacing the conventional microbattery design 

with the “Li-ion” or the “rocking-chair” technology cannot be overemphasized. 

 

1.2 Objectives 

Among all the potential anode materials, TiO2 nanotubes (TiO2nts) possess a spectacular 

characteristic for designing 3D Li-ion microbatteries. Actually, the ideal 3D microbattery 

designs schematically shown in Figure 2a-d have not been realized yet. So far, only 

interdigitated designs have been reported, by patterning one electrode material with 

lithography and/or ion etching techques and consecutively depositing the electrolyte and 

the second electrode material1, 27, 28, 34, 35, 54. It is in view of this that we have developed 

the interest to exploit the 3D nano-architecture of TiO2 nanotubes, given that the 

nanotubes are self-supported onto Ti-foil or Si-wafer substrates and the tubes’ top 

openings are large enough (or can be tailored) for the successive depositions of conformal 

thin-film electrolyte and cathode material and a non-conformal current collector as shown 

in Figure 4. It is also believed that a 3D design based on a conformal current collector is 

possible as schematically shown in Figure 5. 



 

Figure 4 The targeted 3D design with TiO
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he targeted 3D design with TiO2 nanotubes [Down: Cross-section; Up: top
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section; Up: top-view]. 



 

Figure 5 The second possible 
 

Besides the self-organised nano

nanotubes have been demonstrated t

materials) particularly at moderate kinetic rates

characteristics of TiO2 nanotubes, their overall performance can be improved for the 

potential design of high-performance 3D Li

rutile) effectively inserts only 0.5 Li

capacity of 168 mAh/g43, 55, 56

In this work, 
 

� TiO2 nanotubes and their 

electrochemical behaviour versus lithium w
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second possible 3D design with TiO2 nanotubes [Down: Cross-section; Up: top

organised nano-architecture, TiO2 is non-toxic and inexpensive, and the 

nanotubes have been demonstrated to exhibit very good capacity re

materials) particularly at moderate kinetic rates42, 43, 55. Despite these promising 

nanotubes, their overall performance can be improved for the 

performance 3D Li-ion microbatteries since TiO

rutile) effectively inserts only 0.5 Li+ per formula unit, corresponding to a theoretical 

43, 55, 56. 

and their derivatives will be synthesized and characterized, and their 

electrochemical behaviour versus lithium will be evaluated in lithium test cells.
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section; Up: top-view]. 

toxic and inexpensive, and the 

o exhibit very good capacity retention (as anode 

te these promising 

nanotubes, their overall performance can be improved for the 

ion microbatteries since TiO2 (anatase or 

per formula unit, corresponding to a theoretical 

be synthesized and characterized, and their 

be evaluated in lithium test cells. 



Chapter 1 : Introduction 

10 

 

� Electrodeposition of polymer electrolytes into the synthesized TiO2 nanotubes will be 

studied; the interphase morphology and the electrochemical behaviour of the resulting 

material will be evaluated and compared to similar TiO2 nanotubes with LiPON solid 

electrolyte deposited by RF-Magnetron sputtering. 
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CHAPTER TWO 

 

2. LITERATURE REVIEW 

 

2.1. Electrochemical Energy Storage 

 
The indispensability of electrical energy is such that its storage and transport must be 

effectively achieved. Capacitors allow its direct storage but in very small quantities in relation 

to the demand of most applications thus it also remains another interesting area of research 57, 

58. On the other hand, batteries suitably achieve this much coveted energy storage by 

employing chemical compounds as the storage media. In principle, a battery is a device that 

converts the chemical energy contained in its active materials directly into electrical energy 

by means of an electrochemical reaction. As the battery electrochemically converts chemical 

energy into electric energy, it is not subject, as are combustion or heat engines, to the 

limitations of the Carnot cycle dictated by the second law of thermodynamics. Batteries, 

therefore, are capable of having higher energy conversion efficiencies59.  

For a number of battery systems, the electrochemical process can be reversed and the 

battery recharged, i.e. the intake of electrical energy can restore the chemical composition that 

contains higher energy, and can closely re-establish the original structures within the battery.  

This leads to the following classification: 

i.  Primary batteries— which convert their chemical energy into electrical energy 

only once. 

ii. Secondary batteries— which are reversible energy converters and designed for 

repeated discharges and charges.  
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Figure 6 The electrochemical operation of a cell during (a) discharge (Galvanic), and (b) charge (Electrolytic)59. 
 

The term ‘‘battery’’ is often used but the basic electrochemical unit being referred to is the 

‘‘cell’’. A battery actually consists of at least two electrochemical cells connected in series or 

parallel, or both, depending on the desired output voltage and energy. 

The cell consists of three major components: 

1. The anode or negative electrode—which gives up electrons to the external circuit and 

is oxidized during the electrochemical reaction. 

2. The cathode or positive electrode—which accepts electrons from the external circuit 

and is reduced during the electrochemical reaction.  

3. The electrolyte—the ionic conductor (electronic insulator)—which provides the 

medium for transfer of charge, as ions, inside the cell between the anode and cathode. 
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The electrolyte is typically a liquid, such as water or other solvents, with dissolved salts, 

acids, or alkalis to impart ionic conductivity. Some batteries use solid electrolytes, which are 

ionic conductors at the operating temperature of the cell 59, 60. 

The operation of a cell during discharge is shown schematically, in Figure 6a. When the 

cell is connected to an external load, electrons flow from the anode (which is oxidized) 

through the external load to the cathode, where the electrons are accepted and the cathode 

material is reduced. The electric circuit is completed in the electrolyte by the flow of 

electroactive species to the anode and cathode, accordingly59. 

Assuming ‘M1’ and ‘M2’ are the cathodic and anodic materials respectively; the discharge 

reaction can be written as follows: 

Negative electrode:   ��     ⇌    ���� +  	
�  (1)  

Positive electrode: ����  +  	
�  ⇌    ��  (2)  

Overall reaction:             �� + ����  ⇌    ���� +  ��  (3)  

 

During the recharge of a rechargeable cell, the polarities are reversed and oxidation takes 

place at the anode (now the positive electrode) and reduction at the cathode (now the negative 

electrode), as shown in Figure 6b, the reactions are as follows: 

Negative electrode:  ���� +  	
�   ⇌   ��  (4)  

Positive electrode:   ��     ⇌    ���� +  	
�  (5)  

Overall reaction:              ��  +  ����   ⇌    ���� +  ��   (6)  

 

2.1.1. Theoretical Voltage 

 
During the operation of a cell, the anodic and cathodic reactions occur at electrode/electrolyte 

interfaces. Whenever a reaction occurs, there is a decrease in the free energy of the system, 
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and for a galvanic cell, this change in free energy as a result of the overall reaction is 

expressed as: 

∆�� =  −	�∆��  (7)  

 
Where, F = Faraday’s constant (96,500 C or 26.8 Ah) 

            n = �umber of electrons involved in stoichiometric reaction 

       ∆�� = Cell electromotive force (Standard cell potential, V) 

 

The standard potential of the cell is determined by the type of active materials contained in 

the cell. It can be calculated from free-energy data or obtained experimentally. The standard 

potential of a cell can be calculated from the standard electrode potentials as follows: 

Standard cell potential = cathode (reduction potential) – Anode (oxidation potential) 

∆�� =  ��,� − ��,�  (8)  

The cell voltage is then dependent on the standard cell potential as well as on other factors 

such as concentration and temperature as expressed by the Nernst equation: 

� = �� − ��
	� �� ���� × ���

� ! × �"#
$  (9)  

Where, ai = activity of relevant species 

R = gas constant 

T = absolute temperature for the reaction: aA + bB → cC + dD 

The change in the standard free energy, ∆��, of a cell reaction, is the driving force which 

enables a battery to deliver electrical energy to an external circuit. The measurement of the 

electromotive force, incidentally, also makes available data on changes in free energy, 

entropies and enthalpies together with activity coefficients, equilibrium constants, and 

solubility products. Direct measurement of single (absolute) electrode potentials is considered 

practically impossible. To establish a scale of half-cell or standard potentials, a reference 
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potential ‘‘zero’’ must be established against which single electrode potentials can be 

measured. By convention, the standard potential of the H2/H
+

(aq) reaction is taken as zero and 

all standard potentials are referred to this potential59. 

 

2.1.2. Theoretical Capacity 

 
The theoretical capacity of a cell is determined by the amount of active materials in the cell. It 

is expressed as the total quantity of electricity involved in the electrochemical reaction and is 

defined in terms of coulombs or ampere-hours. The ‘‘ampere-hour capacity’’ of a battery is 

directly associated with the quantity of electricity obtained from the active materials. 

Theoretically, 1 gram-equivalent weight of material will deliver 96,487 C or 26.8 Ah. (A 

gram-equivalent weight is the atomic or molecular weight of the active material in grams 

divided by the number of electrons involved in the reaction) Similarly, the ampere-hour 

capacity on a volume basis can be calculated using the appropriate data for ampere-hours per 

cubic centimetre59. 

 

2.1.3. Theoretical Energy 

 
The capacity of a cell can also be considered on an energy (watthour) basis, by taking both the 

voltage and the quantity of electricity into consideration.  

Watthour (Wh) = voltage (V) × ampere-hour (Ah)  (10) 

This theoretical energy value corresponds to the maximum energy that can be delivered by a 

specific electrochemical system59. 

 

 



 

2.2. The Lithium-ion (Li

 
It is an undisputable fact that 

quite promising performance of lithium primary batteries since the 1970s

shown a schematic of a Li secondary cell during discharge

batteries delivered outstanding energy densities, the problem of dendrite growth and the 

concomitant short circuit/explosion posed severe safety issues. 

were developed. Lithium-ion batteries are made of cells that employ lithium intercalation 

compounds as the positive and negative electrode

negative electrode materials for lithium

and graphite (also a layered material) respectively, with current collectors of aluminium 

(cathode) and copper (anode)

electrochemical process that occur

exchanged between the positive a

(electronically insulating) electrolyte

 

Figure 7 Schematic representation of 
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ion (Li-ion) Technology 

 the interest in lithium secondary batteries wa

performance of lithium primary batteries since the 1970s

chematic of a Li secondary cell during discharge. Although the 

batteries delivered outstanding energy densities, the problem of dendrite growth and the 

ort circuit/explosion posed severe safety issues. Hence, lithium

ion batteries are made of cells that employ lithium intercalation 

compounds as the positive and negative electrodes. The conventional positive electrode 

negative electrode materials for lithium–ion batteries are LiCoO2 (with a layered structure) 

and graphite (also a layered material) respectively, with current collectors of aluminium 

(cathode) and copper (anode)59. Figure 8 shows a schematic of the “rocking

that occurs in a Li-ion cell during discharge. The lithium

exchanged between the positive and negative electrodes via a lithium

(electronically insulating) electrolyte, as described in Eqs. (11)-(13).  

Schematic representation of a Li secondary cell during discharge
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ithium secondary batteries was as a result of the 

performance of lithium primary batteries since the 1970s59. In Figure 7 is 

Although the Li secondary 

batteries delivered outstanding energy densities, the problem of dendrite growth and the 

ithium-ion batteries 

ion batteries are made of cells that employ lithium intercalation 

he conventional positive electrode and 

(with a layered structure) 

and graphite (also a layered material) respectively, with current collectors of aluminium 

a schematic of the “rocking–chair” 

ion cell during discharge. The lithium–ions are 

lithium conducting 

 

cell during discharge. 
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Like most innovations, numerous scientists worldwide contributed to the development of 

the lithium-ion technology. Before the studies of Whittingham and co-workers13, 61-63 from 

1975 on the reversible intercalation of lithium into titanium disulfide, Bell labs had already 

developed works on the reversible reaction of lithium with metal chalcogenides in the early 

1970s64, 65. After a few years, the electrochemical intercalation of lithium into graphite was 

demonstrated by Basu et al.66, 67, and Yazami R. and Touzain P.68. It is important to note that 

over the same period, Besenhard et al. 69-73 did several studies on the reversible intercalation 

of alkali metals into graphite and cathodic oxides, demonstrating their possible energy storage 

characteristics. Not long after, the idea of replacing metallic lithium anode by an insertion 

material for a safer rechargeable energy source was realized in the laboratory by Murphy et 

al.
74 and Scrosati et al.

75. Most importantly however, it was Bell labs that developed the first 

rechargeable battery (in 1980) fully based on intercalation chemistry–avoiding a metallic 

lithium anode and the concomitant safety issues76. The battery was based on a fused-salt 

electrolyte, and the positive electrode material was open to any of FeS, FeS2, TiS2, NbSe3, 

CuS, and NbS2, with a Li intercalated graphite as the negative electrode. Later, Goodenough 

and co-workers77, 78 reported the milestone work on reversible insertion of lithium into 

LixCoO2 and manganese spinels, and as a result, Yoshino et al.79 assembled a prototype cell 

using a carbonaceous material as anode and a layered oxide material such as LiCoO2 as the 

cathode. Finally, it was in 1991 that the first commercial rechargeable lithium-ion battery 

operating at room temperature with a graphite anode and a LiCoO2 cathode was released by 

Sony80, 81. 

Since then, lithium–ion batteries have come to stay, and their impact in the world of 

portable electronics cannot be overemphasized. Among all the existing secondary batteries, 

lithium ion (Li-ion) batteries are being given substantial attention to date because of their 



 

striking performance characteristics such as high energy density, absence of toxic metals 

(such as lead or cadmium), and lack of memory effect. 

 

Figure 8 Schematic representation of 
 

Positive: 

�egative: 

Overall: 

 

Concerning the electrolyte for lithium

established: liquid, gel, polymer, and ceramic electrolytes. Liquid electrolytes are solutions of 

a lithium salt in organic solvents, typically carbonates. A polymer elect

solvent-free material, where an ionically conducting phase is formed by dissolving a salt in a 

high molecular weight polymer, whereas a gel electrolyte is an ionically conductive material 
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striking performance characteristics such as high energy density, absence of toxic metals 

(such as lead or cadmium), and lack of memory effect.  

Schematic representation of a Li-ion cell during discharge
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Concerning the electrolyte for lithium–ion batteries, four different 

established: liquid, gel, polymer, and ceramic electrolytes. Liquid electrolytes are solutions of 

a lithium salt in organic solvents, typically carbonates. A polymer electrolyte is a liquid

free material, where an ionically conducting phase is formed by dissolving a salt in a 

high molecular weight polymer, whereas a gel electrolyte is an ionically conductive material 
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striking performance characteristics such as high energy density, absence of toxic metals 

 

ion cell during discharge. 


� (11) 

(12) 

�'� (13) 

our different kinds have been 

established: liquid, gel, polymer, and ceramic electrolytes. Liquid electrolytes are solutions of 

rolyte is a liquid- and 

free material, where an ionically conducting phase is formed by dissolving a salt in a 

high molecular weight polymer, whereas a gel electrolyte is an ionically conductive material 
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wherein a salt and a solvent are dissolved or mixed with a high molecular weight polymer. 

Gel electrolytes developed for Li-ion batteries are typically films of PVDF-HFP, LiPF6 or 

LiBF4 salt, and carbonate solvent. Fumed silica may be added to the PVDF-HFP film for 

additional structural integrity. Potential advantages of polymer electrolytes include improved 

safety properties resulting from their low volatility and high viscosity, as they do not contain a 

volatile flammable solvent component. A possible advantage of gel electrolytes is that the 

liquid phase is absorbed within the polymer, thus less likely to leak from a battery; however, 

in a typical Li-ion battery employing a liquid electrolyte, the electrolyte is almost completely 

absorbed into the electrode and separator materials. Generally, gel electrolytes are often 

termed gel-polymer electrolytes, and cells that employ gel (or gel-polymer) electrolytes are 

termed gel-polymer or simply polymer cells. Ceramic electrolytes refer to inorganic solid-

state materials that are ionically conductive and electronically insulating59. 

Although different anode and cathode materials are imperative for unprecedented 

performance, Li-ion batteries are still envisaged as the best energy storage systems with 

several characteristic advantages relative to other types of secondary batteries:  

1.  High specific energy (~150 Wh/kg) and energy density (~400 Wh/L) which makes 

them attractive for weight or volume sensitive applications.  

2. High coulombic and energy efficiency. 

3. No memory effect. 

4. Low self-discharge rate (2% to 8% per month) thus long shelf life. 

5. Long cycle life (greater than 1000 cycles). 

6. A broad temperature range of operation (charge at -20 °C to 60 °C, discharge at -40 °C 

to 65 °C), enabling their use in a wide variety of applications.  
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7. Single cells typically operate in the range of 2.5 to 4.2 V, approximately three times 

that of NiCd or NiMH cells, and thus require fewer cells for a battery of a given 

voltage. 

8. Li-ion batteries can offer high rate capability. Discharge at 5C continuous, or 25C 

pulse, has been demonstrated.  

 

Nevertheless, Li-ion batteries have some shortcomings in that they degrade when discharged 

below 2 V and may vent when overcharged as they do not have a chemical mechanism to 

manage overcharge, unlike aqueous cell chemistries. Li-ion batteries typically employ 

management circuitry and mechanical disconnect devices to provide protection from over-

discharge, overcharge or over-temperature conditions. Also, Li-ion batteries permanently lose 

capacity at elevated temperatures (65 °C) but at a lower rate than most NiCd or NiMH 

products59. 

 

 

 

 

2.3. Titanium Dioxide 

 

2.3.1. Occurrence, Properties and Applications 

Titanium dioxide (TiO2) occurs naturally in three main polymorphic forms (well-known 

minerals): anatase (space group: I41/amd), rutile (space group: P42/mnm) and brookite (space 

group: Pbca)82. Moreover, TiO2 adopts five other crystal structures which generally do not 

occur in nature but can be synthesized chemically:  
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I. TiO2 II (columbite or α-PbO2-like structure) space group: Pbcn); synthesized 

either by a high-pressure treatment of anatase or rutile 83. 

II. TiO2 III (baddeleyite-like structure”, space group: P21/c); also synthesized 

either by a high-pressure treatment of anatase or rutile83. 

III. TiO2 (H) (hollandite-like structure”, space group: I4/m); synthesized by 

topotactic oxidative extraction of potassium from K0.25TiO2 (hollandite)84.  

IV. TiO2 (R) (“ramsdellite-like structure”, space group: Pbnm)85; synthesized by 

topotactic oxidative extraction of lithium metal from Li0.5TiO2 (ramsdellite), 

and  

V. TiO2 (B) (bronze, space group: C2/m); synthesized by topotactic oxidative 

extraction of potassium from K2Ti4O9 (bronze)86. Naturally occurring TiO2 (B) 

has recently been found in Valais, Switzerland87. 

TiO2 is a material known to be of profound industrial significance since time immemorial 

but of course, most of the desired applications are sensitive to certain specific polymorphic 

forms. TiO2 is inexpensive, environmentally friendly and corrosion resistant, and finds 

applications in paint pigments88, sunscreens89, photocatalysis (oxidation of organic pollutants, 

water splitting, air purification etc.)90, 91, electrocatalysis (oxidation of organic pollutants)92, 

sensors93, electrochromic devices94, 95, photovoltaics96, 97 and lithium-ion batteries98, 99. 

Irrespective of the polymorphic form, TiO2 is an n-type semiconductor and that is the reason 

for its vast and versatile functionalities. TiO2 tends to be oxygen-deficient at ambient 

temperature and pressure, and the material is thus an n-type semiconductor according to the 

defect equilibrium given below in Kröger-Vink notation100: 

'
2

ºº 2
2
1

eOVO oo ++→   (14) 

Moreover, TiO2 is an indirect (wide) bandgap semiconductor and the bandgap value varies 

with respect to the polymorphic form. The indirect bandgap values are 3.2 eV for anatase and 
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3.0 eV for rutile101-103. In all cases however, the bandgap values are sensitive to crystallinity 

and quantum size effects. It is worth mentioning that unfortunately, not much bandgap 

information is reported for the other polymorphs of TiO2
104. 

 

2.3.2. Structural Description for Anatase, Rutile and Brookite 

Anatase  

The anatase crystal structure is body-centered tetragonal, space group I41/amd. Information 

about the ionic occupancy is provided in Table 1. The lattice parameters are: a = 3.785 Å and 

c = 9.514 Å (JCPDS: 21-1272) as given in Table 2. In the lattice, titanium atoms occupy the 

4a octahedral sites whereas oxygen atoms occupy the 8e tetrahedral sites.  

Table 1 Occupancy in the anatase TiO2 structure 
Atom Wyckoff 

�otation 

Atomic 

positions 

Occupancy Environment 

Ti 4a 0; 0; 0 100% Octahedral 
O 8e 0; 0; 0.208 100 % Tetrahedral 
 4b 0; 0; 1/2 – Octahedral 

 

It consists of TiO6 octahedra that are connected by their edges. Each octahedral shares 4 edges 

in the ab-plane, leading to large void channels perpendicular (┴) to the c-axis as shown in 

Figure 9. It is in these voids or interstitial sites that lithium ions for example, are inserted upon 

electrochemical reaction with lithium105, 106. 

 



 

Figure 
 

Rutile 

The rutile form of TiO2 is also

lattice parameters are: a = 4.593

is composed of TiO6 octahedra which share edges along the

plane as shown in Figure 10. Every octahedron shares 2 edges with other octahedra
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Figure 9 Co-ordination of TiO6 octahedra in anatase 

is also tetragonal but primitive, with space group 

93 Å and c = 2.959 Å (JCPDS: 21-1276) as given in 

octahedra which share edges along the c-direction and corners in the 

Every octahedron shares 2 edges with other octahedra
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space group P42/mnm. The 

as given in Table 2. It 

direction and corners in the ab-

Every octahedron shares 2 edges with other octahedra105, 106. 



 

Figure 
 

Brookite 

The brookite form of TiO2 is Orthorhombic, with space group 

are: a = 5.456 Å, b = 9.182 Å, 

TiO6 octahedra share edges and corners 

edges with other octahedra105, 106
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Figure 10 Co-ordination of TiO6 octahedra in rutile 

is Orthorhombic, with space group Pbca. The lattice parameters 

b = 9.182 Å, and c = 5.143 Å (JCPDS: 29-1360) as given in 

octahedra share edges and corners as shown in Figure 11. Every octahedron shares 3 

105, 106. 
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. The lattice parameters 

as given in Table 2. The 
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Figure 
 

Table 2 Crystallographic data for the 3 main

Polymorph Space group

Anatase I41

Rutile P42

Brookite P

 

 

2.3.3. Titanium Dioxide 

 
Ever since carbon nanotubes (CNTs) were discovered by Iijima as an electron microscopic 

marvel in 1991107, there have been 

of CNTs due to their exciting 

mechanical strength, quantum confinement effects etc.)

triggered countless worldwide 
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Figure 11 Co-ordination of TiO6 octahedra in brookite 

the 3 main TiO2 polymorphs 

Space group Lattice 

Parameters 

Z(motif) Density, 

1/amd 
a = 3.785 Å,  
c = 9.514 Å 

4 

2/mnm 
a = 4.593 Å,  
c = 2.959 Å 

2 

Pbca 
a = 5.456 Å, 
b = 9.182 Å, 
c = 5.143 Å 

8 

ioxide �anotubes (TiO2nts) 

Ever since carbon nanotubes (CNTs) were discovered by Iijima as an electron microscopic 

been immense activities related to the synthesis and applications 

due to their exciting physicochemical properties (ballistic conduction, 

mechanical strength, quantum confinement effects etc.). The discovery of CNTs has 

countless worldwide research on other one-dimensional (1D) nano
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nanomaterials such as 
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inorganic nanotubes, nanowires, and nanoribbons101. To date, it is the nanotubes of metal–

oxides that are receiving substantive attention as a result of their peculiar electronic, optical, 

magnetic and electrochemical properties. For example, titanium dioxide nanotubes (TiO2nts) 

produced by electrochemical (anodization108, 109) or chemical (template-assisted110, 111, sol–gel 

and hydro/solvothermal112, 113) routes have been shown to be extremely useful. Actually, the 

former synthesis route tends to be much more beneficial as it leads to self-supported 

nanotubes. 

The electrochemical synthesis of TiO2 nanotubes is reckoned to have started in 1979 

when Kelly114 reported on the influence of fluoride ions on the passive dissolution of titanium 

and resolved that the film consisted of polycrystalline TiO2. Although possible nano-

structuration was not mentioned by Kelly, it most probably could have been as a result of 

microscopy limitations or un-optimized experimental conditions. It was not until 1999 that 

Zwilling et al.115, 116 reported the milestone work of fairly-organized porous structures by 

anodization of titanium and titanium-aluminium alloy in an electrolyte of chromic acid and 

hydrofluoric acid. And since 2001, significant advancements of the initial works of Kelly and 

Zwilling were achieved, formation of self-organised TiO2 nanotubes were reported with 

fluorine-containing electrolytes of H3PO4, H2SO4, Na2SO4, H3BO3, glycerol and ethylene 

glycol100, 101, 108, 117-120. Ever since this novel material was reported, its impact in materials 

science has been enormous, with applications in energy storage42, 43, 45, 121, photovoltaics122, 

123, sensors124, catalysis125 etc. 

 

2.3.3.1. Mechanism of Formation of TiO2nts by Electrochemical Anodization 

 

It has been established that in the fabrication of TiO2 nanotubes by potentiostatic anodization, 

the applied potential and the electrolyte composition play very important roles101, 108. With a 



 

suitable potential and a fluoride

obtained with a typical current

whilst TiO2 nanotubes would be

current–time profile represented in a solid line (

 

Figure 12 Typical current–time (j–t) curves recorded during the potentiostatic anodization of Ti in fluoride
(

 

The current–time profile characteristic of TiO

four (i-iv) stages as shown in 

also schematically given in Figure 

passivation of the titanium surface, according to Eq. 

potential. The current density then increases 

pits on the formed barrier oxide layer by a chemical

concomitant increase in surface area. Afterwards, the current density decreases (stage iii) as 

the pits grow into uniformly–

the reacting ionic species. Finally, the pores grow into nanotubes at stage iv, where the current 
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suitable potential and a fluoride-free electrolyte, a compact (non-porous) TiO

obtained with a typical current–time profile represented in a dashed line (

would be formed in fluoride-containing electrolytes with a typical 

e profile represented in a solid line ( ) in Figure 12.  

t) curves recorded during the potentiostatic anodization of Ti in fluoride
) and fluoride-containing ( ) electrolytes. 

time profile characteristic of TiO2 nanotubes formation can be divided into 

iv) stages as shown in Figure 1242, 108. The corresponding stepwise

Figure 13a-f. In stage i, the current decays due to instantaneous 

f the titanium surface, according to Eq. (15), immediately after applying the 

The current density then increases (after ∼150 s; stage ii) due to the formation of 

barrier oxide layer by a chemical dissolution mechanism (Eq. 

concomitant increase in surface area. Afterwards, the current density decreases (stage iii) as 

–spread pores over the surface and increase diffusion length for 

the reacting ionic species. Finally, the pores grow into nanotubes at stage iv, where the current 
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containing electrolytes with a typical 

 

t) curves recorded during the potentiostatic anodization of Ti in fluoride-free 

nanotubes formation can be divided into 

stepwise morphologies are 

. In stage i, the current decays due to instantaneous 

, immediately after applying the 

stage ii) due to the formation of 

echanism (Eq. (16)) and the 

concomitant increase in surface area. Afterwards, the current density decreases (stage iii) as 

over the surface and increase diffusion length for 

the reacting ionic species. Finally, the pores grow into nanotubes at stage iv, where the current 
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becomes almost constant as a result of a competition between electrochemical oxide 

formation and chemical dissolution. 

 

−+ ++→+ eHTiOOHTi 442 22   (15) 

 OHTiFHFTiO 2
2

62 246 +→++ −+−   (16) 

 SHE
o VEeTiTi /

2 63.1;2 −=+→ −+   (17) 

SHE
o VEeHTiOOHTi /22

2 502.0;242 −=++→+ −++   (18) 

 

The basic processes responsible for anodic formation of nanoporous alumina126-129 and 

titania115, 130 appear to be the same, and are fundamental to the formation of vertically oriented 

titania nanotubes. The key processes are: (i) Oxide growth at the surface of the metal occurs 

due to enhanced interaction of the metal with O2- anions (generated by field-assisted de-

protonation of H2O or OH-). Although the titanium oxide formation is commonly described 

by Eq. (15), it is thermodynamically a two-step process, that is, Eq. (15) is a sum of Eq. (17) 

and Eq. (18), leading to Eo = –1.066 V/SHE. Once the initial oxide layer is formed, O2- anions 

migrate through the oxide layer to the metal/oxide interface for further reaction with the 

metal, as shown in Figure 14. (ii) Ti4+ cations migrate from the metal/oxide interface towards 

the oxide/electrolyte interface under the existing electric field, as shown in Figure 14. (iii) 

Field-assisted dissolution of the oxide occurs incessantly at the oxide/electrolyte interface129, 

131. Due to the applied electric field, the Ti–O bond undergoes polarization and is 

weakened, promoting dissolution of the metal cations132, 133. (iv) Chemical dissolution or top-

etching of the oxide also takes place at the oxide/electrolyte interface (according to Eq. (16)) 

as a function of the concentration of the F– anions in the electrolyte. The chemical dissolution 

effect of the F– anions plays a key role in the formation of nanotubes instead of a non-porous 

or a nanoporous layer108.  
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Figure 13 Schematic depicting the stages of formation of TiO2 nanotubes during potentiostatic anodization: (a) 
starting metal, (b) initial oxide layer, (c) pits formed on the oxide layer, (d) pits grown into convex–shaped 
pores, (e) voids develop via field assisted dissolution, and (f) front view of a fully developed nanotube array108.  
 

During the anodization process, the rate of oxide growth at the metal/oxide interface and 

the rate of oxide dissolution at the oxide/electrolyte interface ultimately become equal and 

thereafter, the thickness of the barrier layer remains unchanged although it moves further into 

the metal –making the pores deeper as schematically shown in Figure 14. When nanotubes are 

formed, the thickness of the tubular layer ceases to increase as soon as the chemical 

dissolution rate of the oxide at the mouth of the tubes (top surface) becomes equal to the rate 

of inward movement of the metal/oxide boundary at the base of the tubes. Higher anodization 

voltages enhance the rates of oxidation and field-assisted dissolution and consequently, much 

thicker nanotubular–layers can be formed before equilibrating with the chemical dissolution. 

It has also been found that the nanotube diameter (d) increases with the applied voltage (V) by 

d [nm] = k×V, where k equals 2×fg; fg being the growth factor for anodic oxides and typically 
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between 2 and 2.5 nmV−1 for TiO2 films102. Furthermore, no nanotubes can be formed if the 

chemical dissolution is too high or too low. Hence, controlling the F– concentration is 

essential in achieving the desired nanotubes. Longer or shorter nanotubes can be obtained 

depending on the F– concentration and also depending on if acidic electrolytes or viscous 

electrolytes are used55, 101, 108. 

 

 

Figure 14 A schematic representation of the oxidation and etching processes that occur during the anodic growth 
of TiO2 nanotubes109. 

 

It is important to note that self-organized nanotubes are formed because both voids and 

pores grow in equilibrium108. And the transition from a porous to nanotubular morphology 

during the anodization process has been proven to be initiated by the splitting (separation) of 

the pores along the pore frames (cell boundaries) as shown in Figure 15a-b. Actually, the cell 

boundaries are believed to be sensitized by a rapid accumulation of fluoride species, and 

consequently prone to chemical dissolution101, 134. The accumulation of fluoride species in the 
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pore walls is believed to be due to the fact that F– anions migrate twice as fast as O2– anions in 

the high-field barrier oxide (pore bottom), leading to fluoride–rich layers at the metal/oxide 

interfaces (Figure 15a-b)135-137.  

 

 

Figure 15 Schematic representation of (a) porous TiO2 with fluoride-rich layers accumulated by plastic flow 
during anodization [Down: Cross-section; Up: top-view]; and (b) developing TiO2 nanotubes [Down: Cross-

section; Up: top-view] after dissolution of fluoride-rich layers. 
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As the fluoride–rich layer develops, it gradually gets displaced into

boundaries). This displacement is believed to be caused by the plastic

towards the pore walls101, 138

Electron Spectroscopy (AES) to demonstrate that a 

the tube walls of as-anodized TiO

 

Figure 16 Schematic representation
corresponding 

 

Apart from the applied potential and the fluoride concentration, the w

electrolyte also has a pronounced

content indeed controls the rates of oxide formation

during the growth of the nanotubes. 

nanotubes of very smooth walls
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rich layer develops, it gradually gets displaced into the inter

boundaries). This displacement is believed to be caused by the plastic

101, 138-141. Berger et al.134 used spatial resolution scanning Auger 

Electron Spectroscopy (AES) to demonstrate that a fluoride–rich layer still

anodized TiO2 nanotubes.  

Schematic representations of a smooth TiO2 nanotube (a) and a rugous TiO2 nanotube (b)
corresponding exemplary SEM images (c: 2% H2O, d: 10% H2O). 

Apart from the applied potential and the fluoride concentration, the w

also has a pronounced impact on the morphology of the nanotubes.

rates of oxide formation and oxide etching (chemical dissolution

of the nanotubes. Strikingly, electrolytes of lower water contents lead

smooth walls (Figure 16 a and c), whereas significant side wall ripples are 
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the inter-pore frames (cell 

boundaries). This displacement is believed to be caused by the plastic-flow of the oxide 

used spatial resolution scanning Auger 

rich layer still existed in between 

 

nanotube (b); with the 
 

Apart from the applied potential and the fluoride concentration, the water content of the 

the morphology of the nanotubes. The water 

(chemical dissolution) 

electrolytes of lower water contents lead to 

side wall ripples are 
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formed with higher water contents43, 100, 109, 119, 142-144. The reason being that for higher water 

contents, the fluoride-rich layers between the tubes show a faster etching rate (chemical 

dissolution) than the growth rate of the oxide into the underlying substrate. The ripples on the 

walls of such nanotubes (Figure 16 b and d), therefore, represent the footprint of the number 

of rapid dissolutions (of the fluoride-rich layers) that occurred during the anodization process.  

Another important parameter in the fabrication of TiO2 nanotubes by electrochemical 

anodization is the pH of the electrolyte. In acidic electrolytes (low pH), top etching proceeds 

much faster and thus the tubes have lengths limited to 500–900 nm42, 43. In neutral 

electrolytes, 2–4 µm thick nanotubes can be obtained owing to reduced top etching101, 145. 

However, top etching is greatly mitigated in viscous electrolytes (glycerol or ethylene glycol 

based systems), leading to very thick (up to7 µm) nanotubes 142, 146. Concerning the 

anodization technique, it has been proven that although tubes can in principle, be grown by 

galvanostatic (constant current) anodization 147, the method has the drawback that the voltage 

may change with time and the control over the tubes’ morphology would be lost. In the work 

of Taveira et al.
147, it was demonstrated that during constant current anodization, the voltage 

indeed increases and fluctuates with time. It was also confirmed that tubular growth occurred 

up to a critical voltage after which the layer exfoliated and a new layer began to form. Other 

techniques such as voltage pulse anodization148 or sono-electrochemical anodization149 have 

some interesting effects but the nature of the resulting nanotubes are not overly different from 

the conventional constant voltage routes.  

By optimizing the electrochemical conditions, organized nanotubular or nanoporous 

structures can be developed for several other valve metals such as Zr150, 151, Hf152, 153, W154, 

Nb155, 156, Ta157-159, V160, 161 and now, the technique is evolving to be transferrable to other 

transition metals162-164 and even alkali earth metals165.  
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CHAPTER THREE 

3. MATERIALS A�D EXPERIME�TAL  

 

3.1. Thin Film Deposition by Physical Vapour Deposition (PVD) 

Metallic targets (Ti, Fe and Sn, 99.9% pure) were supplied by Sigma-Aldrich. In addition to 

depositing pure Ti thin films, co-sputtering was employed for Fe or Sn incorporation into the 

Ti thin films when it was desired. For the co-sputtering, Ti, Fe or Sn targets were cut into the 

right proportions (considering the sputtering rates of Ti, Fe or Sn in relation to the anticipated 

thin film composition), cleaned and assembled in a target holder with the aid of a silver paste 

as schematically shown in Figure 17.  

 

 
Figure 17 Schematic representation of target preparation for incorporating Fe or Sn into Ti thin films by co-

sputtering and substrate rotation. 
 

The target, after drying overnight at room temperature, was inserted into the PVD chamber. 

Mirror polished silicon wafers (p-type Si with a resistivity of 1–10 Ωcm [WaferWorld, Inc.]) 

were cut to size (along the (100) crystallographic plane) and cleaned by sonicating 

sequentially with acetone, isopropanol, and methanol, for 10 min each. Any oxide layer was 

then removed by dipping the Si wafers in HF solution of 1 wt % for 1 min followed by rinsing 



 

with distilled water and drying with compressed air. The cleaned Si substrates were 

immediately inserted into the PVD chamber which was subsequently pumped for a high 

vacuum (10-6 mbar).  

Thin films (Ti or Ti-Fe or Ti-Sn

onto the silicon substrates. The substrates were constantly rotated (360°) during the deposition 

to ensure a uniform thin film composition. An ultrapure Ar

the deposition chamber at a pressure of 6 × 10

150 mA.  

 

3.2. Anodization Experiments

 

Figure 18 Schematic representation of the
 

Anodization was carried out by applying a constant voltage 

to Ti foils (99.9% pure), Sn foil

required period of time in a conventional two electrode cell using PARSTAT 2273 

potentiostat/galvanostat. A platinum foil counter electrode was used

electrodes were kept 3 cm apart and the electrolyte
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with distilled water and drying with compressed air. The cleaned Si substrates were 

immediately inserted into the PVD chamber which was subsequently pumped for a high 

Sn) of ~1.8 µm thickness were deposited by cathodic sputtering 

onto the silicon substrates. The substrates were constantly rotated (360°) during the deposition 

to ensure a uniform thin film composition. An ultrapure Ar atmosphere was maintained inside 

the deposition chamber at a pressure of 6 × 10-4 mbar during the deposition with a current of 

xperiments 

Schematic representation of the cell used for the electrochemical experiments

Anodization was carried out by applying a constant voltage (5 or 20 or40 V

Sn foils (99.9% pure) or thin films (Ti or Ti–Sn

in a conventional two electrode cell using PARSTAT 2273 

potentiostat/galvanostat. A platinum foil counter electrode was used (see

ctrodes were kept 3 cm apart and the electrolyte was either aqueous (

: Materials and Experimental  

with distilled water and drying with compressed air. The cleaned Si substrates were 

immediately inserted into the PVD chamber which was subsequently pumped for a high 

) of ~1.8 µm thickness were deposited by cathodic sputtering 

onto the silicon substrates. The substrates were constantly rotated (360°) during the deposition 

atmosphere was maintained inside 

deposition with a current of 

 

electrochemical experiments.  

V, where necessary) 

Sn or Ti–Fe) for the 

in a conventional two electrode cell using PARSTAT 2273 

(see Figure 18). The 

was either aqueous (1 M H3PO4 + 1 M 
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NaOH + 0.4 wt% HF) or viscous (88.7 wt% glycerol + 1.3 wt% NH4F + 10 wt% H2O) 

depending on the nature of the working electrode (Ti foil, Sn foil or Ti/Ti–Sn/Ti–Fe thin 

films).  

 

3.3. Electrodeposition 

Metal electrodeposition was carried out on TiO2nts layers using aqueous electrolytic baths 

containing Co2+ or Ni2+ electroactive species. The bath (pH = 5) consisted of a mixture of 

0.09 M CoSO4 (Sigma-Aldrich, 98%) or 0.09 M NiSO4 (Sigma-Aldrich, 97%) and 0.1 M 

(NH4)2SO4 (Alfa Aesar, 99%) solutions prepared with ultrapure water (18 MΩcm). The 

electrodeposition experiments were carried out galvanostatically using an EG&G PARSTAT 

2273 potentiostat/galvanostat with a current density of -2.6 mAcm-2 during a short time (120 

s). The deposition solutions were de-aerated under nitrogen flow for 10 minutes. A platinum 

foil counter electrode and an Ag/AgCl reference electrode were used. 

 

3.4. Thermal Treatments, XRD, SEM, EDS and TEM 

Optional thermal treatments at 400–500 ºC (depending on the material) were performed in air 

during 4 h. X-ray diffraction patterns were recorded (with a step-time of 10 s and step size of 

0.02º) at room temperature using a Siemens D5000 diffractometer with Cu Kα radiation (λ = 

1.5406 Å). EDS analysis and scanning electron microscopy imaging were carried out with a 

Philips XL-30 FEG SEM. For transmission electron microscopy, the nanotubes were carefully 

scratched directly onto copper grids and the imaging was done using a JEOL 2010F 

transmission electron microscope. 

 

3.5. Polymer Deposition and Characterization (FTIR, GPC, �MR and Mass 

spectrometry) 

Samples of nanotubes were used as the working electrodes for electropolymerization by 
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cyclic voltammetry, which involved sweeping at 25mV/s from 0V to -2.5V with a reverse 

scan using saturated calomel electrode (SCE) as reference. Cathodic polarization curves 

were recorded using EG&G PARSTAT 2273 potentiostat/galvanostat. The electrolyte was 

a 0.035M lithium bis(trifluoromethanesulfone)imide (LiTFSI) aqueous solution. Lithium 

bis(trifluoromethanesulfone) imide, LiN(CF3SO2)2, (LiTFSI) is the prototype of a new 

family of bulky lithium salts with bulky anions combining great charge delocalization 

favourable forionic dissociation in a solvating polymer such as PEO, good chemical, 

electrochemical and thermal stabilities and also a plasticizing effect which decreases the 

crystallinity of the host polymer and enhances ionic mobility easier. This LiN(CF3SO2)2 

salt with 99.0% purity was used as received from Sigma-Aldrich. After purging the 

electrolyte solution with nitrogen gas for 10 minutes, 2g of PEO-functionalized methyl 

methacrylate monomers (MMA-(PEO)n with n=475 used as received from Aldrich) was 

added. After electropolymerization, the samples were dried in an oven at 60ºC to remove 

the residual water content of the polymer. 

FTIR spectroscopy in the range of 4000 to 400 cm-1 was performed using Equinox 55 

Brucker in the diffuse reflectance mode. 

1H NMR spectra were determined on a Bruker Advance DPX 400 MHz spectrometer of 

the Spectropole of Aix Marseille University at room temperature in 5 mm o.d. tubes. The 

1H chemical shifts were referenced to the solvent peak: CDCl3 (7.26 ppm). The 

determinations of polymer molecular weights and molecular weight distribution were 

performed on a system composed of a Waters 717 plus auto-sampler, a Waters 600 system 

controller and a Waters 600 fluid unit and two detectors: A waters 2414 differential 

refractometer and a UV/visible detector Waters 486, both used at 40 °C. THF + 0.25%vol 

toluene was used as eluent at a flow rate of 0.7 mL.min-1 after filtration on Alltech nylon 

membranes with a porosity of 0.2 µm. The column oven was kept at 70 °C, and the 
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injection volume was 20 µL. Two ResiPore columns (600 mm, 7.5 mm), Polymer 

Laboratories, were used in series. The system was calibrated using PS standards 

(Standards Varian Easical PS-2)  in the range 1000–400000.  

Mass spectroscopy was performed by the Spectropole of Aix Marseille University. ESI 

mass spectral analyses were recorded with a 3200 QTRAP (Applied Biosystems SCIEX) 

mass spectrometer. 

 

3.6. LiPO� (Lithium Phosphorus Oxynitride) Deposition 

LiPON thin films were deposited onto TiO2nts by rf magnetron sputtering from an Li3PO4 

target in a pure N2 atmosphere with a BAK550 (Balzers) apparatus. The base pressure was 

2×10-4 Pa. Plasma ignition was performed with argon before introduction of nitrogen. 

Prior to the deposition of thin films, a presputtering of 30 min was performed. Targets of 

7.5 cm diameter were prepared either by hot pressing or by uniaxial pressing (at room 

temperature) of a commercial Li3PO4 powder (Aldrich, 99.9%). 

 

3.7. Mössbauer Spectroscopy 

119Sn room temperature Mössbauer spectra were recorded in the constant acceleration mode 

and Conversion Electron Mössbauer Spectroscopy (CEMS) geometry. A specific helium-flow 

counter was used for the detection of conversion electrons. The γ-ray source consisted of 

Ba119mSnO3 with a nominal activity of 7 mCi. The hyperfine parameters, isomer shift (δ) and 

quadrupole splitting (∆) were determined by fitting appropriate Lorentzian lines to the 

experimental data. The quality of the fit was controlled by the usual χ2-test. All isomer shifts 

for Sn are given relative to BaSnO3 at room temperature. 

 

3.8. X-ray Photoelectron Spectroscopy 
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XPS measurements were carried out with a Kratos Axis Ultra spectrometer, using focused 

monochromatized Al Kα radiation (hν = 1486.6 eV). The XPS spectrometer was directly 

connected to an argon dry box through a transfer chamber, to avoid moisture/air exposure of 

the samples. The analyzed area of the samples was 300 µm x 700 µm. Peaks were recorded 

with constant pass energy of 20 eV. The pressure in the analysis chamber was around 5 x 10-8 

Pa. Short acquisition time spectra were recorded before and after each normal experiment to 

check that the samples did not suffer from degradation under the X-ray beam during 

measurements. Peak assignments were made with respect to experimental reference 

compounds, namely bulk anatase and/or rutile TiO2. The binding energy scale was calibrated 

from hydrocarbon contamination using the C 1s peak at 285.0 eV. Core peaks were analyzed 

using a non linear Shirley-type background. The peak positions and areas were optimized by a 

weighted least–square fitting method using 70% Gaussian and 30% Lorentzian line-shapes. 

Quantification was performed on the basis of Scofield’s relative sensitivity factors. 

3.9. Mott-Schottky Analysis 

Mott-Schottky analysis was carried out in a 0.1 M Na2SO4 solution using an Ag/AgCl 

reference electrode and a platinum foil counter electrode, with the studied nanotubes as 

working electrodes. The potential was changed in 0.1 V voltage steps and the impedance was 

determined at 30 Hz fixed frequency with 10 mV a.c. amplitude using an EG&G PARSTAT 

2273 potentiostat/galvanostat.  

 

3.10. Electrochemical Measurements 

For the electrochemical measurements, two-electrode Swagelok-type cells (see Figure 19) 

were assembled in a glove-box filled with purified argon in which moisture and oxygen 

contents were less than 2 ppm. The galvanostatic experiments were then carried out with 



 

the prepared Li/LiPF6 (EC:DEC)/W

potentiostat/galvanostat. The electrolyte supplied by Merck was embedded in a Whatman 

glass microfiber, which acts as a separator. 

poly(vinyl difluoride) that is a binding agent, and carbon black (conductive agent) were 

not utilized. For the discharge/charge, a constant current density of 70 

applied to the assembled cells in the 1.0 

Additionally, cyclic voltammetry was carried out with the VersaSTAT3 

potentiostat/galvanostat in the 0.65 

rate of 0.1 mVs-1. 

 

Figure 19 Two-electrode Swagelok cells used for the Li
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(EC:DEC)/WE (Working electrode) cells using 

potentiostat/galvanostat. The electrolyte supplied by Merck was embedded in a Whatman 

glass microfiber, which acts as a separator. It is remarkable to note that

poly(vinyl difluoride) that is a binding agent, and carbon black (conductive agent) were 

. For the discharge/charge, a constant current density of 70 

applied to the assembled cells in the 1.0 ≤ U/V ≤2.6 or 0.05 ≤ U/V ≤

Additionally, cyclic voltammetry was carried out with the VersaSTAT3 

potentiostat/galvanostat in the 0.65 ≤ U/V ≤ 3 or 0.05 ≤ U/V ≤ 3 voltage range

 

electrode Swagelok cells used for the Li-based electrochemical measurements

: Materials and Experimental  

(Working electrode) cells using a VersaSTAT 3 

potentiostat/galvanostat. The electrolyte supplied by Merck was embedded in a Whatman 

ble to note that additives such as 

poly(vinyl difluoride) that is a binding agent, and carbon black (conductive agent) were 

. For the discharge/charge, a constant current density of 70 µAcm-2 (1C) was 

≤ U/V ≤3 voltage range. 

Additionally, cyclic voltammetry was carried out with the VersaSTAT3 

voltage ranges at a scan 

based electrochemical measurements.  
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CHAPTER FOUR 

4. RESULTS A�D DISCUSSIO� 

 

4.1. Sn Doping of TiO2 �anotubes 

 

In this section, Sn doping of TiO2 nanotubes is discussed. The effect of Sn doping on the 

morphology and the electrochemical behaviour of TiO2 nanotubes will be evaluated. 

To date, there were no reports in literature on the anodization of Ti-Sn alloys nor Ti-Sn thin 

films. Even though the anodization of pure Sn leading to porous SnO2 was widely reported 

with oxalic acid electrolyte166-170, the possibility to form self-organized nanostructures of 

SnO2 is still at a deadlock. 

 

4.1.1. Morphology, Structure and Composition 

 
Doping of TiO2nts with Sn was achieved by incorporating Sn into Ti thin films (by co-

sputtering of Ti and Sn targets) and oxidizing the thin films by potentiostatic anodization. As 

the anodization of Sn (leading to porous SnO2) was always carried out with oxalic acid 

electrolyte166-170, it became imperative to first assess the behaviour of Sn under the conditions 

for the production of TiO2nts. A commercially available tin foil was employed as a simple 

and faster alternative to achieve this assessment, considering that the quality of a sputtered 

pure Sn thin film is generally low (due to the low melting point [232 °C] of Sn) and as such, 

the morphology of anodized SnO2 could be affected. 

−+ ++→+ eHSnOOHSn 442 22   (19) 

     OHSnFHFSnO 2
2

62 246 +→++ −+−   (20) 
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The current-transient recorded during the potentiostatic anodization of Sn at 5 V in the 

electrolyte consisting of 1M H3PO4, 1M NaOH and 0.4 wt% HF is as shown in Figure 20. It 

can be seen that for the formation of porous SnO2, the current increases right from the 

beginning, corresponding to an initial etching effect. The current then decreases 

asymptotically due to the growth of SnO2 (Eq.(19)) combined with pore formation and 

propagation according to the chemical dissolution mechanism given in Eq. (20). SEM image 

of the resulting mesoporous SnO2 is shown in Figure 21b. A thickness of ~2.6 µm and a pore 

size of ~20 nm were estimated. In an HF-free electrolyte consisting of 1M H3PO4 and 1M 

NaOH, an entirely non-porous oxide layer was obtained (Inset: Figure 21b). It is worth 

mentioning that during the anodization of Sn foil at potentials greater than 5 V, there was 

macroscopic dissolution of the formed SnO2 into the electrolyte. 

 

 

Figure 20 Current-transients recorded during the 30 min anodization of Sn foil at 5V, Ti thin film at 20 V, and 
Ti-Sn thin film at 20 V in the electrolyte consisting of 1M H3PO4, 1M NaOH and 0.4 wt% HF. 

 

Moreover, it can be seen from Figure 21b that the mesoporous SnO2 consists of stacked 

layers. This has been explained as the consequence of the vigorous oxygen evolution (under 

the prevailing anodizing conditions) that creates turbulence in the electrolyte and/or local 
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stress around the metal/oxide interface, affecting the long range order of the pores169. The as-

prepared SnO2 is amorphous and after annealing at 400 ºC in air during 4h, peaks 

corresponding to a nano-crystalline SnO2 (Cassiterite: space group P42/mnm) could be 

identified as shown in Figure 24. When Sn electrodeposited onto TiO2nt materials were 

annealed at temperatures not far from 400 ºC, SnO (romarchite) was obtained co-existing with 

metallic tin, meaning that oxidation was not complete45, 46.  

 

 

Figure 21 SEM images of TiO2 nanotubes (a), and porous SnO2 [Inset: non-porous SnO2] (b) prepared at 20 V 
and 5 V respectively, in the electrolyte consisting of 1M H3PO4, 1M NaOH and 0.4 wt% HF. 

 

Subsequently, pure Ti thin films (Figure 22a) were anodized at 20 V with the same 

electrolyte composition (1M H3PO4, 1M NaOH and 0.4 wt% HF) that was adopted for the 

production of the porous SnO2, and the resulting current-transient is also shown in Figure 20. 

(b)

500 nm

Top
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It can clearly be noticed that the current–transient profile is characteristic of nanotubes 

formation42, 109, 117, that is, there is a sharp drop in the anodization current in the first 100 s due 

to the formation of an initial insulating oxide layer followed by an increase in the current due 

to the formation of pits in the oxide by a chemical dissolution effect of fluoride ions and the 

concomitant increase in surface area. 

 

 

Figure 22 SEM images of (a) Ti thin film; (b)Ti-Sn thin film cross-section (with a 500 nm Ti barrier layer); and 
(c) Sn-doped TiO2nts (Inset: top-view) prepared at 20 V(for 30 min) in the electrolyte consisting of 1M H3PO4, 

1M NaOH and 0.4 wt% HF. 
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The current then decreases as the pits grow into uniformly–spread pores over the surface and 

increase diffusion length for the reacting ionic species. Finally, the pores transform into 

nanotubes when the current becomes almost constant as a result of a competition between 

electrochemical oxide formation and chemical dissolution. The obtained TiO2 nanotubes have 

diameters of ~100 nm, and lengths of ~750 nm as shown in Figure 21a.  

 

 

Figure 23 EDS spectra for the as-sputtered Ti and Ti-Sn thin films 
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As tin and titanium can be independently oxidized under similar electrochemical 

conditions, anodization of the co-sputtered Ti-Sn thin film (with the usual conditions for the 

production of TiO2nts) led to Sn-doped TiO2nts as shown in Figure 22c. It can also be noticed 

in Figure 20 that the recorded current-transient is sufficiently characteristic of nanotubes 

formation. The obtained Sn-doped TiO2nts have lengths of ~1.20 µm and diameters of ~90 

nm according to the SEM images presented in Figure 22c. As the Sn-doped TiO2nts were not 

highly delimited according to SEM imaging, TEM imaging (Figure 25a-b) was also carried 

out. Although the scratched nanotubes had agglomerated, nanotubes could be distinguished 

with ~90 nm diameter, ~30 nm bottom wall thickness and ~15 nm side wall thickness. The 

selected area electron diffraction (SAED) pattern shown in Figure 25c evidenced that the as-

formed Sn-doped TiO2nts are amorphous. 

 

 

Figure 24 X-ray diffractograms of porous SnO2 (JCPDS: 041-1445) annealed at 400 ºC, as-deposited Ti thin film 
(JCPDS: 44-1294), and as-deposited Ti-Sn thin film (JCPDS: 03-065-3605). 
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A cross-sectional SEM image of the co-sputtered Ti-Sn thin film (with a 500 nm Ti 

barrier layer) is shown in Figure 22b. It can be noticed that the thin film is homogeneous and 

columnar along the entire cross-section. It is important to note that the silicon substrates were 

not heated during the deposition. The EDS spectra shown in Figure 23 confirmed the 

incorporation of Sn into the Ti thin film. Although the sputtered pure titanium thin films 

studied in our lab42, 120, 171 usually have a hexagonal titanium structure (JCPDS: 44-1294) 

from X-ray diffraction studies, the Ti-Sn thin film corresponds to the Sn3Ti5 intermetallic as 

shown in Figure 24. The peak at 2θ = 38º can be attributed to the (211) reflection of Sn3Ti5 

(JCPDS: 03-065-3605). It is therefore obvious that there is a preferred orientation in the Ti-Sn 

thin film. The low intensity peaks marked ‘#’ are emanating from the silicon substrate. 

 

 

Figure 25 TEM micrographs (a-b) and SAED pattern (c) for the as-prepared Sn-doped TiO2nts. 
 

(b)

(a)

(c)
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Usually, as-formed TiO2nts are amorphous42, 119. Indeed, the as-prepared TiO2nts and Sn-

doped TiO2nts were amorphous according to X-ray diffraction studies. However, after thermal 

treatments at 450 ºC, it can be noticed from Figure 26 that whilst the TiO2nts crystallize in the 

anatase structure (JCPDS: 21-1272) with an infinitesimal rutile proportion (JCPDS: 21-1276), 

the Sn-doped TiO2nts are transformed entirely into a rutile–type structure (JCPDS: 21-1276) 

without any traces of SnO2 (cassiterite) nor SnO (romarchite). This transformation, from 

anatase to rutile, observed for the Ti1-xSnxO2–type nanotubes is consistent with the already 

established fact that Sn4+ substitution for Ti4+ in TiO2 is generally accompanied by the 

structural transformation from anatase to rutile except for very low (x ≤ 0.05) Sn contents172, 

173. Table 3 presents a comparison of the calculated lattice parameters (Using Celref software) 

of TiO2nts, porous SnO2 and Sn-doped TiO2nts. The obtained values are in good agreement 

respectively with the theoretical lattice parameters of anatase, cassiterite and rutile. 

 

 

Figure 26 X-ray diffractograms of TiO2nts and Sn-doped TiO2nts recorded after thermal treatments at 450 ºC. 
The low intensity peaks marked ‘#’ are emanating from the silicon substrate. 
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Table 3 Calculated Lattice parameters compared to theoretical values for Anatase, Rutile and Cassiterite. 

 a /Å c/Å Volume/ Å3   a /Å c/Å Volume/ Å3 

Calculated    Theoretical 

TiO2nts 

 

3.78 9.50 135.74  Anatase 3.7852 9.5139 136.31 

Sn-doped TiO2nts 

 

4.59 2.96 62.36  Rutile 4.5933 2.9592 62.43 

Porous SnO2 

 

4.74 3.12 70.10  Cassiterite 4.7382 3.1871 71.55 

 

 

Figure 27 Chronoamperometric curves obtained during the 1.5 h anodization of Ti and Ti-Sn thin films at 40 V 
in an electrolyte consisting of 88.7 wt% glycerol, 1.3 wt% NH4F and 10 wt% H2O. 

 

Furthermore, when the Ti and Ti-Sn thin films were anodized at 40V (for 1.5 h) in a 

viscous electrolyte consisting of 88.7 wt% glycerol, 1.3 wt% NH4F and 10 wt% H2O, the 

recorded current–transients (Figure 27) did not deviate from the usual profile characteristic of 

a nanotubular layer formation42, 109, 117. The only drastic variation is that the Sn incorporation 

led to higher peak current values from t = 400 to t = 3000 s, and this can be explained as a 

consequence of the formation of smaller diameter Sn-doped TiO2 nanotubes. SEM images of 

the resulting TiO2 and Sn-doped TiO2 nanotubes are given in Figure 28. The undoped TiO2 

nanotubes have lengths of ∼1.4 µm, diameters of ∼160 nm, and sidewall thickness of ∼20 
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nm; whilst the Sn-doped TiO2 nanotubes have lengths of ∼1.2 µm, diameters of ∼120 nm, 

and sidewall thickness of ∼15 nm.  

 

 

Figure 28 SEM images of (a) Sn-doped TiO2 nanotubes (Inset: cross-section), and (b) undoped TiO2 nanotubes 
(Inset: cross-section) prepared at 40 V (for 1.5 h) in the electrolyte consisting of 88.7 wt% glycerol, 1.3 wt% 

NH4F and 10 wt% H2O. 
 

In order to confirm the oxidation state of the Sn dopants and ascertain the degree of the 

doping, X-ray photoelectron spectroscopy was carried out on the as-prepared TiO2 nanotubes 

(analyzed for comparison) and Sn-doped TiO2 nanotubes. The obtained high-resolution Ti2p, 

(b)1 µm

500 nm

1 µm

(a)500 nm
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O1s, C1s and Sn3d XPS core peaks spectra are presented in Figure 29 and Figure 30. The 

corresponding data and quantitative analysis are given in Table 4. For both samples, carbon 

contamination was detected (arising from traces of the solvent used for the anodization).  

For the as-prepared TiO2 nanotubes, the C1s spectrum presents one main component located 

at 285.0 eV associated with C-C or C-H bonds, and two other components at about 286.5 and 

288.9 eV respectively attributed to C-O and O=C-O bonds. Quite similar attributions can be 

done for the Sn-doped TiO2 nanotubes, except a very low intensity component located at a 

high binding energy (289.7 eV), which could correspond to a very low quantity of carbonate 

species. Due to spin-orbit coupling for both samples, each spectrum exhibits two main Ti2p 

components located at 459.0 eV (Ti2p3/2) and 464.7 eV (Ti2p1/2). These binding energies 

(B.E) are representative of Ti4+ in an oxygen environment, which is in agreement with 

previous XPS data for bulk and thin film TiO2 
174-178.  

 

 

Figure 29 High-resolution Ti2p, O1s and C1s XPS spectra for the as-prepared TiO2 nanotubes. 
 

In addition, the spectra also contain distinct charge-transfer satellite peaks at about 13 eV 

above the 2p3/2 and 2p1/2 main peak positions. The origin of Ti2p satellite peaks is under 

debate179-183; one of the most likely explanations is the strong covalent hybridization between 

the metal d and the oxygen p orbitals179. The main peaks are essentially characterized by the 

Ti 2p O 1s C 1s

Binding Energy (eV)

480 475 470 465 460 455

Binding Energy (eV)

536 534 532 530 528

Binding Energy (eV)

292 290 288 286 284 282
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well screened final state configuration 2p
5
3d

1
L

-1, where L denotes the ligand electron180. The 

satellite peaks are caused by the hole-particle pair “shake-up” excitation on the anions in the 

presence of the ligand-metal charge transfer screened core hole. They mostly correspond to 

the 2p
5
d

0 and 2p
5
d

1
L

-1
L’L’’

-1 final state configurations 181.  

 

Figure 30 High-resolution Ti2p, O1s, C1s and Sn3d XPS spectra for the as-prepared Sn-doped TiO2 nanotubes. 
 

 For both samples, the O1s core peaks also present three components. The first one 

located at 530.4(5) eV is assigned to oxygen atoms of the TiO2 oxide lattice. Hence, it can be 

noted from Table 4 that for the as-prepared undoped TiO2 nanotubes, the O/Ti atomic ratio is 

close to 2 (37.6/19.3); and for the as-prepared Sn-doped TiO2 nanotubes, the O/(Ti+Sn) 

atomic ratio is also close to 2 (39.7/22.3). The two other O1s core peaks (531.7 and 532.8 eV) 
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are related to O=C-O and C-O bonds, in agreement with the C1s core peaks. Obviously, the 

Sn doping does not seem to affect the ionic network of titanium dioxide nanotubes, as no 

substantial modification of binding energy was observed. Owing to spin–orbit coupling 

effects, two peaks corresponding to Sn3d5/2 (487.1 eV) and Sn3d3/2 (495.5 eV) are observed, 

which are ascribable to the Sn4+ incorporated into the TiO2 lattice184, 185. The quantity of the 

Sn dopants (x) in the Ti1-xSnxO2–type nanotubes was estimated to be ~0.5, since a Ti/Sn ratio 

of ~1 was obtained (Table 4). 

 

Table 4 Binding energies, full widths at half maximum (FWHM) and atomic percentages of Ti2p, O1s, C1s and 
Sn3d XPS core peaks for the as-prepared TiO2 and Sn-doped TiO2 nanotubes. 

Core Peaks 
  TiO

2
   Sn-doped TiO

2
 

  B.E. (eV) FWHM at%   B.E. (eV) FWHM at% 

C 1s 

 285,0 1,4 18,3  285,0 1,5 21,8 

 286,5 1,5 6,3  286,6 1,5 3,7 

 288,8 1,5 2,8  288,9 1,5 2,8 

     289,8 1,5 0,8 

      27,4       29,1 

Ti 2p 

 459,0 1,3 10,9  458,8 1,3 6,6 

 464,7 2,2 5,8  464,5 2,1 3,1 

 471,9 3,2 1,8  472,0 3,2 1,0 

 477,6 3,4 0,8  477,5 3,0 0,4 

      19,3       11,1 

O 1s 

 530,4 1,2 37,6  530,5 1,2 39,7 

 531,7 1,4 11,4  531,6 1,3 7,0 

 532,8 1,4 4,5  532,7 1,4 4,4 

      53,3       49,1 

Sn3d 

     487,1 1,4 6,7 
     495,5 1,4 4,5 

              11,2 
 

 Figure 31a-c presents the 119Sn Mössbauer spectra of the Ti-Sn thin film, and the Sn-

doped TiO2nts before and after annealing at 450 °C for 3 hours. All these spectra were 

obtained under the same conditions. A summary of the obtained hyperfine parameters is given 

in Table 5. The parameters (δ = 1.688(8) mm/s; ∆ = 0.47(2) mm/s) obtained for the signal of 
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the Ti-Sn thin film (Figure 31a) can be attributed to Sn0, emphasizing that the sputtering 

process led to pure metallic products. Moreover, the weak line width (2Γ) of the Sn0 signal is 

consistent with the XRD results that the Ti-Sn thin film does not consist of a mixture of 

phases.  

 

 

Figure 31 Room temperature 119Sn Mössbauer spectra recorded for as-deposited Ti-Sn thin film (a), and Sn-
doped TiO2nts (b: amorphous, c: annealed at 450 °C). 

 

 Although the starting Ti-Sn thin film corresponds (according to X-Ray diffraction) to 

Sn3Ti5 intermetallic as mentioned earlier, the 119Sn Mössbauer spectroscopy studies could not 
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confirm the exact nature of this thin film as the hyperfine parameters did not exactly match 

those of Ti-Sn intermetallics previously reported186, 187. However, Ti2Sn (δ = 1.76 mm/s), 

Ti3Sn (δ = 1.80 mm/s) and Ti5Sn3 (δ = 1.81 mm/s) have isomer shifts close to what was 

obtained for our Ti-Sn thin film although the quadrupole splitting of the former intermetallics 

were more intense186, 187. It is important to note that the intermetallics mentioned in literature, 

apart from having particulate morphologies, were produced by arc melting and annealed at 

very high temperatures. In addition, XRD evidenced the presence of impurity phases186, 187. 

Thus the mismatch in the hyperfine parameters in comparison to the present results can be 

explained by the differences in synthesis routes, thermal treatments, morphologies, and purity 

of the crystalline phases.  

 

Table 5 Room temperature 119Sn Mössbauer hyperfine parameters obtained from Ti-Sn thin film, as-prepared and annealed 
Sn-doped TiO2nts. 

Sample Attribution δ (mm/s) ∆ (mm/s) 2Γ (mm/s) C (%) χ
2
 

Ti-Sn thin 

film 

Sn0 1.688(8) 0.47(2) 0.84(2) 100 0.42 

As-prepared  

Sn-doped 

TiO2nt 

Sn0 1.66(3) 0.36(6)  0.98(7)  46(8)  
0.46 

Sn4+ 0.05(2)  0.81(2) 1.02(5) 54(6) 

Annealed  

Sn-doped 

TiO2nt 

Sn0 1.69(2) 0.32(8) 0.91(6) 43(1) 
0.51 Sn4+ 0.06(2) 0.42(5) 0.91(6) 57(1) 

δ: isomer shift; ∆: quadrupole splitting; 2Γ: full line width at half-maximum; C: contribution to total emission (not corrected due to 
unknown Lamb-Mössbauer factors); χ2: goodness of the fitting. 

 

The spectrum of the as-prepared Sn-doped TiO2nts (Figure 31b) consists of two 

unresolved doublets. The doublet at δ = 1.66(3) mm/s is attributed to the Sn0 from the 

remaining Ti-Sn layer that has not been anodized. Although the presence of this un-anodized 

Ti-Sn layer was not revealed by XRD, it can be due to the fact that, most probably, the 

amount of the remaining Ti-Sn layer is below the detection limit of XRD. This is consistent 

with the undoped TiO2 nanotubes; the presence of un-anodized Ti layer was also not revealed 

by XRD. The other doublet at δ = 0.06(2) mm/s can be ascribed to Sn(IV). The isomer shift of 

δ = 0.06(2) is very close to what is typically obtained for Sn(IV) bonded to oxygen in 
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octahedral environnments188-190. These Mössbauer parameters are also in good agreement with 

those previously99 obtained for Sn-doped anatase TiO2 particles. The structural and chemical 

characterization performed by XRD, XPS, and Mössbauer spectroscopy clearly confirm the 

octahedral substitution of Sn4+ for Ti4+ in the self-organized TiO2 nanotubes. 

When the Sn-doped TiO2nts sample is annealed (Figure 31c), two modifications are 

observed: (i) the intensity of the emission signal increased, indicating that annealing induced 

an increase in crystallite size; and (ii) the quadrupole splitting of the Sn4+ doublet decreased, 

indicating a better ordered lattice for the annealed sample. The relative amounts of Sn0 and 

Sn4+ were not significantly affected by the heat treatment. Moreover, the Sn0 doublet has the 

same parameters as those obtained for the as-prepared Sn-doped TiO2nts sample and the as-

sputtered Ti-Sn thin film, indicating that the structure of the Ti-Sn thin film is conserved for 

all samples.  

 

4.1.2. Electronic Properties 

From the Mott-Schottky equation given in Eq.(21), the flat band potential (Efb) and the charge 

carrier concentration (�D) of a specific semiconductor can be determined by plotting C
−2 

versus E (potential). 









−−








=

q

kT
EE

�qC
fb

D0
2

21

εε
  (21) 

Where C is the capacitance of the space charge layer; q the elementary charge (1.6×10-19 C); 

ε0 the vacuum permittivity (8.85×10-14 Fcm-1); ε the dielectric constant of the studied 

semiconductor; k is Boltzmann’s constant; and T is the absolute temperature. Figure 32 shows 

the Mott-Schottky plots obtained for the undoped and the Sn-doped TiO2nts. The positive 

slope of each plot is in agreement with n-type semi-conductivity. For both undoped and Sn-

doped TiO2nts, approximately the same values of Efb (-0.85 V vs Ag/AgCl) and �D  (6.5 ×1019 
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cm-3) were estimated, which is consistent with the theoretical consideration that Sn4+ 

(isovalent) substitution for Ti4+ in TiO2 should not modify the semi-conducting behavior. 

 

Figure 32 Mott-schottky plots obtained for the undoped and the Sn-doped TiO2nts in a 0.1 M Na2SO4 solution at 
30 Hz. 

 

The conductivity (σ) of either the undoped or the Sn-doped TiO2nts can be estimated 

using the charge carrier concentration (�i), the electron mobility (µi) and the elementary 

charge (qi) according to Eq.(22)100, 191; but the resulting values should be indistinguishable as 

the same values of charge carrier concentration (�i) were obtained from the Mott-Schottky 

analysis.  

iiii �q µσ =   (22) 

However, it has previously172 been demonstrated that Sn4+ substitution for Ti4+ in TiO2 leads 

to increase of the bond lengths of the inner coordination shells due to the larger ionic radius of 

Sn4+ [r(Sn4+)=0.83 Å] compared to Ti4+ [r(Ti4+)=0.75 Å]. Fundamentally, increased bond 

lengths are indicative of weakened bonds and thus migration of cations (Li+) is expected to be 

enhanced in the modified lattice. In view of this, we carried out potentiostatic experiments for 

which the current-transient profiles before the onset of a limiting current can be described by 

the Cottrell equation82, 192: 
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1/21/2
o

1/2
o

−−= tCnFDj π   (23) 

 

 

Figure 33 Cottrell plots for the determination of Li+ diffusion coefficients in TiO2nts and Sn-doped TiO2nts. 
 

The potentiostatic experiments consisted of applying a potential step (from 3.0 to 1.4 V 

vs Li+/Li) to cells of Li/LiPF6 (EC:DEC)/(TiO2nts or Sn-doped TiO2nts) during 30 s. 

Assuming the composition of the initial subsurface layer to be Li0.5TiO2 for both TiO2nts and 

Sn-doped TiO2nts, the concentration of Li+ (Co) was calculated to be 25×10-3 molcm-3 using 4 

gcm-3 density of TiO2. Hence, the diffusion coefficients (Do) were estimated from the slopes 

of the fits to the Cottrell plots (Figure 33) to be 1.6×10-13 cm2s-1 and 6.7×10-12 cm2s-1 for 
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TiO2nts and Sn-doped TiO2nts respectively. These values of diffusion coefficients agree with 

previous reports82, 192 in literature and indicate that Li+ insertion into Sn-doped TiO2nts is 

about 40 times faster than into undoped TiO2nts. This is consistent with the assertion that 

increased bond lengths lead to more easy lithium ion diffusion in the structure. 

 

4.1.3. Electrochemical Behaviour  

The electrochemical behaviour versus lithium of the Sn-doped TiO2nts was evaluated by 

galvanostatic cycling experiments and compared to that of undoped TiO2nts as shown in 

Figure 34, with a summary also given in Table 6. In spite of the fact that both nanotubes 

(doped and undoped) were prepared under the same conditions (40 V in a viscous electrolyte 

consisting of 88.7 wt% glycerol, 1.3 wt% NH4F and 10 wt% H2O), the Sn-doped TiO2nts 

delivered much higher capacity values.  

 

 

Figure 34 Galvanostatic cycle life performance at 70 µA cm−2 for undoped and Sn-doped TiO2nts in the 1.0 ≤ 
U/V ≤2.6 voltage range. The capacity values are given in µAh cm-2µm-1 (closed symbols) and in mAhg-1 (open 

symbols) for amorphous TiO2nts and Sn-doped TiO2nts (amorphous and crystalline). 
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 It has already56, 193, 194 been established that the reactivity of rutile TiO2 is sensitive to 

lithium diffusivity as a result of its peculiar crystal structure, hence the outstanding 

performance of the Sn-doped TiO2nts is proposed to be related to the rutile–type structure and 

the enhanced lithium diffusivity imparted with the Sn doping; it was shown above with 

Cottrell plots (Figure 33) that Li+ insertion into Sn-doped TiO2nts is about 40 times faster than 

into undoped TiO2nts. Also, cycling efficiencies were estimated to be 76%, 85% and 89% 

(Table 6) for the amorphous TiO2nts, amorphous Sn-doped TiO2nts and crystalline Sn-doped 

TiO2nts respectively. Cycling efficiency (E) is a measure of capacity retention, and it can be 

expressed as the ratio of final reversible capacity (Qf) to initial reversible capacity (Qi)
42, 43. 

Generally, amorphous TiO2 electrodes exhibit lower cycling efficiencies than the crystalline 

counterparts, since the latter precludes lithium storage into defect sites and side reactions with 

substantial solvent traces42. Also, it can be asserted that so far as TiO2 electrodes are 

concerned, cycling efficiencies are somewhat sensitive to current densities (C–rate values)42. 

 

�&'� �  )%&� +  )e�  ↔  %&(�&'� for 0 ≤ ) ≤ 1   (24) 

 

Table 6 Discharge capacities and cycling efficiencies (capacity retention) with 70 µA/cm2 current density 
Electrode Condition 1st reversible 

capacity 

(µAh/cm2-µm) 

Irreversible  

capacity 

(µAh/cm2-µm) 

50th reversible 

capacity 

(µAh/cm2-µm) 

Cycling efficiency 

(%) 

TiO2nts 1–2.6V 28.6 17.0 21.9 76 

Sn-doped TiO2nts 1–2.6V 65.9 73.9 56.1 85 

Sn-doped TiO2nts
c
 1–2.6V 57.9 57.2 51.6 89 

c
Crystalline 
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Figure 35 Galvanostatic curves obtained for the Sn-doped TiO2nts (a: amorphous, b: crystalline) cycled in the 
1.0 ≤ U/V ≤2.6 voltage range. 

 

The reaction for the reversible insertion of lithium into TiO2 is as given in Eq.(24). It has 

been reported that ~1 Li+ can be inserted into un-annealed (amorphous) TiO2 due to lithium 

storage into defect sites43. For crystalline samples, although a maximum of 0.5 Li+ can be 
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inserted into anatase, rutile can host up to 1 Li+ (depending on the cut-off potential) of which 

almost 0.5 Li+ are irreversibly trapped in the structure during the first discharge43, 56. Due to 

the degree of the Sn-doping, the Sn-doped TiO2nts undergo full electrochemical reaction like 

a rutile-type TiO2. That is the reason for the very high first discharge capacities (139.7 

µAhcm-2µm-1 for amorphous, and 115.1 µAhcm-2µm-1 for crystalline) observed for the Sn-

doped TiO2nts. It has already been established that despite a very thin or inexistent solid 

electrolyte interphase (SEI) layer on TiO2 electrodes, adsorbed solvents on surfaces of 

amorphous samples or crystallized water in the case of annealed samples contribute to the 

irreversibility in the first discharge43. The pronounced irreversible capacities observed for the 

Sn-doped TiO2nts (73.9 µAhcm-2µm-1 for amorphous, and 57.2 µAhcm-2µm-1 for crystalline) 

as compared to the undoped TiO2nts (17.0 µAhcm-2µm-1) are a consequence of the extra 

lithium-ions irreversibly trapped in the rutile-type structure. The corresponding capacity 

values in mAhg-1 are also presented in Figure 34. The approximate mass (m) of the TiO2 

nanotubes was estimated to be ~80 µg using: PVm ××= ρ , where P(The porosity) was 

estimated to be ~60% according to geometrical considerations from SEM micrographs100, 195, 

196, V(Volume of nanotubes) ≈ 3.848 ×10-5 cm3, and ρ(Density of anatase TiO2), = 4.21 g cm-3. 

It can be noted that for the TiO2 nanotubes in particular, the reversible specific capacity 

values are less than the theoretical value of 168 mAh/g but comparable to a previous report in 

literature195. This can be due to the theoretical estimation of the mass of the TiO2 nanotubes. 

Hence, it can be emphasized that the capacity values given in mAhg-1 for the undoped and the 

Sn-doped TiO2 nanotubes are slightly underestimated.  

The galvanostatic discharge/charge profiles of the Sn-doped TiO2nts (both amorphous 

and crystalline) are given in Figure 35; the sloping voltage profiles agree well with the cyclic 

voltammograms shown in Figure 36a-b, and are consistent with previous reports in 

literature197-199. For the crystalline Sn-doped TiO2nts, the small plateau at ca. 1.65 V in the 
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first discharge (Figure 35b) can be attributed to surface storage of lithium, the corresponding 

small cathodic peak was also evidenced at ca. 1.6 V vs Li+/Li in the 1st cycle CV (Figure 36b). 

Although the long sloping plateau (in the first discharge) starting at ca. 1.2 V ends at the cut-

off potential of 1 V, the CV studies in the 0.65 ≤ U/V ≤ 3 voltage range showed that the 

plateau is actually centered at ca. 0.85 V, and its irreversibility in the subsequent cycles is as a 

consequence of the extensive lithium storage up to that potential and the concomitant 

irreversible structural transformations.  

 

 

Figure 36 CV curves recorded at 0.1 mVs-1 in the 0.65 ≤ U/V ≤ 3 voltage range for Sn-doped TiO2nts (a: 
amorphous; b: crystalline), and crystalline TiO2nts (c). 

 

The CV curves obtained from crystalline TiO2nts (Figure 36c) was presented to showcase 

the marked difference in the electrochemical characteristics brought about by the Sn-doping. 

It is worth noting that amorphous samples of TiO2-based electrodes generally do not reveal 
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the characteristic peaks of reaction with lithium. The reduction peak at ca. 1.7 V vs Li+/Li 

(Figure 36c) corresponds to lithium insertion (reversible Li+ extraction peak at ca. 2.0 V vs 

Li+/Li) into the anatase TiO2 structure43, 55 and the peaks seen at ca. 1.1V and 1.4 V vs Li+/Li 

(Figure 36c) correspond to lithium insertion into the infinitesimal proportion of rutile TiO2 as 

detected by XRD56, 193. 

In accounting for the improved behavior of the Sn-doped TiO2 nanotubes, it is important 

to note that the response of only the Sn3Ti5 thin-film versus lithium is negligible and besides, 

the thin film is not active within the cycling voltage range of 1.0 ≤ U/V ≤2.6 as it consists 

mainly of Sn as the active material32, 45, 170. Indeed, it is not the first time a beneficial effect of 

hetero-atoms is observed on the electrochemical behaviour of anode materials for Li-ion 

batteries49, 200.  
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4.2. Fe Doping of TiO2 �anotubes 

 

In this section, Fe doping of TiO2 nanotubes is discussed. The Fe doping was achieved by the 

anodization of Ti-Fe thin films (obtained by co-sputtering Ti and Fe targets). The effect of Fe 

doping on the morphology and the electrochemical behaviour of TiO2 nanotubes will be 

evaluated. To date, there are not many reports on the potentiostatic anodization of Fe in 

literature. Grimes and coworkers201 first reported the formation of nanoporous iron oxide 

layers by potentiostatic anodization of Fe foils. They also succeeded to produce fairly-

organized Ti-Fe-O nanotubes for water splitting applications163. Recently, anodic oxidation of 

Fe under optimized conditions led to well-ordered nanotubes of Fe2O3
162, 202. 

 

4.2.1. Morphology, Structure and Composition 

 
Figure 37a shows a cross-sectional SEM image of the as-deposited Ti-Fe thin film. The thin 

film is homogeneous and columnar along the entire cross-section. According to the XRD 

pattern shown in Figure 38, the as-deposited Ti-Fe thin film corresponds to a solid solution of 

Ti and Fe. The peak at 2θ = ~39° is perfectly assignable to the (1 1 0) reflection of body-

centered cubic β-titanium (JCPDS: 1-089-4913). Thus the Ti–Fe thin film has a β-Ti–type 

structure but with preferred orientation. Usually, the sputtered titanium thin films studied in 

our lab42, 120, 171 exhibit a hexagonal titanium structure (JCPDS: 44-1294) as presented in 

Figure 38. Hence, this transformation to β-Ti–type structure is due to the formation of a solid 

solution between Ti and Fe even though there was no substrate heating during the sputtering 

process. Moreover, it can be inferred that although the similarly co-sputtered Ti-Sn thin film 

discussed in section 4.1.1 corresponded to Sn3Ti5 intermetallic, the solid solubility observed 

with the as-deposited Ti-Fe thin film is not unusual with respect to the Hume-Rothery rules. 

SEM images of the Fe-doped TiO2nts obtained by anodization of the Ti-Fe thin films are 
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presented in Figure 37(b-c). The nanotubes have lengths of ~750 nm, diameters of ~150 nm, 

and sidewall thickness of ∼20 nm. EDS analysis (Figure 39) confirmed the pure metallic 

nature of the Ti-Fe thin film, and evidenced the presence of significant amount of oxygen in 

the as-prepared Fe-doped TiO2nts.  

 

 

Figure 37 SEM images of (a) Ti-Fe thin film; (b-c) Fe-doped TiO2 nanotubes, and (d-e) undoped TiO2 nanotubes 
prepared in an electrolyte of 88.7 wt% glycerol, 1.3 wt% NH4F and 10 wt% H2O. 
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For comparison, undoped TiO2nts were prepared by anodization of Ti thin films under 

the same conditions as used for the Fe-doped TiO2nts. SEM images of the obtained TiO2nts 

are shown in Figure 37(d-e). The TiO2nts have lengths of ~1.4 µm, diameters of ~160 nm, 

and sidewall thickness of ∼20 nm. By comparing the SEM images, it can be noticed that the 

marked difference brought about by the iron doping is in the cross-section of the nanotubes. 

Similar to the TiO2nts, the as-prepared Fe-doped TiO2nts were also amorphous and after 

annealing at 400 °C, anatase–type peaks could be identified (Figure 40) with a negligible 

proportion of rutile. Pronounced rutile–type peaks emerged in addition to the anatase after 

annealing at 450 ºC. The anatase to rutile transformation is expected to be promoted by the Fe 

dopants since TiO2 nanotubes usually crystallize only in the anatase phase or have negligible 

rutile proportions at 450 °C 43, 100, 109. The peaks marked ‘#’ are emanating from the silicon 

substrate and the peaks marked ‘°’ correspond to FeTiO3 (JCPDS: 29-0733)–this phase 

formed due to the low solubility of iron in TiO2 by this synthesis approach163.  

 

 

Figure 38 XRD pattern for the as-deposited Ti-Fe thin film compared with those of pure Ti and Ti-Sn thin films. 
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Figure 39 EDS spectra for the as-sputtered Ti-Fe thin film and the as-prepared Fe-doped TiO2 nanotubes. 
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Figure 40. XRD pattern for Fe-doped TiO2 nanotubes annealed at different temperatures. 
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Figure 41. High-resolution Ti2p, O1s and C1s XPS spectra recorded for the as-prepared TiO2 and Fe-doped TiO2 
nanotubes. 

 

 

Figure 42. High-resolution Fe2p XPS spectrum recorded for the as-prepared Fe-doped TiO2 nanotubes. 
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bonds, in agreement with C1s core peaks. The iron doping does not seem to affect the ionic 

network of the titanium dioxide nanotubes. No modifications of the binding energies were 

observed. The relative percentage of iron (Table 7) detected within the first 5 nm probed is 

about 1 at%. It can be noticed that the Ti/O ratio for TiO2 nanotubes is equal to 0.51, slightly 

higher than for the iron doped sample (0.50). This is a direct evidence (in addition to the 

enhanced rutile phase at 450 °C) that a certain percentage of iron atoms have substituted for 

some titanium atoms leading to TixFeyO2–type nanotubes163, 203. Besides, not all the Ti4+ 

content given in Table 7 can be attributed to the TiO2 stoichiometry due to the presence of the 

FeTiO3 phase. 

 

Table 7 Binding energy (B.E), Full width at half Maximum (FWHM) and atomic percentage (at%) of Ti2p, O1s, 
C1s and Fe2p XPS core peaks for the as-prepared TiO2 and Fe-doped TiO2 nanotubes. 
 

Core 
Peaks 

  TiO
2   Fe/TiO

2 

  
B.E. 

(eV) FWHM %   
B.E. 

(eV) FWHM % 

C 1s 
 

285,0 1,4 18,3 
 

285,0 1,5 22,2 

 
286,5 1,5 6,3 

 
286,5 1,5 4,7 

 288,8 1,5 2,8  289,1 1,5 2,4 
      27,4       29,3 

Ti 2p 

 459,0 1,3 10,9  459,0 1,3 12,0 

 
464,7 2,2 5,8 

 
464,8 2,1 6,0 

 471,9 3,2 1,8  472,0 2,8 1,4 

 477,6 3,4 0,8  477,8 2,2 0,6 
      19,3       20,0 

O 1s 
 

530,4 1,2 37,6 
 

530,5 1,2 39,7 

 
531,7 1,4 11,4 

 
531,6 1,3 7,0 

 532,8 1,4 4,5  532,6 1,4 4,4 
      53,3       49,1 

Fe 2p 

     710,2 3,4 0,9 

     
715,4 3,7 0,3 

     723,6 2,4 0,3 

     730,5 2,8 0,1 
              1,6 
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The detailed analysis of the XPS Fe2p core peak was also achieved; in literature, 

reference compounds such as iron metal, Fe3O4 (1 Fe2+ and 2Fe3+) and Fe2O3 (2Fe3+) for 

example were analysed 204, 205. The main peaks of the two oxidation states, +3 and +2, are 

close, the differentiation being essentially made at the level of the difference of the binding 

energy between the main 2p3/2 component and the observed satellite peak. It is reported in 

literature204, 205 that the satellite peak of Fe2+ is located at around 5.5 eV to the 2p3/2 

component of the Fe2p core peak and around 8.5 eV for Fe3+. Our results show that the 

difference between the binding energy of the maximum of the satellite peak with its 

associated Fe2p3/2 component is equal to 5.2 eV. It thus seems that we are mainly in the 

presence of Fe2+ but a few percent of Fe3+ cannot be excluded due to the asymmetry of both 

peaks. Although there was a phase segregation of FeTiO3 after annealing at 450 °C, a certain 

percentage of the iron atoms substituted for titanium atoms leading to TixFeyO2–type 

nanotubes, since both Fe2+ and Fe3+ can substitute for Ti4+ in the TiO2 structure206-208. 

 

 

Figure 43 Mott-Schottky plots for the as-prepared TiO2 and Fe-doped TiO2nts.  
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4.2.2. Electronic Properties and Electrochemical Behaviour  

Figure 43 shows the Mott-Schottky plots for the as-prepared TiO2nts and Fe-doped TiO2nts. 

The samples were prepared under the same experimental conditions since Mott-Schottky 

analysis is known to be sensitive to a material’s synthesis conditions209. As expected, the 

capacitance increases with decreasing voltage until reaching a maximum in the accumulation 

region. The positive slope of each plot is in agreement with n-type semi-conductivity. 

Assuming a dielectric constant (ε) of 100100, 210, the values of Efb and �D were determined to 

be -0.95 V vs Ag/AgCl and 5.0 ×1019 cm-3 respectively for the Fe-doped TiO2nts, whilst for 

the un-doped TiO2nts, Efb of -0.85 V vs Ag/AgCl and �D of 6.5 ×1019 cm-3 were obtained. 

Despite the fact that Mott-Schottky analysis is sensitive to a material’s microstructure and 

synthesis conditions, the above values of flat-band potential (Efb) and charge carrier 

concentration (�D) are consistent with previous reports in literature100, 203, 210-212. In principle, 

the flat-band potential of a particular semiconductor depends on the pH of the employed 

electrolyte according to a Nernst-type relation (Eq.(25)): 

pHUE
ofb

06.0−=
  (25) 

Where Uo (the flat-band potential at pH =0) is ca. -0.4 V vs Ag/AgCl for anatase TiO2 and ca. 

-0.2 V vs Ag/AgCl for rutile TiO2
82, 213. From Eq.(25), the flat-band potential (with pH ≈ 6) 

should be ca. -0.76 V vs Ag/AgCl for the un-doped TiO2nts, which is near the experimental 

value. However, the presence of surface states must also be considered, especially for the flat-

band shift observed in Figure 43 for the Fe-doped TiO2nts. 

 

As the XPS studies revealed a predominance of Fe2+, the substitution is reckoned to be of 

Fe2+ for Ti4+ in the TiO2 lattice as described by Eq. (26) according to Kröger-Vink notation. 
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º'' 2hFeFe TiTi +→   (26) 

From the values of the charge carrier concentrations, the calculated amount of ionized Fe 

acceptors amounts to about 0.1 at%, which can be compared with the total iron content of 

about 1 at%. Whereas the latter contains the contribution by the presence of some FeTiO3, the 

former corresponds to the electrically active substitutional iron on titanium sites. Some 

supplementary iron might also be trapped by interaction with oxide ion vacancies, giving 

uncharged defect complexes ( ºº''
oTiVFe ). Thus, the Fe2+ dopants are acceptors and this is 

confirmed by the decrease of the charge carrier concentration of the Fe-doped TiO2nts in 

comparison to that of the undoped TiO2nts. The observed shift of the flat-band potential 

towards a more negative value due to a transition metal (cationic) substitution is in agreement 

with previous reports in literature203, 211 and it is advantageous, since large and negative flat-

band potentials are required for an effective charge separation (low recombination 

probability) in a semiconductor203, 211. 

 

 

Figure 44 Galvanostatic cycle life performance at 70 µA cm−2 for undoped and Fe-doped TiO2nts in the 1.0 ≤ 
U/V ≤2.6 voltage range. 
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On the other hand, the decrease of the charge carrier concentration is indicative of 

reduced electronic conductivity. The conductivity (σ) of a semiconductor can be estimated 

using the charge carrier concentration (�i), the electron mobility (µi =2×10-4 cm2V-1s-1 for a 

nanostructured TiO2) and the elementary charge (qi =1.6×10-19 C) according to Eq.(22). 

Hence, the conductivity values were estimated to be 2.1×10-3 and 1.6×10-3 Scm-1 for the 

undoped TiO2nts and Fe-doped TiO2nts respectively, agreeing with the assertion that 

electronic conductivity is reduced in the Fe-doped TiO2nts. As a result of this reduced 

electronic conductivity, the Fe-doped TiO2nts did not deliver higher lithium storage capacities 

(with cycle number) in comparison to the undoped TiO2nts (Figure 44).  

 

4.3. TiO2nts with �iO or Co3O4 Sub-µm Particles: Composites for Li-ion 

Microbatteries  

 

In this section, synthesis of composites of TiO2 nanotubes with NiO or Co3O4 submicron 

particles and their electrochemical behaviour is discussed. So far as lithium-ion batteries are 

concerned, transition metal oxides are anticipated to be the best potential anode material to 

replace graphite since they deliver twice the capacity per unit mass and three times the energy 

density of graphite47, 214. Transition metal oxides (both monoxides and spinels) do not possess 

vacant sites for lithium-ion insertion but they have been predicated to react with lithium 

according to the conversion reaction mechanism47, 49 given in Eq.(27): 

�('3  +  25
�  +  25%&�  ↔  )� +  5%&�'  (27) 

 

Since its emergence, the conversion reaction has been extended to sulphides, nitrides, 

phosphides, hydrides, fluorides and oxysalts200, 214-216. However, conversion electrodes also 

present drawbacks in terms of the irreversibility in the first discharge and the marked voltage 

hysteresis between discharge and charge curves49, 214. In order to circumvent these setbacks 
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and achieve the commercialization of conversion electrode materials, several tracks such as 

exploring different synthesis routes, tailoring the chemical composition, and producing small 

particles with controlled shape and size have been proposed49, 217. Besides low-cost and 

simplicity, electrodeposition is a powerful technique to synthesize various nanomaterials45, 48, 

121, 218. Compared with other chemical synthesis routes, electrodeposition is particularly 

efficient to avoid agglomeration of nanoparticles49, 217, 219. It has already been demonstrated 

that electrodeposition of conversion materials onto suitable substrates is a viable approach to 

design electrodes without the use of binders and/ or conductive agents for 3D lithium (Li-ion) 

microbatteries48, 220, 221. Moreover, TiO2 nanotubes can indeed be functionalized by 

electrodepositing secondary materials45, 55, 192, 222. 

 

4.3.1. Morphology and Structure of Composites 

 
Figure 45a-b show the cross-section and top-view SEM images of the TiO2nts obtained by 

potentiostatic anodization in the electrolyte of 1 M H3PO4, 1 M NaOH and 0.4 wt% HF. The 

nanotubes having ~100 nm diameter and ~750 nm length were subsequently used as the 

substrates for the electrodeposition of Co and Ni particles by galvanostatic experiments. 

According to Faraday’s law, the mass of the two electrodeposited metals is expected to be 

very close, i.e. 36.64 µg of Co and 36.49 µg of Ni; but Faradaic efficiencies were estimated to 

be 37% for Ni and 86% for Co according to Inductively Coupled Plasma-Mass Spectrometry 

(ICP-MS) experiments. The discrepancies can be explained by two side reactions: (i) 

hydrogen evolution particularly catalysed by the deposited metal, and (ii) reduction of Ti4+ (to 

Ti3+) due to the electro-insertion of H+ into the TiO2 lattice100, 109. In addition, examination of 

the surfaces by SEM after electrodeposition of Co (Figure 45c) and Ni (Figure 45d) shows a 

relatively low density of large Co particles (~600 nm) and a high density of small Ni particles 

(~170 nm).  
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Figure 45 SEM micrographs of as-prepared TiO2 nanotubes (a: cross-section, b: top-view), TiO2 nanotubes with 
electrodeposited cobalt (c) or nickel (d) particles, and TiO2 nanotubes with Co3O4 (e) or NiO (f) particles. 
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Figure 46 SEM micrographs (some zoomed) depicting that some nuclei of Ni (a-c) and Co (d) are formed on the 
sidewalls of TiO2 nanotubes during electrodeposition.  

 

Moreover, after annealing at 500 ºC for the formation of Co3O4 and NiO, no significant 

morphological modifications can be observed (Figure 45e-f) except for a slight swelling of the 

particles due to the gain of oxygen and some surface rugosity on the Co3O4 particles. It can be 

noticed that the Co particles tend to be coarse and agglomerated while the Ni particles are of 

uniform shape and size with higher coverage of the TiO2nt surface. As the deposition 

conditions were the same, this discrepancy in sizes and particle densities can be explained by 

different nucleation and growth mechanisms for cobalt and nickel. In fact, the 

electrodeposition of Co and Ni from sulphate baths onto glassy carbon has been studied by 

Grujicic et al. who reported that the nucleation of Ni is faster and proceeds on a large number 

of active sites while further growth is inhibited by adsorbed species, such as H(ads) and SO4
2-

 

(ads), which is not the case for the nucleation and growth of cobalt 223, 224. 
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Figure 47 EDS spectra of TiO2nt layers with (a) cobalt and (b) nickel deposits. 
 

 

 

Figure 48 Galvanostatic curves obtained during the electrodeposition of cobalt and nickel particles onto TiO2nt 
layers at -2.6 mAcm-2. The electrolyte consisted of a mixture of 0.09 M CoSO4 or 0.09 M NiSO4 and 0.1 M 
(NH4)2SO4. 

 

Additionally, the chronopotentiometric curves given in Figure 48 clearly show that 
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excessive hydrogen evolution) and the observed morphology. These observations could be 

used to tune particle morphologies through electrochemical parameters. It is obvious from 

Figure 46 that for both Ni (a-c) and Co (d), some nuclei are formed on the sidewalls of the 

TiO2 nanotubes. EDS analyses (Figure 47) confirmed the presence of Co and Ni metal 

particles in addition to the O and Ti from the underlying TiO2nt layers. After heat-treatments 

at 500 ºC, X-ray diffraction (Figure 49) studies confirmed the formation of spinel Co3O4 

(JCPDS: 42-1467) and NiO (JCPDS: 47-1049) on the crystalline TiO2nt layers which consist 

mainly of anatase (JCPDS: 21-1272) and an infinitesimal proportion of rutile (JCPDS: 21-

1276). 

 

 

Figure 49 XRD patterns of crystalline TiO2nts, and crystalline TiO2nt layers with Co3O4 (JCPDS: 42-1467) and 
NiO (JCPDS: 47-1049) after annealing at 500 ºC. The peaks marked '#' are emanating from the Ti substrate. 
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4.3.2. Electrochemical Behaviour of Composites 

 
To fully apprehend the electrochemical behaviour of particles-sprinkled TiO2nts versus 

lithium, cyclic voltammetry experiments (Figure 50a-c) were carried out in addition to the 

galvanostatic discharge/charge profiles (Figure 51a-c) recorded during the cycling. Evidently, 

the CV curves agree well with the recorded discharge/charge profiles.  

 

 

Figure 50 CV curves recorded at 0.1 mVs-1 for crystalline TiO2nt layers without (a) and with particles of Co3O4 
(b) and NiO(c). 
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TiO2 detected by XRD (Figure 49) can clearly be distinguished at ca. 1.1 V vs Li+/Li and 1.4 

V vs Li+/Li in the first cycle. The irreversibility of these two peaks in the subsequent cycles is 

as a consequence of extensive lithium storage up to the 0.05 V vs Li+/Li cut-off potential, and 

the concomitant irreversible structural transformations. It is worth noting that rutile TiO2 is 

also known to reversibly insert lithium ions 193, 225. Although the diffusion limitation problem 

of lithium insertion into rutile TiO2 at room temperature has been demonstrated to be 

negligible with nano-sized particles226, 227, in several reports 56, 197, extensive lithium insertion 

occurs at potentials below 1.2 V and leads to irreversible structural distortions. 

 

 

Figure 51 Galvanostatic curves recorded during cycling at 70 µA cm-2 for crystalline TiO2nt layers without (a) 
and with particles of Co3O4 (b) and NiO(c).  
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In the CV of TiO2nts with particles of Co3O4 or NiO (Figure 50b-c), lithium 

insertion/extraction into and from anatase TiO2 at can be easily identified ca.1.7 V vs Li+/Li 

and ca. 2.0 V vs Li+/Li. For the Co3O4 sample, the peaks of lithium insertion into the small 

proportion of rutile TiO2 are partly merged with the position of the cobalt reduction peaks 

(Figure 50b) but can be clearly seen at ca. 1.1 V and 1.4 V vs Li+/Li for the NiO sample. 

Typical for most conversion electrodes, the strong peak at ca. 0.9 V vs Li+/Li for the 

simultaneous reduction of the cobalt ions (1Co2+, 2Co3+) in the first cycle was shifted to ca. 

1.1 V vs Li+/Li in the subsequent cycles 49, 221. Similarly, the reduction of the nickel ions 

occurring at ca. 0.5 V vs Li+/Li in the first cycle was shifted to ca. 1.1 V vs Li+/Li in the 

subsequent cycles.  

 

 

Figure 52 Galvanostatic cycle life performance at 70 µA cm-2 in the 0.05 ≤ U/V ≤3 voltage range for crystalline 
TiO2nt layers without and with particles of Co3O4 or NiO. 
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metallic state and hence depend on the oxide composition 228. The footprint of the first 

reduction process is the representative voltage plateau having extension typically equivalent 

to the amount of electrons required to fully reduce the oxide 214, 228. Further discharges result 

in entirely different voltage profiles which imply that the first electrochemical cycles restore 

only partially the morphology and stoichiometry of the initial oxide particles 121, 228.  

In Figure 52, the galvanostatic cycle life performance of the particles-sprinkled TiO2nts is 

compared to that of crystalline TiO2nts in the units of µAhcm-2 and mAh/g. Here also, the 

approximate mass (m) of the TiO2 nanotubes was estimated to be ~80 µg using: 

PVm ××= ρ , where P(The porosity) was estimated to be ~50% according to 

geometrical considerations from SEM micrographs100, 195, 196, V(Volume of nanotubes) ≈ 3.848 

×10-5 cm3, and ρ(Density of anatase TiO2), = 4.21 g cm-3. Once again, due to the theoretical 

estimation of the mass of the TiO2 nanotubes, it can be emphasized that the capacity values 

given in mAhg-1 for the TiO2 nanotubes are slightly underestimated.  

The amount of Co or Ni deposited on the TiO2 nanotubes was determined by Inductively 

Coupled Plasma-Mass Spectrometry (ICP-MS) using an HP 4500 ICP-MS (Yokogawa 

Analytical Systems), and using the molar ratios from equations (28) and (29), the 

corresponding amount of Co3O4 or NiO was estimated. 

432 3
1

3
2

OCoOCo →+  
 (28) 

�iOO�i →+ 22
1   (29) 

 

For TiO2 electrodes, it has already been established that despite a very thin or inexistent 

solid electrolyte interphase (SEI) layer, irreversible side reactions with adsorbed solvents on 

surfaces of amorphous samples or crystallized water in the case of annealed samples 

contribute to the irreversible capacity between the first and the second cycles43. For the 
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composite electrodes, obviously, there is the contribution from TiO2 in addition to that of the 

conversion reaction. For ‘convertible’ electrodes, there are three causes for the irreversible 

capacity between the first and the second cycles: i) irreversible electrolyte decomposition, ii) 

incomplete de-conversion due to the presence of inactive or electrically disconnected Li2O/M 

regions, and iii) partially restored morphology and stoichiometry of the initial oxide particles 

121, 214, 228. 

 It is apparent that the capacity values delivered during the first 25 cycles are 

approximately ~4 times higher in the units of µAhcm-2 (or ~3 times higher in the units of 

mAh/g) due to the presence of Co3O4 or NiO particles on the TiO2nts. Particularly, the 

electrode based on TiO2nt modified with Co3O4 particles has good capacity retention over the 

first 25 cycles (103 µAhcm-2). Nevertheless, the gain in capacity from this electrode is 

minimal considering that Co3O4 is supposed to react with 8Li+ [Eq. (30)] whereas NiO only 

reacts with 2Li+ according to Eq. (31). 

 

*67'8  +  8
 � +  8%&�  ↔  3*6 +  4%&�'  (30) 

<&' +  2
 � +  2%&�  ↔  <& +  %&�'  (31) 

 

The minimal gain in capacity observed for the Co3O4–based composite could be explained by 

the different morphologies of the deposits. The higher particle-density of the Ni deposit 

combined with no agglomeration is supposed to increase the specific surface and as a 

consequence, a larger electrode/electrolyte interface is formed leading to a higher number of 

active sites that can easily react with Li+. The minimal gain in capacity could also be due to 

the recently published229 fact that a full restoration of the Co3O4 stoichiometry does not occur 

during reaction with lithium. That is, an initiation reaction between Co3O4 and lithium [Eq. 

(30)] occurs followed by a reversible reaction employing CoO [Eq. (32)]: 
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*6 +   %&�' ↔  *6' + 2%&�  +  2
 �  (32) 

 

 

Figure 53 SEM micrographs of NiO (a) and Co3O4 (b) prepared by annealing Ni and Co films electrodeposited 
onto stainless steel substrates; and their (c: NiO and d: Co3O4) galvanostatic cycle life performance at 1C in the 
0.05 ≤ U/V ≤3 voltage range. The capacity values are given in µAhcm-2 (semi-closed symbols) and in mAhg-1 
(open symbols). 
 
 For comparison, electrodes of bare NiO and bare Co3O4 were prepared by annealing Ni 

and Co films electrodeposited onto inactive stainless steel substrates. It can be seen from 

Figure 53a that the nickel particles tend to agglomerate leading to a continuous film on the 

stainless steel substrate, whereas the Co deposit (Figure 53b) consists of large islands leading 

to a discontinuous film even though both metals were deposited at the same conditions as 

were previously adopted for the composites. The nucleation mechanism leading to these 

morphological differences on the metal substrate is consistent with what was explained above 

with the semiconductor TiO2nt substrate. Figure 53 shows the specific and areal discharge 
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capacities of the bare NiO (c) and Co3O4 (d) electrodes at 1C-rate (NiO:27 µA/cm2; Co3O4:10 

µA/cm2). Obviously, the specific capacities delivered by the bare NiO and Co3O4 electrodes 

are comparable to previous reports in literature 229-232. It can be noted in Figure 52 and Figure 

53 that although the areal capacities of the composite electrodes are higher than those of the 

bare NiO and Co3O4 electrodes, the contrary is observed in terms of specific capacities, and 

this is consistent with the much higher weights of the composite electrodes. Moreover, the 

bare Co3O4 electrode presents considerable capacity fading within the first 25 cycles (Figure 

53). This capacity fading is consistent with previous reports on Co3O4 electrodes 229, 233, but it 

was circumvented with the Co3O4-based composite electrode (Figure 52), most probably as a 

result of the morphological differences. On the other hand, the bare NiO and the NiO-based 

composite electrodes exhibit the same superior cycle life performance within the first 25 

cycles.  
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4.4. TiO2nts with Gel-like PEO-PMMA Layers: Towards 3D Microbatteries 

 

In this section, the deposition of a polymer electrolyte into TiO2 nanotubes is discussed. 

Polymer electrolytes have been widely studied as solid electrolytes for lithium batteries234-237. 

These ionically conducting but electronically insulating electrolytes are made by blending 

polyethylene oxide (PEO)-based materials with a lithium salt (eg. LiTFSI). Although most of 

them operate above room temperature, a few have been demonstrated to exhibit room 

temperature conductivity–by modifying the physical properties of the polymer238-240. 

Basically, for room temperature conductivity, the high molecular weight polymers are 

plasticized by introducing ceramic fillers for a decreased crystallinity. Patel et al.241 recently 

synthesized a soft (gel-like) polymer electrolyte for room temperature lithium-polymer 

batteries.  

The choice of electrolyte for lithium microbatteries is indeed a problem, but it is an 

undisputable fact that polymer electrolytes with room-temperature conductivity are potential 

candidates. Of course, liquid electrolytes cannot be adopted due to problems of leakage, 

volatility and flammability. And for the solid (ceramic) electrolytes, substantial conductivity 

at room temperature is indispensable. The ceramic Li0.35La0.55TiO3 has been reported as an 

all-solid-state electrolyte for 3D microbatteries. However, it is an expensive material with 

limited possibilities to suit all different designs and materials, and leads to considerably low 

discharge capacities40, 242. Kotobuki et al.243-245 have also demonstrated that Li7La3Zr2O12 

solid electrolyte is one of the promising electrolytes for all-solid-state batteries due to its high 

Li+ conductivity and stability against Li metal anode. 

 To date, Li2.9PO3.3N0.46 (LiPON) has been the best choice of solid electrolyte for 

lithium-based microbatteries22, 23, although derivatives of LiPON such as LiSiPON and 

LiPONB have also been reported53, 246, 247. The glassy LiPON electrolyte exhibits good Li+ ion 

conductivity (~2-5 µS/cm) at room temperature and electrochemical stability above 4.5 V, but 
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the top-down (thin-film) technologies employed for depositing these electrolytes are not adequate to 

achieve a conformal deposition onto the walls of nanostructured electrodes for the fabrication of 3D 

microbatteries. In view of this, electropolymerization is deemed a convenient bottom-up 

approach to deposit low molecular weight (gel-like) polymers (with instantaneous lithium salt 

incorporation) into nanostructured electrodes for the fabrication of 3D (all-solid-state) 

microbatteries that can operate at room temperature. It is important to mention that it was in 

1989 that Ogumi et al.248, 249 first demonstrated the idea of using PEO-based polymer 

electrolytes for all-solid-state microbatteries. In 1993, West et al
250 also studied thin-film 

electrodes with PEO-based polymer electrolytes just that their cells operated at elevated 

temperatures. Recently, several groups have also made substantial efforts to utilize polymer 

electrolytes based on phenol251, Poly(propylene oxide)252, 253, PMMA254, 255, and PEO-

polystyrene256 for the design of lithium-based microbatteries. 

 

4.4.1 Polymer Deposition and Characterization 

 
Electrochemical polymerisation (ECP) is a powerful technique for depositing thin passive films 

onto materials for corrosion protection and adhesion enhancement. It is also widely adopted to 

produce highly pure polymer films for applications in electrocatalysis, micro-optoelectronics, and 

photo-electrochemistry 257-263. Depending on the role of the working electrode (anode or cathode), 

the electropolymerization mechanism can be cationic, anionic, or free radical. The polymerization 

process can be initiated by the monomer or by added initiators when the monomer is not 

electrochemically active.  
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Scheme 1. Electropolymerization of PEO-functionalized methyl methacrylate based on the free radical 
mechanism. 

 

Herein, the electropolymerization is expected to occur according to the free radical 

mechanism proposed by Cram et al. 262 (The mechanism is given in Scheme 1). The reduction of 

H+ to produce H2 is accompanied by the formation of H� radicals that can react with the 

monomers leading to the polymerization of methyl methacrylate. The possible free radical-

induced electropolymerization mechanism is confirmed through the examination of the cyclic 

voltammograms given in Figure 54. Actually, the similar general shape of both polarization 
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curves indicates that only the reduction reactions of H+ and TiO2 take place within the studied 

potential window. In accordance with the Nernst equation, the increasing cathodic current starting 

at around -0.66V/SCE is attributed to the reduction of H+ and the production of H� radicals, 

which are responsible for the polymerization process. At -1.22V/SCE applied potential, it can be 

observed the reduction of Ti4+ into Ti3+ ions with its counter reaction on the reverse scan as has 

been reported in literature 264. At more cathodic potentials, H2 evolution becomes predominant. 

The main difference between these two voltamogramms is the kinetics of the reactions. Indeed, 

when the polarization is performed in the monomer-containing electrolyte, lower current densities 

are recorded on both scans. This result clearly shows the formation of an insulator layer hindering 

the redox reactions. 

 
Figure 54. Cyclic voltamogramms recorded between 0V and -2.5V vs SCE for TiO2nts layer in 0.035 M LiTFSI 
aqueous solution, and in 0.035 M LiTFSI aqueous solution + 2g PEO-functionalized MMA. Sweeping rate of 
25mV/s. 



Chapter 4 : Results and Discussion  

92 

 

 
Figure 55 SEM images of as-formed TiO2nts (a), and copolymer-embedded TiO2nts (b: cross-section, c: top-
view). 

 

 The deposition of the copolymer into the titania nanotube layer was confirmed by 

morphological and chemical analysis. The SEM image of as-formed titania nanotubes that 

are ~750 nm long with diameters of around 100 nm can be compared with the polymer-

embedded titania nanotube layer (Figure 55a-b). Apparently, the nanotubes are almost 

(a)

(b)

Bottom of tubes

(c)
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completely filled by a thin polymer film suggesting that the electrodeposition begins from the 

bottom of the nanotubes 171, 263. The thickness of the polymer layer at the top of the nanotubes was 

estimated to be ~120 nm, but the polymer coating on the exterior walls of the nanotubes is very 

thin (20-30 nm), permiting to easily discern the TiO2 nanotubes from the cross-sectional SEM 

image (Figure 55b) without any metallization of the polymer layer.  

 

 

Figure 56 EDS spectra of (a) as-formed TiO2nts, and (b) copolymer-embedded TiO2nts. 
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Figure 57 FTIR spectra of as-formed TiO2nts (a) and copolymer-embedded TiO2nts (b). 

 

 A fine control of the copolymer thickness can be achieved because the growth mechanism 

depends on the monomer concentration and on the bath immersion time once the free radicals are 

formed. The EDS spectra shown in Figure 56 depicts very high carbon content for the polymer-

embedded nanotubes. The sulphur of the incorporated LiTFSI salt was also detected. The source 

of the carbon was clearly identified to be the copolymer by FTIR spectroscopy ( Figure 57). 

Indeed, PEO and PMMA bands can be easily identified (see the corresponding band values 

obtained from literature in Table 2) 257, 258, 265, 266. It can be noted that no such bands are present in 
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the FTIR spectrum obtained from the as-prepared TiO2nt sample, which displays just the Ti-O-Ti 

stretching mode267 of TiO2 at less than 1000 cm-1. 

 The generation of the copolymer by electropolymerization was confirmed by 1H NMR 

experiments. The high solubility of the resulting PEO-PMMA in water enabled its removal from 

the nanotubes by dissolution and further analysis in both organic and aqueous solvents were then 

carried out. The 1H NMR spectra were recorded in CDCl3. Examination of the 1H NMR spectrum 

of the polymer evidences the disappearance of the characteristic set of peaks of the vinylic group 

located at 5.57 and 6.12 ppm respectively, therefore demonstrating that a reduction of the 

methylmethacrylate group had occurred (Figure 58). Formation of the copolymer is also 

corroborated by the strong shift observed for the methyl group of the methacrylic unit which shifts 

from 1.95 ppm to 1.48 ppm, thus confirming the polymerization and the formation of a saturated 

chain. Broadening of all the signals is also in agreement with the formation of a polymer, this 

phenomenon being typically observed for the NMR spectra of polymers.  

 

Table 2 Typical FTIR peak positions of PMMA-b-PEO 

Peak 

Position 

(cm-1) 

Peak Assignment  

2880 C-H stretching vibration in PMMA 

1730 C=O Carbonyl stretching group in PMMA 

1640 Adsorbed water assigned to the δH-O-H 
bending mode 

1460 CH2 asymmetric bending in PEO 

1346-1360 CH2 wagging in PEO 

1300 O-CH3 stretching vibrations in PMMA 

1250-1280 CH2 twist 

1200-1212 C-O stretching vibrations 

1147-1150 C-O stretching vibrations 

1104 C-O-C stretching vibrations in PEO 

850 CH2 rocking in PEO 

 

 



Chapter 4 : Results and Discussion  

96 

 

 

Figure 58 1H NMR spectra of the starting monomer (a) and the resulting polymer (b). 

 

 Finally, careful analysis of the 1H NMR spectrum evidences the formation of copolymers of 

various lengths by the presence of several signals located between 4.0 and 4.6 ppm and assigned 

to the CH2 group of the ester. To verify that the polymeric material was not issued from a simple 

electrochemical reduction of the methacrylic group, a comparison with the 1H NMR spectrum of a 

model ester molecule (ethyl isobutyrate) that bears an isopropyl group was carried out (see Figure 

59). Comparison of both NMR spectra clearly indicates that the septuplet of the CH group at 2.48 

 

(a) 

(b) 
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ppm and the doublet of the CH3 groups at 1.12 ppm of ethyl isobutyrate were not observed on the 

NMR spectrum of the electropolymerized material, therefore providing another proof for the 

formation of the desired polymer. A further evidence of polymerization was provided while 

comparing our NMR spectrum with the 1H NMR spectra of PEO-PMMA copolymers synthesized 

by various techniques such as ATRP (Atom Transfer Radical Polymerization), 268, 269 

photopolymerization, 270 anionic polymerization 271 and free radical polymerization 272. In each 

case, a good agreement was determined between the chemical shifts reported in the literature for 

both the CH3 and the CH2 groups of the PMMA chains and the chemical shift of the same groups 

for the electropolymerized material.  

 

 

Figure 59 1H NMR spectrum of the ethyl isobutyrate recorded in CDCl3. 

 

 The polymeric material was also investigated by Size Exclusion Chromatography (SEC), 

applying a RI detector and PS standards. Comparison of the SEC traces of both the monomer and 

the electropolymerized material confirmed the formation of a copolymer (see Figure 60). 

Although the retention time of the polymeric material is close to that of the monomer, a clear 

broadening of the trace with a slightly shorter retention time compared to the monomer can be 
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observed, indicating the formation of polymers.  

 

Figure 60 SEC traces of the monomer (solid line) and the polymeric material (dotted line). Eluent system: THF + 
0.25%vol toluene as the internal reference. 

 

As the electropolymerization does not induce significant changes in the retention time, formation 

of oligomers instead of polymers is also evidenced. No traces of high molecular weight 

copolymers are even detected by SEC. As other evidence for the formation of oligomers, a 

number average molar mass (Mn) of about 510 g.mol-1 and a polydispersity index (PDI) of 1.846 

were determined as the characteristics of the electropolymerized material using PS standards. 

Oligomers with chains comprising a few monomer units are thus produced by 

electropolymerization and the high value of the PDI is consistent with a non-controlled 

polymerization process. 

 Formation of oligomers was confirmed by Electrospray Ionization (ESI) mass 

spectrometry experiments. Mass spectrometry is a powerful technique for characterizing 

the chemical compositions and the molar mass distributions of polymers while inducing 

little or no fragmentation when a soft-ionization method such as ESI-MS is used 273. 

Elucidation of a polymer structure, characterization of a polymer end-groups and 

determination of the mass of repeat units can also be achieved.  
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Table 8 ESI-MS peak-m/z values for the four polymer distributions. 

q 

1
st 

Distribution 2
nd

 Distribution 3
rd

 Distribution 4
th 

Distribution 

p p p p 
1 2 3 4 1 2 3 1 2 3 1 2 3 

1 226 370 514 658 254 398 542 268 412 556 284 428 572 

2 270 414 558 702 298 442 586 312 456 600 328 472 616 

3 314 458 602 746 342 486 630 356 500 644 372 516 660 

4 358 502 646 790 386 530 674 400 544 688 416 560 704 

5 402 546 690 834 430 574 718 444 588 732 460 604 748 

6 446 590 734  474 618 762 488 632 776 504 648 792 

7 490 634 778  518 662 806 532 676 820 548 692 836 

8 534 678 822  562 706 850 576 720 864 592 736  

9 578 722 866  606 750  620 764  636 780  

10 622 766   650 794  664 808  680 824  

11 666 810   694 838  708   724 868  

12 710 854   738   752   768   

13 754    782   796   812   

14        840      

 

 In the limit of the complexity of the obtained mass spectrum (Figure 61), a large 

number of oligomeric species led to overlapping peaks. The complexity of the ESI-MS 

spectrum of the electropolymerized material may also originate from the initial 

polydispersity of the starting monomer. In the present case, ESI-MS analysis of the 

commercially avalaible monomer evidenced a broad distribution of monomers comprising at least 

thirtheen different oligomers. Contrary to SEC, ESI-MS also enables to determine the absolute 

molecular weight and molecular weight distribution. Four distinct ion series were identified in the 

ESI-MS spectrum as ammonium adducts [M+NH4]
+. The ESI spectrum (Figure 61) was obtained 

in the positive ion mode and the peak data of the four ion series are given in Table 8. The spacing 

of 1 Da between ion peaks indicated the presence of only singly charged species.  

 



Chapter 4 : Results and Discussion  

100 

 

 

Figure 61 ESI spectrum of (a) monomers and (b) electropolymerized material obtained in the positive ion mode.  
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 Considering the general formula of the electropolymerized material to be 

Cp(2q+5)Hp(4q+8)Op(q+2)XY, with ‘p’ representing the number of MMA repeating units, ‘q’ the length 

of the ethyleneglycol chain, ‘X’ and ‘Y’ the two end-groups, oligomers comprising between 1 to 

4 repeating MMA units were detected. However, the presence of higher molecular weight 

oligomers in the electropolymerized material cannot be excluded, the intensity of the “molecular 

ion” generally decreasing with increasing oligomer sizes274. Due to the dependence of the 

ionization efficiency on the molecular weight, biased molecular weight distribution could be 

deduced. Based on the abundance of the mass-to-charge ratios, number average molecular 

weights (Mn) of 563, 527, 549, and 537 g.mol-1 with respective PDI of 1.04, 1.04, 1.03, 1.03 

could be determined for the four distributions of oligomers. 

Furthermore, X-ray photoelectron spectroscopy (XPS) was carried out to help confirm 

the incorporation of the lithium salt [LiTFSI: LiN(SO2CF3)2] in the polymer deposited on the 

TiO2 nanotubes. Figure 62 shows the S2p, F1s and N1s XPS core peaks arising from the 

LiN(SO2CF3)2 in the deposited polymer. A detailed XPS characterization of LiTFSI was 

previously achieved by Leroy et al.275. In their work, the binding energy of N1s core peak is 

located at 399.6 eV (399.4 eV in this work). The F1s, Li1s and S2p3/2 core peaks appear 

respectively at 688.6, 56.6 and 169.0 eV (688.7 eV, 56.7 eV, 168.8 eV in the present study). 
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Figure 62 High-resolution S2p, F1s, and N1s XPS core peaks obtained for the copolymer-embedded TiO2nts. 
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4.4.2 Electrochemical Behaviour of Polymer-Embedded TiO2nts 

 

Figure 63 Capacity vs cycle number for the as-formed and copolymer-embeddded TiO2nts cycled at 1C and C/5 
within the 0.05 ≤ U/V ≤ 2.6 voltage range and with an LiPF6 [EC:DEC]−soaked separator). 

 

Figure 63 shows the volumic capacity vs cycle number for the as-formed TiO2nts and copolymer-

embedded TiO2nts at two kinetic rates. Due to the gel-like nature of the polymer, no heating was 

required for the electrochemical studies. The electrochemical performances of the two materials 

are also summarized in Table 9. In each case, the capacity fading is minimal even with 50 cycles, 

indicating that the presence of the thin copolymer electrolyte does not have any adverse impact on 

the lithium storage properties of the TiO2 nanotubes. Compared to the as-formed TiO2nts, at 

current densities of 14 µA/cm2 (C/5) and 70 µA/cm2 (1C), the copolymer-embedded TiO2 

nanotubes delivered slightly higher (~8%) capacity values. 
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Table 9 Discharge capacities and efficiencies for as-
prepared TiO2nts and copolymer-embedded TiO2nts cycled 

at different rates. 

Electrode Kineti
c rate 

1st 
DCa 

 

1st 

RC
b 

 

ICc 

50th 
Cd 

Ee (%) 

TiO2nt C/5 176 75 10
1 

60 80 

1C 136 66 70 50 76 

TiO2nt + 
Copolym
er 

C/5 189 83 10
6 

65 78 

1C 155 70 85 54 77 
 

 
a Discharge Capacity, b Reversible Capacity, c Irreversible Capacity, d Capacity, e Efficiency. All capacities are given in µAh/cm2-µm. 

 

 

Figure 64 Capacity vs cycle number for copolymer-embedded TiO2nts and TiO2nts with 200 nm of LiPON 
deposit (The cycling was done at j = 350 µA/cm2 (5C) within the 0.05 ≤ U/V ≤ 2.6 voltage range and with an 

LiPF6 [EC:DEC]−soaked separator). 
 

 Moreover, at a current density of 350 µA/cm2 (5C), the system based on the gel-like copolymer 

electrolyte delivered much higher capacity values (as shown in Figure 64) in comparison to the 

system of TiO2 nanotubes with a layer of LiPON electrolyte (Figure 65). This can be explained 

by the examination of the as-prepared electrode/solid-electrolyte interfaces. It can be seen from 

the SEM image shown in Figure 65 that the LiPON deposit covers completely the top of the 
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nanotubes and does not seem to enter the voids within or between the nanotubes, which otherwise 

is achievable with the copolymer electrolyte (

performance of the copolymer

conductivity of the polymer but also due to an improved 

brought about by the proper filling of the nanotubes.

A highly conformal deposition of the polymer electrolyte onto the 

been shown to be possible (Figure 

presently being studied for a full 3D design in the near future.

 

Figure 65 TiO2nts with a 200 nm LiPON layer deposited by 
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nanotubes and does not seem to enter the voids within or between the nanotubes, which otherwise 

is achievable with the copolymer electrolyte (Figure 55b). It can be asserted that the good 

performance of the copolymer-embedded TiO2 nanotubes is not only as a result of the good 

conductivity of the polymer but also due to an improved electrode/solid-

brought about by the proper filling of the nanotubes.  

A highly conformal deposition of the polymer electrolyte onto the as-prepared TiO

Figure 66), and the successive deposition of a cathode material is 

presently being studied for a full 3D design in the near future. 

nts with a 200 nm LiPON layer deposited by RF−magnetron sputtering.

: Results and Discussion  

nanotubes and does not seem to enter the voids within or between the nanotubes, which otherwise 

b). It can be asserted that the good 

nanotubes is not only as a result of the good 

electrolyte interface 

prepared TiO2nts has finally 

deposition of a cathode material is 

 

sputtering. 
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Figure 66 SEM micrographs of as-prepared TiO2nts (a) and TiO2nts with a conformally deposited polymer layer 
(b); and (c) TEM micrograph evidencing the conformally deposited polymer layer. 

  

(a) (b)

(c)



Chapter 4 : Results and Discussion  

107 

 

4.5. Conclusion and Perspectives 

 

The advent of modern microelectronic devices has necessitated the search for high-

performance all-solid-state (rechargeable) microbatteries. So far, only lithium-based systems 

fulfill the voltage and energy density requirements of microbatteries. Presently, there is a need 

to move from 2D to 3D configurations, and also a necessity to adopt the “Li-ion” or the 

“rocking-chair” concept in designing these lithium-based (thin-film) microbatteries. This 

implies the combination of cathode materials such as LiCoO2, LiMn2O4 or LiFePO4 with the 

wide range of possible anode materials that can react reversibly with lithium.  

Among all the potential anode materials, TiO2 nanotubes possess a spectacular 

characteristic for designing 3D Li-ion microbatteries. Besides the self-organized nano-

architecture, the use of TiO2 is ecologically and economically competitive, and the nanotubes 

have been demonstrated to exhibit very good capacity retention particularly at moderate 

kinetic rates. The use of TiO2 as anode also provides cells with low self-discharge and 

eliminates the risk of overcharging due to its higher operating voltage (ca. 1.72 V vs. Li+/Li). 

As TiO2 (anatase or rutile) effectively inserts only 0.5 Li+ per formula unit, corresponding to a 

theoretical capacity of 168 mAh/g, the first part of this study was focussed on improving the 

overall performance of TiO2 nanotubes by synthesizing TiO2 nanotubes and their derivatives, 

and comparing their electrochemical behaviour in lithium test cells. For derivatives via 

doping, Fe2+ and Sn4+ substitution of Ti4+ was successfully achieved by anodization of co-

sputtered Ti-Fe and Ti-Sn thin films. The Sn-doped TiO2 nanotubes delivered much higher 

capacity values in comparison to undoped TiO2 nanotubes even though Sn was not active 

within the studied potential window. On the other hand, Fe doping did not improve the 

electrochemical behaviour of TiO2 nanotubes, but it is an indication that the doping process 

can be successfully extended to Sb/Nb-doping of self-supported TiO2 nanotubes in the search 

for improved performance. Apart from cationic substitution, anionic substitution of oxygen, 
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for example carbon doping, is anticipated to also help improve the electrochemical behavior 

of TiO2 nanotubes. 

For derivatives by designing composites, although the performance was improved with 

the sub-micron NiO or Co3O4 particles, combined current-pulse deposition of nano-sized (10-

20 nm) 3d metals and annealing will be a better alternative to decorate the TiO2nts with 

conversion materials for an effective 3D design in the near future. Lastly, emphasis was 

placed on the possibility to employ polymeric films as solid-state Li-ion conductors for the 

fabrication of 3D Li-ion microbatteries. Gel-like PEO-PMMA copolymer electrolyte was 

successfully deposited onto the walls of TiO2 nanotubes by electrodeposition. X-ray 

photoelectron spectroscopy (XPS) confirmed the incorporation of lithium salt (LiTFSI: 

LiN(SO2CF3)2) into the polymer deposited on the TiO2 nanotubes, making it a Li-ion 

conductor. A highly conformal deposition of the polymer electrolyte has indeed been 

achieved, and the deposition of cathode materials (LiCoO2 or LiFePO4) onto the polymeric 

layer is anticipated to be achievable with atomic layer deposition for a complete 3D Li-ion 

microbattery in the near future. 
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