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Abstract 
 

Self-ordering phenomena during anodic oxidation of metals and the formation of porous 

oxides have been of a great interest to science and technology for more than 50 years. 

Particularly, after Masuda et al. demonstrated ideally ordered porous alumina by fine tuning 

the experimental parameters during aluminum anodization, these structures were 

increasingly used as a template for the deposition and growth of large varieties of 1D 

functional materials. 

For some time, such self-organized oxide structures seemed to be limited to Al2O3, but in 

1999 Zwilling et al. reported self-organized oxide structures (aligned nanotubes) anodically 

grown on Ti in a dilute fluoride solution. Dilute fluoride electrolytes were then found suitable 

to grow ordered tubular or porous oxides on a large range of other metals and alloys. 

Subsequently, the control over the morphology (diameter, length, smoothness of the walls) 

was strongly improved by continuously optimizing the anodizing conditions. Most research 

work has been directed towards TiO2 nanotubes, as TiO2 with its semiconductive nature 

makes the nanotubular structures promising for use in solar cells, photocatalysis and 

sensors, and also its ion insertion properties and its high degree of biocompatibility have 

attracted wide interest. 

The experimental optimization of growth parameters led to various semi-quantitative or 

qualitative models that provide a mechanistic reasoning for the occurrence of self-

organization. Although theoretical modeling of self-ordered structures grown anodically on 

valve metals was increasingly refined, a main source of difficulty remained, namely the 

multitude of experimental factors which influence the growth of self-ordered 

nanostructures. 

The present work represents an attempt to provide a detailed experimental view over the 

growth of TiO2 nanotubes in organic electrolytes. The first part is based on describing the 

methods and set-ups used for growth and characterization of this nanostructure. It draws 

attention to important aspects that should be considered when using organic electrolytes, 

poses specific questions regarding the electrochemical methods and provides some 

solutions to them. 

The second part is focused on the growth of TiO2 nanotubes under different conditions. This 

part deals with a wide range of parameters that influence the formation of nanotubes, their 

chemical composition, geometry, etc. The most important factors in nanotube growth were 

found to be the applied voltage, water content, temperature and background electrolyte. 

Oxidation and metal ion dissolution are reactions governing the anodic process and the 

efficiency of oxide growth which is directly connected with these reactions determines 

whether self-ordering takes place or not. Many high-end technologies such as scanning 
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electron microscopy, energy dispersive X-ray spectroscopy and transmission electron 

microscopy were adopted for the detailed characterization of the nanotubes. 

In the third part, the crystallization of “as grown” amorphous TiO2 nanotubes is addressed. 

In addition to the influence of well-known annealing parameters (final temperature, heating 

ramp-rate) on nanotube crystallization, some specific aspects are provided which may 

drastically affect the efficiency of devices based on TiO2 nanotubes. Here it is shown that 

heat treatment can be successfully used to control the size of the anatase crystals inside 

nanotube walls or to alter completely the nanotubular structure. 

In the last chapter, advanced nanostructures based on TiO2 nanotubes are investigated. 

Many of these nanostructures are formed via manipulation of electrochemical parameters 

such as the applied voltage or the chemical etching. Novel “nanolace” and “bamboo-type 

nanotube” structures are shown and characterized here. 

In order to demonstrate the advantageous features of these nanotubes, some applications 

were designed and are described in this part. Specifically featured nanotubular membranes 

showed good electrochromic, photocatalytic and filtering properties, successfully proving 

the advantages and the great potential hidden in the ordered nanostructures based on 

titanium dioxide. 
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Zusammenfassung 

 

Seit über 50 Jahren ist das Interesse von Wissenschaft und Technik an der Anodisierung von 

Metallen und den dabei beobachteten Phänomenen der Selbstordnung in porösen 

Oxidfilmen ungebrochen. Vor allem seitdem Masuda et al. die Herstellung von 

hochgeordneten porösen Aluminiumoxidschichten durch ein Feintuning der 

Prozessparameter während der Anodisierung von Aluminium gezeigt haben, werden diese 

Strukturen vermehrt als Template für die Abscheidung und das Wachstum für eine Vielzahl 

von eindimensionalen anwendungsorientierten Materialien verwendet. 

Für eine geraume Zeit nahm man an, dass solche selbstorganisierten Oxidstrukturen auf 

Al2O3 beschränkt sind. 1999 jedoch berichteten Zwilling et al. über das anodische Wachstum 

von selbstorganisierten Oxidstrukturen (ausgerichteten Nanoröhren) auf Titan in verdünnten 

Fluorid-Lösungen. Diese verdünnten Fluorid-Lösungen erwiesen sich als besonders geeignet, 

um geordnete tubulare oder poröse Oxide auf weiteren Metallen und Legierungen 

aufwachsen zulassen. Über die letzten Jahre hinweg konnte durch eine stetige Optimierung 

der Anodisierungsbedingungen die Kontrolle über die Morphologie der 

Nanoröhrenschichten (Durchmesser, Länge, Rauhigkeit der Röhrenwände) stark verbessert 

werden. Der größte Teil der Forschungsarbeiten auf diesen Gebiet beschäftigt sich mit TiO2 

Nanoröhren, da die Kombination der Eigenschaften von halbleitendem TiO2 mit dieser 

Nanoröhrenstruktur sich als besonders vielversprechend für Anwendungen in Solarzellen 

und in der Photokatalyse erwiesen. Auch eine Verwendung aufgrund der 

Ioneneinlagerungseigenschaften und der sehr hohen Biokompatibilität stieß auf breites 

Interesse. 

Die experimentielle Optimierung der Wachstumsparameter führte zu verschiedensten 

semiquantitativen und qualitativen Modellen, die den mechanistischen Hintergrund für das 

Auftreten von Selbstordnung lieferten. Obwohl die theoretische Modellierung des 

anodischen Wachstums von selbstgeordneten Strukturen auf Refraktärmetallen zunehmend 

verfeinert wurde, liegt die größte Herausforderung immer noch in der Komplexität des 

Systems selbst, d.h. im Zusammenspiel der vielen unterschiedlichen experimentellen 

Parameter die das Wachstum von selbstgeorneten Nanostrukturen beeinflussen. 

Die vorliegende Arbeit liefert eine detaillierte Zusammenfassung über das experimentelle 

Wachstum von TiO2 Nanoröhren in organischen Elektrolyten. Im ersten Teil der Arbeit 

werden verwendete Methoden und Versuchsaufbauten für das Wachstum und die 

Charakterisierung dieser Nanostrukturen beschrieben. Besondere Aufmerksamkeit wird 

dabei auf die wichtigsten Aspekte zur Verwendung von organischen Elektrolyten gelegt und 

Lösungswege für die damit verbundenen elektrochemischen Herausforderungen dargelegt. 

Der zweite Teil beschäftigt sich vertiefend mit dem Wachstum von TiO2 Nanoröhren unter 

verschiedenen Bedingungen. In einer Zusammenstellung wird mit Hilfe einer großen Anzahl 
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von Versuchsparametern deren Auswirkung auf das Nanoröhrenwachstum, die chemische 

Zusammensetzung und Geometrie der Nanoröhren diskutiert. Es konnte gezeigt werden, 

dass die wichtigsten Faktoren für das Nanoröhrenwachstum die angelegte Spannung, der 

Wassergehalt, die Temperatur und die grundsätzliche Zusammensetzung des Elektrolyten 

sind. Dadurch konnte eine Verbindung zwischen den vorliegenden Oxidations- und 

Metallauflösungsreaktionen während des anodischen Prozesses, der Effizienz des 

Oxidwachstums und dem Phänomen der Selbstordnung gefunden werden. Dazu wurden 

eine Vielzahl an Charakterisierungsmethoden wie Rasterelektronenmikroskopie, 

Energiedispersive Röntgenspektroskopie und Transmissionselektronenmikroskopie 

herangezogen. 

Der dritte Teil der Arbeit untersucht die Kristallisationseigenschaften der im 

Ausgangszustand amorphen TiO2 Nanoröhren. Neben dem bereits bekannten Einfluß der 

„Annealingparameter“ (Endtemperatur, Heizrate) auf die Kristallation der Nanoröhren 

werden zusätzlich einige spezifische Aspekte gezeigt, die einen drastischen Effekt auf die 

Effizienz von TiO2 Nanoröhren basierenden Anwendungen haben könnten. Hierbei wird 

gezeigt, dass die Temperaturbehandlung dazu genutzt werden kann die Größe der Anatas 

Kristallite in den Nanoröhrenwänden einzustellen oder die komplette Nanoröhrenstruktur zu 

verändern. 

Im letzten Kapitel werden fortgeschrittene Nanostrukturen basierend auf TiO2 Nanoröhren 

untersucht. Viele dieser Nanostrukturen werden durch Verändern der elektrochemischen 

Parameter, z.B. der angelegten Spannung oder Änderungen in der chemischen Ätzrate, 

gebildet. Hierin werden diese neuartigen „Nanolace“ und „bamboo-type nanotubes“ gezeigt 

und charakterisiert. 

In diesem Bereich werden, um die herausragenden Eigenschaften dieser 

Nanoröhrenschichten zu demonstrieren, einige Anwendungen entworfen und beschrieben. 

Speziell eingestellte Nanoröhrenmembranen zeigten herausragende elektrochrome, 

photokatalytische und Filtereigenschaften, welche die Vorteile und das verborgene, den 

geordneten TiO2 Nanostrukturen innewohnende Potential zum Vorschein bringen. 
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1 Overview 
 

1.1 Introduction 
 

In the industrial world, competition has always been the main driving force for designing 

smaller, more efficient, better looking, ergonomic, safer, environmentally friendly and 

energy-efficient products. A clear example is the development of computers. Whereas the 

first general-purpose electronic computer (ENIAC – Electronic Numerical Integrator and 

Computer) constructed in 1946 [1] weighed about 27 tons and consumed 150 kW at a cost 

of $500 000, nowadays much more powerful, energy-efficient computers are produced with 

sizes smaller than the human palm at a price of the few hundred dollars. Such development 

was possible due to the adoption of new concepts, new materials, miniaturization and 

nanotechnology procedures. However, miniaturization may limit the sensitivity or efficiency 

of some devices due to their size (for example, a small, flat sensor also has a small sensing 

area), and this problem can be solved by porosification, i.e. an increase in the surface-to-

volume ratio. Porosification of the materials can also be used for new types of applications 

such as photonic crystals, which require very well-arranged and periodic structures, or 

applications where specific physical or chemical properties of the material need to manifest 

only in 1D or 2D space. All these features are becoming possible nowadays with the rapid 

developments in science. 

One of the simplest and cheapest approaches to “growing” ordered porous materials is the 

electrochemical method. The first ordered pores were observed in alumina several decades 

ago by Rummel [2] and Baumann [3]. The formation and growth of self-organized alumina 

pores were studied in more recent years [4-40] and now porous alumina is widely used to 

design templates for the deposition of nanowires or nanotubes (with metallic or 

semiconductive properties) [41-51], as membranes for filtration, osmotic processes or gas 

separation [52-54], for patterning other materials [55], etc. 

However, alumina is a material with insulating properties and this greatly limits its use in 

many applications that require semiconductive/conductive properties of the matter. 

Therefore, other materials are required to be developed. One of the most interesting and 

promising semiconductive materials is titanium dioxide (TiO2) owing to its good 

photocatalytic activity, anti-corrosive behavior and reactive surface. The special interest in 

this material probably first appeared after Fujishima and Honda’s experiments on the 

photolysis of water under irradiation without applying an external voltage [56]. It is clear 

that the porosification of titanium dioxide will lead to increased photoactivity. 

The first trials aimed at producing ordered porous titanium dioxide were based on an 

alumina template, and it has been possible to grow arrays of nanotubes [41-43] or 

nanowires [45, 49, 57-58]. However, these arrays require several steps (growth of ordered 
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alumina membrane, deposition of the material, dissolution of the alumina template, etc.) 

and thick layers are unstable without an alumina template and tend to collapse into bundles, 

losing their ordering. In 1999, Zwilling and co-workers published a very simple 

electrochemical approach to growing arrays of packed TiO2 nanotubes [59]. They used an 

aqueous solution containing chromic and hydrofluoric acids. However, these nanotubes 

(called pores in the paper) were far from the ideal self-organized geometry and had low 

aspect ratios. A few years later, Schmuki’s group and Grimes’s group started to research and 

optimize this nanotubular structure [60-61]. 

Three generations of TiO2 nanotubes have so far been developed. The first generation of 

nanotubes was grown in acidic-aqueous electrolytes. The main characteristics of these 

nanotubes are their short maximum length (<500 nm) and low self-ordering structure [61]. 

The use of more neutral electrolytes led to the formation of second-generation nanotubes 

with better self-ordering and higher aspect ratio [62-64]. Despite the high aspect ratio (up to 

50), the nanotubes had an irregular structure and their diameters varied along the tube 

length. 

Much smoother walls and better control over geometric parameters were achieved for the 

third generation of nanotubes grown in organic electrolytes [65-67]. These nanotubes are of 

great interest from both scientific and application points of view and recently many groups 

have been researching their properties. 

 

 

1.2 Properties of titanium dioxide 
 

According to Diebold, titanium dioxide is the most investigated single-crystalline system in 

the surface science of metal oxides [68]. It is rich in properties, and it is used as a 

photocatalyst [56, 69-76], in solar cells for the production of electric energy and hydrogen 

[56, 77-80], as a gas sensor [81-83], in paints and cosmetic products (as a white pigment) 

[84-86], as a corrosion protective coating [87-89], as an optical coating [90], in ceramics and 

in electrochromic devices [91-94]. Titanium dioxide is biocompatible and it is used for bone 

implants and as a food coloring (E171) [95-99]. 

Titanium dioxide has three main crystalline phases: brookite, anatase and rutile [100-115]. 

Their powder diffraction patterns were first standardized in 1964 for brookite [106] and in 

1969 for anatase and rutile [111]. However, only anatase and rutile are important for 

applications. Both phases are tetragonal, anatase with a = b = 0.3782 nm, c = 0.9502 nm and 

rutile with a = b = 0.4584 nm, c = 0.2953 nm. The rutile phase is considered to be the most 

thermodynamically stable phase of titanium dioxide, whereas anatase has better 

photoactivity [73] and electrochromic properties [116]. 
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Titanium dioxide is of high interest as a photocatalyst and for solar cells owing to its high 

chemical stability, photoactivity and favorable relative bandgap position [117-118]. It is, 

however, a wide-bandgap semiconductor (rutile 3.0 eV and anatase 3.2 eV) [116, 119] and 

it requires doping to be photoactive in the visible range [119-124]. 

Anodic oxidation of titanium leads mainly to amorphous oxides. The amorphous oxide has a 

bandgap in the same range as the crystalline phase (3.2–3.5 eV) [118], but it is much less 

photoactive, electrically active and chemically stable. Crystallization of amorphous oxides 

can be easily effected by annealing at temperatures higher than 250–300 °C [110, 125-130] 

or under hydrothermal conditions at lower temperatures [114]. 

 

 

1.3 The aim of this work 
 

TiO2 nanotubes have attracted special attention in recent years. The importance of the self-

ordered nanostructures of titanium dioxide can be divided into two main fields. First, these 

nanostructures offer high prospects in application fields and have already demonstrated 

their use in such devices such as solar cells. Secondly, the study of these anodic 

nanostructures is an important step in the development and understanding of 

electrochemical processes such as oxidation, porosification, electro-dissolution and self-

organization which take place at an electrified liquid/solid interface. 

Although most studies on metal oxidation and porosification have been performed in 

aqueous electrolytes, recently increased interest in non-aqueous electrolytes has been 

observed. This trend can be explained by better anodic nanostructuring of oxides in organic 

electrolytes and better control over the growth process and nanostructure properties. 

The aim of this work was to gain insight into the titanium dioxide nanostructures obtained 

by anodization in non-aqueous liquids. This thesis describes the study of the influence of 

different factors (voltage, water content, temperature, pH, background electrolyte, heat 

treatment, etc.) on formation, growth and modification of TiO2 nanotubular structures. New 

nanostructures were developed using different anodic or post-treatment techniques. The 

“final” nanostructure, its geometry and composition can be carefully adjusted by sets of 

parameters and applied techniques including pre-treatments, anodic conditions and post-

treatments. The nanostructures obtained were analyzed by scanning electron microscopy 

(SEM), energy dispersive X-ray spectroscopy (EDX), transmission electron microscopy (TEM), 

Auger electron spectroscopy (AES), time-of-flight secondary ion mass spectrometry (ToF 

SIMS), Raman spectroscopy (RS) and electrochemical impedance spectroscopy (EIS). 

It was also within a scope of this work to show the functionalities of TiO2 nanotubes and to 

illustrate some applications of this nanostructure. 
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2 Theoretical issues 
 

2.1 Passivation of metals. Compact anodic oxides 
 

The phenomenon of metal passivation was discovered in the eighteenth century and Uhlig 

[131] traced that the earliest observations of metal passivation were made by M. 

Lomonosov in Russia in 1738, C. Wenzel in Germany in 1782 and J. Keir in England in 1790 

[132]. However, the term “passivity” first appeared in 1836 [133] and later the phenomenon 

was extensively explored by Schönbein and Faraday [134-135]. These investigators observed 

that the vigorous active dissolution of iron ceased after a while and the passive state 

obtained could be destroyed mechanically by the presence of chloride in the electrolyte or 

by electrochemical reduction of this film. 

Passivity represents a decrease in the chemical reactivity of a metal or an alloy in a medium 

that contains oxidants such as O2 or H+. Its result is the formation of a thin oxide/hydroxide 

layer that protects to a certain extent the metal surface from further degradation and 

changes. Such oxide films often form spontaneously in oxidizing media (for example air, 

water) or may be grown under anodic electrochemical conditions. In the latter case, the 

metals that form thick passive films in aqueous electrolytes are called valve metals [136]. Al, 

Ti, Ta, Zr, Hf, Nb, V and W are considered valve metals and protective oxides can be grown at 

high potentials, whereas anodic oxides of Fe, Cr, Ni, Co and Cu show semiconducting 

properties and are classified as non-valve metals. “Valve” is an old term describing the 

asymmetric conductivity of some metals. A valve metal allows current to pass when used as 

a cathode; however, as an anode the flow of current opposes a growing compact oxide. In 

most cases, the passivating film possesses an amorphous nature or in some cases contains 

small crystalline domains. 

The interest in compact oxides, especially on valve metals, came mainly from their unique 

protective properties against corrosion and their importance in electrolytic capacitors 

(discovered by Charles Pollak in 1886). 

Generally, electrochemical polarization of metals can be divided into several distinct ranges 

(Figure 2.1). In the cathodic range, the metal surface is negatively polarized and it is immune 

to corrosion. In this range, the current increases via favored reduction of hydrogen ions and 

other species such as metal ions that may deposit on the surface. The active dissolution of 

the metal starts at potentials higher than the open-circuit corrosion potential (Vcorr). At the 

Flade potential, the metal passivates and the current decreases by several orders of 

magnitude from the critical current density (jcrit). For comparison, the current shape is drawn 

for a non-passive metal (Figure 2.1, dashed-dotted line). The pre-passive and transition 

(PPT) range is a transition step between the active and passive ranges. In the latter, a small 

current density flows in the system, called the passive current density (jpass). In this range, 
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the current is independent of further increases in voltage. However, under specific 

electrochemical conditions (acidity, presence and concentration of aggressive anions, 

increased temperature), metastable pitting (1a), stable pit growth (2a) at the pitting 

potential (Vpit) and secondary passivation (2b) processes occur in the passive range as shown 

in Figure 2.1. The thermodynamics and kinetic aspects of these processes are well known 

and have been comprehensively described elsewhere [135, 137-138]. 

 

Figure 2.1. Typical polarization curve of a metal passing through different stages. 

Potentials in the transpassive range allow the evolution of oxygen and the formation of 

higher valent metal ions which dissolve faster in the electrolyte, leading to an increase in the 

current density (Figure 2.1, curve 3). Valve metals are characterized in this range by a 

constant increase in their oxide thickness with the applied voltage, maintaining a constant 

low passive current. Only at very high potentials (tens to hundreds of volts) do breakdown 

events take place (Figure 2.1, curve 4). 

Valve metals are of special interest because they form compact, thick, stable and 

homogeneous oxides, preventing the rapid deterioration of construction materials. In the 

electrolyte, these oxides act as a barrier for ionic and electronic current flow, reducing the 

rate of further oxidation to very low values. 

Growth of anodic oxides can be achieved under potentiostatic (constant voltage), 

galvanostatic (constant current) and potentiodynamic or galvanodynamic (sweep of the 

voltage or current at a known rate) polarizations. 
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Several main parameters have been used over the years to characterize oxide growth: 

1. Current efficiency – the ratio between the amount of electricity, in coulombs, 

theoretically required to yield a given quantity of material in an electrochemical 

process and the amount of charge actually consumed. 

2. Anodizing (formation) ratio – ratio between the thickness of the barrier layer and 

electric potential. 

3. Pilling–Bedworth ratio – ratio of the molar volume of metal to the molar volume of 

the oxide formed on it. 

4. Transport (transference) number – the fraction of the total current carried by a given 

type of ion (anion or cation) through the oxide film. 

5. Dielectric constant – relative permittivity of the oxide. 

6. Breakdown voltage – the voltage at which electrical breakdown occurs in the oxide 

barrier. 

Current efficiency is decreased by side reactions and, in many cases, oxygen evolution is the 

main contributor [139]. The efficiency of oxide growth is dependent on many 

electrochemical parameters such as acidity, temperature and type of electrolyte. As an 

example, the efficiency of anodic titania varies from about 10% to over 100% [139-143]. 

Under steady-state electrochemical conditions (constant efficiency, temperature, pH, etc), 

the oxide film usually grows proportionally to the charge passed and uniformity of the oxide 

implies a linear dependence on the applied voltage. This introduces a new parameter for 

oxide growth characterization, namely the anodizing ratio. By definition, this ratio is in fact 

the inverse of the electric field strength, and a smaller anodizing ratio means that a higher 

field is required to grow the film. 

The Pilling–Bedworth ratio is another parameter that describes the oxide film expansion. 

However, it is connected more with the nature of the metal and its ability to form different 

oxides. It is noteworthy that the Pilling–Bedworth ratio for valve metals is typically between 

1.4 and 2.4 [144-145]. The Pilling–Bedworth ratio is the first approximation to judge the 

protectiveness of the metal oxide. If this ratio is less than one then it is expected that the 

surface of the metal will not be fully covered by the oxide and subsequently it is not 

protective. If the ratio is more than one, protective oxides may develop on the metal 

surface. When this ratio exceeds two, large compressive stresses often develop that may 

lead to cracks and lift off of the oxide, leaving the metal unprotected [146]. In many studies, 

this parameter is used to describe compressive and tensile stresses, but it is also correlated 

with the anionic transport number [147-148]. 

It is generally accepted that after the formation of the first oxide monolayer on a metal 

surface, further oxide growth is maintained by the flow of the ionic species through the film. 

The ionic current is divided into anionic and cationic components. The transport number is 

used to describe the contribution of each component. There have been many disputes in the 

literature on this subject. Some researchers believe that the cations are the only mobile 
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species in the lattice of oxygen ions [149-150]. Others consider that the anions are the 

moving species through the oxide and the film grows only at the metal/oxide interface [151]. 

These controversies were solved by Davies et al. by using markers of large and uncharged 

atoms of 125Xe [152]. The amount of incorporated atoms was kept at the trace level (<1012 

atoms cm–2). The results revealed that both anions and cations are mobile. The cationic 

transport number is usually from 0.2 to 0.4 for amorphous oxides (on Al, Nb, Ta, Ti) and can 

exceed 0.5 at higher currents (higher field strength) [8]. In the case of crystalline oxides (Zr, 

Hf), the anionic transport is predominant, possibly due to rapid movement of oxygen along 

defects [153]. 

The dielectric constant and breakdown voltage are often used to describe the quality of the 

oxides and their potential applicability in supercapacitors. Breakdown events are constantly 

investigated as they can provide answers about defects and weaknesses of the anodic oxide 

[135, 154-168]. Failure of the oxide can lead to complete metal destruction. 

The formation and growth of compact anodic oxides require several simple conditions: 

1. The metal should be susceptible to oxygen and other oxidative anions. 

2. The metal oxide should be a poor electronic conductor. 

3. The oxide formed should be essentially insoluble in the electrolyte. 

Güntherschulze and Betz showed empirically the exponential decrease of the ionic current 

density under anodic conditions during oxide formation on many valve metals [169-171]: 

 
Ej Ae  (2.1) 

where A and  are coefficients that depend on temperature and specific anodized material 

and E is the electric field. This behavior is directly related to the increase in the oxide 

thickness, which limits further oxide formation and chemical reactions at the surface. 

Theoretical models were developed later by Verwey [150], Mott and Cabrera [149, 172-174], 

Dewald [175-177] and Vermilyea [178-179]. Models are based on the combination of three 

possible rate-determining steps as described briefly in Diggle’s review [8]: (i) ion transfer 

across the metal/metal oxide interface, (ii) ion transfer through the oxide bulk and (iii) ion 

transfer across the metal oxide/electrolyte interface. 

Below, derivation of the high-field model is essentially reproduced from Lohrengel’s review 

[180]. A hopping mechanism is the base idea in this theory. An ion that occupies a regular 

site or an interstitial position requires activation energy (W) to jump to available neighboring 

sites. The jump distance (a) is considered an almost constant value in amorphous materials 

because such materials are considered to have a short range order. In this case, the oxide 

thickness can be divided into parallel planes, containing intermediate stable sites of the 

moving ions, with an inter-plane distance corresponding the jump distance. The density (in 

mol cm–2) of mobile species for the arbitrarily chosen plane x is labeled na and for the 
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adjacent plane x + a it is nx+a. The amount of ions transferred in the unit of time is given as 

the difference of transfer rates to the left and to the right: 

 x x a

n n n
n p n p

t t t
 (2.2) 

where p , p  represents transition probabilities of the ions. 

In the absence of an electric field, the activation energy is the same in both directions 

(Figure 2.2a) and probabilities are given by the equation 

 

W

RTp p e  (2.3) 

where  is the attempt frequency of the ion. The ion is treated as a harmonic oscillator. 

 

Figure 2.2. (a) Schematic representation of the activation energy without an external electric field. 
(b) Schematic representation of the influence of an electric field on the activation energy of the ion 
necessary to jump towards and away from electric field. 

When the electric field (E) is present, the activation energy becomes different in different 

directions (Figure 2.2b). The transfer of ions is favored by an electric field, when the latter 

lowers the activation barrier: 

 W W zFaE  (2.4) 
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and unfavorable for the opposite direction: 

 1W W zFaE  (2.5) 

where  is a transfer coefficient which describes the symmetry of the activation barrier, a 

the position of the maximum, z the charge number of the ions and F the Faraday constant. 

The concentration of mobile species in the plane x + a can be represented as a function of 

concentration gradient (using c = na–1): 

 x a x

c
c c a

x
 (2.6) 

and substituting this equation in (2.2): 

 x x

n c
ap c ap c a

t x
 (2.7) 

or 

 

1 zFaEW zFaE

RT RT RT
x x

n c
a e c e c a e

t x
 (2.8) 

If the field strength is zero then this equation corresponds to Fick’s first law of diffusion: 

 
n c

D
t x

 (2.9) 

where diffusion coefficient (D) is 

 
2

W

RTD a e  (2.10) 

The high-field model postulates that under a strong electric field the diffusion of mobile 

species is much smaller than the migration process favored by the field strength and can be 

neglected in addition to migration of species in the direction where the electric field opposes 

migration. Van Rysselberghe suggested that such strong fields exist for current densities >5 

µA cm–2 [181]. These assumptions simplify Equation (2.8) to 

 

W zFaE

RT RT
x

n
a e c e

t
 (2.11) 

Under electrochemical conditions, the current density can be represented as 

 
n

j zF
t

 (2.12) 
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and introducing two parameters: 

 0

W

RT
xj zFa c e  (2.13) 

and 

 
zFa

RT
 (2.14) 

Equation (2.11) can be written as 

 0
Ej j e  (2.15) 

This relation is similar to Equation (2.1) used by Güntherschulze and Betz to fit empirical 

data. 

The high-field model was derived from two parallel lattice planes chosen arbitrarily in the 

metal/oxide/electrolyte system and the classical experiments do not provide any 

information about their position in this system, which can be inside the oxide layer or at the 

interface. Güntherschulze and Betz considered it within the oxide [170] and both cations and 

anions are assumed to contribute to the ionic current. Later, Mott and Cabrera discussed the 

logarithmic behavior of metal oxidation under electrochemical conditions and made several 

assumptions [149]. First, a strong electric field sets up in the oxide ( 1 V nm–1), and second, 

the rate of ion transfer through the metal/oxide interface is determining, i.e. the transfer of 

the ion through the oxide film is a fast process, and subsequently a small number of ions is 

transiting the oxide film and hence space charge is negligible. 

With these assumptions, Cabrera and Mott proposed that the ionic current density could be 

written as 

 

W zaE

kTj n ze  (2.16) 

where n is the surface density of mobile ions at the metal,  is the vibrational frequency of a 

surface metal atom (the number of chances of an atom passing the energy barrier at the 

metal/oxide interface), W is the activation energy necessary for an ion to pass the energetic 

barrier in order to enter the oxide bulk (or just the activation energy), a is the activation 

distance (in this case the half-jump distance), z is the charge of the mobile ion, k is the 

Boltzmann constant and T is the absolute temperature. 

Cabrera and Mott’s theory is expected to work for thin anodic films (<10 nm) and a certain 

range of metals fits it [182]. 

The Verwey model attributes the rate-determining step to the bulk oxide properties [150] 

and not to the ion transfer at the metal/oxide interface, as explained by Mott and Cabrera. 
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This theory is based on the probability of a metal ion making a jump towards and away from 

the applied electric field. The exponential behavior of the ionic current is then deduced from 

the activation energy needed for such jumps, and it has two exponents that describe the 

movement of ions in the direction of the field and opposite. For high electric fields, one 

exponent is assumed to have a very low probability and it is dropped. The final equation is 

similar to the Cabrera–Mott case, but in the Verwey case the theory can be applied for 

thicker films where the neutrality of the bulk oxide exists. 

Dewald generalized the Cabrera–Mott theory. The assumption of a metal ion being pulled 

right across the film is dropped as an ion which escapes from the metal may experience 

deactivating collisions in the oxide film. Also in the Dewald theory, the space charge 

contribution is taken into account [176]. However, the Dewald theory is hard to prove 

experimentally owing to the low level of space charge, as pointed by Vermilyea in an 

investigation of barrier-type films on tantalum [179]. 

The high-field theory in the simplified version was examined for a large number of metals. 

Several discrepancies exist between experiment and the Cabrera–Mott theory and Verwey 

expressions: 

1. The parameter  has no exact dependence on temperature. 

2. Activation distances calculated for a crystalline oxide lattice are larger than those 

expected theoretically. 

3. The current density was found to be slightly non-linear when plotted on a logarithmic 

scale vs. the electric field strength [183-184]. 

The last point, observed by Young [183], led him to propose that the activation distance is 

dependent on the electric field: 

 a ' 'E  (2.17) 

where ’ and ’ are positive coefficients. 

Now the equation involves a quadratic function of the electric field: 

 

2W q 'E q 'E

kTj n qe  (2.18) 

The current density non-linearity was explained by other groups assuming overpotentials at 

the oxide interfaces which vary with the current density [185-187]. Davenport [187] 

separated the applied potential into potential that drops across the oxide film and the 

potential that drops at oxide interfaces (metal/oxide and oxide/solution interfaces). 

Consequently, the experiments were well fitted to this assumption. The potential drop on 

the oxide film was well in line with high-field theory, while the overpotential at interfaces 

controlled the metal oxidation reaction and followed the Tafel equation. 
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In addition to high-field theory, Macdonald et al. published the point defect model (PDM) in 

1981 [151] and an improved version was presented in 1990 [188]. The PDM includes several 

assumptions: 

1. The oxide film contains high concentrations of vacancies of cation and anion type. 

2. The metal/film and film/solution interfaces are in electrochemical equilibrium. 

3. The electrical potential drop across the film/solution interface is a linear function of 

the applied voltage and the pH of the electrolyte. 

4. The electric field strength within the film is constant and independent of film 

thickness. 

This theory considers that the electric field in the oxide film is low due to a shielding effect at 

the interfaces where most of the electric potential is assumed to drop. Classical Fick and 

Nernst–Einstein equations were used to describe the movement of vacancies through the 

film, under the influence of species concentration (c) and electrical potential (V) gradients. 

Thus, the passing current is given by 

 
c V

j zF D c
x x

 (2.19) 

where  is the mobility of the species and the other parameters are as defined above. 

Generally, there is no common opinion as to what approach should be used to describe 

passivation kinetics. Both high-field and point defect models were reported to be in line with 

experimental studies. Moreover, it was shown recently that in addition to diffusion and 

migration processes, mass transport in thick porous oxides is influenced by other factors 

such as stress-induced flow of the material [189-190] and new transport models considering 

viscous flow have been developed recently [37, 39]. 

 

 

2.2 Dissolution and porosification of metal oxides 
 

Ordered pores in Al2O3 were observed by Rummel [2] and Baumann [3] a short time after 

the Güntherschulze and Betz experiments on valve metals, and possibly this was the first 

step in the electrochemical nanofabrication and porosification of ordered structures. Keller 

[5] and Hoar [6, 191] established properties of Al2O3 pores such as a linear relationship 

between cell size and forming voltage, geometric properties of the pores/cells, pore volume 

(describing porosity) and exponential behavior of the current density, i.e. first correlations of 

the pore growth with the compact oxide. 
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Hoar clearly showed the differences between compact and porous films [6]. If in both cases 

the current decreases exponentially, then in the case of pore formation the steady-state 

current is higher. For valve metals, the steady-state current density during compact layer 

formation usually varies in the range of nA cm–2–µA cm–2, whereas for porous layers it varies 

in the range of µA cm–2–A cm–2, i.e. in the porous case, the steady-state current density is at 

least an order of magnitude higher. The current is higher due to the moderate solubility of 

the oxide under specific electrochemical bath conditions, and this is the main condition 

necessary to obtain a porous structure instead of a compact film. However, an ordered pore 

growth can be obtained only under optimized electrochemical conditions. The appearance 

of a peak in the current curve during the first moments of anodization is generally associated 

with pore formation. 

 

Figure 2.3. (a) One of the first pictures that shows the formation of ordered pores in Al (reproduced 
from [2]). (b) Ideally ordered Pt nanohole array made by a two-step replication of the honeycomb 
structure of anodic alumina (reproduced from [15]). (c) Schematics of alumina pore array as shown 
by Keller [5]. (d) Current transient diagram of overlapping processes occurring during anodic 
formation of alumina pores (reproduced from [6]). 

Theoretical aspects of self-ordering on metal oxides were developed mainly on alumina 

pores and many models have been proposed for the ordered porous layer growth on valve 

metals. Figure 2.3a shows one of the first optical pictures of alumina nanopores, published 
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by Rummel in 1936 [2]. Since then, optimizations of such nanostructures were continuously 

improved until ideally self-organized pores of alumina became possible. Figure 2.3b shows 

the use of such an ideal nanostructure for the design of Pt nanopore arrays [15]. 

Probably the first explanations of alumina pore formation came from Baumann [3]. He 

proposed a “zig-zag” model which assumes the formation of a vapor film over the pore 

growth barrier with oxygen anions being produced at the gas/electrolyte interface. 

Oxidation of aluminum develops spherically at the pore nuclei and growth stops when 

neighboring pores touch each other. The electrolyte starts to dissolve the electrically 

weakest points of the pores, reaching the aluminum and creating new paths for further pore 

development. Thus the pore growth was assumed to be in a zigzag fashion. The corners of 

the zigzags are later dissolved by the electrolyte, allowing the pores to become straight. 

Linear expressions between the forming voltage and the cell size of alumina pores were 

investigated by Keller et al. [5]. They considered that the behaviors of porous anodic 

coatings are a function of four variables: pore size, cell wall thickness, the barrier thickness 

at the base of the pore and the character of the oxide formed. The cell wall thickness and 

the barrier thickness are a function of voltage and the latter cannot be greater than 1.4 nm 

V–1. The detailed geometric aspects of the pores are discussed and evaluated from 

experimental data and logical assumptions. For example, the pore was viewed as having a 

star shape that is controlled by the amount of metal consumed and the outer hexagonal 

aspect of the cell (Figure 2.3c). The evolution of pores in the Keller model is based on a 

solvent effect that dissolves the oxide formed. A higher current flows at each pore tip and it 

repairs damaged oxide by the solvent influence. The evolution of pores continues at their 

tips due to the higher local temperature induced by higher currents near these sites and 

subsequently higher dissolution rate of the oxide formed. 

Later, a comprehensive investigation of alumina pores using electron microscopy was carried 

out by Akahori [192]. The results contradicted previous assumptions of Rummel and 

Baumann about pore growth via locally broken sites in the oxide film or via zigzag paths. In 

addition to straight pore channels, the pores also showed a cylindrical shape, which was 

contradictory to Keller et al.’s investigation. However, the model proposed by Akahori 

contains some aspects of the Baumann theory. Oxygen is produced near the barrier layer 

which forms a gas layer due to high heat dissipation and its thickness is proportional to the 

formation voltage. The gas layer is rich in oxygen ions that rush into the aluminum matrix, 

producing an ionic current. The ions accelerate under a high electric field (107 V cm–1) and 

their deceleration in the metal matrix leads to aluminum melting near the pore tip. Under 

the pressure of the gas layer, the interface adopts a spherical concave shape, and the 

generated ions of aluminum and oxygen form an oxide that is blown at the edges by the gas 

flow, leading to the formation of cell walls. The authors also concluded that the barrier layer 

is thinner than the Keller theory assumed and no relation with the applied voltage exists. 

More extensive studies on pore growth were conducted by Hoar et al. [6, 191]. The high-

field theory used to describe compact oxide formation was taken as the basis of the pore 
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evolution. In the early stages of anodization, on the surface of Al a compact oxide is formed 

in every case. Formation of a compact protective oxide or evolution of pores is associated 

with specific electrolyte conditions; particularly the pH of the electrolyte plays an important 

role. In the neutral electrolytes, when a constant anodic voltage is applied at the 

aluminum/electrolyte interface rapid passivation of the surface takes place and the current 

density decreases to very low values according to the high-field model (shown previously in 

the Section 2.1). When acidic solutions are used as the electrolyte, the current decreases 

exponentially, but not to very low values, and an ordered pore layer thickens indefinitely in 

time [6]. In fact, the total current flow is divided into film forming and pore currents (Figure 

2.3d). Local heating near the pore tip is not considered important for the formation of pores, 

but can increase the rate of growth. Evolution of pores is considered to be field-assisted 

rather than “thermal”. Migration of anions and cations takes place through the barrier layer 

in line with the high-field theory of compact oxide formation. 

This model proposed that initiation of pore growth starts with incorporation of protons in 

the oxide film. The incorporation can be either statistical or at welcoming positions (defects). 

At the sites of incorporation, the oxide becomes hydrated, i.e. the local specific resistance of 

these sites decreases, thus promoting higher current densities. Local heating at these spots 

leads to further uptake of protons and higher dissolution rates of aluminum cations. The 

pores begin to form in depth and expand radially. When this self-sustaining process enters 

the steady-state regime, the pore current reaches a maximum (Figure 2.3d). 

Interesting aspects of porous anodic oxides have been reported by another group [193]. The 

barrier layer is considered to consist of two regions. The inner layer that is formed at the 

metal/oxide interface has a compact nature, whereas the other layer that is in contact with 

the electrolyte is built up from hydroxide and hydrate compounds. The latter adsorb water 

and anions, and the oxide growth proceeds at the interface between these two layers. 

Duplex behavior of anodic layers was clearly demonstrated later [10, 12]. 

Short descriptions of many other models that describe the specificities of ordered pores of 

alumina are available elsewhere [8, 194]. 

A quantitative study was conducted by O’Sullivan and Wood using electron microscopy 

[195]. Their paper has become one of the most cited articles on the growth of alumina 

pores. In addition to a detailed description of the initiation layer and pore geometry (cell 

diameter, cell wall thickness, barrier layer thickness, pore diameter and length, and their 

packing behaviors), the authors established relations between pore geometric components 

and their dependences on different electrochemical conditions (anodizing voltage, 

temperature and acid concentration). A model was developed based on the idea of field-

assisted dissolution that takes place at the oxide/solution interface. The model states that 

the oxide thickens as a result of the movement of ions according to their transport number 

across the oxide film and their conversion into oxide at metal/oxide and oxide/electrolyte 

interfaces. Al2O3 is considered ionic in nature and the Al–O bond is broken via induced 

polarization under the electric field present at the oxide/solution interface. Local 
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polarization of oxygen atoms via hydrogen bonding allows water molecules effectively to 

“pull out” Al3+ ions that are solvated as a complex ion in the electrolyte. The remaining 

unbound O2– ions are believed to combine with hydronium ions, forming water. Field-

assisted dissolution thins the oxide and allows further movement of ions through it, leading 

to the formation of new oxides at interfaces. The authors measured the rate of Al3+ 

dissolution under an electric field and found it to be more than 4400 times higher than 

without a field, i.e. considering only the chemical dissolution. Evolution of alumina pores was 

explained via a non-uniform current distribution due to the presence of defects and 

impurities. A higher current density at the defective sites leads locally to faster and thicker 

oxide regions. Non-uniformity of the film allows initiation of pore nuclei in the thinner 

regions of the oxide and higher field-assisted dissolution of these regions. This is followed by 

widening of the nuclei and propagation in depth until steady-state growth of a pore array is 

attained. This model was named “field-assisted mechanism” and since then it has been 

constantly improved using detailed experimental studies via electron microscopy, marker 

methods and microtome sectioning [196-199]. The model proposed by O’Sullivan and Wood 

describes basic mechanistic aspects of pores and it is more applicable under steady-state 

growth of pores, where a certain ratio exists between oxidation and field-assisted 

dissolution. However, it does not account for other parameters such as stress and 

incorporation of impurities, which are known to influence significantly oxide evolution and 

stability of the oxide [147-148, 200-202]. 

Recently, more advanced theoretical modeling has been proposed [13, 37, 39, 203-208]. 

Golovin’s group analyzed mathematical modeling of self-organization, i.e. transition from 

compact like oxide to pore formation. The mechanism is based on the Butler–Volmer 

relation and activation energies of the interfacial reactions. The Butler–Volmer relation 

describes the dependence of the electric current on the overpotential, while the activation 

energies of reactions are influenced by the Laplace pressure that is assumed to be present 

due to surface energy and volume expansion of the oxide. The authors carried out linear and 

weakly non-linear stability analyses of the system for two cases: when the elastic stress is 

significant and when it is not [204]. In both cases, the instabilities in the oxide are generated 

by positive feedback between field-assisted dissolution and the perturbations of the 

interfaces. In the absence of stress, both interfaces of the oxide undergo long-wave 

instability, which can provide a wavelength selection mechanism for the initial pore 

geometry (diameter, inter-pore distance). For this case, weakly non-linear analysis showed 

that the dynamics of perturbations at oxide interfaces are governed by the Kuramoto–

Sivashinsky equation [209] that can describe the formation and evolution of irregular pore 

cells with an average size distribution [210]. Linear stability analysis with the presence of 

significant elastic stress showed that long-wave perturbation is overwhelmed by two short-

wave instabilities resulting in the formation of Turing-type instability. This instability can 

promote the formation of ideal ordered hexagonal pores, as confirmed via weakly non-linear 

analysis of the system. The authors found that the short-wave instability occurs in a limited 

range of the volume expansion, which is in agreement with experimental work on the 
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formation of ideally organized pores for a narrow range of aluminum oxide expansion [18]. 

Later studies [205] considered electromigration of ions in the oxide layers and showed that 

short-wave instabilities, which lead to hexagonal self-organization of pores, can appear even 

in the absence of elastic stress. Only linear stability analysis was carried out for the updated 

model, and it was sufficient to demonstrate transition from the basic state of the oxide 

(uniform compact barrier layer) to a hexagonal ordered porous structure. It was concluded 

that ion migration through the oxide coupled with non-linear reaction rates at the 

metal/oxide and oxide/solution interfaces represents a sufficient condition for the 

generation of short-wave instability and subsequently formation and growth of hexagonally 

ordered pores. 

Another remarkable modeling study was carried out by Hebert’s group. Initially, they 

conducted numerical computation based on detailed pore geometry taken from O’Sullivan 

and Wood work [195] and analyzed two cases derived from Poisson’s equation: 

 
2

0r

V E  (2.20) 

where V is electric potential, E is the electric field and r and 0 are relative and vacuum 

permittivity, respectively. 

In the first case, the potential distribution during steady-state growth of a pore is predicted 

from current continuity. A simplified model is needed for this case and an assumption is 

made, namely that the ion migration fluxes are much greater than the ion diffusion fluxes 

under the high electric field present in the barrier layer ( 1 V nm–1). This assumption was 

supported by derived realistic current–voltage relations in Ebihara et al.’s work [211]. The 

previous equation then becomes the current continuity equation: 

 0j  (2.21) 

where j is the current density in the oxide, and for 1D film geometries the current is 

described by 

 02j j sinh V  (2.22) 

where  and j0 are the field coefficient and pre-exponential current density of the high-field 

conduction, respectively. 

For simulation of this case, the vector form of Equation (2.22) was used. Thus the current 

continuity equation becomes 

 0
sinh V

j V
V

 (2.23) 
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In the second case, no space charge is assumed to be present in the oxide layer, and 

Poisson’s equation becomes Laplace’s equation: 

 
2 0V  (2.24) 

These two cases are equivalent only for planar 1D film geometry or for multidimensional 

geometries when the electric field is low. Anodic pores do not respect these conditions and 

subsequently the equations differ. For the latter case, at least one of the assumptions (high-

field conduction and negligible diffusion) fails. 

Simulations of potential distribution for these cases in a real pore geometry showed that the 

current continuity equation is much more realistic than the case based on Laplace’s 

equation. In the latter case, a huge difference (several orders of magnitude) between the 

current density at the metal/oxide and oxide/solution interfaces was obtained, i.e. violation 

of current continuity. On the other hand, the current continuity equation requires the 

presence of space charge in the oxide. However, the equivalent of the charge is small 

( 0.007% of the charge density of O2– ions), and the first case becomes more realistic by 

adjusting the space charge to maintain the electric field distribution and continuity of the 

current. Moreover, in the model proposed by Houser and Hebert [206], both dissolution of 

the film and accumulation of oxide in the pore walls were taken into account, which is 

different from earlier models where only field-assisted dissolution was considered. The main 

drawback of this model is that conduction processes alone cannot explain ordering and the 

evolution of pores because the metal oxidation rate at the pore cell border is enhanced by 

the convex shape of this region. 

Recently, Thompson et al. visualized experimentally the mass transport in Al2O3 pores 

obtained from aluminum films with incorporated tungsten markers [27, 32, 212]. The results 

did not meet expectations, i.e. migration of tungsten cations towards the oxide/solution 

interface; instead, the marker flowed from the pore base up the pore wall. The authors 

concluded that the barrier oxide flows into the pore walls under growth stresses and field-

assisted plasticity. The porous oxide obtained was thicker by a factor of 1.35 compared with 

that of compact-like oxide. Hebert’s group took into consideration these experimental facts, 

and for simulation of porous film growth, not only the electric field but also the stress 

gradients were taken into account [39]. For the simulation of oxide flow, the oxide is 

assumed to act as a Newtonian-like fluid. The steady-state balance between pressure and 

viscous forces is determined by considering conservation of electrical charge, volume and 

momentum. Conditions of uniform motion of the oxide barrier during the pore growth are 

established from boundary conditions of current density and flow velocity at the reactive 

surfaces. The metal/oxide interface velocity is determined by the rate of metal consumption, 

i.e. directly proportional to the current density. The velocity of the oxide/solution interface is 

determined by the rate of oxide dissolution, i.e. ejection of Al3+ in the electrolyte, migration 

and deposition of freshly unbound O2– ions. 
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Figure 2.4. Results of simulation of steady-state growth, and comparison of experimental and 
simulated tracer profiles (taken from [39]). (a) Current lines (thin red lines) and potential 
distribution (color scale) for anodic film growth in oxalic acid at 36 V. (b) Velocity vectors (arrows) 
and mean stress (color scale) for the same conditions as in (a). (c) Comparison of W tracer profiles 
from TEM cross-sectional images (taken from [27]) with simulated profiles. The pores were grown 
in phosphoric acid at 195 V for different times of (from left to right) 180 s, 240 s and 350 s. The last 
simulated profile(on the right side) shows the simulated tracer evolution at time intervals of 31.2 s. 

The results of the simulation are remarkable. Figure 2.4a shows the current density lines and 

potential distribution near the pore base. The current density is concentrated in the middle 

of the pore as it is highly dependent on the strength of the electric field that is decreasing 

from the reacting pore base to the inactive pore wall. Figure 2.4b shows the dimensionless 

stress. The authors assumed that compressive stress is locally elevated by the deposition 

rate of O2– at the oxide/solution interface. This leads to flow of the oxide shown by velocity 

vectors of the oxide flow. As can be seen in Figure 2.4b, the oxide flows in the direction of 

the metal/oxide interface, which is continuously moving due to metal consumption, and 

then drifts laterally and finally pushes the pore walls to move upwards. 

Figure 2.4c shows a clear fit between experimental data and simulated data based on this 

model. It confirms that viscous flow occurs during the growth of porous anodic films. It also 

shows that owing to the specific geometry of the pores, a non-uniform distribution of 



Theoretical issues 

25 | P a g e  

electric field and stress is present at the growth interface. It is believed that compressive 

stress is generated by the competition of strong anion adsorption with oxygen deposition. 

Tensile stress is found in the outer part of the growth interface (near the outer border of the 

pore cell) and it is assumed to be the reason for voids formation, especially at triple cell 

junctions in the hexagonal pore arrays [213]. This model of coupled electrical migration and 

stress-driven transport has been further developed and many other aspects are discussed 

elsewhere [208]. 

The discussed models that provide a mechanistic reasoning for the occurrence of self-

organization and steady-state growth of ordered pores are semi-quantitative or qualitative 

models due to the multitude of experimental factors which influence the growth of self-

ordered nanostructures. However, recently a quantitative model was proposed [207] which 

provides the preconditions for self-organization of ordered pores. In this work, linear 

stability analysis was carried out and it the range of instability that is controlled by oxide 

dissolution and ion migration was found. The stress component in this analysis seemed to be 

small and it was considered not to play a significant role in perturbation of the system. Once 

the instability occurs, the oxide can transit from its basic state of a compact uniform film to a 

modulated porous structure. Calculations revealed that the stability is highly sensitive to the 

oxide formation efficiency. Figure 2.5a shows the dependence of the growth rate of 

perturbations on the wavenumber at different efficiencies. The dispersion curve for an oxide 

efficiency greater than 0.7 is in the negative range, i.e. the system is stable and only a 

compact anodic oxide is expected to form in this range of efficiencies. If the efficiency is 

below 0.66, perturbations persist and the oxide film is unstable. As a result, disordered 

porous structures or complete dissolution of the oxide film are expected. Only in a narrow 

range of efficiencies do the disturbances exhibit a small-wavelength cutoff. For aluminum, 

this range is between 0.7 and 0.66, as shown in Figure 2.5a. 

From calculations, simple equations were derived for predicting the range of efficiencies for 

instant growth of ordered structures. The upper limit of the efficiency is given by 
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where  is the Pilling–Bedworth ratio and bM and bO are coefficients that measure the non-

linearity of metal (M) and oxygen (O) transport. 

The ratio of these coefficients can be approximated to the metal ion charge dependence 

when the stress is negligible: 
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where zM is the charge number of the metal. 

The lower limit of efficiency is found to be 
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The condition 0
O > O is met when the cation charge (zM) is larger than 2. This criterion 

would be more complex if this model were to include different jump distances and barrier 

shapes for migrating ions. 

 

Figure 2.5. (a) Effect of oxide formation efficiency on dispersive curves for growth of anodic Al2O3 
at an electric field of 0.8 V nm–1. (b) Comparison of measured oxide formation efficiencies with 
predicted limits. Reproduced from Hebert et al. [207]. 

Figure 2.5b shows a plot of theoretical limits for Al (0.65–0.7) and Ti (0.5–0.58) and 

experimentally determined efficiencies for ordered porous structures. The theoretical model 

is well in line with the experimental results and can predict self-ordering of anodic structures 

based on specific to metal Pilling–Bedworth ratio and charge number of the metal ion. 

Despite the powerful models developed recently, they still do not account for point defects 

and incorporated electrolyte species. These models can be classified into two groups: those 

which explain self-organization and ordering phenomena and those which explain the 

steady-state growth of ordered structures. 

As a summary of the most promising theories, the following conditions are necessary for 

growth of ordered anodic structures: 

1. There must be a certain dissolution component of the current flow in order to 

promote pore growth. 

2. Self-organization or pattern selection of pores is determined by perturbations inside 

the compact oxide in the initial stages of anodization. Generally, it is accepted that 

ion migration through the oxide layer coupled with non-linear reaction rates at the 

oxide interfaces or with the dissolution component of the ionic current generates 

instability of the interface. 



Theoretical issues 

27 | P a g e  

3. Once the initial pattern has been formed on the surface, an ordered hexagonally 

packed array of straight pores/nanotubes starts to grow according to the current 

density distribution, which is influenced by many parameters also described in earlier 

models (electric field strength and distribution, acidity and composition of the 

electrolyte, temperature, concentration of defects, incorporation of impurities, 

applied electric conditions, Pilling–Bedworth ratio and stress gradients present at the 

growth interface ). 

4. A non-uniform distribution of the potential and stress in the growth barrier leads to 

oxide flow towards the pore walls and is responsible for the appearance of voids 

between pore cells or even their separation into nanotubes. 

There is still no unified theory which could fully describe anodic growth of ordered 

structures from the first moment to the steady-state growth of the nanostructures. 

Moreover, there are discrepancies in the proposed models regarding the determining 

factors for self-organization and evolution of pores and most of the models are still 

exclusively based on Al2O3 pore formation. However, in parallel with theoretical work, 

optimum empirical conditions for self-ordered porous structures were found experimentally 

for most valve metals (Al [15], Ti [67], Ta [214], Zr [215], Hf [216], Nb [217], V [218], W [219]) 

and non-valve metals (Fe [220]) and their alloys [221-224]. Adjusting the chemistry and 

anodic conditions allowed tuning of the geometric sizes of the nanostructure, its shape (for 

example, by converting nanopores to nanotubes), and its chemical content [18, 129, 215, 

223, 225-232]. New insights and specificities of anodic nanostructures grown on different 

materials should allow expansion of the present models on other metals, should eliminate 

existing discrepancies between them and should contribute significantly to the development 

of a unified theory of anodic oxidation of metals. 

The scope of this work includes providing a detailed experimental description of TiO2 

nanotubes grown anodically in organic electrolytes over a wide range of anodic conditions. 

 





Experimental and analytical instruments 

29 | P a g e  

3 Experimental and analytical instruments 
 

3.1 Electrochemical set-up 
 

The three-electrode potentiostat is nowadays the most commonly used configuration for 

electrochemical studies. It was described and built for the first time by Hickling [233] in 

1942. The principle of operation remains largely the same and consists in keeping the 

reference potential (Vr) “constant” and equal to the desired or input potential (Vi). The 

dashed square in Figure 3.1 represents an equivalent of the electrochemical cell, where the 

dots are the electrodes in the cell. 

 

Figure 3.1. A three-electrode potentiostat. 

The operational amplifier (OA) will amplify any potential difference which might appear 

between the reference and input terminals: 

 o i rk V VV  (3.1) 

where k is the amplification factor of OA and it is much higher than 1. The reference 

electrode (RE) is a sensing electrode with a high impendence and usually a very small current 

passes through it. 

Thus one can write the total current flow in the electrochemical cell as 
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and 

 r
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I

Z
 (3.3) 

where Zcr represents the impedance between the counter electrode (CE) and reference 

electrode (RE) and Zrw is the impedance between the reference electrode and working 

electrode (WE). 

The combination of last two equations results in 
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where  is called the feedback factor. 

Substituting the last equation in (3.1) and taking into account that k >> 1 results in the proof 

for the self-adjusting potentiostat: 
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The above equations not only show the working principle of a potentiostat, but are also 

important for understanding the relation between the potentiostat and the electrochemical 

cell. During anodization, the potentials at electrodes are influenced by factors such as the 

electrolyte conductivity, the temperature of the sample and electrolyte and the passivation 

kinetics of the metal surface. 

The electrochemical cell configuration used for most of the experiments in this study is 

shown in Figure 3.2. 

The samples were always contacted at the WE. The copper electrode was used to make 

backside contact of the sample by pressing it against an elastic O-ring (Figure 3.2b). For 

better heat transfer, the samples were glued on a copper electrode with glue containing 

silver (ACHESON Silver DAG, G3692). 

The CE is the electrode which closes the electrical circuit and it was placed 16 mm from the 

WE, assuring a sufficient volume of the electrolyte between these two electrodes. The CE is 

parallel to the WE for a uniform current distribution and it is made of a platinum (Pt) grid. 

Such a construction avoids accumulation of gas bubbles at both the WE and CE. 

The reference electrode is an electrode which has a stable and known potential. This 

requirement can be satisfied by a redox system under saturated conditions [234]. There are 

many types of reference electrodes used in aqueous electrochemical studies, such as the 

standard hydrogen electrode (SHE), saturated calomel electrode (SCE) and silver chloride 

electrode (Ag/AgCl). For non-aqueous solvents, there are only few IUPAC recommendations 
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for the construction of a standard reference electrode [235]. It is recommended to use 

ferrocene/ferricenium ion or bis(biphenyl)chromium(0)/bis(biphenyl)chromium(I) ion as the 

reference redox system. However, such a quasi-reference electrode would require 

adjustments and refreshments of internal solution and its potential may vary under 

undefined conditions. The use of an aqueous RE in organic solvents introduces new variables 

which are undefined, such as the unmeasurable potential of the liquid/liquid interface or the 

potentials of different ionic composition between the reference aqueous electrode and 

organic electrolyte [236]. A good argument for avoiding the use of an aqueous RE is that 

potentials measured in different solvents are not directly comparable [237]. For simplicity 

and avoidance of these problems, a thin Pt wire was used as a pseudo-reference electrode, 

which is known to be satisfactory over a wide range of and extreme electrochemical 

conditions [238-240]. This solid-state, inert electrode is suitable for anodization at high 

overpotentials (>3 V) where millivolt polarization of RE becomes non-essential. 

 

Figure 3.2. (a) The electrochemical cell used. (b) Magnified view of the electrochemical cell that 
shows the positions of the electrodes. 

Minimization of the voltage loss drop on the electrolyte is another important factor that 

makes the RE meaningful and the use of a three-electrode potentiostat instead of a simple 

two-electrode power supply. The RE should be placed as close as possible to the WE. On the 

other hand, the RE geometry can disturb the distribution of current density, which should be 

uniform over the entire sample surface, i.e. a too close placement will hinder a part of the 

sample surface and create different current distributions. Organic solvents of high viscosity 

with a low ion concentration have a high electric resistance. As will be shown later, this 

resistance can lead to a significant voltage drop on the electrolyte (Section 4.3). 
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Whereas the RE should be placed at a relatively close position with respect to the WE, the CE 

should be situated at a relatively long distance. Such a configuration should avoid a lack of 

ions in the solution situated between the CE and WE. 

The cell configuration presented in Figure 3.2 can be closed with a cap and prevents that 

hygroscopic organic solvents absorbs water vapors from air (see Appendix 1). During 

anodization, the electrolyte, sample substrate and environmental temperatures were 

monitored by Pt temperature sensors (Pt 1000; for more information, see Appendix 2). 

The potentiostat was controlled by a specially designed PC program through a Prodis device 

and data were recorded by Keithley multimeters connected to a computer through a 

General Purpose Interface Bus (GPIB) card (see Appendices 3 and 4). 

 

 

3.2 Electron microscopy techniques 
 

Electron microscopy takes advantage of the wave nature of rapidly moving electrons. An 

electron microscope uses a beam of electrons for imaging samples at much higher resolution 

than a conventional light microscope owing to the shorter wavelengths of the accelerated 

electrons. The wavelength ( ) of a moving electron can be calculated from the de Broglie 

relation and the kinetic energy (qV) gained by the electron across the electric potential (V): 
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where h is Planck’s constant, m0 the mass of an electron and c the speed of light. 

The expression in parentheses accounts for relativistic effects which cannot be ignored for 

energies greater than about 100 keV. 

The theoretical resolution of the electron microscope can be described by the classical 

Rayleigh criterion: 
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where  is the smallest distance between two points that can be resolved,  the refractive 

index of the viewing medium and  the semi-angle of magnifying lens collection. 
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The wavelength of electrons accelerated at 100 kV is about 0.004 nm, which is much smaller 

than the diameter of an atom. However, such high resolving power cannot be achieved in 

the electron microscope owing to lens imperfections. 

There are two main types of electron microscopes widely used nowadays: the scanning 

electron microscope (SEM) and the transmission electron microscope (TEM). General 

diagrams and the main differences are shown in Figure 3.3a. 

 

Figure 3.3. (a) Comparison diagram of SEM and TEM construction. (b) Schematics of electron beam 
interaction with the sample. 

The SEM uses sources of electrons of low accelerating voltages, usually <50 kV. The 

generated electrons pass through a set of condensers which are designed to focus the 

electrons of a certain wavelength to a smaller beam size. The objective system is used to 

focus and manipulate the beam size and shape further. Scan coils deflect the electron beam 

during raster scanning of the sample. 

When the beam strikes the sample it generates many sorts of electrons, photons, phonons, 

and holes (Figure 3.3b). Collection of these signals allows a wide range of information about 

the specimen to be obtained. The SEM is a type of electron microscope that is mainly used 

to image the surface of a specimen. Primarily, secondary electrons (SE) are used for 

visualization of the sample surface as these electrons have low energy and only those 

produced near the specimen surface can escape. The SE can escape from a thin layer of 

about 10 nm and are used for ultra-high-resolution imaging. The modern SEM has a 

resolution of about 1 nm (so far the highest resolution available is 0.4 nm (accelerating 

voltage of 30 kV) is obtained with a Hitachi S-5500 instrument), which is much higher than 

with a conventional light microscope with a limited useful resolution of about 200 nm. SEM 

images have a large depth of field, yielding a characteristic 3D appearance useful for 

understanding the surface structure of a sample. 
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Modern SEMs are featured with many other detectors that allow the collection of signals 

that carry information on the chemical and physical composition of the sample. For example, 

the backscattered electrons (BSE) are the high-energy electrons reflected or backscattered 

out of the sample and they carry information about the “weight” of atoms as the latter is 

strongly related to the atomic number of the atom, and are used to form images that show 

the distribution of heavier and lighter elements in the specimen. The BSE are also used in 

electron backscatter diffraction images in order to determine the crystallographic structure 

of the samples. Auger electrons are generated at the surface ( 1 nm thin layer) and carry 

information about the elemental composition of the surface. Characteristic X-rays are used 

for elemental and chemical analysis but, in contrast to Auger electrons, the X-rays provide 

information about the bulk composition (usually from a volume of 1-5 µm3) of the specimen. 

The SEM has many advantages: it is easy to use, with simple preparation of the specimens, 

provides high-resolution topographies for high sample areas, analyses of electrical 

conductivity and others. In combination with other techniques such as EDX and AES, 

elemental and chemical mapping can be conducted at different regions of the specimen. An 

SEM equipped with an electron backscatter diffraction (EBSD) detector can be used in 

crystallographic studies for indexing the orientation of polycrystalline surfaces and for 

finding the preferred orientation of any crystalline material. 

For this study, a Hitachi S4800 SEM with a cold field emission electron source was used. Its 

image resolution is 1-2 nm and it can magnify in the range x30–800000. A high-resolution 

mode of the images (maximum 5120 x 3840 pixels) permits large areas of the sample to be 

scanned in detail. This microscope has an EDX detector (Genesis 4000) which can be used for 

the determination of the elemental composition of the specimen. 

The TEM can provide higher resolution than the SEM and it can provide information about 

arrangements and positions of atoms, crystallinity, orientation and distribution of individual 

crystallites, defects, dislocations, interfaces such as heterojunctions, etc. The TEM uses a 

different principle for sample visualization (Figure 3.3a). Electrons emitted from microscope 

gun are condensed by electromagnetic coils (condenser) and adjusted into a coherent 

electron beam. This beam passes through a thin sample (usually a maximum of 100-200 nm 

thick). Elastically scattered electrons are focused by the objective system and then magnified 

and projected on a fluorescent screen, photographic film or sensor. Penetration of the 

specimen requires electrons of high energy and for TEM studies acceleration voltages >50 kV 

are necessary. Usually 100-300 kV are used for most studies; however, some electron 

microscopes can form beams of electrons with energies in the MeV range and can be used in 

3D imaging of thicker specimens. 

The TEM has several operating modes: bright-field imaging, dark-field imaging and selected 

area diffraction mode. TEM is also used in a high-resolution mode for lattice imaging. 

Bright-field is the most common mode and the image is a result of occlusion and absorption 

of electrons in the sample. Thicker regions of the sample or containing species of higher 



Experimental and analytical instruments 

35 | P a g e  

atomic number will appear dark, whereas the other regions are brighter. Elastically scattered 

electrons are the major source of contrast in TEM images. They also create much of the 

intensity in selected diffraction patterns when the TEM is working in this mode. The latter 

can be obtained by the placement of the objective aperture. This causes the desired Bragg 

reflections to be selected and projected. Pattern diffraction can be used to identify crystal 

structures and defects. For a single crystal, the pattern consists of sharp spots that represent 

lattice reflections. Selected area diffraction is also essential in setting dark-field imaging. The 

dark-field mode allows mapping of the sample with chosen diffracting planes. This mode can 

also be useful in analyzing the lattice defects or precipitates in the sample. 

Inelastic scattering processes transfer energy to the sample and generate a lot of useful 

signals which can be used in the TEM to obtain spectroscopic information about the 

chemistry and electronic structure of the specimen. Often TEMs are designed with EDX 

detectors for chemical analyses of the sample at the nanometer level. Unfortunately, the 

inelastic processes can damage and heat up the sample. 

The main disadvantages of the TEM are the laborious preparation of the specimen that 

should be very thin (<100 nm), and the device also involves the analysis of small specimen 

areas and requires advanced knowledge for handling it. 

In the present work, Hitachi TEM H-800 and Philips CM30TEM/STEM TEMs and Hitachi HF-

2000 and Philips CM 300 UT high-resolution TEMs were used for the detailed analysis of the 

samples. 

 

 

3.3 X-ray diffraction analysis 
 

X-ray diffraction analysis is a powerful technique used for the characterization of the 

structure of matter. X-rays were discovered by Röntgen in 1895 [241] and were first used for 

medical imaging [242]. Subsequently, X-rays started to be more widely studied and used 

after von Laue’s discovery in 1912 that crystals diffract X-rays and can reveal the structure of 

the crystal [243-245]. Later, the X-rays were used not only for crystal structure 

determination but also for chemical analysis, stress measurements, determination of particle 

size in polycrystalline materials, phase equilibrium measurements and for more complex 

tasks such as the determination of the structures of proteins and other biomolecules. 

The possibility of studying crystals is based on simple principles of diffraction and 

interference. When a wave meets an obstacle, it apparently bends around it. The effect is 

pronounced when the wave diffracts on periodically arranged obstacles which have sizes of 

the same order as the spatial period (wavelength) of the wave. Under such circumstances, 
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constructive and destructive superposition of the diffracted parts of a wave takes place, i.e. 

interference. 

 

Figure 3.4. Schematic representation of the X-ray diffractometer configured in a –2  scan mode. 
Crystals with different orientations are shown in the specimen (in red is schematically shown the 
crystals for which constructive interference is taking place). The green region shows the irradiated 
volume and L is the penetration depth of X-rays. 

These principles are widely used in crystallography and probably the simplest device is the 

Bragg–Brentano diffractometer for crystal determination. The diffraction can be easily 

explained by the Bragg’s law [246-249], which establishes the relation (where the maximum 

constructive interference takes place) between the incident X-ray angle ( ) and the inter-

distance of family planes (d) at a certain wavelength of the incident X-rays ( ) multiplied by 

an integer number (n): 

 2n dsin  (3.8) 

For the present study, an Philips X’pert multi-purpose diffractometer having a Panalytical 

X’celerator detector using graphite monochromatized Cu K  radiation was used in the –2  

scan mode, i.e. the incident X-ray beam impinged on the sample at a fixed angle ( ) during 
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the entire measurement (Figure 3.4). The diffractometer consists of an X-ray tube, specimen 

stage, detector, arms for accurate control of the detector and X-ray tube positions, and 

different optics and tools for X-ray adjustment such as mirrors, slits, filters, attenuators, 

collimator, masks, etc. 

Generally, X-ray methods can be used to determine crystalline phases present in the 

material, crystallites size using the Scherrer equation, parameters of a crystal and its 

orientation, 3D structure of molecules, residual strain and stress, quantitative analysis of 

crystalline phases and identification of compounds and their diffraction patterns [250-251]. 

In the case of titanium dioxide, X-ray diffraction can be used to determine quantitatively the 

fraction of anatase in a compound containing a mixture of anatase and rutile phases [252]: 
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where fA is the fraction of anatase and IA and IR are the intensities of the strongest anatase 

and rutile reflections, respectively. 

An important term that should be considered when working with films is the effective 

penetration depth of X-rays (Figure 3.4). The parameter can be extracted from the 

absorption factor (G), that is, the ratio of the intensity diffracted by a thin film and the 

intensity diffracted from a specimen of infinite thickness [250]: 
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where  = m  is the linear attenuation coefficient and is proportional to the density of 

material ( ), m is the mass absorption coefficient, a characteristic coefficient of substances, 

 is the porosity of the film, L is the film thickness,  is the incident angle of X-rays and 2 –  

is the angle of scattered X-rays. 

In the literature [250, 253], there are several concepts of the penetration depth. One relates 

to the attenuation of G = 1 – e–1, i.e. the depth where the intensity of X-rays decreased by 

37%, and another definition is G = e–1, i.e. the depth where the intensity of X-rays 

decreased by 67%. However, in many tasks, it is important to find out what part of the 

absolute intensity carries information about the thin film under study, or in multilayered 

structures to know which layers are present in the diffraction pattern. In other words, in a 

multilayered structure, knowing the thicknesses of the layers one can calculate ratios of the 

X-ray intensity diffracted from each layer, or adjust the diffractometer in such a way that it 

will measure certain layers from the top of the specimen. In such cases, the penetration 

depth can be considered to the level where the absorption factor reaches 95% or higher. 
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3.4 Heat treatment set-ups 
 

Two types of heating set-ups were used for this study: a tube furnace (Heraeus RO 7/50) and 

a rapid thermal anneal system (RTA) (Jipelec JetFirst 100). 

The furnace consists of a ceramic tube with embedded heating elements and NiCr–Ni 

thermocouples. It allows a good and stable control of the set temperature up to 1100 °C. The 

disadvantages of such furnace are the low and hardly controllable heating and cooling ramps 

(<1 °C s–1). 

The RTA consists of an array of infrared halogen lamps which heat a Si substrate through a 

quartz window. The temperature is controlled by thermocouples placed under an Si wafer. 

The main advantage of the RTA is the versatility of the heating/cooling process and wide 

choice of annealing conditions and profiles. Thermal ramp-rates up to 400 °C s–1 can be 

controlled. The RTA also permits wide control over a variety of gas mixtures. The 

disadvantages are thermal overshooting at high thermal ramp-rates and the gradients of 

temperature over the Si wafer surface and along the thickness of samples placed on top of 

the wafer. This system is not really suitable for annealing thick and non-flat samples. 
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4 Experimental methodology 
 

4.1 An overview of titanium samples 
 

In most of the experiments, Ti foils 0.1 and 0.125 mm thick were used. The titanium purity 

was 99.6+% and the foils suffered thermal treatment during rolling and were therefore 

covered with an “industrial” oxide. 

 

Figure 4.1. (a) 2D and (b) 3D views of the Ti grains obtained by etching Ti in MeOH–Br2 solution. 

The bulk is polycrystalline and has a wide range of crystallite sizes, from 1 to 20 µm, but 

many grains are of 7–8 µm (see Figure 4.1). The initial titanium surface is rough and contains 

many defects and impurities (Appendix A5). 

 

 

4.2 Importance of pre- and post-treatments 
 

Ultrasonic cleaning at 40 kHz in different solutions is the simplest way to remove grease 

and microparticles from the sample surface. Acetone is a very good agent for grease 

removal. However, the acetone evaporates quickly and leaves tracks of dirt on the surface. 

In order to avoid this, a sonication sequence in acetone followed by ethanol and water is 

used. Subsequently, the samples are dried under a nitrogen stream. The advantage of this 

method is its simplicity and it was used in application fields, where the “industrial” oxide 

effect could be neglected. However, for the tube formation research, surfaces free of 

“industrial” oxide were prepared. 

Chemical etching can be used for “industrial” oxide removal. For this, samples were 

immersed in hot ( 70 °C) piranha solution (H2O : H2O2 (30%) : H2SO4 (>95%), 1:2:2 v/v/v) for 
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about 30 min. Although this approach efficiently removes “industrial” oxide, it also roughens 

the surface, and especially the grain boundaries of Ti are attacked. The entire surface is also 

covered with fine pores (Appendix A5). 

For smoother surfaces, mechanical treatment is preferred. The samples can be either ground 

or polished. For grinding, premium silicon carbide (SiC) abrasive paper was used. Initially, the 

surface was ground with P#800 grade median SiC particles of diameter 25.8 µm, then it was 

followed by grinding with P#1200 (15.3 µm) and finally refined with P#2400 (6.5 µm). The 

surface roughness after the last step was about 25 nm (Appendix A5). Ethylene glycol–

ethanol was used as lubricant. This pre-treatment is a good compromise for the removal of 

“industrial” defective oxide and it was used in most of the experiments. The most 

sophisticated pre-treatment was mirror polishing of the surface by using suspensions of 

polycrystalline diamond particles with sizes from 6 µm down to 1 µm and some final 

polishing solutions. If the fine grinding still left some scratches on the surface then mirror 

polishing provided “ideally flat” surfaces. 

 

Figure 4.2. I–t curves of different pre-treated surfaces. 

The impact of the surface state is reflected in the I–t curves (Figure 4.2). Chemically or 

mechanically treated surfaces show a fast exponential decrease of the current with similar 

decay coefficients. Because of the fewer defective sites in the case of polished samples, a 

more uniform surface passivation takes place and a minimum of initiation stages is revealed 

[229]. A large difference in the I–t curves appears for the sample with “industrial” oxide. The 

surface becomes electrochemically passivated more slowly. In the first moments, the current 

density is high for several tens of seconds and it fluctuates hugely. One may attribute this to 

the semiconductive and defective nature of the “industrial” oxide. High currents lead to 

locally increased temperature and acidity, resulting in fast growth of TiO2 nanotubes with 

thinner walls that are etched and collapse into bundles (Appendix A5). However, the 

currents of differently pre-treated sample surfaces merge together and overall steady-state 

conditions are the same after 30 min. 

Post-treatment techniques involve the removal of electrolyte traces, sample drying and 

storage. Owing to the porous nature of the layers, they should be immersed in the cleaning 
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solution for outer diffusion of remaining electrolyte and avoiding further chemical 

dissolution and changes. Water is not good for these purposes because the amorphous 

layers of TiO2 nanotubes are soluble in it. The tubular layer is slowly dissolved (after several 

days of immersion the layer becomes fluffy and loose), but also crystallization of the 

substance takes place (Appendix A6), similar to hydrothermal conditions [114]. A good 

candidate as a cleaning solution is ethanol. Ethanol has a low viscosity and it is mixable with 

ethylene glycol and water, allowing a relatively fast replacement of the electrolyte inside the 

porous structure. No changes in the TiO2 nanostructures were observed after several weeks 

of immersion. Ethanol evaporates quickly at room temperature and it also has relatively low 

surface tension (three times lower than water), a property that favors sample drying by 

decreasing the surface forces and physical damage of the nanostructure during the 

evaporation process. According to the literature, 5–20 min are sufficient for the removal of 

most electrolytes inside the porous structure [254-256]. For this study, the samples were 

kept in the cleaning solution after anodization for at least 1 h. Samples stored for several 

weeks in ethanol did not suffer any visible chemical or morphological changes. 

Natural drying in a closed box was preferred over drying under a gas stream. However, the 

best means of transferring porous structure from liquid to air is considered to be the 

supercritical drying technique [257-258]. After drying, amorphous TiO2 nanotubes can be 

stored in air for prolonged times and do not need special heat treatments for stabilization as 

in the case of amorphous V2O5 nanostructures [218]. 

 

 

4.3 Impact of the electrochemical cell design on anodization 
 

Many polar organic compounds are hygroscopic, and this is also the case with ethylene 

glycol. However, absorption behavior is not important for recipes with large amounts of 

water such as ethylene glycol–water (50:50). In this case, the amount of water is high or 

above the saturation region, hence the electrolyte absorbs the moisture from air very slowly 

or not at all. For low water contents (the range for most of the recipes used to grow TiO2 

nanotubes), the absorption rate is so high that the amount of water is doubled in a few 

hours (Appendix 1) and can drastically change the experimental conditions (the TiO2 tube 

formation and growth are sensitive to the water content in the electrolyte). That is why the 

electrochemical system must be closed to avoid moisture. 

Another cell parameter that must be taken into account is the electrode configuration. 

Anodization can be carried out in a two- or three-electrode configuration system. The 

differences between these configurations of the electrochemical cell are discussed in the 

following example (Figure 4.3). Let us consider TiO2 nanotube formation at 50 V in ethylene 

glycol (EG) containing 0.1 M ammonium fluoride (NH4F) and 1 M deionized water (H2O). In 



Experiments methodology 

42 | P a g e  

the first case, the electrochemical cell is configured in a three-electrode mode with the 

reference electrode placed 3 mm from the anodized surface (Figure 3.2b). When a direct 

voltage of 50 V is applied, it drops on the electrolyte between the RE and WE and the 

resistance of the metal/electrolyte interface. The resistance of the electrolyte between the 

CE and RE is much higher than the sum of the resistances between the RE and WE, thus 

leading to a high voltage drop in the bulk electrolyte (Figure 4.3a). With the rapid surface 

oxidation, the resistance of the samples drastically increases, leading to redistribution of the 

voltage drops, i.e. the high voltage drop on the electrolyte ( 140 V at the first moment) 

decreases to a few volts. A high power dissipation takes place in the first few moments, 

which usually leads to an increase in electrolyte and substrate temperature in the first few 

moments of anodization. 

 

Figure 4.3. (a) Resulting potential at the counter electrode and (b) total current through the system 
for two- and three-electrode configurations of the electrochemical cell. (c) Resistance of the 
electrolyte extracted from EIS measurements. (d) Percentage of the voltage that drops on the 
electrolyte between the RE and WE. 

When the electrochemical cell is configured in a two-electrode mode, the RE is connected 

with the CE at a distance of 16 mm from the WE. In this case, there are no variations in the 

applied voltage at the CE. However, under steady-state growth of the nanotubes where the 

current is almost constant in time, there is a voltage drop difference of about 5 V (due to the 

electrolyte resistance) during steady-state growth of the nanotubes, i.e. the two-electrode 

configuration leads to a systematic error of at least 10%. 
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In both configurations, the current decreases exponentially (Figure 4.3b). In the two-

electrode mode, the current is almost three times smaller, i.e. when a constant voltage is 

directly applied in the system in the two-electrode mode erroneous data are obtained due 

to a more limited current by the electrolyte resistance in the first stage of anodization and a 

much higher IR drop error during the entire experiment time. However, in both 

configurations the system faces non-ideal conditions. In the three-electrode mode, there is 

still some IR drop on the electrolyte between the RE and WE. In order to evaluate this 

voltage drop, electrochemical impedance spectroscopy (EIS) measurements were carried out 

during nanotube growth (Appendix A7) and the data were fitted according to the model 

described by De Wit and Lenderink [259]. Figure 4.3c shows that the resistance of the 

electrolyte between the RE and WE varies linearly with the charge, passed i.e. with the 

length of the tubes. Figure 4.3d represents the extracted voltage drop error on the 

electrolyte between the RE and WE. It is clear that under steady-state growth of nanotubes, 

1–2% of the applied voltage drops on the electrolyte at lower voltages (5–30 V) and 2–3% at 

higher voltages (30–50 V). At the beginning of the experiment, a voltage transfer from 

electrolyte resistance to growing oxide layer takes place and the voltage error is higher 

(Figure 4.3d). In fact, it is much higher in the first minute of the anodization (not shown in 

Figure 4.3d). Another reason for higher values of the error at the beginning of experiment 

comes from the high current density that passes in this stage, which may deplete the 

electrolyte. 

In an ideal system, where the only resistance between reference and sample is the 

specimen/liquid interface during the first moments of anodization, the current should be 

extremely high. While in the ideal system the set parameters such as voltage will result in 

the correct maximum initial current, such a system is not good for real experiments, because 

it presumes a high power dissipation on the electrolyte, i.e. the system will face heating 

problems, temporary and local increases in acidity, high consumption of the ions, 

unnecessary dissolution of the sample substrate and/or breakdowns and even destruction of 

the sample and decomposition of the electrolyte. However, despite the non-ideal conditions 

of the three-electrode configuration in the first moments of anodization, it reflects better 

the results during the entire experiment. Sometimes it is good to lower the power 

dissipation which is present in the three-electrode configuration in the first stage of 

anodization. For this an initial ramping of the voltage may be prescribed or even the use of 

the two-electrode configuration. However, in the latter case, in order to obtain similar 

results to those for the three-electrode configuration, a higher preset voltage should be used 

that takes into account the voltage drop in the electrolyte when the system is under steady-

state growth of the porous oxide. In Figure 4.3, this corresponds to set voltage of about 55 

V. It is clear that after a few tens of seconds, the current flow has same value as for the 

three-electrode configuration system with the reference voltage of 50 V. According to the 

high-field theory of oxidation, the current varies exponentially with time when a constant 

voltage is applied. However, the constant applied voltage at the sample/liquid interface is 

not satisfied in the first moments of anodization and it will have a certain ramp-rate increase 
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when the voltage is transferred from the electrolyte to the growing oxide at the interface. 

On the one hand it is important to minimize this error in order to be closer to the ideal 

system, but on the other hand the high power dissipation due to a fast ramp-rate transfer of 

the voltage and the huge voltage drop on the electrolyte may lead to temporary different 

electrochemical parameters of the anodization process (such as different local pH, 

temperature, electrolyte properties and composition). 

In conclusion, a three-electrode configuration is desired for smaller errors and better 

representation of the experimental conditions. The voltage drop in the electrolyte should be 

maximally minimized. A compromise between quick transfer of the set electrical conditions 

and the minimum changes in the electrochemical parameters should be respected. 

Whenever it is required to limit the maximum power dissipation in the system, corrected 

conditions in the two-electrode configuration or ramping of the controlling parameter can 

be used. 
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5 Formation and growth of TiO2 nanotubes 
 

5.1 General aspects of growth of TiO2 nanotubular arrays 
 

Self-organized closed-packed TiO2 nanotubes can be grown electrochemically in a fluoride-

containing electrolyte that is either water based or organic [67, 118, 260-261]. For this, a 

titanium metal sheet is used as an anode in a two- or three-electrode set-up, and voltages in 

the range from a few up to several hundred volts are applied. In water-based electrolytes, 

tubes typically can be grown to lengths of a few micrometers and diameters between 10 and 

150 nm using voltages of 1–20 V. Typically the tube walls are rough and a high degree of self-

organization is not really achieved. Although such tubes have certain advantages regarding 

their mechanical stability [262] and are therefore useful, for example, to coat biomedical 

(load-bearing) devices, the most frequently used electrolyte is ethylene glycol containing 

fluorides, with or without addition of water. 

Some typical features of nanotube layers are compiled in Figure 5.1. The schematics in 

Figure 5.1a and b show representations of TiO2 nanotubes in (a) an early and (b) a later 

growth stage. In the early stage, typically the top of the nanotubes is covered by a thin, 

almost compact, oxide layer (initiation layer) and the tubes are connected. With longer 

anodization times, the nanotube geometry is influenced to a certain extent by chemical 

etching reactions, i.e. the fluorides in the electrolyte continuously and slowly dissolve the 

oxide: 

 
4 26 2H

2 6 2TiO F [TiF ] H O  (5.1) 

This contributes to modifications of the geometry of the inner wall of the TiO2 nanotubes, 

making it conical, finally removes the initiation layer and thins down the uppermost part of 

the nanotubes (this part, of course, resides for the longest time in the electrolyte). By 

applying appropriate measures, the etching of the upper tube ends can be delayed [263-265] 

and a comparably intact upper tube geometry is obtained (Figure 5.1c) [265]. Otherwise, 

etching causes the tubular shape to disintegrate into disordered remnant layers (Figure 

5.1d). It should be noted that the conical angle inside the tubes is not only due to chemical 

etching, which in some electrolytes can be very small. It can also come from unidirectional 

expansion of the nanotubes (with an expansion factor of 2.7–3.1) and the solubility of the 

inner part of the tubes. The latter is carbon doped and it is formed due to outward migration 

of titanium ions and precipitation of titanium ion complexes. The induced conical angle is 

generally so small that in magnified SEM images the tubes appear cylindrical inside. 
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Figure 5.1. Schematics of the TiO2 NT geometry for (a) short and (b) long anodization times; Open-
top views of the NTs without (c) and with (d) a disordered layer. Examples of ripples on TiO2 NTs 
(e) and smooth nanotubes (f). (g) Bottom view of the TiO2 NTs. (h) Double-walled structure of the 
annealed TiO2 NTs at 450 °C. 
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The effect only becomes clearly apparent if SEM images of TiO2 nanotubes are taken at 

different levels [266]. For example, for 20 µm long tubes the conical angle is less than 0.3°, 

i.e. it may correspond to an inner tube diameter of 150 nm at the top and to 50 nm at the 

bottom. 

The tubes either can show side-wall ripples (Figure 5.1e) or can be smooth (Figure 5.1f). The 

occurrence of side-wall ripples is connected with the water content in the electrolyte [261, 

267-268] and/or can be induced by voltage pulses [269-270]. Tubes are typically connected 

at the bottom (i.e. show essentially the same structure as ordered porous alumina 

structures). Figure 5.1g shows the bottom view of a tube layer that was lifted off from the 

metal substrate with a rounded bottom morphology (dimples are then left behind in the 

metal, as in the case of porous alumina [15]; these dimples may also be used in various ways 

[271-274]). As outlined in Figure 5.1a, nanotubes formed in ethylene glycol typically consist 

of a double-walled structure with an inner carbon-rich/less dense titanium hydroxide/oxide 

morphology that becomes particularly evident after annealing the tubes (Figure 5.1h) [129, 

230]. 

 

 

5.2 Growth sequence 
 

The first step in the anodic growth of TiO2 nanotubes is the formation of a thin, compact 

oxide layer by a classic high-field oxide formation process [5-6, 8, 13, 149-150, 170-171, 174, 

275], i.e. in the first moments after applying a voltage, the high-field conditions (several volts 

across the 1–3 nm thick native oxide layer [276-277]) lead to fast surface oxide growth which 

is self-limiting. The initially high current density decays with increasing oxide thickness 

(Figure 5.2a) due to a continuous lowering of the driving field strength. In other words, 

thickening of this oxide layer limits the ionic current as the oxygen anions and titanium 

cations have to migrate through the barrier layer in order to react. In the case of fluoride-

containing solutions, the second important anion (except for O2–) that migrates through the 

growing compact oxide is fluoride. It has been reported that fluoride ions can migrate 

through anodic oxide layers at twice the speed of the oxygen anions [278]. This permits 

fluoride ions to reach the oxide/metal interface and to react there by forming Ti fluoride 

compounds as a compact layer at the metal/oxide interface. Figure 5.2a shows current–time 

curves taken in a typical tube forming electrolyte using different anodization voltages. Their 

common feature is that during the formation of the compact layer (stage I), an exponential 

decay of the current occurs that is virtually the same as in compact oxide anodization (i.e. in 

the absence of fluorides). 

This initiation stage usually lasts less than 60 s (Figure 5.2a). Figure 5.2b and c show the 

compact oxide grown in stage I. 



Formation and growth of TiO2 nanotubes 

48 | P a g e  

 

Figure 5.2. (a) I–t curves for different voltages (I, II, III, IV represent stages of TiO2 NT growth). (b, c) 
Side and top views of the compact oxide grown after 7 s at 20 V. (d, e) Side and top views of pore 
growth in the compact oxide after 50 s at 20 V. (f, g) Side and top views of NTs that are already 
formed at 20 V for 160 s. The electrolyte for these experiments was EG + 0.1 M NH4F + 1 M H2O. 
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The second stage is the formation of nanoscopic pores in the initial oxide from where later 

TiO2 nanotubes start to grow. These primary pores initiate preferentially at surface defects 

(Figure 5.2d and e), and then they grow and widen in time (stage II–III). When the primary 

pore survives and becomes large enough, it will form a nanotube underneath the initial 

compact oxide (Figure 5.2f and g) (stage III–IV). 

It should be noted that the formation of these nanopores is not an entirely sequential 

process and occurs concurrent with the first anodization stage, and becomes clearly 

detectable by SEM only during the second stage (Figure 5.2e) where the current density 

deviates from an exponential decay (Figure 5.2a) due to the formation of these pores and 

the accompanying area increase. It is clear that the bottom of the pore oxide tends to reach 

the same thickness as the initial oxide (in the example shown in Figure 5.2, approx. 35 nm), 

i.e. the pore bottom is permanently surrounded by a high-field oxide. This leads to the 

formation of a rounded shape at the pore tip (Figure 5.2d). Not all these pores survive and 

give rise to a nanotube. It is a competition between them, and the fastest growing pore wins 

by expanding under the initiation layer and closing access to metallic titanium for other 

pores. 

As the transition from an initially porous layer to stable tube growth occurs, the current 

density increases. This step is indicated in Figure 5.2a as a third stage of the nanotube 

growth. The increase in current is not sharp owing to a not fully synchronous transition over 

the entire anodized surface, and it is influenced by the specific anodic conditions. At higher 

anodization potentials, this “drop and increase” behavior of the current becomes less clear 

owing to a fast and less uniform transition of processes through stages I–III. 

In the last stage (IV), a steady-state situation is established and the TiO2 nanotubes grow 

with a speed proportional to the current (charge) passed through the system. The tubes in 

the fourth stage grow under steady-state conditions and always perpendicular to the Ti 

substrate. 

With longer anodization times, TiO2 nanotubes grow longer and are constantly subject to 

slow chemical etching in the fluoride-containing electrolyte. After an extended time, the top 

layer disappears and the tube walls become very thin and start to show holes at certain 

locations (Figure 5.3a). Of course, the most attacked region on the nanotubes is the upper 

part, as this part resides for the longest time in the electrolyte. One can see from SEM 

images (Figure 5.3a) that the preferred regions of wall penetration are between tube inter-

connects (ripples). If ripples are present and thick, then after extended chemical etching, 

single rings can be observed (mostly observed for tubes grown in water-based electrolytes). 

In the case of artificially formed inter-connections [268-269], a very regular nanolace 

structure can be found [269]. The chemical etching also extends along the nanotube walls in 

the direction of the most sensitized regions (triple points) [261]. These processes lead to 

selective etching of nanotubes, leaving behind TiO2 structures with shapes that depend on 

the detailed chemistry of the tube wall and electrolyte – examples are shown in Figure 5.3. 
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Figure 5.3. (a, b) Side views of the etched uppermost part of the nanotubes. (c, d) Top views of the 
disordered layer. 

The speed of the walls’ chemical etching depends strongly on the water content, amount of 

fluorides, and acidity of the electrolyte, and also on the applied voltage (wall thickness), etc. 

However, in neutral, low water content, non-aqueous electrolytes, the chemical etch is so 

slow that several hours to days are needed until the initiation layer and the upper parts of 

the tubes are completely etched. However, when designing an optimized electrolyte, one 

has to consider that the growth rate of the tubes is also affected by these parameters. 

 

 

5.3 Detailed geometric aspects of the nanotubes 
 

The geometry of the TiO2 nanotubes is more complex than Al2O3 nanopores. However, their 

study can bring new details for a better understanding of self-ordered porous oxide 

structures on metals. 

As was shown in the last section, growth of TiO2 nanotubes starts with the formation of a 

compact oxide followed by its porosification and formation of nanotubes underneath the 

initially formed oxide film. The surface state has a great impact on the position of nanopore 

initiation sites. Figure 5.4a and b show the impact of surface scratches (for example, 
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produced by polishing marks) on the arrangement of pore initiation sites. It can be clearly 

seen that the nanopores are aligned along the scratches in their most defective areas. In this 

case, their arrangements are different from hexagonal closed-packing (the most closely 

packed structure that can be obtained under anodic conditions) and can even arrange in 

squares (the least favored closed-packed structure on a surface) [15, 26]. Although the 

initiation pits appear well distributed over the surface of mirror polished samples and other 

ideal surfaces (Figure 5.4b), the pore distribution may still be considered to be governed by 

the purity of the metal, the distribution of ions on the surface (preferentially adsorbed 

species) and the exposed orientation of the crystalline metal face. The process in this stage 

may be comparable to very early steps of pitting corrosion (see e.g. [135, 279]). One may 

consider using pre-patterning or indentation methods for full control over initiation sites, i.e. 

in a similar manner to those applied for alumina pore growth [15-16, 20-23]. 

 

Figure 5.4. Pore arrangements on (a) scratched and (b) polished surfaces of titanium. 

TiO2 nanotubes grow underneath the initiation layer. This structure has a complex geometry 

that is influenced directly by the anodic conditions (type of electrolyte, applied voltage, 

water content, temperature, acidity, time of anodization, stress, etc.). At the interface of 

growth, this structure looks very similar to the alumina porous structure. Figure 5.5 shows a 

schematic representation of the structure immediately after its formation (a) and after some 

time residing in electrolyte (b). There are two important shells [inner shell (IS) and outer 

shell (OS) described in the figure] which give consistency of the resulting nanotubes. Each 

nanotube is formed in a hexagonal cell (ideal case). Every cell consists of several layers 

(shells) of different chemical composition and density. One may distinguish the following 

layers (from the cell border to its center): 

(a) Fluoride-rich layer (this layer is usually easily dissolved in the electrolyte) 

(b) Outer shell (purest part of the TiO2 nanotubes) 

(c) Interface between OS and IS (the least dense and not always well-defined layer) 

(d) Inner shell (carbon-enriched layer) 

The fluoride-rich layer (FRL) seems to be most unstable shell of the hexagonal cell and it is 

quickly dissolved by the electrolyte (especially in the presence of water). This permits the 

electrolyte to enter between hexagonal cells and chemically attack their outer part, 
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especially in the most exposed areas, which are triple points. Separation of cells can 

presumably be enhanced by the stress and electrical driving forces which are present during 

anodization. It is not excluded that cooling and dehydration of the hot interface of growth 

have an influence on the separation of the nanostructure into individual nanotubes when 

the oxide flows in the electrolyte (similar to Giant's Causeway formation [280]). The 

standard top view of the TiO2 NTs is shown in Figure 5.6a. It is noteworthy that the outer 

shape of the nanotubes can be fully cylindrical, especially the upper part which resides for 

the longest time in the electrolyte. 

 

Figure 5.5. (a) TiO2 structure (pores) in the first moments of growth. (b) Degeneration of pores into 
tubes due to electrical and stress driving forces and the influence of the electrolyte. 

Under certain conditions, it is possible to avoid to a certain extent the dissolution of the FRL. 

These approaches include anodization in a low water content electrolyte, fast tube growth, 

growth of compact oxide nanosheets between tubes (bamboo-type nanotubes) in order to 

block access of electrolyte to the FRL. As an example, Figure 5.6b shows an SEM top view of 

the TiO2 NTs grown under high voltage (100 V) and high current density (>100 mA cm–2). In 

this case, one may consider that tube growth is much faster than the rate of FRL chemical 

dissolution. In SEM images, the FRL appears brighter than other parts of the structure, 

suggesting its lower electrical conductivity. Another example of preserving the FRL is the use 

of an alternating (pulsed) voltage. As will be shown later, this leads to the formation of thin 

oxide layers that may block the electrolyte for further dissolution of the FRL. Figure 5.6c 

shows the resulting top view under those oxide nanosheets. The FRL and other TiO2 NT 

layers can be easily distinguished. 
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If this structure is exposed for an extended time to electrolyte, one can see the least 

chemically resistive regions of the nanostructures (Figure 5.6d). These are the FRL that is 

removed and the interface between the inner and outer shells. The instability of the latter 

may come from its presumably low density, so that electrolyte may be embedded in higher 

quantities. 

 

Figure 5.6. (a) Standard TiO2 nanotubes. (b) Top view of the fast-growing nanotubes obtained after 
40 s at 100 V in fluoride-containing EG (0.1 mol kg–1 KF) with addition of 1 mol kg–1 KOH. (c) Top 
view of the nanotubes grown under a compact oxide nanosheet (bamboo-like TiO2 NTs) at 50 V in 
EG containing 10 wt.% H2O and 0.1 M NH4F. (d) Top view of TiO2 NTs grown under the same 
conditions as in (c), but with a longer exposure time to the electrolyte. (e) TEM image of an 
amorphous nanotube showing the multilayer structure of its wall. (f) SEM side view of the EG 
nanotubes annealed at 350 °C. 
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A careful examination of the amorphous TiO2 NTs by TEM may reveal all three regions of the 

nanotube wall (Figure 5.6e). The outer shell appears as a compact and defined layer with 

fairly sharp borders. On the other hand, the inner shell looks porous and inhomogeneous 

across the TiO2 NT wall, i.e. of non-uniform density. One may distinguish and divide it into 

two main regions, a thick inner part with more or less constant porosity and a thin but more 

porous part also called the interface between the OS and IS. It is assumed that in this region 

(the interface between the OS and IS), oxygen evolution takes place during the growth of 

nanotubes and the oxygen later diffuses through the porosity of the IS in the electrolyte. 

Such an interface may be responsible for the well-defined separation of tubes heated at high 

temperatures (>100 °C). The inner shell is carbon enriched and after crystallization becomes 

very porous (Figure 5.6f). 

 

Figure 5.7. (a) SEM cross-sectional view of a TiO2 NT layer grown in low water content fluorinated 
EG. Top-view of TiO2 nanotubes near the surface (b), close to the bottom end (c), and in the middle 
of the layer (d). 

From the TEM and SEM images one might think that the tubes have a cylindrical shape with 

a uniform wall thickness along the direction of growth. However, top-view sections from 

different levels of the TiO2 NT layer reveal that the tubes are conical inside (Figure 5.7). The 

conical shape is given by the IS that is more prone to chemical etching and more exposed to 

the electrolyte than the OS. Under certain conditions (neutral or alkaline electrolytes, low 

fluoride contents, fast tube growth), nanotubes less than about 5 µm in length may still have 

the same wall thickness at their top and bottom. However, with longer times of anodization 

and/or in more aggressive electrolytes (low pH, high fluoride content, slow rate of tube 
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growth), their conical shape is inevitable. As related before, the angle of conicity is “small”, 

and locally tubes appear to be cylindrical; however, for high aspect ratios this becomes an 

important parameter of the geometric characterization of the nanotubes. Thus, the wall 

thickness may vary from a few nanometers at the top to hundreds of nanometers at the 

bottom. The inner conicity of tubes is not linear, and one may consider that it is given by the 

diffusion profiles of reactants and products of reactions. Figure 5.8 shows a such profile for 8 

µm long nanotubes. For a more quantitative representation, instead of tube wall thickness, a 

ratio of wall thickness to outer tube diameter was used (wOSr). One may consider the 

exponential behavior of these data, where for longer nanotubes the inner diameter 

becomes almost constant from a few to tens of micrometers from the bottom side of the 

nanotubes. 

The outer diameter of nanotubes is usually constant under potentiostatic conditions and it is 

a parameter similar to the alumina inter-pore distance. However, under real experimental 

conditions, this diameter may increase during anodization due to IR drop redistributions 

between the electrolyte and different shells of the growth interface. 

 

Figure 5.8. An example of inner tube shape obtained at 50 V in EG + 0.1 M NH4F + 1 M H2O. 

Generally, the density and arrangements of self-organized nanotubes can be described by a 

circle close packing theory. Hexagonal close packing has the highest coefficient of packing, 

(12)–0.5  ≈ 0.906, whereas the square close packing has the least packed structure with a 

coefficient of packing of (4)–1  ≈ 0.785. The arrangements of nanotubes are rather arbitrary 

compared with an ideal hexagonal arrangement (Figure 5.7b) and can be characterized by 

random packing of circles in a plane [281-282]. The packing of the round nanotubes is about 

0.82–0.83. However, the shape of the tubes changes along the direction of growth and near 

the bottom they have a polynomial shape (Figure 5.7c). It is clear that the integration 

coefficient is better than 0.82–0.83 and in some cases, when the FRL still persists, may be 

close to 1 (Figure 5.6b and c). It should be pointed out that the ordering of nanotubes can be 

improved by using a multi-anodization process [266] or by patterning the surface [283]. 

One of the most important geometric parameters is the specific surface area, that is, the 

total available surface area per unit mass or bulk volume. A first approximation value of the 

parameter for tubes with a diameter of 150 nm is about 10 m2 g–1, but in reality this 
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parameter is higher due to ripples and other non-uniformities present along tube surfaces. 

Annealed nanotubes have an extra dimension of porosity (see Figure 5.6f) and the 

parameter may be 2–4 times higher. For example, the measured BET surface area for the 

annealed nanotubes of 150 nm is 29.8 m2 g–1. The specific surface area is inversely 

proportional to the outer diameter of the nanotubes and consequently is higher for smaller 

diameter tubes. 

The tube to tube gap of nanotubes generally varies from zero to tens of nanometers 

depending on the size of the nanotubes, the electrolyte used, the conditions applied, etc. 

For ethylene glycol this gap is <5–7 nm (Figures 5.7b-d) and it becomes important in the 

applications field. Although such a gap is not an impediment for diffusion of ions or water 

molecules, it is a real obstacle for larger molecules such as methylene blue. The inter-tube 

distance is a parameter similar to the inter-pore distance in the case of ordered pores, but 

the outer diameter is used for the description of nanotubes. 

 

Figure 5.9. (a) SEM cross-section of TiO2 NTs grown on a wavy surface. (b) Bottom view of the NTs 
with a large distribution range of diameters that is obtained due to the wavy surface structure. (c) 
Smooth and small diameter NTs that grow in the convex region. (d) NTs with ripples and large 
diameter grown in a concave region of the wavy titanium surface. The roughness of the initial 
surface was induced by grinding the sample with SiC P#220 abrasive paper. The anodization was 
carried out in a three-electrode cell at 50 V using as the electrolyte EG + 0.1 mol kg–1 NH4F + 3 wt.% 
H2O. 

TiO2 nanotubes always grow perpendicularly on the titanium substrate. This leads to the 

observation that on a wavy surface the concave regions permit tubes to expand, whereas 
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convex regions of the surface limit the nanotube growth (Figure 5.9a). The bottom view of 

such layers shows a large distribution of the tube diameters (Figure 5.9b). It is also 

interesting that larger tubes (those that grow on concave surfaces) always have more inter-

connections (ripples) than smaller tubes (growing in convex sites of the surface) where the 

inter-connections may also be completely absent (Figure 5.9c and d). This may be due to 

stress effects at the differently curved interfaces, which, according to recent models [39], 

may significantly influence the growth kinetics. Alternatively, it can be suggested that stress 

represents a crucial factor affecting the tube separation propagation [228, 231, 261]. 

 

 

5.4 Chemical composition of the nanotubes 
 

The double-walled structure and splitting behavior of the nanotube wall come from different 

chemical compositions and porosities of the IS and OS. Energy dispersive X-ray spectroscopy 

(EDX) measurements showed that, in addition to Ti and O species, a significant amount of F 

and C species are also present in the nanotubes. However, the distribution of impurities is 

not uniform across the wall thickness. The IS with its thickness increasing towards the tube 

bottom is rich in carbon species that come from background electrolyte. This can be easily 

deduced from EDX measurements taking into account the geometry of the IS and OS. As 

shown in Figure 5.10a and c, the carbon ratio increases towards the tube bottom, i.e. the IS 

is a carbon-rich layer. 

It is interesting that after annealing the carbon content is uniform along the nanotubes 

(Figure 5.10b and c). A high-resolution SEM image shows that the IS after annealing is 

porous (Figure 5.6f) whereas the OS remains compact. Conversion to a porous shell of the IS 

can be mainly attributed to carbon combustion and crystallization of TiO2 that occupies less 

space. Additionally, thermal stress and shrinkage lead to separation of the IS from the OS. 

From XPS (Figure 5.11a and b), it is apparent that in the porous/tubular oxide a carbon-rich 

layer is formed. The layer seems to be composed of titanium oxyhydroxides and carbon 

species. It can be ascribed to a reaction of the outward migration of Ti cations that are 

ejected from the high-field oxide to the electrolyte and possibly combined with voltage-

induced electrolyte decomposition [284]. In general, the OS is considered to consist of the 

dense (and pure) oxide formed by oxygen inward migration, whereas the IS represents in its 

nature more a precipitate layer formed by Ti4+ arriving at the oxide/electrolyte interface and 

reacting with H2O, fluorides and carbon species. In general, in ethylene glycol electrolytes 

and higher voltage anodization, the IS shows a high uptake of carbon from the electrolyte. 
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Figure 5.10. EDX analyses of three different locations throughout an amorphous (a) and one 
annealed (b) nanotube layer (at 500 °C with 1 °C s–1 for 10 s). The white rectangles (in the SEM 
image on the left) indicate the positions of analysis. The compositional data are given on the right. 
(c) Summary of the EDX results for F and C species before and after annealing. 

The fact that an inner carbon-rich contamination layer is present can be explained by the 

fact that a voltage-induced Schottky breakdown mechanism is operative for high-voltage 

anodization leading to decomposition of the organic electrolyte [284]. In aqueous 

electrolytes, the inner layer is typically more hydroxide rich than the outer layer [230, 285-

286]. These species can be driven out to a large extent by annealing [129]. Typically, the “as-

formed” tubes also contain some surface hydroxide (evident, e.g., from the O 1s peak in the 

XPS spectrum), and this amount is considerably reduced when the material is annealed [286-

287]. Upon annealing, the carbon-rich layer can be thermally decomposed, leading to a 

remaining nanoparticulated inner tube wall (Figure 5.6f) [129]. This effect can be used to 

increase strongly the inner surface area of the tube layers. The exact structure of these 

double-walled tubes upon annealing is very sensitive to the annealing conditions, in 

particular the temperature ramping speed and holding time, which allows the fabrication of 

very robust membranes or entirely separated IS/OS structures [129]. It is noteworthy that 

for dimethyl sulfoxide (DMSO) electrolytes carbon is only present at the level of 

environmental contamination [230]. 
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Figure 5.11. (a) XPS depth profile of initiation layer grown at 50 V for 5 s. (b) XPS depth profile of 
short tubes grown at 50 V for 40 s. (c, d) Side views of initiation layer and short tubes. (e) XPS 
depth profile taken from the bottom part of the lifted off TiO2 NT layer (300 nm thick layer 
removed). (f) SEM images showing the FRL in the form of flakes on the Ti substrate (the inset 
shows remnants of the FRL on TiO2 NT bottoms). 

Another feature of the double-walled nanotubes was revealed by detailed TEM and SEM 

inspection of the samples. As shown in Figures 5.5 and 5.6, there is an additional interface 

layer between the bottom of the nanotubes and the Ti substrate (that is usually partially or 

fully dissolved, leading to individual nanotubes). Figure 5.11a and b show X-ray 

photoelectron spectroscopy (XPS) depth profiles through very thin oxide layers taken by 

sputtering from the top of the oxide (initiation layer) to the metallic titanium substrate. The 

oxide thickness is around 45 nm. It is clear from the spectra that already in the initiation 

phase significant fluoride uptake through the entire layer occurs. For the short nanotubes, 
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accumulation of fluorides at the oxide/metal interface can clearly be seen (Figure 5.11b). 

This conclusion is in line with a previous study on TiO2 compact oxide formation, where an 

accumulative effect of the fluorides at the oxide/metal interface was observed [288]. For 

long nanotubes, an XPS depth profile was taken by sputtering from the bottom of the 

nanotubes (Figure 5.11e). A high content of fluorides was detected from the first 15 nm of 

the tube bottom sputtering. The presence of an FRL was also confirmed by Auger and ToF 

SIMS measurements (Appendix A8). The layer is also visible in SEM images; it appears 

brighter, suggesting that it is less conductive than other parts of the nanotubes. After 

cracking the tubes from the substrate, remnants of this FRL can be found on the Ti substrate 

(Figure 5.11f). The presence of this FRL can be attributed to a high-field migration of 

electrolyte anions, in particular small fluoride species that compete with O2– migration 

through the amorphous tube bottom when the tube is growing. For Ti anodization in 

fluoride-containing electrolytes, the migration of fluoride species has been reported to occur 

at twice the speed of oxygen ion movement through a compact barrier [278], resulting in a 

fluoride-rich TiO2 layer that consists of stable titanium oxyfluorides or even titanium 

fluorides [289]. 

 

 

5.5 Influence of the fluoride concentration 
 

In order to establish the impact of fluoride concentration on the tube growth and geometry, 

an electrolyte was used consisting of EG, 1 M H2O and different amounts of NH4F ranging 

from 10–3 M to 1 M. The amount of water is sufficient to allow normal growth of TiO2 

nanotubes and it is much above the required minimum water content for sustaining tube 

growth [290]. However, as will be shown later in Section 5.7 on the influence of water, the 

minimum required amount of water for growth of TiO2 nanotubes also depends on the 

applied voltage, as this parameter directly influences the rate of nanotube growth. For the 

present set of experiments, a voltage of 50 V was applied. The experiments were performed 

at room temperature. 

Figure 5.12a shows the inverse efficiency of the tube growth at different fluoride contents. 

This parameter represents the charge density per micrometer of tube length, which is a 

measure of the efficiency of growth. The parameter was extracted from the steady-state 

part of the I–t curves, such as shown in Figure 5.12b, in other words eliminating the charge 

of the initiation phase and thus accounting only for steady growth conditions. It can be seen 

from the results that shorter time experiments lead to shorter lengths of tubular layers and 

show higher tube growth efficiency (Figure 5.12a, dashed curve). In this case, the efficiency 

of tube growth increases slightly with increase in the concentration of ammonium fluoride, 

and it reaches a maximum at about 0.1–0.2 M (minimum in the inverse efficiency curve). 

With longer anodization times (16 h), the efficiency growth decreases (dotted curve). One 
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may consider this to be connected with slower growth of TiO2 nanotubes and a higher 

component of the side reactions (such as oxygen evolution). 

 

Figure 5.12. (a) Inverse efficiency of the NT growth at different fluoride contents in the electrolyte. 
(b) Examples of the steady-state part of the current transients and tube growth. (c) Current density 
as a function of fluoride content in the electrolyte. (d) Rate of the tube growth. (e) Outer and inner 
diameters and wall thickness as a function of fluoride content. (f) Separation of the shells at low 
growth rates at 10–3 M NH4F. 

At the lowest concentration, for long anodization times the tube growth becomes very 

inefficient. One may consider depletion of fluorides and consequently a much lower 

dissolution rate of the oxide to be responsible for stoppage of TiO2 nanotube growth. This 

process, when the tubes do not grow any longer or grow very slowly, but still a considerable 
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current flow ( 20 µA cm–2) takes place, leads to separation of the tube shells (the IS from the 

OS) (Figure 5.12f). This suggests that gas evolution takes place at the OS/IS interface and due 

to the formed bubbles, voids are created at this interface. These results are in line with the 

earlier discussed two-layer formation mechanism. 

There is also a decrease in the efficiency of growth for concentrations higher than 0.2 M 

NH4F, as a result of the earlier appearance of etching effects at the outer tube end, i.e. the 

chemical etching rate becomes accelerated. 

Although there is no quantitative difference in the efficiency of tube growth at different 

fluoride concentrations, a higher amount of fluorides greatly increases the current density 

(Figure 5.12c) and accordingly the rate of tube growth (Figure 5.12d), up to the point where 

chemical etching becomes significant. 

It is worth pointing out the influence of fluorides on the TiO2 nanotube diameter (Figure 

5.12e). It can be seen that, in fact, the TiO2 wall thickness and also the outer and inner 

diameters do not change with fluoride content or with anodization time in the steady-state 

region of NT growth. The outer and inner diameters and the wall thickness were measured 

close to the tube bottoms from SEM cross-sections. Only at very low fluoride contents did 

these parameters seem to be affected; however, in these regions the tubes are not well 

defined. 

 

Figure 5.13. (a) XRD spectra from (NH4)2TiF6 and K2TiF6 precipitates that are formed in electrolytes 
containing 1 M NH4F or 1 M KF. The most intense crystal planes are labeled (T is the label for the 
peaks of titanium, coming from the sample substrate). (b) A large (NH4)2TiF6 crystalline structure 
precipitated on the TiO2 NT top. 

A high concentration of fluorides (1 mol L–1) leads not only to an early appearance of the 

disordered outer (upper, on top) layer but also to the formation of crystals on top of the TiO2 

nanotubes. XRD investigations showed that these crystals are (NH4)2TiF6 (Figure 5.13), i.e. 

the TiF6
2– formed precipitates as the ammonium salt at high concentrations. Similar results 

were obtained in electrolytes containing KF, where even less soluble K2TiF6 was formed and 

crystallized on the tube tops (Figure 5.13a). 
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5.6 Effect of anodization voltage 
 

For these experiments, ethylene glycol with addition of 0.1 M NH4F and 1 M H2O was used. 

The applied voltage was in the range 3–70 V and the experiments were performed at room 

temperature (21–25 °C). 

 

Figure 5.14. (a) Diameters of the nanotubes as a function of the applied voltage. (b) Inverse 
efficiency of the TiO2 nanotubes at different voltages. (c) Current density as a function of the 
applied voltage. (d) Rate of growth as a function of the applied anodic voltage. (e, f) Linear and 
logarithmic representations of the variation of TiO2 nanotubular array length with anodization 
time. 
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The diameter of the TiO2 nanotubes is influenced linearly by the applied voltage. Figure 

5.14a shows changes in outer diameter, inner diameter and wall thickness measured at the 

bottom of TiO2 nanotubes. The slope for the outer tube diameter is 2.7 nm V–1, whereas the 

inner diameter and the wall thickness depend less on the anodization voltage. 

The anodization voltage also influences the efficiency of tube growth: tubes grow less 

efficiently at low voltages whereas at voltages higher than 20 V the efficiency is almost 

constant (Figure 5.14b). The growth rate, as expected, increases with higher voltages as the 

steady-state current density increases exponentially with voltage (Figure 5.14c and d), in a 

similar manner as for alumina pore growth [24, 35, 40]. However, there is a deviation at high 

voltages (>50 V) which may be attributed to other effects at potentials near the breakdown 

( 60 V). 

 

Figure 5.15. (a) Top view and (b) side view of the porous layer grown at 3 V for 9 h. (c) Side view of 
the TiO2 NT array anodized at 70 V for 2 h. (d) High-resolution SEM image of a breakdown site. 

Overall, the TiO2 nanotube length varies linearly with the charge passed in the system. A 

constant decrease in current density takes place and the TiO2 nanotube growth rate is 

slowed in time. After extended times of anodization, the tube length reaches saturation 

(Figure 5.14e and f). Several experiments showed that this virtual cessation of tube growth 

is not connected with the depletion of species (F–, H2O) in the bulk electrolyte due to 

extended anodization. When the tubes grow very slowly and are exposed sufficiently long to 

the electrolyte, chemical etching can lead to a collapse of the upper parts of the nanotubes, 

and the growth curve will then show a decrease. From Figure 5.14f, one can see that this 
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does not happen after 2 days of anodization or after about 5 days in the case of 3 V anodized 

samples. In the present case, these results come from the very low chemical etching rate in 

the chosen electrolyte. 

Lower anodization potentials (<5 V, for this electrolyte with a water content of 1 mol L–1) 

lead to porous structures, as shown in Figure 5.15a and b, whereas at high anodization 

voltages (>60 V) breakdown events can be observed inside the nanotubes (Figure 5.15c and 

d). In the breakdown region, initiation and growth of new tubes can be observed. These sites 

are not under steady-state conditions and tubes that nucleate and grow are not straight and 

show smaller diameters. It can also be observed from Figure 5.15d that the breakdown 

events start only after a certain thickness of the nanotube layer has been reached, 

suggesting that the local chemistry at the pore tip, e.g. the depletion of a passivating 

component (water) during anodization, may be responsible for these events. 

Finally, in this electrolyte, at even higher anodization voltages (>80 V), electropolishing and 

corrosion of the samples take place assisted by very high current densities (>100 mA cm–2). 

 

 

5.7 Influence of the water content in the electrolyte 
 

In order to study the influence of water, an electrolyte consisting of ethylene glycol and 0.1 

mol kg–1 NH4F was used. The total amount of deionized water varied from 0.2 to 100 wt.%. 

The applied voltage varied in the range 1–150 V. The effect of water addition on some 

properties of the electrolytes is illustrated in Figure 5.16a. The pH of the electrolyte varies 

slightly with increase in the amount of water whereas the conductivity changes greatly. 

Generally, the water content has a very high influence on the geometric and growth 

parameters of the nanotubes. Figure 5.16b shows an overview of the parameter domains 

where different nanostructure morphologies are obtained. The diagram is divided into two 

main regions by a peak of maximum possible voltage for tube growth. This maximum lies at 

a water content of 13–14 wt.%. In the first region (H2O <13 wt.%), if the voltage becomes too 

high, then breakdown occurs (Figure 5.16c and d). It can be seen that the breakdown events 

start to appear at a certain thickness of the tubular layer by the formation of holes in the 

tube walls. The region appears porous and defective, as shown in Figure 5.16c. 

At low anodization voltages, it is possible to grow pores instead of tubes (Figure 5.15b), in 

line with findings elsewhere [231]. However, higher amounts of water in the electrolyte 

drastically limit the pore formation. For example, at 0.2 wt.% H2O, the pores can be grown at 

voltages as high as 20 V, whereas at 10 wt.% H2O only potentials lower than 1.5–2 V can be 

used. Figure 5.16e and f show high-resolution SEM top view and cross-sectional images of 

the pores grown at 15 V and 0.2 wt.% H2O anodized for 1 h. 
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Figure 5.16. (a) pH and conductivity of EG as a function of the H2O content. (b) Voltage–[H2O] 
diagram showing the growth regions of TiO2 NTs, pores, and sponge structures and the breakdown 
region. (c, d) SEM images of the breakdown/holes in the nanotube walls. (e, f) SEM top and side 
views of the TiO2 nanopores formed at low voltages in a low H2O content electrolyte. (g, h) Top and 
side views of the sponge structures formed in the electrolyte with high H2O content. 
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Figure 5.17. I–t curves at (a) 20 and (b) 50 V. Inverse efficiency of the TiO2 NTs at 20 V for 2 h (c) 
and at 50 V (d). Rates of tube growth at 20 V for 2 h (e) and at 50 V (f). Changes in wall thickness 
and outer and inner diameters of the nanotubes at 20 V for 2 h (g) and at 50 V for 2 h (h). 
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Generally, the pores are characterized by thin walls and a higher ratio of outer diameter to 

inner diameter than in the case of nanotubes. 

For higher additions of water (>13 wt.%), the breakdown voltages lead to the formation of 

sponge structures (Figure 5.16g and h), possibly due to repeated breakdown events. 

TiO2 nanotubes can be grown in any mixture of ethylene glycol and water with water 

contents higher than 0.2 wt.%, in line with the work of Raja et al. [290], who showed that the 

minimum water content for the growth of a well-ordered structure is 0.18 wt.% at an 

anodization voltage of 20 V, using a similar electrolyte. 

Figure 5.17a and b show the current–time curves for different H2O contents in the 

electrolyte for anodization voltages of 20 and 50 V. Clearly, there is a maximum in the 

current densities for 1–3 wt.% water content. This reflects the activating and passivating role 

of water in the tube growth process. At both voltages, the steady-state current has the 

lowest values for the highest amount of water. Figure 5.17c and d show the inverse 

efficiency of nanotubes grown at 20 and 50 V. A clear decrease in the tube growth efficiency 

with higher water content is evident. The inverse efficiency for the steady-state conditions 

(Figure 5.17d) shows in fact two regions with defined tube growth efficiencies. The first 

starts from a low water content up to 7 wt.%. The inverse efficiency is almost constant and is 

about 1.1–1.3 C µm–1 cm–2. The second region, for an anodization voltage of 50 V, ranges 

from 10 to 16 wt.% with an almost constant efficiency of 1.9–2 C µm–1 cm–2. At higher water 

contents (>20 wt.%), the TiO2 nanotubes reach their maximum thickness very quickly and 

the efficiency of tube growth decreases drastically (and, as shown in Figure 5.17b, 

anodization of the nanotubes at 50 V is limited by a maximum water content of 20 wt.%; 

higher water contents lead to a sponge-type structure). Not only is the efficiency of tube 

growth decreased in more aqueous electrolytes, but also the growth rate is limited. The 

highest rate of tube growth is observed for 1 wt.% (20 V) and 2 wt.% (50 V) water in the low 

water content region, and one can deduce from Figure 5.17e and f that it has the highest 

values near the lowest water content that permits a steady-state and breakdown-free 

growth of nanotubes. If the water content is too low, then the rate of growth is lowered, and 

the inverse efficiency increases due to the hole formation in the nanotube walls (Figure 

5.17c–f). 

The amount of water also influences the diameters of the nanotubes. Figure 5.17g and h 

show change in the outer and inner diameters with the water content. This can only partially 

be attributed to the bulk IR drop (i.e. the higher conductivity of water-containing electrolytes 

[260, 291]; see also Figure 5.16a). For low water contents, at both voltages, one can observe 

a proportional increase of the inner diameter and the wall thickness with the outer 

diameter, i.e. a constant ratio between the outer and inner diameters is established. 

However, for high water contents, this trend does not hold. At water contents higher than 

30 wt.%, the outer diameter no longer changes, i.e. the expected behavior that the tube 

diameter is entirely controlled by the applied voltage is established. These facts illustrate 

that for low water contents, an additional voltage drop exists either within the tube 
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electrolyte or at the interfaces, and the defective barrier oxide formed leads to less lateral 

expansion of the electric field. 

 

 

5.8 Effect of the electrolyte pH 
 

The influence of pH on the TiO2 nanotube growth was studied by using a neutral electrolyte, 

ethylene glycol with 1 mol kg–1 H2O and 0.1 mol kg–1 KF. More alkaline pHs were established 

by adding KOH in the range 1 mmol kg–1–1 mol kg–1. For the acidic solutions, different 

amounts of HF (0.05–1 mol kg–1) were added. 

Figure 5.18a shows a tube formation diagram for the alkaline region. The diagram has two 

important regions: the region where the tubes grow and a passive region where only a 

compact oxide is formed. The band that separates these regions is 5 V wide. It is interesting 

that there is a certain voltage that has to be applied for different pH in order to form tubes. 

In Figure 5.19, examples of morphologies obtained in these different regions are shown. For 

example, in ethylene glycol containing 0.1 mol kg–1 KOH with a pH of 10.04, an applied 

voltage of 45 V leads to the formation of surface oxide that passivates the sample (Figure 

5.19a and b) and only a small current density (0.38 mA cm–2) is flowing through the system; 

despite this, the surface remains passivated even after 2 h of anodization. At a voltage of 50 

V, nanotube growth becomes possible (Figures 5.19c and d). It is worth noting that at certain 

concentrations of KOH (>0.25 mol kg–1), uniform tube growth is not possible, at least not up 

to 60 V. Figure 5.19e and f show a compact oxide that grows at 50 V in ethylene glycol 

containing 1 mol kg–1 KOH. The surface passivates but there are sites where breakdown 

occurs and bundles of nanotubes are formed. However, higher voltages do not permit 

transition to a uniform and steady-state growth of nanotubes. At 100 V, the surface will have 

a passive film but the density and size of the nanotube bundles are increased. Such behavior 

suggests a transition from “standard” uniformly growing TiO2 nanotubes to so-called RBA 

(rapid breakdown anodization) nanotubes. Such RBA tubes have previously been reported 

for non-fluoride-containing electrolytes [292-298], and typically form in bundles at high 

current densities (mostly in a not very ordered manner). 

The efficiency of the tube growth is also influenced by pH (Figure 5.18b). The efficiency of 

tube growth is higher in alkaline solutions and decreases with lower pH. The growth rate has 

the highest values at extreme pH values (Figure 5.18c), i.e. in very alkaline and very acidic 

solutions. However, in acidic solutions an additional factor is the high chemical etching rate 

so that a high constant current density flows (Figure 5.18d). The fastest formation of an 

initial oxide is obtained in most alkaline solutions; the current density drops the fastest and 

then increases once tubes start to form. 
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Figure 5.18. (a) Voltage–pH diagram showing regions of surface passivation, TiO2 nanotube 
formation and the regions of breakdown events. (b) Inverse efficiency of TiO2 nanotubes grown at 
50 V. (c) Rate of tube growth at different pH, anodized under 50 V. (d) Current transients of 
alkaline, neutral, and acidic electrolytes under potentiostatic conditions (50 V). (e) Outer tube 
diameter change for the samples anodized at 50 V for 2 h and 4 h. 
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Figure 5.19. SEM image cross-sectional (a) and top (b) views of the compact oxide formed at 45 V; 
SEM top (c) and cross-sectional (d) views of the tubes at 50 V. The electrolyte for (a–d) was EG + 
0.1 mol kg–1 KF + 0.1 mol kg–1 KOH. (e, f) Top views of TiO2 nanotubular bundle formation at 50 V. 
The time of the experiments in (a–f) was 2 h. (g, h) Magnified view and top view of the 
nanotubular bundles grown for 40 s at 100 V. The electrolyte for (e–h) was EG + 0.1 mol kg–1 KF + 1 
mol kg–1 KOH. 
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Figure 5.18e shows that the outer diameter varies slightly over the pH range [this variation, 

however, may be partially attributed to a different IR drop for the different pH solutions (see 

the conductivity of solutions in Figure 5.18c)]. The maximum length of the tubes that are 

free of a disordered layer on their top is less than 100 µm and can be achieved in neutral or 

alkaline electrolytes. Longer nanotubes can be grown in acidic electrolytes at high growth 

rates [67]. However, a high chemical etching rate leads to earlier formation of a disordered 

layer. For example, whereas in a neutral electrolyte clean nanotubes tops can be found for 

tubes as long as 65 µm [265], for an acidic electrolyte the tube tops may appear etched 

already at a length of 5 µm. 

 

 

5.9 Influence of temperature 
 

For the study of the electrolyte temperature, an electrolyte consisting of ethylene glycol, 1 

M H2O and 0.1 M NH4F was used. Potentiostatic (50 V) and galvanostatic (1.65 mA cm–2) 

tube growth modes were employed. Figure 5.20a shows the current transients in the 

potentiostatic mode. It can be seen that at temperatures of 60 °C or higher the current 

increases drastically with time, instead of establishing defined steady-state conditions. This 

behavior originates from the high heat generation during the nanotube growth (Joule 

heating) (Figure 5.20b); after passing critical conditions, a further increase in current density 

and an avalanche effect are observed. In order to maintain better control over the process, 

the galvanostatic growth mode was used for detailed inspection of the influence of 

temperature. 

Figure 5.20c shows the changes in the diameters of nanotubes. The outer and inner 

diameters have a non-linear trend with temperature. The outer diameter is almost constant 

at temperatures below 50 °C, but decreases non-linearly above this value. This decrease 

could be explained by less insulating properties of the growth interface leading to less lateral 

expansion of the electric field and less lateral flow of the ionic current. 

The inner diameter increases with temperature due to increased solubility, diffusion of 

electrochemical products and increased chemical etching. However, at temperatures above 

50 °C, the inner diameter decreases. This is caused by the decrease in the outer diameter 

(cell size) of the nanotubes. 

The wall thickness can be roughly approximated to a line. In the lower range of 

temperatures where the outer diameter does not change, the wall thickness become so 

thick below 0 °C that the nanotubes have a hexagonal nanowire look. Linear extrapolation of 

these data predicts a temperature of about –30 °C for the complete conversion of nanotubes 

to nanowires. This is in line with studies that show the nanowire formation at negative 

temperatures [299-300]. 
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No crystallization of nanotubes is detected during growth of TiO2 nanotubes at elevated 

temperatures, as shown in Figure 5.20d. 

 

Figure 5.20. (a) I–t curves of the TiO2 nanotube growth at 50 V at different temperatures. (b) 
Titanium foil temperature during anodization at 50 V measured with a thermal sensor built into 
the backside contact (working electrode) made of a Cu plate. (c) Outer and inner diameters and 
wall thickness variations with temperature. (d) XRD of samples anodized at 50 V in hot electrolytes 
(T = titanium; peaks are derived from the sample substrate). 

Figure 5.21a shows the voltage evolution with time at a constant current density of 1.65 mA 

cm–2. It is evident that the characteristics contain several plateaus where the voltage is 

almost constant. The first plateau (magnified inset in Figure 5.21a) is related to the surface 

oxide formation in a similar manner as for the potentiostatic mode where the initial surface 

oxidation leads to a minimum current that would remain almost constant in the absence of 

pore/tube formation. The second plateau (which does not always appear on voltage–time 

curves) is connected with the pore growth (which grows at low voltages as shown in 

previous sections), and a further increase in voltage leads to pore to tube transition and 

growth of nanotubes. 

The TiO2 nanotubes are conical at the beginning of the experiments due to the constant 

increase in the voltage. However, for long anodization times (>40 min) the voltage levels off. 

This plateau is most suitable for the study of the growth and geometric parameters of 

nanotubes. From these experiments, it is clear that the efficiency of tube growth decreases 
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linearly with increase in temperature [up to about 40°C (Figure 5.21b)]. At higher 

temperatures, an even more drastic decrease in efficiency takes place and the less insulating 

properties of the oxide promote increased metal ion dissolution and higher evolution of side 

reactions. This leads to enhanced chemical dissolution. A similar behavior can also be 

observed in the case of porous alumina [9, 191, 195, 301]. It is clear that the growth rate 

decreases with temperature (Figure 5.21c). For higher temperatures, such as 80 °C, the 

dissolution rate after some time (>2 h) becomes higher than the growth rate of nanotubes, 

leading to a negative growth rate. This process is reflected also in the voltage–time 

characteristics by a decrease in the voltage. 

 

Figure 5.21. (a) Voltage–time characteristics for TiO2 nanotube growth at a constant current 
density of 1.65 mA cm–2 and different temperatures. (b) Inverse efficiency of titanium dioxide 
nanotube growth extracted from the voltage plateau. (c) Growth rate of TiO2 nanotubular layer. (d) 
Outer and inner diameters and wall thickness as related to temperature and established voltage. 

Although the quality of the oxide (and its electrical behavior) changes with temperature, the 

resulting geometry is similar to that of layers grown at room temperature under different 

potentiostatic conditions. Figure 5.21d shows the change in outer and inner diameters at 

different voltages and temperatures. It can be seen that the diameter–voltage dependence 

is linear. Independent of the temperature, the outer diameter shows a dependence of 2.7 

nm V–1 whereas the inner diameter is less dependent on voltage (0.5 nm V–1), as already 

described in Section 5.6 on the influence of voltage on tube growth. 
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5.10 Impact of the background electrolyte 
 

Previously, many key factors for tube morphology and growth were discussed. However, the 

solvent itself has a critical influence on tube formation, and in many cases determines 

whether the ordered nanostructure forms at all. The most commonly used solvents for 

titanium porosification are water, ethylene glycol (EG), glycerol (GLY), dimethyl sulfoxide 

(DMSO), formamide (FA) and diethylene glycol (DEG). An overview of 23 solvents is 

presented in Appendix A9. 

The solvent can be characterized by its polarity, viscosity, density, and boiling point. 

Generally, the solvent should be polar, i.e. miscible with water and have enough dissolving 

power for the solvation of a fluoride source. By this definition, non-polar solvents cannot be 

used for anodization and most working solvents for nanotube growth are polar protic (see 

Appendix A9). Protic solvents are hydrogen bond donors and most of them contain –OH 

groups. They solvate substances by electrostatic interaction between anions and partially 

positively charged hydrogens of the solvent and cations are solvated through partially 

negatively charged oxygen atoms of the solvent. In polar protic in comparison with polar 

aprotic solvents, anions are highly solvated, a property that is beneficial for the removal of 

reaction products (such as TiF6
2–) and avoidance of precipitation. Anions are better shielded 

by the solvent molecules and do not interact so much with cations for precipitation. 

However, at a high content of cationic species in the electrolyte, precipitation will occur (see 

Section 5.5). 

 

Figure 5.22. (a) SEM top-view of ordered porous layer obtained in GLY + 0.1 M NH4F + 0.2 M H2O at 
20 V.;( b) SEM top view of nanotubes (showing double-walled structure) grown in GLY + 0.1 M 
NH4F + 1 M H2O at 50 V. 

Viscosity influences both the diffusion of species (especially from nanostructured sites of the 

sample) and the conductivity of the electrolyte. In a very viscous electrolyte, such as 

glycerol, in addition to higher IR drops on the electrolyte the current density is very limited 

(1–2 orders of magnitude lower than in ethylene glycol). These lead to very slow tube 

growth. The growth rate of the nanotubes in GLY can be compared with that of nanotubes 

grown in EG at a fluoride content about 50 times lower. 
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Similarly to ethylene glycol, a lower water content leads to the formation of a porous instead 

of a nanotubular structure, i.e. the fluoride-rich layer between tubes remains undissolved, as 

can be observed in Figure 5.22a as a dark contour separating pore cells. When larger 

amounts of water are used, the tubular shape of the structure is clearly revealed as fluoride-

based reaction products are more soluble in this electrolyte. Moreover, owing to the slow 

growth of nanotubes in GLY for the case of thick-walled nanotubes (usually at higher applied 

voltages), the IS and OS separate, leading to the formation of a clear double-walled structure 

during anodization (Figure 5.22b). Most probably the side reactions (most likely oxygen 

evolution) increase during the slow growth of nanotubes and the slow movement of the 

barrier layer can lead to the accumulation of the gas between the IS and OS where oxygen 

evolution is assumed to take place. These factors increase the acidity locally, lead to etching 

and void formation. As a result, partial or total separation of the IS from the OS occurs 

(Figure 5.22b). This situation is similar to that for nanotubes grown in EG at very low fluoride 

content as described in Section 5.5. 

A very interesting and important difference between the different electrolytes is the 

resulting chemical composition and whether or not the walls show a double-layer structure. 

Previously it was indicated that in EG significant carbon uptake from the organic electrolyte 

occurs that is present in an inner carbon-rich shell. Figure 5.23a shows the EDX 

measurements for tubes grown in different electrolytes including some aqueous 

electrolytes. 

 

Figure 5.23. (a) Atomic concentrations of carbon and fluorine for amorphous and annealed TiO2 
nanotubes. The inset shows cases where a double-walled structure of the nanotubes appears. (b, 
d) Double-walled structure of the tubes grown in DEG at 50 V after annealing at 450 °C. (c, e) 
Single-walled structure of the tubes grown in DMSO at 50 V after annealing at 450 °C. (d, e) Left, 
cross-section through a single tube; right, cross-section through tube layer. 

EDX measurements were taken from the bottom side of the tubes, and the results also 

contain the contribution of the above-specified fluoride-rich layer. From the results, it is 

clear that very significant differences in composition are obtained. Carbon is present in high 

amounts (9–12 at.%) in tubes grown in EG and DEG electrolytes, whereas for DMSO and 

aqueous electrolytes carbon is only present at the level of environmental contamination 

(maximum 3–4 at.%). If the tubes are annealed, then for the carbon-rich tubes carbon loss 
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occurs and the inner tube wall morphology changes to a rough nanoparticulate structure 

(Figure 5.23b), i.e. if the tube is carbon-rich then the carbon is present in an inner layer of 

the tube wall (IS). 

This carbon-rich layer (cases of EG, GLY, DEG) during annealing loses the carbon “binder”; 

therefore, the remaining material is present as a porous layer that detaches from the outer 

part of the tube, leading to a double-walled structure (Figure 5.23b). This is not the case for 

DMSO or aqueous electrolytes; here the tube walls retain their geometry (Figure 5.23c). 

Double- or single-walled nanotube formation can be controlled by anodic conditions. At low 

voltages, the nanotubes grow very slowly and this allows enough time for diffusion of 

ejected Ti as an ionic complex away from the liquid/oxide interface and little or no carbon 

incorporation takes place in the inner part of the tube wall. At high applied voltages, in the 

electrolytes based on EG, GLY and DEG, the rate of TiO2 nanotube formation is increased 

considerably and under these conditions incorporation of carbon species takes place 

(voltage-induced decomposition of the solvent) and precipitation of Ti complexes. In some 

electrolytes (DMSO, aqueous), the voltage does not increase the tube growth much, or the 

growth rate is still too low in comparison with diffusion of ionic complexes, and the carbon-

rich layer (which is less dense) can be dissolved during anodization. In the case of aqueous 

electrolytes, a potential inner shell of tubes could be a layer rich in titanium hydroxide that 

is, however, possibly formed during tube growth, but it is dissolved quickly after a short 

time. 

 

Figure 5.24. Inner shell to wall thickness ratio as a function of water content. The SEM insets are 
for 1, 10 and 20 wt.% of H2O. The nanotubes were grown at 50 V in EG containing 0.1 mol kg–1 NH4F 
and different amounts of water. 

Figure 5.24 shows the IS to wall thickness (w) ratio as a function of the water content in the 

electrolyte. The measurements were taken near the tube bottom. The inner shell represents 

more than 70% of the wall thickness at low water content and it decreases substantially to 

<20% at high water content. In fact, SEM becomes inefficient at measuring the IS thickness 

at water contents higher than 20 wt.% (Figure 5.24, SEM inset). 

The amount of fluoride integrated from the electrolyte is high in all cases. Using DMSO, the 

concentration of fluoride is even higher – it is mainly accumulated at the bottom (29–31 
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at.%) and forms a thick fluoride-rich layer. In the upper part of the tube array, the fluoride 

content is similar to that in EG and DEG electrolytes (about 5–10 at.%). 

Figure 5.25 shows typical nanotubes grown in three organic electrolytes, EG, DEG and 

DMSO, grown under conditions where self-organization occurs and in a parameter range 

that is commonly used to produce ordered TiO2 nanotube layers. Apart from the expected 

differences in tube length and diameter, one can observe some other differences in the 

geometry of the structure. EG tubes have a well-defined hexagonal packed structure with an 

inter-tubular distance of usually <5 nm (Figure 5.25a and b), whereas in other cases (Figure 

5.25c–h) a considerable spacing is apparent. One can also observe that for EG in the center 

of the nanotube bottoms (Figure 5.25a) remnants of a fluoride-rich layer are present. 

However, EG and DEG (tubes grown at 50 V) have a similar morphology (except for the 

observation that for DEG the fluoride-rich layer remains entirely on the tube bottom and it 

appears as a semi-transparent layer; see Figure 5.25c). This well-packed structure, as 

obtained for EG and DEG (at lower voltages), is common for other organic compounds such 

as glycerol and for water-based electrolytes. In contrast to EG, in DMSO and DEG (for the 

tubes grown at 100 V), a two size scale self-organized structure is present (Figure 5.25e–h), 

i.e. in this case a large diameter tube is formed that is surrounded by smaller sized tubes 

(initiation sites), and the fluoride-rich layer might be responsible for this. As was shown, the 

fluoride-rich layer in the case of DMSO is a thick layer and after dissolution creates large 

inter-tubular spaces (Figure 5.25e), allowing solution to reach the substrate where initiation 

of new tubes takes place. It is clear that larger tubes grow faster than these initiations. The 

large diameter nanotubes also create big dimples in the titanium substrate, allowing smaller 

sized nanotubes to grow perpendicular to their walls (Appendix A10). This is particularly 

remarkable as up to now two size scale self-organization could only be observed on alloys 

that contain at least two different elements [261]. The fact that this structure in the present 

work could be formed on pure Ti clearly contradicts models that ascribe the key reason for 

the two size scales to a locally inhomogeneous composition [222]. 

It is also noteworthy that for DMSO the fluoride-rich layer is not apparent at the bottom of 

the nanotubes (Figure 5.25e), as it remained attached to the Ti substrate after cracking off 

the tube layer for SEM investigation. In DMSO electrolyte at 100 V, nanotubes with huge 

diameters reaching 800 nm can be grown (Appendix A10). However, for these tubes no 

double-walled structure could be observed, and these tubes are not highly organized but 

appear loosely assembled in a mesoporous matrix. 

The DEG solvent is worthy of an extensive study because it allows control via the applied 

voltage of an extra parameter of the nanostructure, namely the inter-tubular space. At lower 

voltages the nanotubes are well packed and they are similar to those grown in EG; however, 

at higher voltages the structure becomes similar to that of DMSO-grown nanotubes. 
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Figure 5.25. TiO2 nanotube bottom and corresponding cross-sectional view of (a, b) EG + 0.1 M 
NH4F + 1 M H2O grown at 50 V for 20 min, (c, d) DEG + 1 wt.% HF grown at 50 V for 18 h, (e, f) 

DMSO + 2 wt.% HF grown at 50 V for 72 h and (g, h) DEG + 1 wt.% HF grown at 100 V for 23 h. 
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5.11 Efficiencies of nanotube formation and growth 
 

Theoretical modeling of self-ordered structures grown anodically on valve metals [5-6, 8, 12-

14, 27, 37, 39, 203-205, 302-304] started with the discovery of alumina pores several 

decades ago by Rummel [2] and Baumann [3]. Although approaches were increasingly 

refined, a main source of difficulty remained the multitude of experimental factors which 

influence the growth of self-ordered nanostructures. The experimental optimization of 

growth parameters led to various semi-quantitative or qualitative models [5-6, 8, 12-14, 27, 

37, 39, 203-205, 302-304] that provide a mechanistic reasoning for the occurrence of self-

organization. Concepts that mainly originate from porous alumina growth ascribe the key 

role for self-organization to (1) stress at the metal oxide interface (volume 

expansion/electrostriction) [195, 305], (2) repulsion of electric fields [17] or (3) establishing 

maximum current flow conditions [24-25]. 

The efficiency of oxide growth is one of the key factors that are rarely discussed in the 

literature, but it is important in the self-organization and growth of nanostructures and 

compact oxides. The efficiency of TiO2 nanotube growth can be described in various ways. 

Inverse efficiency was used in previous sections to describe widely the efficiencies of tube 

growth under different conditions via counting how much charge density is necessary to 

grow 1 µm of tube length mainly under steady-state conditions. Another simple method for 

the description of nanotubes growth is the expansion factor. This factor is similar to the 

Pilling–Bedworth ratio [306] and describes how much TiO2 nanotubes can be grown from a 

certain amount of Ti. 

The expansion factor (Fexp) is represented by the ratio of nanotube thickness to the thickness 

of the Ti layer and is directly proportional to the Pilling–Bedworth ratio ( ): 

 
1

expF k  (5.2) 

where  is the efficiency of oxide growth,  is the porosity of the oxide film and k is a 

coefficient describing the influence of the incorporated impurities (contaminant species such 

as C and F). The product k  represents de facto the Pilling–Bedworth ratio of metal oxide 

growth under specific electrochemical conditions. 

Equation 5.2 seems to be straightforward. However, the expansion factor cannot be 

extracted easily from it, because the parameters of this equation are functions of specific 

electrochemical conditions. The Pilling–Bedworth ratio itself is not constant when 

conversion of Ti metal into amorphous titania occurs anodically. In the literature, this ratio is 

sometimes considered constant and equal to 2.43 [190, 307]. However, it was shown that it 

depends on the ionic transport number and density of the oxide, which can be changed 

upon variation of the electrochemical conditions [147, 200, 308-310]. 
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In the previous section, clear evidence for electrolyte species incorporation and the 

formation of single- or double-walled nanotubes with change in the electrochemical 

conditions was discussed. Species incorporation changes the molar volume of the oxide and 

ultimately the Pilling–Bedworth ratio. The efficiency of oxide growth ( 0.5-0.7) and oxide 

porosity( 0.1-0.3) change slightly under steady-state growth conditions, but these 

parameters can vary significantly at the beginning of the experiment, as will be shown later 

in this section. 

 

Figure 5.26. (a) SEM example of lifted off layers of initial evaporated Ti metal and anodically 
obtained TiO2 nanotubes. (b) Influence of voltage on the expansion factor. The electrolytes were 
EG + 0.1 M NH4F + different water contents (1.6, 5 and 10 wt.% H2O). (c) Influence of water on the 
expansion factor at different voltages (20 and 50 V). The electrolytes used were EG + 0.1 M NH4F 
with different amounts of water in the range 0.5–10 wt.%. (d) Dependence of the expansion factor 
on the fluoride content in the electrolyte at an applied voltage of 50 V. The electrolytes were EG + 
1.6 wt.% H2O + different fluoride contents in the range 0.01–0.2 M NH4F. 

The expansion factor can be analyzed successfully on evaporated Ti layers on FTO glass as 

the initial metal thickness is constant and known (Figure 5.26a). Both voltage (Figure 5.26b) 

and water content (Figure 5.26c) drastically influence the expansion factor. At low water 

content, the change in expansion factor with voltage is high, but it seems to saturate at 

highest voltages where some macro-defects/holes can appear inside the tube wall. For 

higher amounts of the water, the rate and the maximum value of the expansion factor 

decrease and can even remain constant at different voltages (Figure 5.26b). The fluoride 

content in the electrolyte seems to have no influence on the expansion factor once the 
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content of fluorides is high enough for tube growth and low enough to maintain tube growth 

without much chemical etching (Figure 5.26d). One may consider that the changes in the 

expansion factor are connected with the quality of the oxide formed. It is assumed that the 

quality of the oxide (less incorporated impurities and induced defects such as oxygen 

vacancies) increases with higher water content and lower applied voltages. More 

speculations about this are discussed in the next section. 

However, these methods of describing efficiency are dependent on many anodic conditions 

(voltage, water content, temperature, etc.) and physical (density) and geometric (porosity) 

parameters of the oxide, which makes them hardly usable in theoretical modeling of the 

oxide. 

The simplest and most straightforward oxide efficiency is defined as the ratio of the titanium 

used in the oxide to total consumed titanium. The efficiency of the oxide growth plays a 

crucial role in the formation of different types of oxide (compact/ordered 

nanostructures/porous), as was proposed recently in a comparably simple but fully 

quantitative model [207] which provides the necessary boundary conditions to achieve the 

growth of ordered anodic structures. In essence, the model predicts that self-organization 

(perceived as a maintained instability) is only possible for a certain narrow range of oxide 

formation efficiencies. In other words, during anodic oxidation, except for oxide formation, a 

certain amount of “oxide dissolution” has to be established – which is well in line with early 

experimental observations [311-313]. For example, to achieve self-organizing conditions to 

form TiO2 nanotubes, a steady-state situation according to Equations 5.3 and 5.4 is needed, 

i.e. some level of solubility of TiO2 during anodization of Ti is required [207]. This is mainly 

determined by the amount of fluorides present in the electrolyte, as the formed [TiF6]2– 

complexes are highly soluble in many electrolytes. 

 
ΔV F

2 6Oxidation Chemical dissolution
Ti TiO TiF 2

 (5.3) 

 
ΔV , F

6Metal ion dissolution
Ti TiF 2

 (5.4) 

The theoretically predicted range of self-organization depends on the metal ion charge and 

the volume change upon oxide growth (Pilling–Bedworth ratio). For TiO2, the necessary 

oxide formation efficiency was calculated to be from 0.50 to 0.58. If the dissolution rate is 

low and hence the efficiencies are higher than the limit, a compact “flat” oxide is expected 

to form, which prevents self-organization and continued oxide production. If dissolution is 

too high, i.e. the efficiency is below the predicted range, then instabilities are not stable and 

disordered porous layers or finally electropolishing occur. 

To obtain information on the oxide growth efficiency, electrolyte and oxide were analyzed 

by two techniques as outlined in Figure 5.27. The first was based on combined solution 

analysis and weight gain/loss measurements. Before anodization, after the tube growth 

procedure, and after complete mechanical detachment of the nanotubular layer from 

titanium foil, samples were weighed with a Mettler Toledo AG135 balance with an accuracy 
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of 0.01 mg. The concentration of titanium dissolved in the electrolyte was measured by 

inductively coupled plasma atomic emission spectroscopy (ICP-AES) with a Spectro Ciros 

charge-coupled device (CCD) detector. The second approach was based on determining the 

weight of the oxide layer, its composition by EDX, and the total metal loss. The oxide 

formation efficiencies were then calculated according to the equations provided in Figure 

5.27. 

 

Figure 5.27. Schematic representation of the methods for efficiency determination by ICP-
AES/mass and EDX/mass measurements. 

Figures 5.28a and b show typical examples of the electrochemical characteristics during TiO2 

nanotube formation using potentiostatic and galvanostatic modes, and typical morphologies 

obtained in this process. These anodization reactions were carried out using a set of 

parameters (voltage, fluoride concentration, water content) where self-organization occurs. 

On changing parameters such as voltage (potentiostatic), current (galvanostatic), water and 

fluoride contents, acidity, and temperature over a certain range, self-organization will still 

occur. However, if parameters are beyond certain values, self-ordering is lost, i.e. different 

defective non-ordered structures are obtained such as sponges, precipitates, localized 

breakdown events, or for low fluoride concentrations and low voltages simply a compact 

layer is formed, as discussed in previous sections. 

In the following, some features of self-organized tube growth that should be considered are 

addressed when evaluating oxide growth efficiencies. First, it should be noted that, for 

successful tube formation, there are some distinct differences between potentiostatic and 

galvanostatic approaches. In the potentiostatic mode, the fixed voltage leads to fast oxide 

formation in the initial phase with a typical exponential decrease in the current to seemingly 

a steady-state as in Figure 5.28a. 
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Figure 5.28. (a) I–t curve for TiO2 nanotubes grown in the potentiostatic mode at a reference 
voltage of 50 V. The inset shows an SEM cross-sectional view of the nanotubes after 1 h of 
anodization at 50 V. (b) Typical U–t curve for TiO2 nanotube growth in the galvanostatic mode at a 
set current of 1 mA. The insets show high-resolution SEM cross-sectional views near the top and 
bottom of the nanotubes after 1 h of anodization at 1 mA. (c) Top view of the compact initial oxide 
formed in the potentiostatic mode at 50 V. (d) Bottom view of nanotubes formed at 50 V. (e) 
Example of disordered porous layer formed on top of nanotubes in the galvanostatic mode at 1 
mA. (f) Example of SEM top view of nanotubes formed in the galvanostatic mode at 0.5 mA, where 
because of the low current density no disordered initiation layer was produced. The electrolyte 

used for (a–e) was EG + 0.1 M NH4F + 1.5 wt.% H2O and for (f) EG + 0.1 M NH4F + 5 wt.% H2O. 

The growth of self-organized tubes follows several stages: First, the surface becomes 

covered with a compact high-field oxide. Then, this layer becomes penetrated by nanoscopic 

channels followed by initiation and growth of nanotubes (Figure 5.28c and d). Eventually, 

the growth process reaches a steady-state situation. The outer diameter of the TiO2 
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nanotubes remains constant during potentiostatic anodization and is controlled by the 

applied voltage (Figure 5.28a, inset). 

 

Figure 5.29. (a) Length–charge dependence for nanotubes grown under different modes of 
anodization, electrolyte compositions and applied parameters (different currents and voltages). (b) 
SEM of the top of the nanotubes showing a collapsing effect after a very long time of anodization 

(16 h) at 50 V. The electrolyte used was EG + 0.1 M NH4F + 1.5 wt.% H2O. SEM top view (c) and 
side view (d) of the precipitates that crystallize on top of the nanotubes at high fluoride content in 

the electrolyte. The electrolyte used was EG + 1 M NH4F + 5 wt.% H2O at 50 V. Black arrows show 
examples of (NH4)2TiF6 crystallites precipitated in proximity of TiO2 nanotube tops. 

In the galvanostatic mode, in analogy, an increase in the voltage drop over time is observed 

that finally reaches a (relative) steady-state plateau. It is evident that surface oxidation in the 

initial state is better controlled in the galvanostatic mode as typically much less charge is 

passed in the first stages of anodization – this generally leads to a thinner initiation layer. For 

example, in Figure 5.28a, in the potentiostatic mode a high current flow takes place – the 

peak of about 65 mA is limited by the electrolyte resistance. In the galvanostatic mode 

(Figure 5.28b), the current is set to a few mA and a much slower oxide formation occurs. 

Figure 5.28e shows typical morphologies obtained for very high anodization rates and Figure 

5.28f for lower anodization rates in the first stages of anodization. High anodization rates 

generally lead to lower efficiencies of oxide growth, as shown previously [311, 313], i.e. due 

to the higher metal ion dissolution, the conditions may well be outside the lower border of 

the predicted range of the model [207], and the initiation layer obtained consists of non-

uniform and disordered pores of different sizes (Figure 5.28e). However, in the later stages, 
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as steady-state oxide film growth is established, a decrease and leveling of dissolution losses 

are expected and conditions for self-organization can be established. As a result, ordered 

nanotubes then grow underneath the disordered porous layer. 

In the galvanostatic mode, a lower initial dissolution loss occurs and the nanotubes can grow 

directly from the first stage virtually without any initiation layer (compact or porous) (Figure 

5.28f). Additionally, in the galvanostatic mode, the slow increase in voltage results in a highly 

conical shape of the nanotubes (Figure 5.28b, inset). 

Another point that should be considered in galvanostatic and potentiostatic modes is that 

after extended anodization the typical surface morphologies of the tubes show “grass” 

formation (Figure 5.29) – this morphology originates from thinning (etching) of upper parts 

of the TiO2 nanotubes that reside the longest in the electrolyte and collapse into bundles. 

The length of the nanotubes increases linearly with the total charge passed (Figure 5.29a) 

until this tube collapse occurs (Figure 5.29b). In this context, to evaluate the rate of purely 

chemical dissolution, a freshly prepared nanotube layer was exposed to an anodization 

electrolyte for 16 h and the Ti4+ content was determined via ICP-AES. The measured amount 

of chemical dissolution was 2.6% of the total dissolved titanium during anodization, i.e. this 

error on growth efficiency measurements is comparably small. The actual chemical 

dissolution rate may in fact be much smaller, because in this experiment Ti ionic species 

were not fully removed from inside the nanotube layer during electrolyte replacement. 

 

Figure 5.30. (a) Oxidation/metal ion dissolution reaction efficiency. (b) Total titanium consumed 
versus calculated amount from Faraday’s law of electrolysis. 

In contrast, another source of error is caused by precipitates during the anodization process 

that shift experimental values to a high level. Figure 5.29c and d illustrate these precipitates 

if very high fluoride contents are used (e.g. 1 mol L–1). The crystallites visible in the image are 

(NH4)2TiF6 as analyzed before in Section 5.5. 

In general, one may consider evaluating current efficiencies from Faraday’s law and total 

titanium consumed from weight measurements, considering that for each Ti ion involved in 

the oxidation/dissolution reactions four electrons are consumed (Figure 5.30a) [314-318]. 
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From Figure 5.30a, it can be seen that side reactions (likely O2 evolution [139]) occur and 

their contributions are higher at the beginning of the anodization process, especially in 

potentiostatic mode when a high voltage is applied. This effect can also be observed with 

the naked eye, as visible gas evolution takes place at the anode until the surface is covered 

with a sufficiently thick oxide layer. After the initial stage, the amount of charge lost in side 

reactions is more or less constant (Figure 5.30a) – with a charge that is going into Ti 

oxidation of 92% (extracted from the linear approximation shown in Figure 5.30b) – this 

ratio of 92% was found to hold for all anodization conditions in this study if the initiation 

phase was disregarded. 

 

Figure 5.31. EDX measurements of thick TiO2 nanotube cross-section. 

Experimentally, a reliable approach to determine the efficiency of oxide growth was judged 

to be weight loss measurements of Ti combined with solution analyses, but it turned out 

that a second approach based on determining the Ti lost by weight measurements and 

determining the Ti in the oxide was similarly reliable. As mentioned before, in the latter 

approach the true composition of the oxide has to be taken into account. The reason for this 

is evident from the EDX measurements in Figure 5.31, where the elemental composition of 

typical nanotubes is measured from the cross-section in the middle of a thick TiO2 tubular 
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layer. Clearly, high amounts of carbon and fluoride are incorporated in the nanotube walls. 

As discussed earlier, carbon mainly resides in the inner shell of the wall and leads to an over-

estimation of the weight of the tube layers. Therefore, the mass was corrected using the 

fraction of Ti measured by EDX. 

Both methods were used to extract growth efficiencies for a large number of experimental 

conditions, with variation of applied voltage or current, of fluoride concentration and of 

water content. The results are given in Figure 5.32. From the results for the potentiostatic 

mode one can deduce that the initial compact oxide film forms with an efficiency 

approaching unity (Figure 5.32a). Upon onset of growth of the nanotubes, substantial 

dissolution of titanium occurs, i.e. the tubes grow by partial use of the Ti4+ formed for oxide 

formation and part of the Ti4+ is ejected to the electrolyte (and solvated). Therefore, there is 

an error in the total measurements due to initial layer formation that with time strongly 

decreases and steadily drops to a range of 0.7–0.5. 

 

Figure 5.32. (a) Efficiency of TiO2 NT growth in the potentiostatic mode at 50 V in EG + 0.1 M NH4F + 

1.5 wt.% H2O. (b) Growth efficiency of nanotubes in the galvanostatic mode at different currents 
(0.5, 1, 2 and 3 mA) in EG with different ammonium fluoride contents (0.1 or 0.2 M) and water 

content ( 1.5 and 5 wt.%). 

This range is higher than the predicted range of efficiency (0.5–0.58). Except for the already 

explained contribution of the initiation layer, another factor is that under some conditions 

some precipitates are still present in the nanotubes (leading to an apparently too high 

growth efficiency). These findings turned out to be the most important source of 

experimental complications when comparing the results with the theoretical model. 

Nevertheless, a similar trend of the efficiency with time in the potentiostatic mode was 

measured via Rutherford backscattering spectroscopy (RBS) for nanotubes grown in glycerol 

at 20 V [312]. For extended anodization times, chemical etching may contribute and thus 

yield a too low growth factor. However, under the conditions of these measurements, the 

error was estimated to be in the range of a few percent. 

In the galvanostatic mode, the picture of efficiency is slightly different (Figure 5.32b). During 

the first moments of anodization, the applied current leads to a relatively low voltage drop 

at the liquid/solid interface. The growth of the oxide is slow and it competes from very first 
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moment with the dissolution process, and self-organized tube growth is quickly established. 

However, for some conditions (such as a higher fluoride content in the electrolyte), a higher 

dissolution rate occurs and it results, in the first stage, in a porous disordered layer before 

tubes start to grow (Figure 5.28e). In this case the efficiency is below the lower limit of the 

predicted range (Figure 5.32b, circled data). Otherwise, the data lie in a similar range to that 

for the potentiostatic mode. The common feature for points around an efficiency value of 

0.7 is that they are obtained with a high current density. It seems likely that these points are 

affected by a precipitation error due to the highest ion flux in the tubes. In this case, another 

factor that may also lead to some deviations from an ideal situation is that for tubes grown 

in the galvanostatic mode, the tube diameters increase during growth (as the diameter is 

directly dependent on the voltage). In the galvanostatic mode, the voltage in the system 

increases logarithmically in line with high-field conditions (Figure 5.33a) [8, 144], and 

consequently the outer diameter of nanotubes increases logarithmically (Figure 5.33b). 

Moreover, similarly to the potentiostatic regime, there is a maximum admissible power that 

can be applied for a particular electrolyte. For example, in a set-up as used in the present 

investigation, a current of 2 mA and higher can only be used for short times of anodization 

(Figure 5.33a). This is because at some point the oxide becomes sufficiently thick and 

resistive, causing significant resistive heating, and at this moment the voltage increases in an 

exponential thermal breakdown manner. As a result, the formation of holes inside tubes, 

higher oxygen evolution, heat dissipation, and electropolishing can be observed [229]. 

 

Figure 5.33. (a) U–t characteristics of nanotubes at different currents. The electrolyte was EG + 0.1 

M NH4F + 1.5 wt.% H2O. (b) Outer diameter variation of TiO2 NTs with total charge density passed 
under a constant current of 1 mA. 

The formation of a compact initiation layer mostly affects the measurements for short 

anodization times. Under the present conditions, chemical dissolution of the oxide seems 

comparably small except for electrolytes containing a high fluoride concentration. The 

results also demonstrated how important it is to consider the true composition of the 

nanotube layer if one operates with weight measurements to determine the mass of the 

oxide layers formed. 
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5.12 Other aspects of TiO2 nanotube growth 
 

The formation of nanotubes proceeds mainly through tandem oxidation–metal ion 

dissolution processes. In fact, both reactions are similar and involve oxidation of Ti ions that 

are generated from titanium crystals under a high electric field. One process that is called 

oxidation represents mainly the interaction of Ti with oxygen and fluoride ions, leading to an 

oxide/solid compounds formation; the other, called metal ion dissolution, is the ejection of 

Ti ion in the electrolyte as a complex ion and dissolution. When the oxidation rate is much 

higher than the metal ion dissolution rate or the latter leads to precipitation (low solubility 

of the reaction products), surface passivation with formation a thick compact oxide occurs or 

a very slow porous/tubular layer grows at a rate that is generally determined by the 

chemical dissolution rate of the oxide. If the metal ion dissolution rate is comparable to the 

oxidation rate and the complex Ti ion is soluble in the electrolyte, porous/tubular layers are 

easily formed. In the other extreme case, when the oxide is unstable in the electrolyte 

and/or the oxidation is much slower than the metal ion dissolution rate, electropolishing 

may take place. 

When a high voltage is applied at the electrolyte/metal interface, the surface is usually 

quickly oxidized due to water electrolysis and generation of large amounts of oxidative 

species. The current decreases exponentially with time during this stage. In the oxidation 

reaction, the source of oxygen seems to be water. As shown in previous sections, with a 

higher water content in EG the steady-state current decreases drastically and when higher 

voltages are used in low water content electrolytes holes appear in the nanotube wall. In 

this study, several attempts to find the exact source of oxygen were made by anodizing 

titanium in fluoride-containing anhydrous EG with addition of different oxygen sources. 

When only EG with NH4F was used, the current flow in the system was high, fluctuating 

around a certain value, and the surface of the titanium was metallic after the experiment, 

suggesting that no passivation and electropolishing occurred. Bubbling oxygen into such an 

electrolyte led to surface passivation to a certain extent, but no ordered structures could be 

obtained. Other experiments involved replacement of water with either KOH or KO2. The 

surface was not passivated in KOH-containing electrolyte whereas with KO2 a thick oxide film 

could be observed. However, this oxide contains large amounts of nanochannels and it 

covers the surface non-uniformly. In contrast, the water content in the electrolyte perfectly 

controls the rate of oxidation and just a small amount of water is sufficient to cover the 

anodized surface uniformly with either ordered TiO2 pores or nanotubes. The advantage of 

water as a source of oxygen can be that it acts like a buffer for generating locally the 

necessary amount of oxygen ions. 

Generally, in the literature, the mechanistic aspects of surface passivation and anodic pore 

growth are discussed considering similar properties of the oxide such as its density and 

permittivity for different anodic conditions. For example, the relation between tube 

diameter or pores size and the applied voltage is well known. However, this relation may 
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change if the oxide properties change. TiO2 nanotubes will grow at a certain voltage if the 

oxide layer is thin enough for the current flow or the composition of the oxide allows enough 

current density for the generation and flow of the newly formed oxide. The formation of 

TiO2 nanotubes is reflected in the current–time curve by the appearance of a peak in the II–

III stages of anodization. The shape and size of this peak are influenced by anodic 

parameters such as water and fluoride content, applied voltage, temperature, acidity and 

ions in the electrolyte, and even the solvent used. However, the main reason for the peak 

appearance can be attributed to the increase in the anodic area due to transition from the 

flat, compact oxide to nanotubes with the round bottoms. Clear examples that connect the 

peak appearance only with the tube formation (and not, for example, with the change in the 

substrate temperature in the first stages of anodization) are provided in Figure 5.34. 

 

Figure 5.34. Anodization of titanium in alkaline electrolytes at lower (a) and higher (b) voltages. 
The electrolytes used were EG + 0.1 mol kg–1 KF + 1.8 wt.% H2O with the addition of different 
amounts of KOH as shown. 

As discussed before, in sufficiently alkaline electrolytes a compact oxide can be grown in 

fluoride-containing EG. If to the EG-based electrolyte is added 0.1 mol kg–1 KOH then at 20 V 

a clear exponential decrease can be seen, the I–t curve (solid line) contains no peaks, and 

even after an extended time of anodization only compact oxide could be found on the 

sample surface. A decrease in KOH content to 0.01 mol kg–1 allows a higher current flow 

through the oxide. A broad and very weak peak can be observed in the curve; however, not 

enough metal ion dissolution (and generally little electrochemical reaction) takes place in 

order to promote tube growth and only compact oxide is observed (dashed line). If under 

these anodic conditions a higher voltage is used (increase by only 5 V), tubes grow 

immediately under the initiation layer (which is of compact nature). A clear peak appears in 

the current curve with the transition from the initiation layer to nanotube growth. For 

comparison purposes, the anodic curve at 20 V in neutral electrolyte (no KOH addition) is 

shown in Figure 5.34a. 

Similar results can be obtained at higher voltages if more alkaline electrolytes are used 

(Figure 5.34b). However, higher voltages imply higher current densities and subsequently 
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faster reactions that lead to less uniform and synchronized processes over the entire 

anodized surface and the peak (or temporal gap) in the current is hindered. 

 

Figure 5.35. (a) Resistance of barrier oxide layer extracted from EIS measurements. (b) Examples of 
impedance data for tubes anodized for 2 and 16 h. (c) SEM images of the nanotube bottoms grown 
at different voltages and times. (d) Dependence of resistance rate on the applied voltage. The 
electrolyte used was EG + 0.1 M NH4F + 1.6 wt.% H2O. 

The resistance of the barrier oxide changes with the anodization time (Figure 5.35a) and it 

can be extracted from in situ measurements of EIS (as shown Appendix A7). Figure 5.35b 

shows the impedance after 2 and 16 h of anodization. The resistance of the electrolyte (Rel) 

is extracted from EIS at a frequency of 10 kHz. This value is multiplied by the steady-state 

current (Is) and the product is subtracted from the applied voltage (Up). 

The average electric field in the barrier oxide layer can be represented by 

 
p s elI R

L

U
E j  (5.5) 

where E is the average electric field in the barrier, L the barrier thickness,  the resistivity of 

the electrolyte and j the electric current density. 

Figure 5.35c shows the nanotube bottoms at different voltages. The wall thickness near the 

bottom of the nanotubes does not change with the anodization time when steady-state tube 

growth is reached and the wall thickness is 53 nm for the nanotubes anodized at 50 V for 2 
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h (Figure 5.35c, I) and 16 h (Figure 5.35c, II). For lower voltages (see Figure 5.35c, III and IV) 

the wall thickness is smaller; as shown previously in Section 5.6, the wall thickness depends 

linearly on the applied voltage. The average electric field calculated from Equation 5.5 is 

about 0.92–0.94 V nm–1 for the electrochemical conditions shown in Figure 5.35. It should be 

noted that the nanotube wall has several shells and the electric field distribution on each 

region is not known. Non-linear redistribution of the field strength with the applied voltage 

or anodizing time could be another reason for the average change in the nanotube 

resistivity. 

The resistance of the nanotubes decreases with increase in the applied voltage and increases 

with time of anodization (or electric charge passed). This behavior seems not to be explained 

by the average electric field and can be attributed to the change in resistivity of the oxide 

layer, i.e. the concentration of vacancies and defective sites [148, 319-320]. Moreover, at 

low voltages fewer impurities might be incorporated in the shells (as discussed in Section 

5.10) of the nanotubes, leading to a more insulating behavior. At lower voltages with fewer 

defects present in the oxide, the current density flow is much lower, impeding fast growth of 

the nanotubes. Opposite to this, high voltages will promote impurity incorporation, and 

other defects that lead to higher current density flow through the oxide and faster tube 

growth. For example, growth of 1 µm at 5 V requires about 15 h of anodization whereas at 

50 V the time is only 120 s under the electrochemical conditions described in Figure 5.35. 

The amount of the oxide produced is proportional to the charge passed and the resistance is 

also linear (Figure 5.35a). The slope of resistance change with the amount of charge can be 

extracted for the linear part of the curves. The dependence of slope on the applied voltage is 

shown in Figure 5.35d. One may also observe that at voltages higher than 40 V under 

specific anodic conditions the rate of the resistance is no longer dependent on the voltage, 

suggesting that the maximum number of defects was reached and despite faster tube 

growth with further increase in voltage the oxide layer formed should have similar 

properties (such as electrical resistivity, dielectric constant, density, expansion factor, 

chemical composition, etc.) 

The increase in barrier layer resistance at constant voltage can be attributed to a slight 

decrease in the applied voltage with time due to the increasing IR drop of the electrolyte 

inside the growing nanotubes (Figure 5.35b). As a result, a lower current will flow through 

the system, leading to slower growth of nanotubes of a better oxide quality (fewer defects), 

resulting in a further increase in the oxide resistance and current limitation. A high 

resistance of the oxide barrier may drastically slow the tube growth and in some cases can 

trigger complete stoppage. A straightforward example of this effect is the anodization of Ti–

45 wt.% Nb alloy (Ti–45Nb). Figure 5.36 shows three transitions of the Ti–45Nb anodization 

across the layer thickness. In the first one, self-ordered nanotubes grow, followed by 

transition of the nanotubes to highly organized nanopores and lastly the growth of 

nanopores stops with the formation of a disordered layer (Figure 5.36a–c). 
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Figure 5.36 High-resolution SEM top view of Ti–45Nb anodized at 200 V near the top-surface of the 
layer (a), cross-section close to the middle region of the ordered layer (b), and near the metal 
substrate (c). (d) Examples of I–t curves of anodized Ti–45Nb alloy. The electrolyte used for these 
experiments was EG + 0.2 M HF + 0.12 M H2O2. 

Figure 5.36d shows two different I–t curves obtained at different voltages and, as can be 

seen, independent of the applied voltage the current will decrease drastically after a certain 

charge passes through the system (44–46 C cm–2), i.e. when the total thickness of the Ti–

45Nb porous layer reaches 47 µm. At this point, the ordered pores (Figure 5.36b) 

effectively stop growing and underneath a porous disordered layer is formed (Figure 5.36c). 

One may consider that the change in the barrier resistance and maximum thickness of the 

porous layer is also connected with lower solubility of the fluoride-rich layer (probably due 

to the presence of niobium fluoride compounds). These suggestions are supported by the in 

situ transition from nanotubes to nanopores shown in the figure. 

As stated above, the exact distribution of the electric field inside nanotubes is unknown. 

However the voltage distribution across the barrier layer can be analyzed from the physical 

characteristics of the nanotubes described in previous sections. The main part of the voltage 

drops on the outer shell, which has a compact nature. A lower voltage drop is expected on 

the fluoride-rich layer which appears to be less electronically conductive, as this layer 

manifested charging behavior during SEM investigations. The lowest voltage drop is assumed 

to be on the inner shell and inner/outer shell interface, as the inner shell is penetrated by 

carbon species and the evolving gas, which makes it a very defective/porous structure. Of 

course, there is a certain small voltage drop on the electrolyte in the vicinity of the barrier 
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layer and generally on the bulk electrolyte inside the nanotubes. A more complete view of 

this picture may be the small voltage drop and the expansion of the electric field in the first 

few nanometers of the Ti substrate, underneath the fluoride-rich layer, allowing easier 

extraction of Ti ions from the crystalline network. This region of transition may be 

considered a very distorted crystalline structure of Ti due to the presumably high 

concentration of Ti vacancies. 

The outer tube diameter is controlled by the applied voltage under a wide variety of anodic 

conditions, despite a certain influence of surface geometry (Figure 5.9). However, a more 

straightforward proof of this can be considered complete anodization of a 50 µm Ti wire 

(Appendix 11) where the tubes are subject to the same conditions over all the anodized area 

(such as the same geometry and curvature of the growth interface). With decrease in Ti wire 

diameter, fewer tubes can be fitted on the metal surface. There are two scenarios that could 

occur when the space in the direction of growth is constrained. In the first scenario, the 

tubes maintain their concentration by decreasing their diameters or the slower growing 

tubes are excluded from the run growth. Appendix 11 clearly shows that the latter scenario 

takes place and despite the drastic change in the anodization area, the tubes maintain their 

outer diameter constant via exclusion of slower growing nanotubes. 
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6 Crystallization of TiO2 nanotubes 
 

6.1 Thermal crystallization of TiO2 nanotubes 
 

6.1.1 An overview of TiO2 crystallization and phase transitions 

 

The calcination of amorphous titanium dioxide results in crystallization. The transition 

through different phases (amorphous to anatase/rutile, anatase to rutile, etc.) has been 

studied since the 1960s [110]. However, phase transition temperatures, speed of 

crystallization and type of crystalline phase depend not only on the annealing conditions, but 

also on the exact preparation conditions of the oxide [114, 321-323]. Amorphous titania with 

increasing annealing temperature usually passes through a sequential path of phase 

transitions (amorphous  anatase  rutile) [114]. The transition from amorphous to 

anatase can be explained in terms of the closer structure of anatase to the reactant 

structure or by interpreting the Ostwald step rule (the first phase to form will be the one 

possessing the least surface energy with respect to the reactant) [114]. The topotaxy and 

transition steps from anatase to rutile are well known [102, 104-105, 107-109, 112]. 

The electrochemically formed oxide tubes are amorphous and follow the typical trend of 

crystallization during calcination in the absence of a metallic substrate. The crystallization of 

TiO2 NTs is important for most electrical or photoelectric applications. Typically, annealing of 

the TiO2 tubes in air at temperatures >300 °C alters them to an anatase structure [119, 129, 

324-326], whereas at temperatures >500 °C an increasing amount of rutile is formed [102, 

129]. The anatase phase is beneficial for biomedical applications [96], but full conversion to 

anatase is even more significant in photoelectric applications such as photocatalysis and 

other applications that depend critically on a high electron transport efficiency along the 

tube walls. Most recently, it was reported that for TiO2 nanotube layers used in Grätzel-type 

dye-sensitized solar cells, electron mobilities [327] and electron diffusion length can be 

measured [328-329] that are considerably higher than in conventional particle-based cells 

[329]. The first results showed that the electron transport times can be drastically affected 

by the annealing conditions [330]. In fact, an up to 10x higher electron mobility was reported 

for TiO2 nanotubes used in Grätzel-type solar cells that were constructed with tubes 

annealed at 350 °C rather than with tubes annealed at 450 °C. Furthermore, this different 

behavior is very significant as by far the most commonly used annealing temperature range 

for TiO2 nanotubes is 400–450 °C [326, 331-332]. 
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6.1.2 Temperature impact on the TiO2 nanotubes 

 

Amorphous TiO2 nanotube layers were formed by anodization of a Ti sheet in a fluoride-

containing ethylene glycol electrolyte at room temperature. 

 

Figure 6.1. X-ray diffraction patterns of amorphous and annealed TiO2 NTs layers (in XRD the peaks 
represent A = anatase and T = titanium [metal] (coming from the Ti substrate)). 

Figure 6.1 shows XRD spectra taken for the “as-formed” tubes and for tubes annealed in air 

at 350 °C and 450 °C. The XRD results show that annealing at both temperatures converts 

the originally amorphous tubes entirely to anatase. The annealed TiO2 nanotubes show a 

peak intensity characteristics similar to the diffraction patterns of anatase powder (PDF 21-

1272) with the highest peak in (101) direction. Thus one may suppose that there is no 

preferential orientation of crystallites inside of the tubes. 

 

Figure 6.2. (a) TEM image of a TiO2 nanotube annealed at 450 °C. The inset shows the area selected 
for electron diffraction. (b) Diffraction pattern of the area of the nanotube selected from the 
region shown in the inset in (a). 
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Figure 6.3. (a, b) TEM images of samples annealed at 350 and 450 °C. The insets represent selected 
areas. (c, d) Diffraction patterns obtained from the areas selected from the insets in (a) and (b). (e, 
f) Dark-field images of the TiO2 nanotubes. 
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Figure 6.2a shows TEM images of TiO2 NTs annealed at 450 °C. From the images, one can 

deduce that the wall thickness of the 150 nm diameter tubes is 50 nm and the double-

walled structure of the wall can be clearly seen. A selected area electron diffraction (SAED) 

pattern was taken from the area shown in the inset. The concentric circular shape of the 

diffraction pattern confirms the local polycrystalline nature of the nanotubes (Figure 6.2b). 

However, in the pattern there are some orientations which give higher intensities, indicating 

that the signal is composed of contributions of considerably larger crystals and smaller 

crystallites. 

 

Figure 6.4. (a–d) High-resolution TEM images of a tube top view showing a single crystal with a 
cylindrical shape. 

In order to obtain more information about the crystalline structure of TiO2 NTs and the 

impact of temperature on them, samples annealed at 350 and 450 °C were investigated. The 

SAED patterns from the entire nanotubes are similar to that shown in Figure 6.2, i.e. no 

essential difference between different locations or samples. However, if the selected area 
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included only the outer shell of the TiO2 nanotube, the SAED pattern revealed the single-

crystalline nature of this shell (Figure 6.3a-d). The dark-field images shown in Figure 6.3e 

and f taken for a specific orientation from the diffraction patterns show the size of the 

analyzed crystal. These are typical crystallites with lengths of up to 1 µm and diameters of 

150 nm. 

After extensive TEM and SEM investigations, it can be concluded that crystals form 

differently in the OS and IS of the nanotubes. In the IS the crystals are small and of a 

“spherical” shape whereas the OS consists of large crystals of cylindrical shape. Such single 

crystals can form locally the entire shape of the OS. Figure 6.4 shows an example of high-

resolution TEM images taken from the top of an OS tube ring. It indicates that these single 

crystals are of a cylindrical shape. In other words, under both annealing conditions the OS 

mainly consists of crystals of relatively large with a cylindrical shape that can be several 

hundred nanometers long in the direction of the nanotube axis. 

 

Figure 6.5. (a, b) High-resolution TEM images of the nanotubes annealed at 350 and 450 °C, 
respectively. (c, d) High-magnification SEM images of cross-sections of the nanotubes annealed at 
350 and 450 °C. Arrows indicate the sites where a crack is formed. 
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However, more detailed TEM and SEM investigations, as shown in Figure 6.5, reveal 

considerable differences in the nanotube walls for the different annealing temperatures. 

One geometric difference consists in a larger inter-shell gap at higher temperatures. At 350 

°C the gap is only about 5 nm, whereas at 450 °C it increases to 20 nm (Figure 6.5a and b). 

Not only does the gap change between shells, but also the IS is thinner at higher 

temperatures, possibly due to faster and higher mass losses of C and F. The samples 

annealed at 450 °C show in the SEM image some dark line patterns on the tube walls 

whereas such patterns are less prominent at 350 °C (Figure 6.5c and d). These lines are 

interfaces/borders between crystallites. A closer look at the interfaces between crystals, 

using high-resolution TEM, shows that for samples annealed at 450 °C cracks are present at 

numerous places along the nanotubes (Figure 6.5c and d). The appearance of cracks and 

their increased density at higher crystallization temperatures may be ascribed to larger 

stresses occurring during crystallization, heating, and cooling. 

Another important effect of the annealing temperature is shown in Figure 6.6. If the region 

at the tube bottom is inspected closely with high-resolution SEM (cross-sections shown in 

Figure 6.6a and b), one can see that underneath the tubes an additional oxide layer is 

present, i.e. the annealing treatment caused not only conversion of amorphous tubes to 

anatase TiO2, but also some direct thermal oxidation of the metal substrate underneath. It 

can be seen that at 350 °C, the layer is 50 nm thick, whereas at 450 °C the thickness is 140 

nm. For reference, a plain Ti substrate was annealed under the same conditions and the 

thermal oxide layers shown in Figure 6.6c and d were obtained. 

Table 6.1. Layer thicknesses grown underneath TiO2 nanotubular layers and those grown on 

a pure Ti surface. 

Thermal conditions Thickness of thermal TiO2 on 
titanium surface 

Thickness of thermal TiO2 
underneath tubes 

350 °C, 3 h, 1 °C s–1 20 nm (rutile) 50 nm (rutile) 

450 °C, 3 h, 1 °C s–1 50 nm (rutile) 140 nm (rutile) 

 

These layers were found to have a thickness of 20 nm for 350 °C and 50 nm for 450 °C (Table 

6.1). This thickness is well in line with literature results for the thermal oxidation of Ti in air 

[315]. By comparison, the oxide layer is much thicker underneath the tubes than the oxide 

layer formed on a pure Ti surface under the same annealing conditions. 

It should be pointed out, however, that the bottom layer underneath the tubes typically 

contains a fluoride-rich layer, i.e. a different chemical environment is present which may be 

responsible for the thicker oxide layer formation observed for tubes, but also the defective 

crystalline network of the metal that is assumed to be in this region. Figure 6.6e shows the 

XRD analysis of the reference thermal oxides formed on the surface of pure titanium. It can 

be seen that oxide grown at 350 °C has a weak peak of rutile at 2  = 36.09° which 

corresponds to the (101) plane orientation. This intensity of this peak is only 50% of that of 
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the same peak in an XRD spectrum of rutile powder [111]. This suggests that the rutile 

crystal nucleation has a preferential orientation in the layer. In the case of the 450 °C 

sample, the amount of rutile increases, and the main (110) peak appears and is the most 

intense of all three peaks of rutile detectable in this layer [2  = 27.45° (110), 36.09° (101), 

and 54.32° (211)]. The formation of rutile by thermal oxidation of metallic Ti is commonly 

observed [100, 107, 333-334]. 

 

Figure 6.6. (a, b) High-resolution SEM cross-sectional view near the TiO2 nanotube bottoms for 350 
and 450 °C. (c, d) Thickness of the rutile layer formed on top of pure Ti at 350 and 450 °C. (e) XRD of 
the oxides grown at 350 and 450 °C on pure titanium. (f) XRD of the TiO2 nanotube arrays of 
different thicknesses (in XRD the peaks represent A = anatase, R = rutile and T = titanium metal). 

For the TiO2 nanotube layers, one can show that at 350 and 450 °C only the newly formed 

thermal oxide consists of rutile whereas the tube wall (converted from amorphous material) 
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consists fully of anatase. This is supported not only by the TEM investigations but also by 

taking XRD spectra from different tube layer thicknesses (Figure 6.6f). 

For thin tubular layers, the XRD spectra contain information from the whole layer, i.e. the 

penetration depth is sufficient to include the thermal oxide at the interface and the titanium 

substrate. Under the present XRD conditions, the X-ray penetration depth is 9 µm [250, 

335-336]. At greater thicknesses, the TiO2 nanotube layer is no longer fully penetrated, and 

therefore only contains information from the tube walls. Accordingly, a decrease in the rutile 

peak intensity is observed for thicker layers. For the 30 µm thick layers, the rutile peaks are 

completely absent. These results are a critical finding regarding the annealing of TiO2 

nanotubes, as there are substantial literature reports that rutile is formed in the tubes at 

temperatures as low as 430 °C [337]. Probably the most straightforward proof that rutile is 

formed due to thermal oxidation of the substrate is to anneal nanotubes grown by 

anodization of a Ti layer on FTO glass or silicon wafer. In this case, 1 µm of evaporated Ti 

can be fully converted to nanotubes by anodization. In the absence of a titanium substrate, 

in the XRD spectra of nanotubes only anatase phase could be detected up to 750 °C when 

samples were annealed for 1 h (Figure 6.7). The rise in the critical temperature of the pure 

anatase to rutile transition is probably due to the presence of impurities [108, 338-340] and 

specifically for these nanotubes it can be due to the presence of fluorides [338]. 

 

Figure 6.7. XRD spectra of TiO2 nanotubes grown on an evaporated layer of Ti on FTO glass or Si 
wafer substrate annealed at different temperatures for 1 h (in XRD the peaks represent A = 
anatase, R = rutile, and S = tin oxide). 

Concluding from the above results, it was shown that annealing of anodic TiO2 nanotubes at 

two different temperatures (both frequently used to crystallize the nanotubes to anatase) 

can induce some significant differences in the detailed tube structure. Although the 

crystallite sizes and distribution in the tube walls are approximately the same for both 

temperatures, high-resolution TEM images revealed a significant number of cracks in the 

tube wall when annealing was performed at 450 °C. Moreover, annealing in air leads to a 

relatively thick rutile layer at the metal/tube bottom interface (due to thermal oxidation of 

the substrate). Both effects (cracks and rutile layer) are a plausible origin of the significantly 

shorter electron transport times observed for tubes annealed at 450 °C as reported in the 
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literature [328, 341-342]. On the one hand, the cracks represent obstacles for electron 

transport and thus may lead to a larger effective diffusion length (around the crack). On the 

other hand, the formation of rutile layers may affect in solar cells the electron transport to 

the back contact (Ti substrate), as rutile has a significantly lower electron mobility than 

anatase [343]. At the present stage, it is not clear if observed cracks or rutile layers can be 

avoided, by optimization of the annealing treatment at higher temperatures, when growing 

tubes on titanium foils. For solar cells, higher temperature annealing is desired, as it has 

been observed that for dye-sensitized solar cells (DSSCs) the areal loading of dye is improved 

for tubes annealed at higher temperatures [330]. 

 

Figure 6.8. (a) XRD spectra of the samples annealed at different temperatures. Sequence of SEM 
images showing samples after annealing (at a heating rate of 1 °C s–1) at 500 °C (b), 600 °C (c), 700 
°C (d), 800 °C (e) for 12 h and at 900 °C (f) for 2 h. 
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It is also noteworthy that the conventional single-walled nanotube layers grown in aqueous 

acidic electrolytes are prone to collapse and disintegrate when annealed at temperatures 

higher than 600 °C [278]. However, the double-walled nanotube layers presented above 

have an extraordinary stability and to a large extent retain their structural integrity when 

annealed even at temperatures higher than 600 °C. Figure 6.8 shows a sequence of SEM 

images taken from samples annealed at different temperatures: 500 (b), 600 (c), 700 (d), 800 

(e) and 900 °C (f). These nanotube layers were annealed from 20 °C at a heating rate of 1 °C 

s–1 to the final temperature that was then held for 12 h (except for the 900 °C case, where 

massive oxidation of the substrate occurred). The morphology of the nanotube layers 

annealed at up to 700 °C (Figure 6.8) always reveals a double-walled structure of the 

nanotubes. However, at higher temperatures the double-layer tube can also be fused to a 

porous network – at 800 °C this occurs slowly with time (Figure 6.8e). At this temperature, 

the gaps between the nanotubes entirely disappear over 12 h and the nanotubes fuse 

together and form a robust porous structure over the entire layer. At 850 °C, the conversion 

process to a fused porous layer can be followed easily and occurs within the first annealing 

hour – with additional time partial disintegration of the structure occurs (Figure 6.9). 

 

Figure 6.9. (a) XRD spectra for samples annealed at 850 °C (heating rate 1 °C s–1) for different times. 
(b-d) SEM top-view images of the TiO2 NTs after different annealing times. 

At 900 °C (Figure 6.8f), strong structural changes occur very rapidly and after 2 h the tubular 

layers are almost completely collapsed. It should be noted that the same results as in Figure 

6.8 were obtained if the nanotubes were first pre-annealed to 500 °C at a heating rate of up 

to 25 °C s–1 and then the temperature was increased at 1 °C s–1. 
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As expected, apart in addition to the morphology, the crystalline structure of the nanotubes 

also changes with the annealing treatments in Figures 6.8a and 6.9a. The XRD spectra in 

Figure 6.8a were taken from the samples shown in Figure 6.8b–f. In all cases, the nanotube 

layers contain different amounts of rutile. For temperatures up to 800 °C, the nanotube 

layers contain anatase as a major constituent and the presence of the rutile is connected 

with oxidation of the Ti substrate. Above 800 °C, fast conversion of anatase to rutile takes 

place. For the nanotube layers reported here, only treatments above 900 °C led to complete 

conversion to a rutile structure. From the XRD patterns for the samples annealed at 850 °C 

for different times (Figure 6.9), a successively higher amount of rutile is found; however, 

neither complete conversion nor complete structural collapse occurs. This suggests that the 

nanotube collapse is strongly linked to the rutile conversion. 

 

 

6.1.3 Importance of thermal ramp during crystallization 

 

By thermal annealing of the TiO2 nanotube layers, not only the crystalline structure of the 

nanotubes, but also the morphology of individual tubes and of the entire nanotube 

ensemble can be drastically changed. Most importantly, controlled changes can be induced 

in the overall morphology that depend strongly on the annealing process, in particular on 

the heating rate, as shown in the sequence of SEM and TEM images in Figure 6.10. Here, the 

original nanotube layers were annealed at 500 °C for 10 s, but using three different 

annealing rates of 1, 25 and 50 °C s–1. It is evident that not only is the final morphology very 

sensitive to the heating rate, but also the nature of the crystalline structure (from the TEM 

images and the insets showing the corresponding SAED patterns). 

Annealing the samples at up to 500 °C with a heating rate of 1 °C s–1 (Figure 6.10a and d) 

leads to the separation of the IS and OS shells into two clearly visible layers that can also be 

clearly seen from the TEM image of the layer (Figure 6.10g). In this process, the OS remains 

compact, whereas the IS becomes porous. Additionally, the XRD pattern in Figure 6.11a 

shows that already after 10 s of annealing at 500 °C, the originally amorphous structure is 

converted into a crystalline anatase structure (shown also in the SAED pattern, Figure 6.10g, 

inset). 

The annealing procedure with a heating rate of 25 °C s–1 (Figure 6.10b) leads to a loss of the 

compact nature of the OS – in this case, the nanotube walls consist entirely of crystallites 

with diameters in the range 10–50 nm that are readily visible using TEM (Figure 6.10h). The 

SAED pattern (Figure 6.10h, inset) and XRD pattern (Figure 6.11a) of this sample confirm 

conversion to an anatase structure, as for the slower heating rate. 
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Figure 6.10. SEM images (top row, top view; middle row, cross-section) and TEM images (bottom 
row) of the TiO2 nanotube layer annealed to 500 °C with a heating rate of 1 °C s–1 (a, d, g), 25 °C s–1 
(b, e, h) and 50 °C s–1 (c, f, i). The insets in the bottom row show SAED patterns of the 
corresponding layers. The left inset in (i) shows a high-resolution TEM image. 

Most remarkable, a more rapid heating rate of 50 °C s–1 (or more) leads to complete fusion 

of the tubes into a highly ordered porous membrane (Figure 6.10c and f). The corresponding 

XRD pattern (Figure 6.11a) shows that in this case, the walls consist of anatase crystals that 

grow over the borders between the IS and OS, making them completely indistinguishable 

(also evident from the cross-sectional view of this layer in Figure 6.10c). Figure 6.10i shows a 

high-resolution TEM image of the tube wall that consists of large single-crystal domains. The 

left inset shows a high-magnification high-resolution TEM image with distances of crystal 

lattice fringes of 3.52 Å that can be attributed to the spacing of the (101) lattice plane of the 

anatase TiO2. The SAED pattern (Figure 6.10i, inset) confirms that the domains are single 

crystalline. Under other annealing conditions, (Figure 6.10g and h), the overall SAED 

patterns show several continuous rings that indicate that the nanotubes walls are composed 

of randomly oriented TiO2 crystallites, a feature common to all previous structural 

investigations of nanotube layers [326]. The first five diffraction rings revealed d-spacings of 

d1 = 3.51 Å, d2 = 2.37 Å, d3 = 1.90 Å, d1 = 1.71 Å and d1 = 1.67 Å that correspond to lattice 

plane spacings of d{101}, d{004}, d{200}, d{105} and d{211} of anatase TiO2. 



Crystallization of TiO2 nanotubes 

109 | P a g e  

Interestingly, the average size of the nanocrystallites that build up the annealed nanotube 

walls increases strongly (from a few up to a few hundred nanometers) with a more rapid 

annealing treatment; results from different measurements are compiled in Figure 6.11b. 

 

Figure 6.11. (a) XRD patterns of the “as-formed” and annealed TiO2 nanotube layers (three 
different heating rates). (b) Dependence of the size of the nanocrystals on the heating rate as 
obtained from SEM, TEM and XRD data. 

This large effect may be attributed to non-equilibrated kinetics, abnormal rate of crystal 

growth and potentially also preferential crystal growth orientation. Most remarkable from 

an application viewpoint is, however, that in the case of a rapid annealing step, the rapid 

growth of large crystals is accompanied by fusion of the tubes into a separation-free, 

hexagonally ordered pore morphology with an anatase crystal structure. 
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6.2 E-beam crystallization of TiO2 nanotubes 
 

Some interesting side aspects emerged during structural investigations of the TiO2 

nanotubes using high-resolution TEM. Namely, it was evident already after a few 

experiments that significant changes in the structure and morphology of amorphous 

nanotubes can be induced by e-beam irradiation. As observed previously [344], TiO2 is prone 

to e-beam-induced crystallization as illustrated in Figure 6.12, which shows the high-

resolution TEM images of amorphous TiO2 nanotubes that were taken before and after e-

beam exposure for several minutes at 200 kV. 

 

Figure 6.12. High-resolution TEM images of amorphous TiO2 nanotubes before (a) and after (b) e-
beam exposure for several minutes at 200 kV. 

Clearly, the formation of crystalline zones can be seen (lattice fringes appear) with increasing 

TEM observation time. The amount and size of these crystallites increase with time. 

Moreover, crystallization is accompanied by a shrinkage effect of the TiO2 nanotubes as 

shown in Figure 6.13. Figure 6.13a and b show a tube bottom range before and after TEM 

observations for some time, and Figure 6.13c and d show a tube wall location before and 

after TEM observation. Both images show that crystallization leads to considerable volume 

contraction and, therefore, deformation of the nanotube geometry. In the case of Figure 

6.13d, after exposure for about 10 min, one side of the tube had suffered a lateral shrinkage 

of about 15 nm. The exposed area after exposure is filled with arbitrarily oriented crystallites 

with sizes of about 25 nm. 
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Figure 6.13. (a, b) Shrinkage effect of the amorphous nanotubes at the tube bottom after exposure 
to a TEM e-beam for about 12 min. (c, d) Shrinkage effect of the amorphous nanotubes after 
exposure to a TEM e-beam for about 10 min. 

In conclusion, it was found from high-resolution TEM experiments, when investigating 

amorphous TiO2 nanotubes, that some significant e-beam-induced crystallization effects 

take place, which in turn also affect the overall tube morphology. In other words, high-

resolution TEM work that reports on crystallites being present in “as-formed” TiO2 

nanotubes (without additional proof) should be examined very carefully. 
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7 Advanced nanostructures and applications 
 

7.1 Highly defined and ordered top-openings of TiO2 nanotubes 
 

7.1.1 Fabrication techniques 

 

As shown before, growth of TiO2 NTs passes through several stages and the upper part of the 

nanotubes can be covered by a compact oxide or a disordered layer. Such layers can limit 

the efficiency of solar cells [345-346] and other applications based on the geometry of TiO2 

NTs. Ultrasonication was mainly used to remove disordered layers [345]. However, this 

technique cannot be used for top-compact oxide removal and it can also induce stresses and 

destructions inside tubular arrays. 

A simple but very effective approach to avoid the formation of these types of disorder (over 

a wide range of anodization conditions) was developed [265]. For this, TiO2 nanotube layers 

are grown anodically after coating the surface with a photoresist that is slowly soluble in the 

electrolyte. To demonstrate this, Ti samples were either roughly ground or polished, and 

cleaned by sonication in acetone and ethanol followed by rinsing in deionized water and 

drying under a stream of nitrogen. A positive photoresist (Microposit S1813 G2) was spun on 

at 1000 rpm during 10 s and then switched to 7000 rpm for 30 s for the optimal conditions 

(using a BLE Delta 10 spin coater). Pre-baking (to dry the sample before applying the 

photoresist) and post-baking of the samples were carried out in the temperature range 20–

160 °C, for different times, on a Schott SLK 6 hot-plate. This leads to a photoresist layer 

about 1 µm thick. Samples were anodized at 55 V using a high-voltage potentiostat in a two-

electrode configuration with a counter electrode made of platinum. The electrolyte was a 

fresh solution of ethylene glycol with addition of 0.1 M NH4F and 1 M H2O. After the 

experiment, samples were immersed in ethanol for 1 h and then left to dry in air. 

Figure 7.1 compares TiO2 nanotubes formed in the absence (a, c) and presence (b, d) of a 

photoresist layer. In both cases, anodization leads to a 10 µm thick TiO2 nanotube layer. For 

the conventional process, from the top view, a clear tubular shape is not visible due to the 

presence of the initiation layer. For the photoresist-coated sample, very defined and highly 

ordered tubes are obtained (Figure 7.1b). The concept of the approach is that the thin layer 

of photoresist will act as an artificial and sacrificial initiation layer, by replacing the job of the 

compact TiO2 initiation layer, i.e. as the photoresist is only slowly soluble in ethylene glycol, 

it acts as a barrier that blocks the high currents at the beginning of anodization, and most of 

the applied voltage will drop on it. 
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Figure 7.1. (a) Top view of the sample anodized with the standard method. (b) Top view of the 
sample anodized using the new method with an 80 °C post-baking temperature for 10 min. (c, d) 
Cross-sectional views near the top surface of the TiO2 nanotubes for the conventional and new 
methods, (e) I–t curves for both approaches. The schematic drawings above the curves represent 
standard evolution of the tube growth, and the schematics under the curves show the evolution of 
the surface with the new approach. 
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With time, the layer is degenerated by chemical etching, and at a certain point will start to 

be transparent to ions, leading to a controlled current increase. This is apparent from the 

current–time behavior during anodization, shown in Figure 7.1e for a photoresist-coated and 

uncoated Ti surface. It should be noted that the effect of the initiation layer is twofold: it 

allows for a slow current increase, but it also facilitates fluoride ion accumulation at the 

Ti/oxide interface [129]; the latter is crucial for the initiation of the self-organizing process 

[129, 261]. Therefore, the process cannot be achieved just by a slow voltage ramp 

anodization. The fact that a gradual transfer of the voltage drop occurs between these two 

layers is apparent from the conical shape of the TiO2 tubes at their tops (see Figure 7.1d) as 

the tube diameter is dependent on the effective voltage during tube growth. 

 

Figure 7.2. (a–d) Top view of TiO2 nanotubes of lengths 1.8, 13, 27 and 63 µm, respectively. (e) 
Thickness–time variation of the TiO2 NT wall (w) near the top and TiO2 NT length (L). 
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Figure 7.2 shows the surface evolution with anodization time for 1.8, 13, 27 and 63 µm long 

TiO2 nanotubes using the photoresist coating approach. One can observe that the tube wall 

thins down with time. The thinning rate is generally affected by acidity, local temperature, 

stress, ion diffusion, unidirectional expansion of the structure, etc. For an uncoated surface 

up to 100 µm an initiation layer as in Figure 7.1a would be present, and at 65 µm 

disintegration of the tube walls (grass formation) would occur (for the anodic recipe used). It 

is also noteworthy that the tube wall thinning process is not linear with time (see the data in 

Figure 7.2e). The most likely reason for this is the double-walled structure of the nanotubes 

with different chemical compositions of the shells. The tube length is directly proportional to 

the charge passed; therefore, the growth rate of tubes decreases slowly with time as the 

current constantly decreases during anodization. 

The quality of the procedure depends on the photoresist coating conditions. This is 

illustrated in Figure 7.3. The degeneration time of the photoresist depends on the post-

baking conditions such as temperature and time of drying (Figure 7.3a, for 1 µm thick 

photoresist). This time can be defined as the initiation time for tube growth. It was evaluated 

by tracing tangents as illustrated in the examples in Figure 7.3b. 

 

Figure 7.3. (a) Initiation time of the tube growth for different post-baking conditions. (b) Examples 
of the initiation time calculation from I–t curves. 

If the photoresist layer is dried at low temperatures (<50 °C), it may dissolve too quickly and 

it might lead to some regions covered with initiation layer in the anodized area. Under the 

optimum conditions (Figure 7.3a), the photoresist is protective enough to obtain uniform 

and fully open tops of the TiO2 nanotubes. At high post-baking temperatures (120–140 °C), 

the photoresist was found to be prone to non-uniform dissolution, which created small gaps 

on the samples surface. If the photoresist drying is carried out at even higher temperatures 

(≥140 °C for >5 min), a modification of photoresist takes place (also observed by its color 

change). It becomes very resistive against anodic conditions and it is destroyed in only a few 

places, leading to a very localized type of anodization. 

Similarly, it was observed that coating the samples with thick photoresist causes delays in 

the initiation of TiO2 growth. Thick photoresist layers are also prone to dissolve non-
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uniformly, leading to asynchronous initiation of tube growth. Thinner layers (<1.5 µm) did 

not show such problems. 

Overall, the approach allows the growth of fully open and “grass-free” TiO2 nanotubes with 

lengths in the range 1–60 µm. The approach is based on replacing naturally occurring 

initiation layers by a soluble photoresist film. To obtain optimally ordered tubes, critical 

parameters are the baking temperature, time and thickness of the photoresist layer. The 

formation of regular and ordered tube openings is expected to have an impact not only in 

applications where a defined opening is directly required (e.g. membranes [347-348]) or 

optimal interfacing is needed (e.g. cell interactions [349-350]), but also may affect electron 

transport properties [263, 346]. 

 

 

7.1.2 Impact on dye-sensitized solar cells 

 

In order to show the importance of the surface morphology of TiO2 nanotubes, dye-

sensitized solar cells were built for three different states of the surface [346]. 

 

Figure 7.4. SEM images of TiO2 nanotubes with different tube tops: (a) grassy tubes, (b) open tubes 
with a nucleation layer on the top and (c) completely open TiO2 tubes obtained using a photoresist 
approach. (d) Reflectance spectra of these TiO2 NTs after annealing at 450 °C for 3 h. (e) j–V 
characteristics under AM 1.5 solar light illumination for 16 µm long TiO2 nanotubes with different 
tube top morphologies. 
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Samples with disordered layers on top were grown in an acidic electrolyte (EG + 0.2 M HF + 1 

M H2O) whereas those with an initiation layer on top and open nanotubes were grown in a 

neutral electrolyte (EG + 0.1 M NH4F + 1 M H2O) (Figure 7.4a-c). The layer thickness was 

about 16 µm. 

The major impact of the surface morphology is connected with the reflectivity and 

absorption of the light. The tubes with a disordered layer show the highest light absorption 

(Figure 7.4d) due to the roughness and porosity of the disordering. In contrast, the 

nanotubes with a nucleation layer show maximum reflectance. One may attribute this to the 

“mirror” effect of the compact layers. In spite of the highest light absorption of nanotubes 

with a disordered layer on top, the highest efficiency of the solar cells is obtained for 

completely open TiO2 NTs (  = 5.2%) followed by nanotubes with an initiation layer (  = 

4.8%), and the tubes with a disordered layer show only  = 4.3% (Figure 7.4e). The results 

indicate that detrimental factors for solar cells are not completely based on the absorption 

behavior of the structure, but also on the transportation and recombination of the 

generated charges, i.e. it is possible that recombination processes are enhanced in the 

disordered layer due to a more defective nature. Hence the fully open TiO2 nanotubes 

represent a compromise between light absorption and efficiency, and they are very 

promising for significant enhancement of the efficiency of DSSCs. 

 

 

7.2 TiO2 nanotubular membranes 
 

7.2.1 Detaching strategies for TiO2 nanotubes 

 

7.2.1.1 Dissolution of metallic substrate 

 

A straightforward method to obtain freestanding nanotube layer is selective dissolution of 

the metallic substrate on which it was grown. A successful approach, reported many years 

ago, is the use of methanol–Br2 solution, which selectively attacks only the metals and not 

their oxides [351-352]. More exactly, a ratio of 1:9 Br2 in anhydrous methanol could easily 

dissolve metallic Ti foils with thickness of 100 µm in less than 5 h, leaving in the solution only 

the nanotube layer. For handling purposes, a thin sheet of glass on which to put the 

nanotube layer was used. Successively, methanol–Br2 solution was substituted with pure 

methanol to clean the freestanding layer, which afterwards was transferred to another 

substrate (in this case conductive glass). 

No morphological changes of the TiO2 tubes occurred during the Ti dissolution process. This 

approach makes possible the handling of nanotube layers with extremely small thicknesses, 
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less than 1 µm. Such layers are important, for example, in electrochromic applications due to 

their high transparency [353]. 

 

 

7.2.1.2 Chemical detachment of TiO2 nanotubes 

 

It was observed that during electrochemical nanotube growth, a film under the bottom of 

the tubes forms and becomes thicker with increasing nanotube length. According to XPS 

depth profile measurements, this film contains a high concentration of fluoride [129]. As its 

thickness depends on the nanotube length (anodization time), it was concluded that the 

fluoride species accumulate under the bottom of the tubes during the electrochemical 

anodization. 

 

Figure 7.5. High-resolution SEM bottom view of the “as prepared” nanotube layer (a) before and 
(b) after immersion in dilute fluoride solution for 30 s. (c) Photographs of a 10 µm nanotube layer 
on the Ti substrate (left) and after lifting off from glass (right). 
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Another interesting finding is that these films possess much lower chemical stability in dilute 

fluoride-containing solutions which made possible their selective dissolution. For thin 

nanotube layers, the film containing fluoride species is also thin and the nanotubes are much 

better attached to the metallic substrate. This requires longer exposure to the fluoride-

containing solution of the sample, which in turn might also dissolve completely the “as 

prepared” nanotube layer. Therefore, the method can be applied to nanotube layers thicker 

than 10 µm. Solutions such as (a) HCl (37%) : HF (40%) (12:1 v/v), (b) H2SiF6 (35%) : HCl (37%) 

(1:3 v/v) and (c) H2SiF6 (35%) : HNO3 (70%) : CH3COOH (>99%) : H3PO4 (85%) : HF (40%) 

(35:20:20:20:5 v/v/v/v/v) were used to dissolve the interface film and obtain freestanding 

nanotube layers. 

From the SEM images in Figure 7.5, one can observe that the nanotube layer is slightly 

affected by the exposure to the electrolyte, i.e. the nanotubes start slowly to dissolve 

chemically and the nanotube walls become thinner. Nevertheless, using this approach 

freestanding nanotube layers can be obtained within 30 s, a clear advantage over the 

methanol–Br2 solution which is more toxic and the process takes hours. 

 

 

7.2.1.3 Alternating immersion of the “as prepared” nanotube layers in water 

and ethanol 

 

For nanotube layers thicker than 30 µm, an even safer method is alternating immersion of 

the “as prepared” nanotube layers in water and ethanol directly after the electrochemical 

anodization step, or alternating sample immersion in cold and warm solutions (for example, 

in water). The idea is to create a small stress at the interface of the metal with the tubular 

oxide layer. The method works well with thick TiO2 nanotube layers as their adhesion to the 

substrate is weaker than that of thinner TiO2 nanotube layers. Within a few minutes, the 

nanotube layers are floating in the solution and can be handled with tweezers. Such thick 

nanotube layers also offer the unique possibility of forming freestanding nanotube arrays, 

and by successive dissolution of the nanotube bottoms one can obtain a flow-through 

membrane which could be used in photocatalytic reactions or filtering processes [347-348]. 

 

 

7.2.2 Opening tube bottoms techniques 

 

A detached TiO2 nanotubular layer obtained by the methods described above does not 

automatically remove the tube bottom, which is an important step for applications such as 

membranes. The first published approach to obtaining two open-end TiO2 nanotubes was 
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based on selective chemical etching of the tube bottom by HF vapor [347]. Alternative 

methods have been published based on selective chemical etching in milder acids [354], 

electrochemically [355-356], two-step anodization [357-358] and anodization through a Ti/Al 

interface [348]. 

 

 

7.2.2.1 Chemical dissolution of the TiO2 nanotube bottoms 

 

To open the oxide tubes bottoms, a detached TiO2 nanotubular layer was rinsed with water, 

dried and glued (with epoxy resin resistant to HF) around its perimeter on PVC holder with 

an opening smaller than the layer area. The holder was mounted about 5 cm above the 

liquid surface of 48% HF (Merck) contained in a Teflon bottle. Closed nanotube bottoms 

were exposed (bottom side down) for 30 min to HF vapor. After this, the membrane was 

washed with water and left to dry naturally. 

 

Figure 7.6. SEM images of the TiO2 nanotube layer formed in ethylene glycol containing 0.2 M HF at 
100 V for 10 h of anodization. (a) Bottom view of the “as grown” TiO2 NTs. (b) Bottom-view of the 
nanotubes after exposure to chemical etching with HF vapor. 

This procedure leads to condensation of HF gas at the tube bottoms, thus causing etching of 

the TiO2 layer at the bottom end. The process is reliable and reproducible and leads to a 

bottom morphology of the nanotube layers as shown in Figure 7.6. Clearly, some 

inhomogeneity in the bottom morphology is introduced, but overall most of the nanotube is 

open and possesses an appearance similar to the top. 
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7.2.2.2 Nanotube bottom opening by electric pulse 

 

Another method of opening nanotube bottoms is to use a short pulse of higher voltage at 

the end of the experiment. This method was previously used for porous alumina detachment 

[359-363]. In comparison with porous alumina, which usually requires a voltage only 5–10 V 

higher than anodic conditions for full layer detachment [361-362], for TiO2 NTs grown in 

ethylene glycol-based electrolytes the voltage should be about 30–50 V higher in order to 

achieve complete detachment. Figure 7.7 shows the bottom-view of a 10 µm thick TiO2 

nanotubular membrane resulting from application of 100 V for 5 s after the anodization 

process at 50 V. It is evident that tube opening is very close to 100%. The shape of the 

opening looks like “exploded” bottoms of the nanotubes and this can be attributed to the 

high current density, generated heating, increased acidity and oxygen evolution. The current 

density in the first few moments is at least 50 times higher than the steady-state current 

followed by an exponential decrease. These factors of localized conditions lead to strong 

disturbances of growth at the interface, increased chemical etching and solubility of the 

products, decreased efficiency of tube growth and thinning of TiO2 nanotube walls allowing 

their detachment from the Ti substrate. Figure 7.7c shows that the opening has a conical 

shape. One may consider that the shape shows the region for the current flow. 

 

Figure 7.7. (a, b) SEM images of the TiO2 nanotube bottoms grown in EG + 0.1 M NH4F + 1 M H2O at 
50 V followed by a pulse of 100 V for 5 s. (c, d) SEM side view of the open bottoms. 
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The procedure has optimum conditions. Generally, the voltage should be about 30–50 V 

higher than the anodization voltage and the duration of the pulse should be of the order of 

several seconds. If the applied voltage is very high it may lead to unwanted effects such as 

breakdowns, electropolishing, huge gas evolution, ruptures and non-uniform detachment of 

the membrane. If the pulse duration is too long, then reoxidation of the interface takes place 

as the dissipated power, acidity and oxygen evolution decrease with the current passed. 

Even if the layer is detached in this case, it may mainly have a bottom closed by oxide. If the 

pulse duration is too short, the tube walls remain thick enough to prevent detachment of 

the layer without a barrier layer. 

The method works very well for the formation of relatively thin membranes. However, it 

cannot be applied for all anodic conditions; for example, the method seems not to be 

suitable for opening nanotubes grown at low anodization voltages. Moreover, the relatively 

thin membranes (<20 µm) obtained are difficult to handle without additional support. 

 

 

7.2.2.3 Free of stress and smooth opening of TiO2 NTs via Ti/Al interface 

 

A promising method of obtaining membranes is the anodization of Ti films or foils with the 

back side covered by an Al film. The idea consists in growing the nanotubes through the Ti/Al 

interface followed by chemical dissolution of Al and Al2O3 layers. 

Figure 7.8 shows the SEM images of 6 µm anodized titanium foil which was initially 

evaporated with 5 µm aluminum. For mechanical stability purposes, the titanium surface 

was pre-patterned, i.e. the titanium foil was partially anodized (see the next section for 

details). The anodization process was carried out in EG + 0.1 M NH4F + 1 M H2O solution at 

50 V. Excellent top opening (Figure 7.8a) was achieved by applying the approach described 

in Section 7.1.1. 

Several points are noteworthy about this approach. (i) The cross-section in Figure 7.8b 

demonstrates that after reaching the Ti/Al interface, the etch channel under the present 

anodization conditions continues directly in the aluminum layer. Each TiO2 nanotube bottom 

becomes a source of nucleation for the formation of an alumina pore. (ii) After removal of 

the remaining Al in phosphoric acid-based solution (H3PO4 (85%) : HNO3 (70%) : CH3COOH 

(>99%) : H2O, 19:1:1:2 v/v/v/v), a uniformly opened tube bottom structure is apparent 

(Figure 7.8c) that does not show localized etching or rupture. Only at some locations, on the 

bottom surface, can some remaining traces of Al2O3 be observed by SEM that slightly 

“charge” and thus appear brighter. 
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The thickness of the membrane is determined by the thickness of the initial titanium foil or 

film. From 6 µm titanium foil an 18 µm thick TiO2 nanotubular layer is obtained due to a 

volume expansion factor of up to three for TiO2 nanotube growth. 

 

Figure 7.8. (a) SEM top view of TiO2 membrane (the inset shows higher magnification of the top of 
the nanotubes). (b) Cross-section of membrane showing the interface between TiO2 nanotubes and 
the underlying Al2O3 nanopores. (c) Open tube bottoms view (the inset shows higher magnification 
of the nanotube bottoms). (d) Current during anodization for two pattern sizes (when the etch 
reaches the Ti/Al interface a significant decrease in anodization current is apparent). 

The progress of the etch front and the transition from TiO2 nanotubes to Al2O3 pores can be 

monitored by recording the current during the anodization process (Figure 7.8d). At the 

moment when the etch process reaches the underneath Al layer, the current density 

decreases by almost one order of magnitude. 

 

 

7.2.3 Membrane handling via photolithography 

 

Membranes of <20 µm TiO2 nanotube arrays are difficult to handle and need to be 

sustained. This can be realized by the approach shown in Figure 7.9. A metallic double layer 

consisting of Ti with Al deposited on one side using electron beam evaporation (Figure 7.9a) 

was photolithographically patterned. For this, a lithographic mask of a positive photoresist 
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(Microposit™ S1813 G2) was spun on the titanium surface and pre-baked at 110 °C. Meshes 

of different sizes were used as masks to define openings in a pattern (Figure 7.9b). After 

exposure and post-baking, the patterned samples were anodized in an ethylene glycol 

electrolyte containing 0.1 M NH4F and 1 M H2O at 50 V (Figure 7.9c). After the experiment, 

samples were immersed in ethanol for 1 h and then dried in air. The aluminum and alumina 

pores formed were selectively etched in a phosphoric acid-based solution (Figure 7.9d). An 

example of the detailed morphology of the membrane and the electrochemical parameters 

were given in Section 7.2.2.3. 

 

Figure 7.9. Schematic of TiO2 nanotubular membrane formation. (a) A Ti foil is sputter coated with 
a thin Al layer and a photoresist is spun on. (b) The resist layer is photolithographically patterned. 
(c) Electrochemical anodization is carried out in the underneath Al layer using a fluoride-containing 
electrolyte. (d) The remaining photoresist and the aluminum/alumina layers are selectively 
dissolved. 

Figures 7.10a and b show 3D SEM views of the membrane formed with a mask mesh of 

about 85 x 85 µm. The photoresist is still on the sample in this case. The squares are the 

anodized area of Ti and they show a clear expansion of the nanotubes during growth. In fact, 

less expansion of the layer can be obtained in an acidic electrolyte (HF-containing) in 

combination with electrolyte stirring due to chemical etching. However, such an approach 

leads to a disordered layer on top of the membrane. The membranes designed by this 

approach have improved mechanical stability and possess a certain degree of flexibility as 

shown in Figure 7.10c, due to the presence of the metallic frame. Moreover, 18 µm thick 

membranes have good transparency (Figure 7.10d). 

This method is good for obtaining relatively thin membranes with features such as flexibility, 

ease of handling, transparent and electrically active “pixels” [348]. However, the approach 
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has some disadvantages, because the thickness of the membrane is defined by the Ti foil 

thickness, and very thin layers of Ti (<5 µm) will be difficult to handle. 

 

Figure 7.10. (a, b) SEM images of the TiO2 nanotubular membrane. (c, d) Optical photographs of the 
membrane. 

Thinner membranes can be grown on hard substrates such as an Si wafer. For this, a double-

sided polished Si (100) wafer covered on one side with a thin layer of SiO2 film ( 0.65 µm) 

was used as the substrate. An Al layer of 3 µm was evaporated on top of the SiO2 followed 

by the deposition of a thin Ti film ( 1 µm) (see Figure 7.11a). Silicon nitride (Si3N4) was 

deposited initially on the other side of the wafer and subsequently areas of 500 x 500 µm of 

this film were removed via reactive ion etching (RIE). These openings spaced at 200 µm from 

each other were used for anisotropic etching of Si in KOH solution (Figure 7.11b). The 

solution attacks silicon preferentially in the (100) plane producing a V-shaped structure that 

form a 54.7° angle with the surface (Figure 7.11b, inset). 

A TiO2 nanotubular layer was grown at 50 V using as electrolyte EG + 0.1 M NH4F +1 M H2O. 

Figure 7.11c shows the SEM cross-section of the structure after anodization. It can be seen 

that from 1 µm Ti film about 3 µm TiO2 nanotubes were obtained. The anodization 

continued in the Al layer and a thin layer of Al2O3 pores can be observed underneath the 

nanotubes. The roughness at Al2O3 pores/TiO2 nanotubes actually is induced by Al columnar 

deposition. After anodization, SiO2 was removed by RIE using CF4-based gas and the crystals 

of Al could be observed on bottom-side (Figure 7.11d). Aluminum and porous alumina layers 
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were etched in a mixture of acids (H3PO4 (85%) : HNO3 (70%) : CH3COOH (>99%) : H2O, 

19:1:1:2 v/v/v/v). 

 

Figure 7.11. (a) SEM image shows sandwiched structure of Ti/Al/SiO2/Si as an initial material of 
thin membrane fabrication. (b) SEM bottom view of the patterned and etched Si. The inset shows 
the cross-section of the anisotropically etched Si region. (c) Cross-section of the sandwich after 
anodization. (d) Bottom view of the membrane after SiO2 removal by RIE. The inset shows the size 
of the open area. (e, f) Low and high SEM magnification of the TiO2 membrane after removal of 
Al/Al2O3 layers. 

Figures 7.11e and f show the bottom view of the amorphous TiO2 nanotubular membrane. 

The size of the membrane (  75 x 75 µm) is given by the size of the photolithographic mask 

and the V-shape etching of the silicon wafer with a thickness of 300 µm. Compared with 

previous approaches, this method leads to very thin membranes; however, the membrane 
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opening is smaller ( 70-90%) due to the rough interface between the Al and Ti deposited 

layers. 

It should be possible to obtain a better opening if more uniform Al layers are deposited or 

replaced with another valve metal which can grow more uniformly and can serve as a 

sacrificial layer in such an approach. 

The mechanical stability of porous TiO2 membranes could be improved by growing self-

organized nanopores instead of nanotubes [364]. The nanopores have a smaller surface area 

to volume ratio but strong connections between the pore cells should increase their 

resistance to stress, which is important for better handling and heat treatments. 

 

 

7.2.4 Applications 

 

7.2.4.1 Fast electrochromic switching and electrically active membranes 

 

Membranes fabricated with a metallic frame using the photolithographic approach 

described in Section 7.2.3 were tested in electrochromic switching experiments using Li+ ion 

intercalation. For this, meshes of three different sizes were used as masks to define 85 x 85, 

150 x 150 and 410 x 410 µm openings in a squared pattern (Figure 7.12a). 

The metal frame provides a good electrical contact to the nanotube areas (“pixels”). The 

smaller the TiO2 area, the higher is the number of tubes that have direct connection with the 

titanium metal network, and the shorter is the path which charge carriers must travel in the 

oxide. Upon negative switching, i.e. Li+ insertion process, a dark coloration of the TiO2 

nanotubes [365-366] occurs and the switching contrast and kinetics can be monitored by 

light transmission measurements of the membranes as shown in Figure 7.12b. Clearly, for 

the smaller square openings, faster switching kinetics and higher contrast are obtained. As 

the reduction of Ti4+ to Ti3+ species represents a self-doping effect [367], the dark brown 

color also reflects where the material has switched from a semiconducting to a well-

conducting state. The progress of switching can thus be followed for each square as shown 

in Figure 7.12c using optical microscopy. From the photographs, it can be clearly seen that 

the reduction “wave” originates at the metal frame and then moves to the center of the 

squares. The progress of this wave represents the rate-limiting step for the overall switching 

of the membrane. If the kinetics of electrochromic switching are evaluated from Figure 

7.12b in terms of an overall switching rate {according to a first-order rate law [rate  exp(–

kt)]} one obtains k1 = 8.9 ms–1 (for the 85 x 85 µm openings), k2 = 1.8 ms–1 (for the 150 x 150 

µm openings) and k3 = 0.48 ms–1 (for the 410 x 410 µm openings). The contact quality 
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between the metallic frame and the membrane also contributes to the overall kinetic 

coefficient and non-synchronous switching of “pixels” takes place (Figure 7.12d). 

 

Figure 7.12. (a) Optical photographs of patterned TiO2 nanotube membranes made from 6 µm Ti 
foils. (b) Transmission of the membranes measured during electrochromic switching (Li+ ion 
intercalation) using −1 V to 1 V potential pulses. (c) Micrographs which show the color change of a 
membrane square at different stages of switching (removed from electrolyte at stages I, II, III and 
IV as indicated in (b). (d) Micrograph showing switching behaviors of different pixels. 

The drastic difference in kinetics illustrates how important size-defined structures are if an 

electrochemically switchable membrane consisting of a freestanding nanotube structure is 

constructed for any sort of ion intercalation application. 

 

 

7.2.4.2 TiO2 membranes as a size-selective filter 

 

The filtration characteristics of the membranes (described in Section 7.2.3, pattern size 85 x 

85 µm) were studied using a two-chamber cell (Figure 7.13a and b). One chamber was filled 

with solutions containing 10 µM of methylene blue (MB), or nanospheres of 20 or 200 nm 

(fluospheres, Invitrogen) and the other chamber was filled with water. Permeation was 

followed by measuring the increase in fluorescence (nanospheres) or absorbance (MB) 
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response in the water chamber. Magnetic bars were used for stirring chamber solutions 

during measurements. 

The results for the filtration characteristics of the TiO2 nanotube membranes for different 

particles, used in a sandwiched two-chamber cell, are shown in Figure 7.13c. Size-dependent 

penetration of the membrane was studied using a color indicator (10 µM of methylene blue) 

and two different sizes (20 and 200 nm) of fluorescent nanospheres; an SEM image of the 

spheres is shown in Figure 7.13d. As was shown in previous sections, the TiO2 nanotubes 

have a conical shape. Therefore, the bottom-side determines the openings of the membrane 

as about 30 ± 10 nm. 

 

Figure 7.13. (a) Low magnification image of the TiO2 membrane; squares represent the anodized 
areas with tubes with both sides open, and in the region between squares metallic Ti is present. (b) 
Photograph of the two-chamber cell. (c) Penetration characteristics through the TiO2 membrane 
for the different sized species. (d) SEM comparison of TiO2 nanotubes and spheres of size 20 and 
200 nm. 

Basically, the process can be described using a classical Fick approach: 
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where c01 and c02 are concentrations in chambers 1 and 2 at t = 0 and ct1 and ct2 are 

concentrations after elapsed time t, A is the effective cross-sectional area, L is the TiO2 

nanotube length and V1 and V2 are the volumes of solution in the respective chambers. This 
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can also be expressed as ln( c) = Dt, where  is the cell factor and c is the ratio of the 

concentration difference in the chambers at different times [368]. 

The extracted diffusion coefficient of MB is about 2.3 × 10–6 cm2 s–1 and is in good 

agreement with the literature [369-370].The diffusion of methylene blue is much faster than 

for 20 nm diameter spheres, which is about 4.2 × 10–9 cm2 s–1. There are several reasons for 

this: according to the Stokes–Einstein relation [371], the diffusion coefficient is inversely 

proportional to the radius of diffusing species, hence the diffusion coefficient of 20 nm 

fluospheres is more than 10 times smaller than that of methylene blue (3D dimensions of 

about 1.4 x 0.6 x 0.4 nm [372]). However, this cannot fully account for the difference; 

according to Stokes–Einstein relation it should be about 2.4 × 10–7 cm2 s–1. Therefore, in this 

case, there is an additional effect of nanosphere interaction with the membrane walls. The 

spheres of 200 nm size did not show any permeation through the membrane, which 

confirms the absence of any larger crack or rupture over the entire membrane structure. 

 

 

7.2.4.3 Microreactors for photocatalytic decomposition of organics 

 

In order to demonstrate the functionality of the membranes in terms of photocatalytic 

activity, membranes were mounted on a PVC holder. The membranes were detached from Ti 

and opened by chemical dissolution of the TiO2 nanotube bottoms (see Sections 7.2.1.1 and 

7.2.2.1). The round membranes of 1 cm diameter were glued along their perimeter on a 0.5 

cm diameter opening in the holder using epoxy resin. The holder was then placed as a 

separator wall in a two-chamber cell with quartz glass as shown schematically in Figure 

7.14a. Stirring of the solution was carried out in both chambers during measurements. A 

series of experiments were performed using a 20 µM methylene blue solution as a “model 

pollutant” frequently used for photocatalytic studies. As UV light source an He-Cd laser with 

wavelength 325 nm and output power 50 mW cm–2 was used. The percolation kinetics were 

followed by evaluating the MB absorbance at 668 nm using an Ocean Optics USB2000 

spectrometer. MB decomposes on TiO2 surfaces under the influence of photogenerated 

charge carriers either by direct oxidation [373] or by OH radicals formed by reaction of 

valence band holes with water [374]. 

In a first experiment using the membrane structure, the permeation was tested by filling MB 

in one chamber and distilled water in the other (Figure 7.14c, left). After 20 h in the dark, 

i.e., in absence of photocatalytic activity, the MB is almost equally distributed in the left and 

right cells (Figure 7.14c, center); in other words, the concentration gradients are 

equilibrated. 

In the next set of experiments, one of the chambers was filled with MB (either chamber 1 or 

2) and the other with distilled water, and the surface of the membrane was illuminated with 
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UV light through chamber 1. Figure 7.14c (right) shows a typical result for both types of 

experiments after 20 h of illumination. In all cases, the solutions on both sides are essentially 

colorless, showing successful photocatalytic decomposition of MB. Considering a tube length 

of 145 µm, one would expect photocatalytic activity to be confined to the illuminated side 

with a penetration depth and charge carrier diffusion length of only a few micrometers. 

 

Figure 7.14. (a) Schematic representation of the set-up used for flow-through photocatalytic 
experiments. Chamber 1 is filled with MB, chamber 2 is filled with distilled water, and between 
them a TiO2 membrane is glued on a holder with an opening. (b) Evaluation of MB decoloration by 
photometric measurements. Measurements were performed in the MB-containing chamber of the 
cell. (c) Photographs of two-chamber cell in the initial state (one chamber containing H2O, the 
other MB), after diffusion of MB in the dark, and the cell after photocatalytic activity. 

To demonstrate this, one can consider the results in Figure 7.14b. The spectrophotometric 

results are compiled for three cases of chamber 1 to chamber 2 loading, i.e. MB/water dark, 

MB/water illuminated, and water/MB illuminated, and considering that the kinetics of 

photodecomposition can be approximated by first-order kinetics [375]. From the results, it is 

evident that the decay of the decoloration in the dark side of the chamber (curve 2) follows 

the plain diffusion case (curve 1). This rate is clearly slower than direct decomposition on the 

illuminated membrane (curve 3). Therefore, for the membrane produced here, the 

decomposition rate is determined by the diffusion rate, not by the rate of the photocatalytic 

process. In other words, complete pollutant removal is obtained by one flow-through cycle 

through the membrane (as all arriving reactants are immediately oxidized). Furthermore, the 

results show that MB decomposition indeed takes place only at the illuminated surface of 

the membrane. 
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7.3 Bamboo- and branched-type TiO2 nanotubes 
 

7.3.1 Formation mechanism of bamboo-type nanotubes 

 

TiO2 NTs have an increased surface to volume ratio compared with the ordered pores with 

similar pore and inter-pore distances due to the availability of the outer surface part of the 

nanotubes. However, a tubular geometry has the disadvantage of lower mechanical stability 

because the nanotubes are actually kept assembled in the array by small ripples or some 

undissolved regions of the fluoride-rich layer which are present even for the smoothest 

nanotubes. 

In order to overcome this problem, a novel structure can be designed by inducing the 

formation of artificial rings. The formation of the artificial rings which connect tubes, or the 

structure denoted bamboo-type nanotubes [269], can be realized using potentially any 

recipe that leads to growth of TiO2 nanotubes by alternating the voltage instead of keeping it 

constant. 

The formation of rings is based on the changes in electrochemical processes during voltage 

alternations. The changes are reflected in I–t curves and they are divided into stages (Figure 

7.15). In the first stage under standard conditions (EG + 0.1 M NH4F + 1 M H2O, three-

electrode cell, Uref = 50 V), the current decreases constantly with time (Figure 7.15, open 

circles) and growth of smooth nanotubes takes place. During this stage, certain pH and 

diffusion profiles of the water, fluorides and reaction products (such as hexafluorotitanate 

ions) are established in the electrolyte (Figure 7.15-I, schematically represented in colors). 

When the voltage is switched from 50 to 10 V, a drastic decrease in the permeation of ions 

through the barrier layer occurs due to the thicker barrier layer for newly established anodic 

conditions. The current density in this stage is more than two orders of magnitude lower, i.e. 

the rate of tube growth is 100 times slower (Figure 7.15-II). This second stage can be 

considered a relaxation step which permits minimization of diffusion profiles (Figure 7.15-II). 

Chemical etching in this electrolyte is very limited, i.e. little or no change in the thickness of 

the barrier layer occurs. However, the relaxation stage is favorable for diffusing ion complex 

products, and the solubility of the outer fluoride-rich layer. Alteration of the voltage from 10 

V back to 50 V leads to a sharp increase in the current followed by its rapid exponential 

decrease. One may consider this behavior to be connected with substrate oxidation due to 

the availability of more oxygen ions and less fluoride-rich layer between tubes (Figure 7.15-

III). This process is similar to the first initiation stage of TiO2 nanotubes, namely the 

formation of a compact oxide (Section 5.2). The current density passes through minima 

followed by an increase and saturates when steady-state conditions of the TiO2 NT growth 

are re-established. If the current of steady-state conditions from stage IV is compared with 

the current of nanotubes anodized under constant voltage (Figure 7.15, open squares), a 

higher value of the former is observed. 
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Figure 7.15. I–t curves of normal and bamboo-type TiO2 nanotubes grown under different 
conditions in EG + 0.1 M NH4F + 1 M H2O: open squares, at constant 50 V; closed squares, at 
constant 10 V; open circles, pulse mode, alternating 30 min at 50 V and 30 min at 10 V. In EG + 0.1 
M NH4F + 6 M H2O: open triangles, pulse mode, alternating 30 min at 50 V and 30 min at 10 V. I–IV, 
stages of TiO2 NT growth and schematic change of the diffusion profiles under alternating voltage. 

The main reason for this apparent increase is the delay in the bamboo tube growth during 

stage II. When the current of stage IV is compared with the current values at the time of the 

end of previous stage I, they are very similar. This observation strongly suggests that the 

diffusion profiles, constant decrease of the current and subsequent increase of the IR drop 

inside tubes and across the barrier layer are influenced by the length of the tubes. In other 

words, bamboo-type nanotubes can be grown with thicknesses similar to those of standard 
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nanotubes only for some time of anodization accounted in the active regions (the sum of 

times anodized at 50 V in this case, stages I, III and IV of the curve). 

In stage II, if the current curve of bamboo-type nanotubes (open circles) is compared with 

the current of nanotubes anodized at 10 V (closed squares), a factor of 20 in the current 

values is observed, i.e. the thick barrier layer which was formed at 50 V greatly limits the 

current flow when the voltage is altered to 10 V. 

 

Figure 7.16. SEM images of anodically grown nanotube layers of 10 µm thick bamboo-type 
nanotubes. (a) Bamboo-type tubes, grown under alternating voltage (AV) conditions, with a 
sequence of 1 min at 120 V and 5 min at 40 V. (b) As in (a) but with an AV sequence of 2 min at 120 
V and 5 min at 40 V. (c, d) Higher magnification of the tube reinforcement; the right image shows a 
cross-section through an opened bamboo structure. The electrolyte used was an aged solution (60 
mA h L–1 at 120 V) of EG + 0.2 M HF + 0.12 M H2O2. 

If the bamboo-type nanotubes are grown in ethylene glycol with higher water content, then 

a better quality of barrier oxide layer is formed and subsequently better passivation takes 

place during the growth. As a result, lower anodic currents and slower tube growth are 

registered (Figure 7.15, open triangles). 

Figure 7.16a and b show SEM examples of the TiO2 bamboo-type nanotubes. The spacing 

between the bamboo rings can be altered via the time during which the sample is held at a 

higher voltage level, as shown in the figure where the spacing was increased from 70 to 200 

nm by increasing the holding time. Figure 7.16c shows a high-resolution SEM image of a 

bamboo ring. A slight conicity of the tubes underneath bamboo ring can be observed, due to 



Advanced nanostructures and applications 

136 | P a g e  

the initiation stages of tube growth (formation of compact oxide, initiation of tube growth 

and transfer of the voltage from compact oxide to the barrier layer of the tubes). Figure 

7.16d shows that the tubes are open on the inside after the ring formation process. It is also 

apparent that the reinforcements do not lead to a change in inner tube diameter; instead, a 

continuous uniform channel is formed in each case. 

It was shown that bamboo-type nanotubes increase the efficiency of DSSCs [376]. In addition 

to reinforcement, the bamboo rings also increase the surface area of the structure, leading 

to a substantially higher dye loading. This allows higher IPCE (incident photon to 

photocurrent efficiency) values and an increase in total solar cell efficiency from 1.9% 

(reference nanotubes) to 2.96% (bamboo-type nanotubes) [376]. 

 

7.3.2 Formation of branched TiO2 nanotubes 

 

In the previous section, it was shown that periodic alternation of the voltage leads to the 

formation of bamboo-type nanotubes, i.e. formation of oxide rings between nanotubes. If 

only one AV step is used, i.e. the voltage during anodization is altered from a high to a lower 

potential followed by prolonged anodization at the latter, then a new branched 

nanostructure can be obtained. 

 

Figure 7.17. Schematic representation of the process of branched nanotube formation (a) before 
and (b) after extended anodization at lower voltage. 

After lowering the voltage, the growth of TiO2 nanotubes almost stops. However, a small flux 

of ions will still be exchanged through the barrier layer that is too thick for newly applied 

conditions. This “residual” current contributes actively to the local electro-dissolution and 

after an extended period it leads to initiation of sites of smaller diameter nanotube growth 

according to the anodic conditions represented schematically in Figure 7.17. It is obvious 

that splitting will occur when the altered voltage is at least twice lower. Figure 7.18 shows an 

example of tube splitting when the voltage is altered from 120 to 40 V. While geometrically 

in the ideal case a three times lower voltage should permit the growth of seven smaller 

nanotubes under a larger one, in reality, due to the self-organization process, a certain 
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diameter distribution of the nanotubes, the hemispherical shape of the barrier layer and the 

small inner diameter of larger nanotubes lead to the formation of only 2–4 smaller 

nanotubes. However, the smaller nanotubes fill the area underneath the first layer due to 

their constant tendency to expand in diameter (at a certain point they split if the diameter 

becomes too large). 

 

Figure 7.18. (a) Tilted cross-section of a double layer formed by one AV step, first at 120 V (6 h) and 
then at 40 V (2 h). (b) Cross-section of the double-layer structure in (a). The electrolyte used was an 
aged solution (60 mA h L–1 at 120 V) of EG + 0.2 M HF + 0.12 M H2O2). 

If the voltage is decreased substantially then the residual current through barrier layer is too 

small for any important electrochemical reactions and visible tube growth. However, the 

solubility of the fluoride-rich layer between tubes should not be dependent on the voltage 

and takes place at the same rate, leading to access of the electrolyte to the metallic 

substrate. This lowers the electrical resistance and permits initiation and growth of new 

inter-tubes between the gaps of existing tubes (Figure 7.19). 

 

Figure 7.19. (a) Tilted cross-section showing the formation of small nanotubes between tubular 
layers when the voltage is stepped down from 120 V to 10 V followed by anodization for 1 h at the 
latter voltage. (b) Bottom view of the structure shown in (a). The electrolyte used was an aged 
solution (60 mA h L–1 at 120 V) of EG + 0.2 M HF + 0.12 M H2O2. 

In conclusion, manipulation of the electrical field and chemical processes occurring at the 

barrier layer permits the design of new nanostructures with unique features. 
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7.4 TiO2 nanolace – a chemical etching product of bamboo-type 

nanotubes 
 

7.4.1 Formation of TiO2 nanolaces 

 

Interesting 2D nanolace structures are obtained from bamboo-type nanotubes if voltage 

cycling is carried out for an extended period of time (Figure 7.20). This finding can be 

ascribed to permanent chemical etching of the nanotube structure in a fluoride-containing 

electrolyte: 

 
2

2 66 2 22TiO HF   TiF   H O H  (7.2) 

Therefore, the thinnest part of the tube wall formed at the higher voltage is etched off and 

the reinforced compact parts are left behind (Figure 7.20b). This means that the outermost 

part of a reinforced tube layer will be exposed to the electrolyte for the longest time and the 

tube walls will be etched out first to form a first layer of nanolace. 

 

Figure 7.20. Illustration of the nanolace formation procedure. (a) Formation of bamboo ring by 
voltage steps. (b) Formation of nanolace by side-wall etching (extended time in the electrolyte). 
The electrolyte used was an aged solution (60 mA h L–1 at 120 V) of EG + 0.2 M HF + 0.12 M H2O2. 

With increasing anodization time, consecutive layers are formed, stacked on each other as 

shown in Figure 7.21a. This additionally implies that the compact oxide (artificial ripples) has 

a lower chemical etching rate than the tube walls. Such an effect may be ascribed to “aging” 

of the oxide [377] and its purer titanium dioxide composition. Interestingly, detailed 

inspection of the lace morphology reveals that the original outer shell and the space filled by 

the reinforcement layer (artificial ripple) can be clearly distinguished in SEM images. The 
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structural features that remain have diameters down to 10 nm, which is already in the range 

for which the onset of quantum size effects can be expected for TiO2 [378]. Moreover, the 

lace structure can extend over the entire sample surface (ca. 1 cm2) with only a few local 

defects, that is, the structure has a very large lateral aspect ratio (Figure 7.21b). 

 

Figure 7.21. TiO2 nanolace sheets formed by extended AV anodization with a sequence of 50 s at 
120 V and 600 s at 0 V. (a) Detailed view with indication of original tube walls and compact oxide 
formed by pulsing. (b) Overview of layer surface area. 

 

 

7.4.2 Properties of nanolace sheets 

 

The structural details of the nanolace are shown in Figure 7.22. In the inner part of the 

nanolace, some remnants of the tubes can be observed (Figure 7.22a). 

 

Figure 7.22. TEM images of a) high and (b) low magnifications of nanolaces. 
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In the process of tube etching and disconnection of the nanolace, each nanolace sheet will 

shift with respect to the tube array (Figure 7.22b). These lateral shifts of the nanolaces can 

be explained by non-uniform chemical etching of nanotubes and collapse of the nanolace 

from a certain distance. 

The nanolaces have similar crystallization properties to amorphous TiO2 and they can be 

converted into anatase by annealing at temperatures higher than 300 °C. Figure 7.23 shows 

examples of the sites of annealed nanolaces at 450 °C. It can be seen that these crystalline 

sheets are composed of large 2D crystals. The process of crystallization is similar to the outer 

shell crystallization of tubes where it forms large single crystals with the shape of the 

nanotubes (see Section 6.1.2). 

 

Figure 7.23. High-resolution TEM images showing nanolace with large 2D single crystals. 

Such a structure may be of great interest for surface applications where porous thin 

semiconductor layers are combined in heterojunctions, nanosensors, and nanotemplates or 

as a 2D sheet material with dimensions close to the size scale for which quantum size effects 

can be expected for TiO2. Furthermore, such lace structures may be embedded in 

semiconductor nanocomposites to exploit the efficient electron harvesting ability of TiO2 in a 

system penetrating scaffold. 
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8 Conclusions 
 

The present work has investigated the growth of TiO2 nanotubes in organic electrolytes 

under a wide range of electrochemical conditions. It was determined that initiation sites of 

the nanotube growth are influenced by the initial state of the surface. Defects, impurities 

and scratches increase the local current density and promote the rapid initiation and 

development of the pores. Roughness and particularly concave regions allow widening of the 

initial pits and subsequently growth of larger diameter nanotubes whereas in the convex 

regions the tubes constrain each other, limiting their growth. 

The anodization mode greatly influences the initiation layer. A compact-like oxide with pits is 

formed initially in the potentiostatic mode, whereas in the galvanostatic mode the initiation 

layer has a disordered porous structure and under some circumstances direct nanotubes 

were shown to develop in the latter mode. 

Steady-state growth of TiO2 nanotubes is influenced by many electrochemical parameters. 

The tube outer diameter and wall thickness are linearly dependent on the applied voltage 

and the outer diameter maintains a proportional behavior under a wide range of other 

electrochemical conditions such as temperature, acidity, concentration of fluorides, etc. An 

increased concentration of fluorides and higher applied voltage were shown to stimulate the 

growth of nanotubes, leading to thicker nanotubular layers. A very alkaline solution in 

combination with the applied voltage can trigger growth of either nanotubes or a compact 

oxide. This aspect is very important when aiming to compare porous and compact layers 

grown in the same electrolyte. The wall thickness of nanotubes was shown to be controlled 

by the temperature whereas the water content and the anodization voltage could greatly 

influence the chemical composition of the nanotubes. In this regard, novel aspects of these 

nanotubes were discovered, especially a double-walled structure. The inner shell is 

promoted via incorporation of carbon species at high anodic potentials and it is less evident 

at lower voltages. Single- and double-walled nanotubes were discussed for several organic 

electrolytes. It was found that nanotubes grown in DMSO show a single-walled structure for 

all of the conditions studied whereas for other organic electrolytes the single-walled 

structure could only be obtained at lower anodic voltages. The inner shell is also suppressed 

in organic electrolytes containing high amounts of water. 

The impact of the background electrolyte on the geometric features of TiO2 nanotubes was 

analyzed. It was shown that some organic electrolytes (DMSO, DEG) allow self-organization 

of two size scale structures whereas higher amounts of water promote a decrease in self-

ordering and an increase in the number of ripples. The smoothest nanotubes could be 

obtained in EG and GLY with the lowest admissible water content. 

The key factors clearly influence self-ordering, the rate of oxidation, the quality of the oxide, 

chemical composition and geometric aspects of the nanotubes. Detailed investigations of 
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the geometry and chemical composition of the nanotubes revealed the presence of a 

fluoride-rich layer between the nanotubes and the titanium substrate. The solubility of this 

layer is assumed to be the key factor in the transition of nanopores to a nanotubular 

structure. It was demonstrated that under specific electrochemical conditions (such as 

ultrafast growth of the TiO2 nanotubes in the breakdown regions) nanopores were obtained 

as the growth rate of the nanostructure greatly surpasses the dissolution rate of the 

fluoride-rich layer. 

Important parameters for theoretical modeling were measured. The efficiency of steady-

state nanotube growth was found to lie in a certain range for most of the applied 

electrochemical conditions. On the other hand, the expansion factor of the nanotubes was 

greatly influenced by the voltage and the water content. 

Different techniques were developed for improving the attributes of the nanotubes and 

removal of unwanted features. Thus, highly defined openings of TiO2 nanotubes were 

achieved via a lithographic approach. Open nanotubes showed a more than 8% higher 

efficiency of DSSCs than conventional nanotubes. Voltage manipulation allowed the 

formation of a new “bamboo-type” structure, i.e. formation of artificial oxide rings 

connecting the tubes together. These nanostructures showed better mechanical stability 

and more efficient DSSCs were built via an increased active surface area and dye loading. 

Several approaches were developed for nanotube detachment and bottom opening. It 

became possible to design nanotubular membranes and new perspectives for novel 

applications became available. Nanotube branching, multilayered structures and nanolaces 

were grown successfully via the applied voltages and chemical etching rates. 

Crystallization of TiO2 nanotubes was investigated in detail. The amorphous structure 

crystallizes via a conventional path, first to anatase, but at higher temperature and with 

longer anodization times the anatase converts to rutile. It was shown in various ways that 

the rutile phase detected in the nanotubes at relatively low temperatures comes from 

oxidation of the Ti substrate underneath the nanotubular layer. This is important as 

previously it was believed that rutile resides inside the tubes in a mixture with anatase and it 

is well known that such a mixture changes the photocatalytic activity of titania. Moreover, 

the rutile layer between the nanotubes and titanium substrate is 2–3 times thicker than 

normally would grow on titanium under the same annealing conditions. This layer is believed 

to decrease the efficiency of solar cells and diverse ways of avoiding or removing it have 

been developed. Generally, this may greatly limit the use of nanotubes in applications where 

electron transport and back-side electrical contact are important. 

The nanotube shells were found to crystallize differently at low heating rates. The inner shell 

forms small crystallites oriented arbitrarily, whereas the outer shell consists of large anatase 

crystals that take the shape of the nanotubes. Heating rates were found to influence the 

crystal size drastically and very high heating rates led to fusion of tubes in an ordered porous 
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layer consisting of very large anatase crystals. The chosen onset temperature was shown to 

influence further the geometry of nanotubes. 

The chemical composition of the nanotubes changed after annealing and it was 

demonstrated that this is an effective method of removing major contaminants such as 

carbon and fluorides. 

Not only conventional heat treatment but also a beam of high-energy electrons can induce 

crystallization of these TiO2 structures. Shrinking nanotube walls and growing anatase 

crystals were observed during TEM investigations. This is another important detail, omitted 

in previous TEM studies of nanotubes which concluded that “as grown” nanotubes contain a 

crystalline phase. 

The importance of the developed TiO2 nanostructures was demonstrated in some 

applications. As related above, the efficiency of DSSCs could be improved via different 

optimizations of the nanotubes. A microreactor was developed on a membrane base 

allowing flow-through water cleaning via photocatalytic decomposition of organics. 

Electrochromic and size-selective behaviors were also studied on TiO2 nanotubular 

membranes. A novel design for membranes was developed with a higher degree of flexibility 

and stability and better handling. 

 

This study resulted in over 30 papers in international journals (see Section 13). This may 

reflect the broad interest in the subject and the breadth of new aspects and perspectives 

addressed or partially initiated in the present work 

 





Further work 

145 | P a g e  

9 Further work 
 

Increasing interest in TiO2 nanotubes has been observed in the last decade. At present, the 

literature can be classified into three main fields: 

1. Theoretical modeling of the nanotubes with the trend of obtaining a unified theory of 

anodic growth of the metal oxides. 

2. Formation and growth of TiO2 nanotubes and empirical manipulation and control of 

their properties. 

3. Applications and other advanced nanostructures of titanium dioxide. 

Studies on the theoretical modeling of TiO2 nanotubes have recently been of great interest 

among research groups, and the results are encouraging. As observed empirically, the 

mechanism of TiO2 nanotube growth is very similar to that of Al2O3 pore formation. In this 

regard, many theoretical and experimental ideas were borrowed from the well-studied Al2O3 

pores and directly applied to the formation and modification of TiO2 nanotubes. Recently, an 

ambitious theoretical model was published [207]. This model seems to be a very promising 

attempt at describing quantitatively the formation of ordered nanostructures. However, 

more empirical work is needed to prove its versatility and validity for all self-ordered metal 

oxides. For this purpose, extensive work should be carried out on the porosification of other 

metals and their alloys in order to understand better how parameters such as dielectric 

constant, Pilling–Bedworth ratio and density of the amorphous oxide change with the type 

of anodized metal and electrochemical conditions. Incorporation of electrolyte species and 

defects should be taken into account in future modeling. 

Despite increasing work on TiO2 nanotube growth, some aspects are still poorly covered. For 

example, many of the polar organic electrolytes discussed in this work are completely 

miscible. Their binary or ternary mixtures should allow the combination of TiO2 nanotube 

properties that are obtained in separate cases. This may result in better ordering and control 

of the geometric features of the nanostructure, designing structures with certain chemical 

compositions or doping them with desired elements, choosing between the growth of 

nanotubes or nanopores under similar anodic conditions and designing single- or multi-

walled nanotubes. Moreover, mixed electrolytes could provide greater possibilities for stable 

anodic conditions (higher voltages, higher or very low temperatures, etc.) and completely 

new and improved nanostructures could be developed. 

While the presence of fluoride in the electrolyte still remains the main reason for stimulation 

and growth of ordered nanostructures on titanium, it is possible to grow nanotubes using 

other anions such as Cl–, ClO4
– [292, 294-295] and NO3

– [364, 379]. In this regard, the 

relation between the type of anion and growth of nanotubes requires more attention. 
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The increasing consumption of energy and the danger of conventional energy sources 

require the development of alternative methods such as effective methods of collecting 

solar cell energy, wind energy, wave power, etc. In this regard, to obtain green energy 

efficiently, DSSCs based on TiO2 may become a low-cost alternative for replacement of Si-

based solar cells. 

TiO2 nanotubes seem to be very promising not only in applications determined by the bulk 

properties of titanium dioxide, but also in designing metamaterials which posses properties 

not found in Nature. Calculations on electromagnetic wave propagation through an array of 

TiO2 nanotubes whose inner and outer surfaces are covered by a thin layer of metal showed 

that nanotubes are promising for designing and manufacturing negative refractive index 

materials [380]. 

The photocatalytic activity of titanium dioxide makes it almost indispensable in many 

applications, and for this the nanotubes with their unique 1D property can provide 

additional improvements. TiO2 nanotubes decorated with different noble metals have shown 

improved photocatalysis [381-382]. The results showed that it is possible to design novel 

nanocomposites with multilevel porosity and the ability to absorb a wider range of light on 

the basis of TiO2 nanotubes. 

Titanium is successfully used in the clinical applications as a biomaterial for implants and 

bone fixation [96]. It is lightweight, strong, corrosion-resistant, cost-efficient and non-toxic. 

However, a foreign substance in the tissues of a living host implies many complex and 

biological reactions. These may lead to gas evolution, unwanted reaction products and bad 

adhesion of the cells to the surface. Titanium is not an exception in this regard, and the 

change of the surface roughness and its chemical nature are very important. Recently, the 

importance of a nanostructured titania surface for the vitality and growth of cells was shown 

[349, 383]; however, many more studies are required in this promising field. 
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10 Appendixes 
 

 

A1 Hygroscopy of ethylene glycol 
 

Anhydrous ethylene glycol (H2O <0.003%) was exposed to air in a vessel with an open area 

similar to the electrochemical cell top-surface ( 54 cm2). The amount of ethylene glycol was 

111.11 g ( 100 mL) and no air flow was considered to take place during the experiment. The 

results for a relative air humidity of about 60% are presented in Figure A1.1. Water uptake 

takes place faster in the beginning of the experiment and tends to saturation after several 

days. If the electrochemical cell is not covered during the anodization process, the amount of 

water is doubled in about 6 h in ethylene glycol containing small amounts of water (for 

example, the standard recipe EG + 0.1 M NH4F + 1 M H2O), and as a result the conditions of 

anodization are completely changed. After 10 days in an open system, the water content 

will be higher than 20 wt.% and the electrolyte composition can become inadequate for 

growth of TiO2 nanotubes under the applied anodic conditions. 

 

Figure A1.1. Moisture absorption by ethylene glycol. The absorption is given in grams of water 
uptake per gram of ethylene glycol and per unit exposed surface of the liquid. 
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A2 Thermal sensors 
 

Platinum resistance temperature sensors (Pt1000, models M 1020 class B) were used for 

temperature measurements of the sample substrate, electrolyte and environment. 

Parameters of the thermal sensor M1020 

Model M 1020 

Tolerance DIN EN 60751, class B 

Temperature coefficient 3850 ppm K–1 

Temperature range –70 to +500 °C 

Response time 
[water current (v = 0.4 m s–1)] 

t0.5 = 0.10 s        t0.9 = 0.30 s 

Response time 
[air stream (v = 2 m s–1)] 

t0.5 = 4.0 s        t0.9 = 12.0 s 
 

 
 

Size specifications 
(dimensions in mm) 

 

 

The table shows good response times of the sensor. However, the real response time is 

determined by the full sensor construction (Figure A2.1). The response time of the sealed 

sensor is t0.9  16 s and for a sensor embedded in a Cu plate t0.9  5 s. The response times of 

the sensors were measured by alternating immersions of the sensors in hot and cold water. 



Appendixes 

149 | P a g e  

 

Figure A2.1 (a) Pt1000 sensor embedded in a plastic tube surrounded by thermally conductive 
paste (white region). It was used for measuring electrolyte temperature. (b) Cu plate (25 x 25 x 4 
mm) with embedded Pt1000 sensor for the measurement of the sample substrate temperature. 
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A3 Set-up configuration 
 

The electrochemical set-up was built from an IMP-88 PC 200 V potentiostat (maximum 

voltage 190 V, maximum current 500 mA), a Prodis 16/l (used to control the potentiostat) 

and three multimeters for data acquisition, all connected to a computer through a GPIB card 

(Figure A3.1). The cell was connected to the potentiostat in the two- or three-electrode 

mode. The set-up is capable of acquiring data from all devices in less than 0.2 s with a 

resolution of 5 ½ digits. The acquisition time is severely limited by the transmission speed of 

the GPIB format. This time can be reduced by decreasing the digit resolution of the 

measurements and/or switching internal noise filters for multimeters. The computer 

program saves six parameters at a time: 

1. Total current (Keithley 2000) 

2. Potential at reference electrode (Keithley 199 DMM – lower device) 

3. Potential at counter electrode (Keithley 2000) 

4. Temperature of the substrate (Keithley 199 DMM – upper device) with a built-in Pt 

1000 sensor in the Cu plate (Figure A2.1b) 

5. Temperature of the electrolyte (Keithley 199 DMM – upper device) with a Pt 1000 

sensor (Figure A2.1a) 

6. Temperature of the environment (Keithley 199 DMM – upper device) with a sensor 

similar to that shown in Figure A2.1a 

 

Figure A3.1. Electrochemical set-up. 
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The Windows interface of the program used is shown in Figure A3.2. The data are plotted in 

real time in different window tabs and can be manipulated during measurements, i.e. 

zooming different regions of the graph, checking the exact values of each parameter, saving 

graphs, etc. 

 

Figure A3.2. Screenshot of the Windows program used for the data acquisition. 

Up to 40 different profiles can be used with the program. Each profile can be a constant 

signal, a ramp (or a sawtooth wave), a square wave (pulse), or a profile that stops when a 

certain charge passes through the system. The profiles can be set for both galvanostatic and 

potentiostatic modes. It theoretically allows saving of unlimited amounts of data on hard 

disk (limited only by the capacity of the hard disk), i.e. long, detailed experiments. However, 

for long experiments, the random access memory that stores data for visualization may 

become full. 
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A4 Example of the program code 
 

Below is shown a sequence of the C++ code used to control the potentiostat. It sets a certain 

signal (constant, pulse, ramp, fixed charge) and acquires the resulting potentials at reference 

and counter electrodes, current flow, temperatures of the substrate, the electrolyte and the 

environment: 

//main procedure of data acquisition 
void __fastcall RunThread::Execute(){ 
 
if(iAll()){ //Initialization function of devices and GPIB card 
 Synchronize(Init); //Synchronization of plotting functions 
 
//Setting parameters of the anodization [Potentiostatic or Galvanostatic] 
if(HSett->Regim->ItemIndex==0) k1=100.0; 
         else k1=1000.0/HSett->CurrRange->Items->Strings[HSett->CurrRange-
>ItemIndex].ToDouble(); 
 
//Setting initial time variable (used for time counting) 
initTime = clock()/CLK_TCK; 
 
//Cycle through the given list of profile-modes [constant, pulse, ramp, etc.] 
        for(i=0;i<Potent_as->TNr;i++){ 
 
        if(Terminated) break; //Terminate the experiment at user request 
 
//Execute if the constant mode is next in the list of profiles 
        if(Potent_as->Table[i][0]==1){ 
 
                Synchronize(ProfileST);//send info to “Message Center” field 
                sprintf(line,"V.%.02lf\r",(-1.0*Potent_as->Table[i][1]*k1)); 
                dAdd=dTime1=initProTime=clock()/CLK_TCK; //time variables 
                WriteDev(prodis,line); //set the constant voltage or current 
 
                do{ 
//Read the potential at reference electrode 
                                ReadDev(keith199Ur,&Uref); 
 
//Read the flowing current at reference electrode 
                                WriteDev(keith2000,"F3X"); 
                                ReadDev(keith2000,&I); 
 
//Read the potential at counter electrode 
                                WriteDev(keith2000,"F0X"); 
                                ReadDev(keith2000,&Uc); 
 
                                dTime=clock()/CLK_TCK-initTime; 
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                                I*=k2; 
 
//Plot data (current, voltages and passed Q) functions 
                                Synchronize(PlotIGraph); 
                                Synchronize(PlotQVGraph); 
                                Synchronize(PlotUcGraph); 
                                PlotAdd(); 
//Save data (current, voltages, passed Q, and temperatures) in a file 

Potent_as->SaveData(dTime,I,Uref,Uc,Tsub,Tsol,Tenv); 
//Delay data acquisition 
                Sleep(Delay); 
                dTime1=clock()/CLK_TCK; 
//Acquire temperatures values of sensors 
                if(dTime1-dAdd>TimeAddAcq){ 
                  Additional(); 
                } 
            if(Terminated) break; //Terminate the experiment at user request 
 
                }while((dTime1-initProTime)<=Potent_as->Table[i][2]); 
        } 
//Execute if the pulse mode is next in the list of profiles 
        else if(Potent_as->Table[i][0]==2 || Potent_as->Table[i][0]==3){ 
                Synchronize(ProfileST); 
                if(Potent_as->Table[i][0]==2)TotTimePR=Potent_as->Table[i][5]; 
                        else if(Potent_as->Table[i][0]==3)TotTimePR=(Potent_as-
>Table[i][2]+Potent_as->Table[i][4])*Potent_as->Table[i][5]; 
 
                dTime1=initProTime=clock()/CLK_TCK; 
 
                while((dTime1-initProTime)<TotTimePR){ 

//... long program code 
                        } 
        } 
//Execute if the ramp mode is next in the list of profiles 
        else if(Potent_as->Table[i][0]==4 || Potent_as->Table[i][0]==5){ 
                Synchronize(ProfileST); 
                if(Potent_as->Table[i][0]==4) { 
                        Ramp=fabs((Potent_as->Table[i][2]-Potent_as->Table[i][1])/Potent_as-
>Table[i][3]); 
                        TotTimePR=fabs(Potent_as->Table[i][3]); 
                        } 
                else if(Potent_as->Table[i][0]==5){ 
                        Ramp=fabs(Potent_as->Table[i][3]); 
                        TotTimePR=fabs((Potent_as->Table[i][2]-Potent_as->Table[i][1])/Ramp); 
                } 
                  if((Potent_as->Table[i][2]-Potent_as->Table[i][1])<0)Ramp=-Ramp; 
 
                for(j=0;j<Potent_as->Table[i][4];j++){ 
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         //... long program code 
                        } 
                } 
 
//Execute if the fixed charge mode is next in the list of profiles 
       else if(Potent_as->Table[i][0]==6 || Potent_as->Table[i][0]==7){ 
                 Synchronize(ProfileST); 
                if(Potent_as->Table[i][0]==5)TotCharge=fabs(Potent_as->Table[i][2]); 
                        else TotCharge=fabs(Potent_as->Table[i][2]*Potent_as->Table[i][3]); 
 
                sprintf(line,"V.%.02lf\r",(-1.0*Potent_as->Table[i][1]*k1)); 
                dTime1=initProTime=clock()/CLK_TCK; 
                WriteDev(prodis,line); 
                CurrCharge=0; 
                do{ 
                                ReadDev(keith199Ur,&Uref); 
                                WriteDev(keith2000,"F3X"); 
                                ReadDev(keith2000,&I); 
                                WriteDev(keith2000,"F0X"); 
                                ReadDev(keith2000,&Uc); 
                                dTime2=clock()/CLK_TCK; 
                                dTime=dTime2-initTime; 
                           //     ReadDev195A(keith195A,&TReal); 
                                CurrCharge+=(dTime2-dTime1)*fabs(I); 
                                Synchronize(ChargeParam); 
                                dTime1=dTime2; 
                                if(dTime1-dAdd>TimeAddAcq){ 
                                        Additional(); 
                                } 
                                I*=k2; 
                                Synchronize(PlotIGraph); 
                                Synchronize(PlotQVGraph); 
                                Synchronize(PlotUcGraph); 
                                PlotAdd(); 
                                Potent_as->SaveData(dTime,I,Uref,Uc,Tsub,Tsol,Tenv); 
                Sleep(Delay); 
                if(Terminated) break; 
                }while(CurrCharge<TotCharge); 
       } 
 } 
 Potent_as->CloseSavFile(); 
 } 
 ErrNr=4;strcpy(Err,"Experiment Finished!"); 
 Synchronize(Error); 
Potent_as->Running=0; 
Potent_as->EnableButtons(); 
} 
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A5 Impact of surface state on the initiation of TiO2 nanotubes 
 

The initial surface state of titanium has a great influence on the initiation and growth of TiO2 

nanotubes. Anodization in EG + 0.1 M NH4F + 1 M H2O electrolyte was carried out for 

different treated surfaces. A three-electrode closed cell configuration was used and the 

anodization was performed for 2 h at reference voltage of 50 V. If before anodization the 

surface is cleaned only with solvents such as acetone, ethanol and water in tandem, the 

surface of titanium foils (Advent, TI2287, purity 99.6+%, temperature annealed) remains 

highly defective and most probable covered with an “industrial” oxide layer (Figure A5.1a). 

This allows a high current density flow in the first stages of the tube growth and it leads to 

fast growth of the TiO2 nanotubes at the beginning of the experiment, thinner walls of the 

nanotubes, increased local acidity of the electrolyte and higher chemical etching rates. As a 

consequence, the tubes collapse in the early stages of the anodization (Figure A5.1b). 

If the surface is chemically polished in hot ( 70 °C) piranha solution (H2O : H2O2 (30%) : 

H2SO4 (>95%), 1:2:2 v/v/v) for about 30 min, then the surface still remains rough (Figure 

A5.1c). However, the pronounced grain boundaries suggest that impurities on the surface 

are substantially removed. Indeed, the passivation rate of the surface (see Section 4.2) is 

much higher and it is similar to ground and mirror-polished surfaces. Despite the surface 

roughness, the nanotubes grow fairly uniformly underneath the initial porous oxide layer 

and they show no collapsing behavior (Figure A5.1d). 

Surfaces ground with SiC papers (down to P#2400) are flat with some scratches (Figure 

A5.1e). The tubes initiate and grow uniformly on the entire surface (Figure A5.1f) and it is 

similar to the growth of nanotubes on a mirror-polished surface (Figure A5.1g and h). The 

only differences are in the shape of the current transients (see Section 4.2) and the initiation 

sites of nanotubes in the case of a ground surface line up along scratches. 
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Figure A5.1. (a) Untreated titanium surface, (c) piranha-etched surface, (e) ground surface, (g) 
mirror-polished surface and (b, d, f and h) corresponding surface changes after anodization. 
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A6 Crystallization of ordered porous structures in water 
 

Water has a great influence on the anodically formed amorphous structure. It is well known 

that under hydrothermal conditions amorphous oxides of different metals crystallize [114, 

384-386], and an amorphous TiO2 nanotube array is not an exception. Immersion of 

nanotubes in water under mild hydrothermal conditions, i.e. at temperatures of 60–90 °C, 

leads to full crystallization of the nanotubes in less than 5 min. However, “hydrothermal 

conditions” are also met at room temperature. After several days of storage in deionized 

water, the nanotubes become fully crystallized (Figure A6.1a and b). 

 

Figure A6.1. SEM top view (a) and side view (b) of TiO2 nanotubes after 3 days of storage in H2O; 
The tube walls consist of anatase nanocrystals of 3–5 nm. SEM top view (c) and cross-section (d) of 
iron oxide pores after 30 s of immersion in H2O at room temperature. 

It is evident that crystallization starts from the first moments of the interaction of the oxide 

with water, but the process is relatively slow. It should be noted that during this process, the 

layer becomes fluffy and slowly disassembles in water due to the weak adhesion between 

the crystallites formed. A much faster crystallization takes place in the case of iron oxide 

pores; after 30 s the layer is almost fully crystallized at room temperature (Figure A6.1c and 

d) and in less than 1 h it may be completely dissolved in water. It is worth noting that in this 

process of crystallization the double-walled structure is revealed for both TiO2 nanotubes 

and Fe oxide pores. Moreover, in the latter case, due to the dissolution of the fluoride-rich 

layer (at the border of each hexagonal cell), the pores convert to nanotubes. 
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Certain phases of crystallinity were detected by XRD measurements, as shown in Figure 

A6.2. In the case of TiO2 nanotubes, only the anatase phase could be detected after the 

described hydrothermal treatments and the iron oxide nanopores converted to a crystalline 

iron oxide hydroxide. The crystallite size was estimated from the Scherrer equation and it is 

about 6 nm in the case of anatase and about 25 nm in the case of iron oxide hydroxide. 

 

Figure A6.2. (a) XRD of TiO2 nanotubes on a Ti substrate after 3 days of storage in H2O [A = anatase 
(#00-021-1272), T = titanium (#00-044-1294)]. (b) XRD of iron oxide nanopores on Fe substrate 
after 1 min of immersion in water [Fe = iron (#01-087-0721), H = iron oxide hydroxide (#01-075-
1594)]. 
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A7 Electrochemical impedance spectroscopy of TiO2 nanotubes 
 

Electrochemical impedance spectroscopy measurements were made during tube growth. A 

perturbation of 10 mV of different frequencies was used over the applied constant voltage. 

The electrolyte consisted of EG + 0.1 M NH4F + 1 M H2O. Figure A7.1 shows the state of the 

system after 16 h of anodization. The data were fitted according to a simplified model from 

the literature [259]. 

 

Figure A7.1. In situ electrochemical impedance spectroscopy of TiO2 nanotubes after 16 h of 
anodization at different voltages. (a) Nyquist plot (solid lines) and fitted results (dashed lines). (b) 
Absolute magnitude of the impedance and the phase of the system. (c) Equivalent electrical circuit 
of the system. ROx, COx = resistance and capacitance of the barrier layer; ROx||El, COx||El = resistance 
and capacitance of the oxide/electrolyte interface; RSp, LSp = resistance and inductance of the 
moving charged species at the oxide/electrolyte interface; REl = resistance of the electrolyte 
between the reference electrode and the sample. 
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A8 AES and ToF SIMS analyses of TiO2 nanotubes 
 

High spatial resolution scanning Auger electron spectroscopy (AES) was employed to 

investigate the lateral composition of TiO2 nanotubes. The model of the AES system was a 

Physical Electronics PHI 700Xi scanning Auger nanoprobe. This instrument is based on a 

Schottky thermal field emission electron source that is coaxially located in a full cylindrical 

mirror energy analyzer. The electron gun has a voltage range from 1 to 25 kV with a spatial 

resolution of 10 nm for line scans at 20 kV, 5 nA. The base pressure of the PHI 700Xi device is 

≤6.7 x 10–8 Pa (≤5 x 10–10 Torr). For all high spatial resolution analyses, image registration, 

using alternating secondary electron images and Auger data acquisition, maintained the 

registry of the sample to the incident electron beam with a precision of 5 nm. 

 

Figure A8.1. SEM image of TiO2 nanotube cross-section (near the bottom of the tubes) including an 
overlay of high-resolution AES line scans of the elements along the corresponding lines. (a) 
Fluoride concentration along lines 1–3. (b) F concentration and corresponding Ti, O and C 
concentrations along line 3. AES analyses were performed at 20 kV and 5 nA. (c, d) ToF SIMS 

sputter profiles of the initiation layer ( 45 nm grown at 50 V for 5 s) and correspondingly short 

nanotubes ( 150 nm grown at 50 V for 40 s) 

Figure A8.1a shows the SEM image of the investigated cross-section, and the corresponding 

line scans (1–3) taken near the bottom of TiO2 nanotubes. Clearly, the fluoride concentration 

increases towards the inter-tubes gaps and reaches its local maximum in the middle of these 
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gaps. Identical characteristics are obtained in all three scans. In Figure A8.1b the F, Ti O, and 

C signal intensities along line 3 are displayed. While the Ti and O signals follow the same 

trend as the F signal, the spectra shown in Figure A8.1b indicate an inversion of the F and C 

signals, where fluoride-rich regions are poor in C and vice versa. A possible explanation for 

this inversion is that if the fluoride-rich layer seems to be poor in carbon content (possibly 

the large size of the carbon species forces them to migrate/diffuse in the outer part of the 

tubes wall) and in the regions of thicker fluoride layer (triple points), the carbon makes a 

lower contribution. With regard to the fluoride-rich layer, it should be noted that due to the 

10 nm lateral resolution of the measurement and an estimated thickness of the fluoride-rich 

layer of 5 nm, it can be assumed that the fluoride enrichment in reality is even more 

pronounced. The average atomic concentration of elements is F 4.1, C 12.1, Ti 14.2 and O 

69.6 at.%. 

If the fluoride-rich layer between tubes could be dissolved during anodization, then this layer 

was always found at the bottom of the nanotubes and it could be detected via EDX, XPS, and 

ToF SIMS analyses. In the last case, negative static SIMS measurements were performed on a 

ToF SIMS 5 spectrometer (ION-TOF, Münster, Germany). The samples were bombarded with 

a pulsed 25 keV Bi3
+ liquid metal ion beam. Spectra were recorded in the high mass 

resolution mode (m/ m > 8000 at 29Si). The beam was electrodynamically bunched down to 

<1.0 ns in order to increase the mass resolution and rastered over a 250 x 250 µm area. 

Signals were identified using the accurate mass and also their isotopic pattern. Figure A8.1c 

and d show sputtered depth profiles for the initiation layer with a compact nature and for 

the short nanotubes. Both layers were grown in EG + 0.1 M NH4F + 1 M H2O at 50 V for 5 s 

and 40 s, respectively. Different species were analyzed and, as shown in the figures, they are 

fairly uniformly distributed in the layer. The fluoride ion profile is the highest in the figures 

and it saturates the ToF SIMS detector, possibly due to desorbed species and affinity to the 

detector. However, the shape of the fluoride species can be analyzed via the F2 signal that 

shows a peak at the oxide/metal interface. A similar peak shows other compounds such as 

TiF4 that are likely to be formed in the fluoride-rich layer. These results are in line with XPS 

measurements discussed in Section 5.4 that show a fluoride-rich layer at the oxide/metal 

interface. TiH is normally used in negative polarity measurements to show the behavior of 

metallic titanium, i.e. it was used to detect and show the position of the nanotube/Ti 

substrate interface. 
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A9 Properties of some polar solvents 
 

The growth of TiO2 nanotubes was tested in different solvents. There are basic rules that 

need to be satisfied by a solvent in order to be a potential candidate for tube growth. It must 

be miscible with water (which is the source of oxidation) and have sufficient power for 

solvation of fluoride compounds (which are important for porosification and growth of 

ordered TiO2 nanostructures). However, in order to evaluate the influence of the solvent on 

the self-organization and morphology of nanotubes, the water content should be kept at a 

low level. 

Substance Formula Mr     BP t S ET
N 

g·mol–1 g·cm–3 mPa·s D °C 
Acetic acid C2H4O2 60.05 1.049 1.056 6.2 1.7 118 pp y 0.648 

Acetone C3H6O 58.08 0.791 0.307 20.7 2.9 56 pa n 0.355 

Acetonitrile C2H3N 41.05 0.787 0.37 36.6 3.9 82 pa y 0.460 

2-Butoxyethanol C6H14O2 118.17 0.9 2.9 9.3 2.1 168 pp y 0.596 

Diethylene glycol C4H10O3 106.12 1.118 30.2 31.8 2.3 244 pp y 0.713 

1,2-Dimethoxyethane C4H10O2 90.12 0.868 0.455 7.3 1.7 85 pa n 0.231 

N,N-Dimethylacetamide C4H9NO 87.12 0.94 1.95 38.8 3.7 165 pa n 0.377 

N,N-Dimethylformamide C3H7NO 73.09 0.944 0.794 38.2 3.8 153 pa y 0.386 

Dimethyl sulfoxide C2H6OS 78.13 1.101 1.987 47.2 4.0 189 pa y 0.444 

Ethanol C2H6O 46.07 0.789 1.064 24.3 1.7 78 pp ±y 0.654 

2-Ethoxyethanol C4H10O2 90.12 0.925 1.85 13.4 2.1 135 pp y 0.627 

Ethylene glycol C2H6O2 62.07 1.113 16.1 41.4 2.3 197 pp y 0.790 

Formamide CH3NO 45.04 1.133 3.34 111 3.7 210 pp y 0.775 

Formic acid CH2O2 46.03 1.22 1.607 51 1.4 101 pp y 0.728 

Glycerol C3H8O3 92.09 1.261 934 46.5 2.6 290 pp y 0.812 

Methanol CH4O 32.04 0.791 0.544 33 1.7 65 pp ±y 0.762 

2-Methoxyethanol C3H8O2 76.09 0.965 1.544 17.2 2.4 124 pp ±y 0.657 

N-Methylacetamide
30°C

 C3H7NO 73.09 0.95 3.83 179 3.5 205 pa ±y 0.657 

N-Methylformamide C2H5NO 59.07 1.003 1.678 189 3.8 199 pp y 0.722 

Propylene carbonate C4H6O3 102.09 1.205 2.501 66.1 4.9 240 pa n 0.472 

Tetrahydrofuran C4H8O 72.11 0.883 0.456 7.5 1.7 65 pa n 0.207 

Triethylene glycol C6H14O4 150.17 1.1 49 23.7 3.0 285 pp y 0.682 

Water H2O 18 0.997 0.89 80.1 1.8 100 pp y 1.000 

Mr = relative molar mass,  = density,  = viscosity,  = dielectric constant,  = dipole moment, 
BP = boiling point, pa = (di)polar aprotic, pp = polar protic, ET

N = normalized solvent polarity, 
t = type of the solvent, S = self-organization. 
Nanotube formation: n = no, y = yes, ± denotes pore observation, etc. 
Data are given for the solvents in their standard state (at 25 °C, 100 kPa). 

 

The dielectric constant is an important parameter in describing the polarity of a solvent and 

generally it is accepted that polar solvents are those with a dielectric constant higher than 

15, those with a dielectric constant smaller than 5 are non-polar and other solvents with 

dielectric constants between 5 and 15 are considered borderline. There are some 

speculations in the literature that the high dielectric constant of polar organic solvents is 

better for TiO2 nanotube growth [387]. However, ethylene glycol is the solvent nowadays 

known as the best and most commonly used organic solvent for the growth and 
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manipulation of TiO2 nanotubes despite having a much smaller dielectric constant than 

solvents such as formamide, N-methylformamide and N-methylacetamide. 

A table of different polar solvents and their properties is shown above. These solvents are 

miscible with water and they were checked for nanotube growth. For this, certain amounts 

of water (up to 3 mol L–1) and fluorides (HF and/or NH4F) were added to each solvent. 

Anodization was carried out at room temperature at potentials lower than 120 V. As shown 

in the table, TiO2 nanotubes can be grown in solvents with a wide range of parameters. For 

example, nanotubes grow in broad ranges of solvent viscosity [0.544–934 mPa s (and 

higher)], of dielectric constant (9.3–189) and of density (0.78–1.26 g cm–3). There is no 

known individual parameter (dielectric constant, dipole moment, viscosity, etc.) that would 

fully describe the trend of nanotube formation in solvents. However, solvents for nanotube 

growth can be roughly arranged using the Reichardt normalized solvent polarity [388]. 

 

Figure A9.1. Normalized solvent polarity (Reichardt scale) vs. solvent type (open circles, 
nanotubular layers were observed; half circles, usually thin ordered porous layers were observed 
over the samples; closed circles, no nanotubes were observed). 

Figure A9.1 shows the arrangement of the studied solvents according to this scale. However, 

this arrangement does not distribute the solvents in the right order according to the quality 

of the nanotubes obtained, but rather classify them in two main classes: appropriate and 

inappropriate solvents for growth of self-ordered anodic nanostructures. A better 

classification should account for other parameters such as capability to form good surface 

oxides that are moderately soluble in the solvent, viscosity of the solvent, its density/packing 

density, conductivity of the electrolyte, etc. For example, it is known that passivation of 

many metals in anhydrous alcoholic electrolytes is unstable and the corrosion rate depends 

on the solvent viscosity and conductivity [389-390]. In the case of nanotube growth, 

anodization in methanol/ethanol leads to unstable oxide layers, methanol showing regions 

with macro-pits. Ethanol, methanol and 2-methoxyethanol form an ordered porous 

structure (shown in Figure A9.1 with half-circles), however, under some conditions 

nanotubes were observed in ethanol. 
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The formation of a porous structure suggests that the fluoride products such as TiF4 are less 

soluble in these solvents. Nevertheless, it is not excluded that under optimized conditions 

(such as higher water contents) nanotubes can be easily obtained in these solvents. Other 

solvents such as acetonitrile face problems in dissolving NH4F (for example 0.1 mol L–1), i.e. 

the source of fluorides should be chosen carefully for each solvent. The only organic 

compound that was checked and does not fit the above classification is propylene 

carbonate. No TiO2 nanotubes could be observed in this solvent and the surface of titanium 

after anodization was found to be covered with a thick organic layer suggesting heavy 

decomposition of the solvent. Underneath this layer, the surface of titanium looked etched. 

It is not excluded that under very specific conditions nanotubes can be also formed in this 

solvent. 

 

Figure A9.2. Top views of the nanostructured titanium surface in different solvents under anodic 
conditions. (a) Formic acid + 0.2 M HF + 1 M H2O at 40 V; (b) acetonitrile + 0.2 M HF + 1 M H2O at 20 
V; (c) triethylene glycol + 0.1 M NH4F + 0.2 M HF + 1 M H2O at 40 V; (d) 2-ethoxyethanol + 0.5 M HF 
+ 1 M H2O at 60 V; (e) 2-butoxyethanol + 0.1 M NH4F + 1 M H2O at 60 V; (f) N-methylacetamide + 
0.2 M HF + 1 M H2O at 20 V; (g) 2-methoxyethanol + 0.2 M HF + 1 M H2O at 20 V; (h) methanol + 0.1 
M NH4F + 0.5 M H2O at 60 V; (i) ethanol + 0.2 M HF + 1 M H2O at 20 V. 

Figure A9.2 shows top views of the nanotubes formed in solvents that are not reported in 

the literature. Acetonitrile and 2-ethoxyethanol show an arrangement of nanotubes similar 

to those grown in aqueous solutions, whereas in 2-butoxyethanol the nanotubes appear to 

be well packed as in the ethylene glycol case. In both formic acid and triethylene glycol the 

tubes are characterized geometrically with large inter-tubular gaps and triethylene glycol 
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also shows a two size organization that is characteristic of nanotubes grown in DMSO and 

DEG under certain conditions. 

It is important to note that the purpose of these experiments was not to find the best results 

for each solvent, but rather to demonstrate that self-organization occurs in many polar 

organic compounds. Comprehensive studies should be carried out for each individual solvent 

listed above in order to understand fully their potential in growing anodic self-organized 

nanostructures and to establish their geometric and chemical features. 
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A10 Giant nanotubes 
 

 

Figure A10.1. (a) High-resolution SEM image of a cross-sectioned nanotube grown in DMSO. The 
dotted white line shows the interface between the large diameter nanotube wall and the bottom 
of small diameter nanotubes that grow perpendicular to the larger nanotubes and form the sponge 
matrix. (b) Giant nanotube of about 800 nm grown in DMSO + 2 wt.% HF at 100 V. (c) Low-
magnification view of giant nanotubes embedded in the sponge matrix. 
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A11 Growing nanotubes on thin Ti wire 
 

 

Figure A11.1. High-resolution SEM views of: (a) initial Ti wire and (b) partially anodized Ti wire. (c, 
d) High-magnification images of partially anodized Ti wire; (e) low-magnification and (f) high-
magnification images of almost full wire anodization (the remaining wire had a diameter of about 
2 µm). The electrolyte used was EG + 0.1 M NH4F + 1 M H2O at 50 V. 
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12 List of abbreviations and symbols 
 

Acronyms  

AES Atomic Emission Spectroscopy | Auger Electron Spectroscopy 

BSE Backscattered Electrons 

CE Counter Electrode 

DEG Diethylene Glycol 

DMSO Dimethyl Sulfoxide 

DSSCs Dye-Sensitized Solar Cells  

EDX Energy Dispersive X-Ray Spectroscopy 

EG Ethylene Glycol 

EIS Electrochemical Impedance Spectroscopy 

FRL Fluoride-Rich Layer 

GLY Glycerol 

ICP Inductively Coupled Plasma  

IPCE Incident Photon to Current Efficiency 

IS Inner Shell 

MB Methylene Blue 

NTs Nanotubes 

OS Outer Shell 

PPT Pre-Passive and Transition 

RBA Rapid Breakdown Anodization 

RE Reference Electrode 

RH Relative Humidity 

RS Raman Spectroscopy 

RTA Rapid Thermal Annealer 

SAED Selected Area Electron Diffraction 

SCE Saturated Calomel Electrode 

SE Secondary Electrons 

SEM Scanning Electron Microscopy 

SHE Standard Hydrogen Electrode 

TEM Transmission Electron Microscopy 

ToF SIMS Time-of-Flight Secondary Ion Mass Spectrometry 

WE Working Electrode 

wOSr Ratio of the wall thickness to the outer diameter size of the nanotubes 

 

Roman Letters  

a Activation distance | Moisture absorption 
A Anatase XRD peak | Area | Coefficient 
c Concentration | Speed of light 
C Electrical capacity 
d Distance of family planes 
D Diameter | Diffusion coefficient 
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E Electric field 
e Euler's number (2.71828…) 
f Fraction 
F Expansion factor | Faraday constant 
G Attenuation coefficient 
h Planck’s constant 
H Iron oxide hydroxide XRD peak 
I Electric current | Intensity 
j Coefficient | Electric current density | Ionic current density 
k Amplification factor | Boltzmann constant | Coefficient | Rate constant 
L Electrical inductance | Film thickness | Nanotube length 
m Mass 
M Molarity 
n Integer | Surface density of mobile species 
p Transition probability 
q Elementary charge 
Q Total electric charge 
R Electrical resistance | Rate of oxidation | Rate of growth | Reflectance 

| Rutile XRD peak 
S Size of crystallites | Tin oxide XRD peak 
T Temperature | Titanium XRD peak | Transmittance 
t Time 
U Voltage 
V Electric potential | Volume 
w Wall thickness 
W Activation energy 
x Plane 
Z Impedance 
z Charge number of the carrier 
 

Greek Letters  

 Coefficient | Transfer coefficient | Semi-angle 

 Cell factor | Coefficient | Feedback factor 

 Spatial resolution 

 Efficiency of the oxide | Permittivity 

 Efficiency of solar cells | Viscosity 

 X-ray scattering angle 

 Wavelength 

 Dipole moment | Electrical mobility | Linear attenuation coefficient | 
Mass absorption coefficient | Refractive index 

 Vibration (Attempt) frequency of the ion 

 Archimedes number (3.14159…) 

 Density of the material | Electrical resistivity 

 Electrical conductivity 

 Porosity 

 Pilling–Bedworth ratio 

 Fixed angle of the X-ray source | Frequency 
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