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ABSTRACT
Self-organized, vertically oriented TiO2 nanotube arrays are synthesized by anodic
oxidation or electrochemical anodization of titanium foil generally in fluoride ion containing
electrolytes. The titanium dioxide nanotube arrays have attracted considerable due to their large
surface area, high photocatalytic activity, and photoelectrochemical behavior. TiO2 nanotubes are
currently used in a variety of applications such as photocatalysis, biomolecular immobilization,
chemical gas sensors, and dye-sensitized solar cells.

The ability to precisely control the

architecture of TiO2 nanotubes, including wall thickness, pore diameter, wall topology, length,
and tube-to-tube spacing is necessary to further enhance device performance and application. In
order to repeatedly and precisely control the tube morphology, the inter-related effects of the
various anodizing variables including fluoride concentration, anodization voltage, time,
concentration of additive species, electrolyte composition, reusing of the electrolyte, and the
nature electrolyte medium must be understood to achieve nanotube arrays with desired tube
morphology. Anodization in aqueous electrolyte limits the nanotube length to less than 10 µm,
while the polar organic electrolytes are capable of producing the nanotube length relatively
longer, to date, up to approximately 1000 µm using ethylene glycol.
Different organic electrolytes commonly produce TiO2 nanotube arrays having different
tube morphologies, however, very similar tube geometries can be achieved from different organic
electrolytes through optimization of the anodizing parameters and the electrolyte composition.
From these findings, it was hypothesized that the fundamental principles controlling the
formation process could be similar for different electrolytes, when the effect of the anodizing
parameters on the resulting morphology should be clarified in each case to fundamentally
understand the formation mechanism of nanotubes as well as the effects of the anodizing
parameters on the tube morphology.
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This dissertation focuses on fabrication and improvement of morphological features of
TiO2 nanotube arrays in the selected organic electrolytes including dimethyl sulfoxide (DMSO;
see Chapter 4) and diethylene glycol (DEG; see Chapter 5). Using a polar dimethyl sulfoxide
containing hydrofluoric acid, the vertically oriented TiO2 nanotube arrays with well controlled
morphologies, i.e. tube lengths ranging from few microns up to 101 µm, pore diameters from 100
nm to 150 nm, and wall thicknesses from 15 nm to 50 nm were achieved. Various anodization
variables including fluoride ion concentration, voltage, anodization time, water content, and reuse
of the anodized electrolyte could be manipulated under proper conditions to control the nanotube
array morphology. Anodization current behaviors associated with evolution of nanotube length
were analyzed in order to clarify and better understand the formation mechanism of nanotubes
grown in the organic electrolytes. Typically observed for DMSO electrolyte, the behavior that
anodization current density gradually decreases with time is a reflection of a constant growth rate
of nanotube arrays. Large fluctuation of anodization current was significantly observed probably
due to the large change in electrolyte properties during anodization, when anodizing in high
conductivity electrolytes such as using high HF concentration and reusing the anodized
electrolyte as a second time. It is believed that the electrolyte properties such as conductivity and
polarity play important role in affecting ion solvation and interactions in the solution
consequently determining the formation of oxide film.
Fabrication of the TiO2 nanotube array films was extended to study in the more viscous
diethylene glycol (DEG) electrolyte. The arrayed nanotubes achieved from DEG electrolytes
containing either HF or NH4F are fully separated, freely self-standing structure with open pores
and a wide variation of tube-to-tube spacing ranging from < 100 nm to ~2 µm. In comparison to
DMSO electrolyte, the electrochemical anodization rates are relatively slower in DEG electrolyte;
as a result, the nanotube length is typically less than 10 µm. Pore size of nanotubes grown in
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DEG has been extended from 150 nm up to approximately 400 nm. The approach to pore
widening could be achieved by using a specific condition of low HF concentration and prolonged
anodization time. The study of evolution of nanotubes grown in DEG electrolytes showed that a
fibrous layer was formed in the early growth stages and then was chemically and gradually
removed after a long duration, leaving behind the nanotubes with large pore size. In DEG
electrolyte, the closer spacing between Ti and Pt electrodes resulted in the larger nanotube
morphological parameters due to the enhanced electrode kinetics facilitating the electrode
reactions. The cation choice of fluoride bearing species was found to enhance the nanotube
growth rate; with larger cation size leading to the increased tube length of about 20 µm to be
obtained. The relatively larger cation may influence ion solvation behavior in electrolyte, which
directly affects the oxide growth and the tube formation. Also the inhibitory effect of larger
cation was believed to restrict the barrier layer thickness thus enhancing the nanotube growth
rate. The average growth rate in DEG electrolyte is about 0.1-0.3 µm h-1, which is slowest among
DMSO (1 µm h-1), FA (2 µm h-1), and EG (15 µm h-1) electrolytes. For a given fluoride ion
concentration, pore size (Dinner) and outer diameter (Douter) was found to depend on the
anodization voltage as these following equations; Dinner = 0.86 V + 102.9 and Douter = 2.65 V +
137.1.
The current behavior observed for DEG electrolyte is different from those observed in
aqueous electrolytes, EG, FA, or DMSO. Typically observed in the DEG electrolyte without
additives, the anodic current showed a graduate increase with anodization time. When high polar
solvents were incorporated, the typical DEG anodization current was also observed in the early
period of nanotube growth where the oxidation process dominates. Then the current density
starts to decrease when the chemical dissolution begins to dominate.
In DEG electrolyte, the effect of electrolyte properties on the resulting nanotube array
morphology was quantitatively investigated. Important anodizing parameters including anodizing
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voltage, time, HF concentration, inter-electrode spacing, and solvent additives were found to have
a strong influence on the electrolyte conductivity and the titanium ion concentration dissolving in
electrolyte. This work has confirmed that the electrolyte conductivity has a linear relationship
with the titanium concentration under a variety of anodizing conditions. Using a fixed Ti sample
area of 3.0 cm2, a nominal electrolyte conductivity of 250 µS cm-1 and titanium concentration
values of 1200 ppm were achieved.

The conductivity-titanium concentration relation was

established as a function of anodization voltage, in which the self ordering regime was also built
upon this relation based on the construction architecture of nanopores.

Using DEG−HF

electrolyte as the model system, this work showed that the degree of self ordering was found to
strongly depend on the electrolyte properties; particularly the electrolyte conductivity is a critical
factor in the control of nanotube array morphological features.
In addition, porosity of titania nanotube films was calculated and porosity regime was
created as a function of conductivity of anodized electrolyte. The aim of this part was to provide
a new insight into the electrolyte properties-related porosity and the self ordering of pore
arrangement affected by the synthesis conditions. From the achieved results, the alumina-like
porous structure was found to have porosity values between 18 % and 70 %, when the films were
grown in the electrolytes having low conductivity (< 100 µS cm-1). Whereas the more separated,
well-ordered titania nanotube structure, the films grown in higher conductivity electrolytes have
% porosity in a lower range of 10 %-30 %. The % porosity also tends to decrease with the
increased voltage. A combination of anodization voltage and conductivity was expected to be a
self-ordering determining factor that consequently controls the tube formation and porosity of the
titania film. The proposed porosity regimes could also be applied to the titania nanotube array
films fabricated in other organic electrolytes such as DMSO and EG.
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Furthermore, this dissertation showed possibilities to crystallize the titania nanotube array
films at room temperature via anodization in either DMSO or DEG electrolytes. The partially
crystallized films could be achieved specifically in the optimum slow growth process conditions.
Due to partial crystallization of the as-anodized samples, the high temperature annealing study
revealed that the temperatures of phase transformation are 260 ºC and 430°C for respectively
amorphous to anatase and anatase to rutile, which are accounted as the lowest phase
transformation temperatures reported to date (2010).
Finally, the photoelectrochemical properties of the DMSO fabricated nanotubes were
investigated. The maximum photocurrent density of ~ 11 mA cm-2 was achieved by using the 46µm long nanotube array sample with completely open pores, and photoconversion efficiencies of
5.425 % (± 0.087) (under UV light) and 0.197 % (± 0.001) (under solar spectrum AM 1.5) have
been demonstrated. Biomedical applications of the DEG fabricated nanotube arrays films such as
blood clotting, hemocompatibility, and drug delivery were investigated. The titania nanotube
arrays showed a significant platelet adhesion and activation, a higher viability, and a greater
capability in blood clotting compared to a smooth Ti surface. In drug delivery application, the
drug elution kinetics, behavior and diffusion of drug molecules were most profoundly affected by
the nanotube architectures such as the pore packing density and the gap or separation between the
tubes, the nanotube length, and especially the nanotube pore diameter.
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Chapter 1
Introduction

1. 1 Overview
Vertically oriented TiO2 nanotube arrays have demonstrated utility in applications
including room-temperature hydrogen gas sensing,1-7, generation of hydrogen by water
photoelectrolysis,8-10 photocatalysis,11 tissue engineering,12 and heterojunction solar cells.2,

13-16

The performance of such devices is to a large extent determined by the geometrical parameters of
the nanotube arrays including wall thickness, pore size, and length. To a large degree control of
the nanotube-array architecture enables control of the functional properties, for example by
determining the internal surface area that in turn controls light absorption properties. In their use
as hydrogen sensors, in response to 1000 ppm hydrogen nanotube arrays of 1 µm length exhibit
an unprecedented 50 000 000 000 % (~ 8.7 orders of magnitude) change in electrical resistivity at
room temperature.3,

17

For water photoelectrolysis, nanotube arrays ~ 30 µm in length

demonstrate a photoconversion efficiency of 16.25% under UV illumination (320-400 nm).
Over the past decade, the field of anodic oxidation of titanium has grown rapidly through
several generations using a wide variety of synthesis chemistries, including aqueous to nonaqueous electrolytes. Device application of the TiO2 nanotube array films generally requires
uniform arrays of precisely controlled pore size, length, and wall thickness.

The uniform

morphology can be obtained by proper manipulation of electrochemical conditions.18-25 A deeper
understanding of the formation mechanism is needed to optimize the nanotube growth to
precisely achieve the desired nanotube array morphology. That is: What is the appropriate
electrolyte medium and conditions for growing a desired nanotube array morphology?

2
To that end, this dissertation will show: (1) how manipulation of synthesis parameters
enables control of nanotube morphological features in the organic electrolyte baths, and (2) how
nanotube array morphologies correlate with physical properties.

1. 2 Characteristics of TiO2
Titanium dioxide (TiO2) can exist in both amorphous and crystalline form. Table 1.1
shows several TiO2 polymorphs occurring synthetically and naturally, particularly including
anatase, rutile, and brookite.26 These three crystal structures consist of TiO62- octahera with Ti
and O atoms sharing their edges and corners in different structures. Anatase and rutile phases are
both octahedrally tetragonal structure, whereas brookite is orthorhombic.27 Although the Ti−O
distance of anatase (1.934 Å) is shorter than rutile (1.980 Å), anatase has interstitial spaces with
Ti−Ti distances larger than rutile, thus making the anatase structure less dense than rutile,28 see
the density values in Table 1.1.
Rutile (110) is found most stable because it has minimum free energy compared to the
metastable anatase and brookite.29 Depending upon the temperature, anatase phase transforms
into rutile phase through a first-order phase transition, with the energy ∆H = – 5.27 kJ/mol for
anatase to rutile reaction.30 For the n-type TiO2 semiconductor, thermal annealing leads to defect
formation, creating the metal interstitials and the oxygen vacancies. The crystal structures of
rutile and anatase are illustrated in Figure 1.1. Other important properties of TiO2 particularly for
anatase and rutile phases are listed in Table 1.2.
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Table 1. 1 Summary data of TiO2 polymorphs refined by x-ray diffraction.26, 29
Structure

Space Group

Density

Lattice constants

(g cm-3)

(nm)

Anatase

I41/amd

3.83

a= 0.379, c= 0.951 (c/ a=2.51)

Rutile

P42/mnm

4.24

a= 0.459, c= 0.296 (c/ a=0.644)

Brookite

Pbca

4.17

a= 0.917, b= 0.546, c= 0.514 (c/ a=0.944)

TiO2 (B)

C2/m

3.64

a= 1.216, b= 0.374, c= 0.651, β= 107.29º

TiO2 II

Pbcn

4.33

a= 0.452, b= 0.550, c= 0.494

TiO2 (H)

I4/m

3.46

a= 1.018, c= 0.297

Perovskite

Pcmn

4.03

a= 0.537, b= 0.764, c= 0.544

Figure 1. 1. (a) Equilibrium shape of TiO2 crystal constructed from the calculated energies a 3D
Wulff plot and (b) bulk structures of rutile and anatase.29
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Table 1. 2 Properties of TiO2.29
Properties
Melting point (ºC)
Hardness (Mohs scale)
Electron mobility, µ (cm2/V s)
Band gap (eV)
Refractive index, η
Dielectric constant (ε)

Anatase
n/a

Rutile
1870
5 - 6.5

~ 10
3.2
2.5688
48

31

~1
3.0
2.9467
86 (⊥ optical axis)
170 (|| optical axis)
160 (⊥ c-axis)
100 (along c-axis)

For anodic oxide films, transformation of amorphous TiO2 film to anatase, brookite, and
rutile depends on the nature and concentration of the electrolyte, the applied voltage, anodization
current, and time.29 The crystalline oxide was found to be anatase, first reported by Burghers et
al. (1932) and Harrington and Nelson (1940).32 Crystallization of titania anatase film occurs
without a change in film thickness.

The amorphous-to-anatase and anatase-to-rutile phase

transformations take place through nucleation and growth processes, involving the contributions
from surface-strain energy differences and the changes of volume energy; the larger nucleation
size is the higher strain energy. Note that if the oxide thickness of porous structure is equal or
less than the nucleation size, crystallization and phase transformation will be hindered.33, 34
Control of crystallinity and film composition is necessary for successful device
application. For example, rutile films are preferred as dielectric layers because of the high
dielectric constant along c axis ~ 100, of the crystalline rutile phase.29

Anatase behaves

differently than rutile phase in the gas sensing devices such as in hydrogen sensing, because the
volume per unit cell of anatase structure is about 1.9 higher than that of rutile, thus
accommodating the hydrogen gas easily and contributing the high hydrogen sensitivity.6,

29, 35
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Anatase phase offers great efficiency in charge-separation devices such as dye-sensitized solar
cells for the production of hydrogen and electric energy and in photocatalysis as a photocatalyst
where the generated electron-hole pairs are transferred across the interface (oxide/electrolyte
interface), which are capable of reducing and oxidizing an adsorbate, forming a singly oxidized
electron donor and a singly reduced electron acceptor.29,

36

Because anatase has a higher

adsorptive activity for oxygen and water,37-39 a potentially higher conduction-band edge energy
and a faster speed of electron transfer than rutile;40, 41 therefore, anatase has been the choice of
material for those applications.

Considering the structure of the optical bandgap on the

photoelectrochemical properties, however, rutile has a narrower bandgap (Eg = 3.0 eV) that can
absorb light over a wider wavelength; the electrodes with rutile layer show better
photoelectrochemical performance compared to anatase.37 Whereas the TiO2 bandgap of ~ 3.2
eV for anatase limits light absorption to the UV range which accounts for only ~ 5 % of the solar
spectrum energy.
A promising approach for obtaining the highly crystalline TiO2 is through high
temperature annealing; however, this procedure leads to the formation of a thick rutile barrier
layer separating the nanotube arrays from the underlying substrate that acts to reduce the electron
transfer efficiency.35 With elevated-temperature sintering, reduction of porosity and surface area
also occur in the nucleation-growth process during the phase transformations.
Is there any alternative crystallization route to solve these existing problems? The idea
of in-situ crystallization has become a candidate. In aqueous electrolytes, it has been evident that
it is possible to obtain the crystallized titania anodic film directly from the anodization bath at
room temperature. For potentiostatic titanium anodization, the evolution of TiO2 crystallinity was
found to be a function of anodization time, applied voltage, and concentration of electrolyte
species.33,

42-44

As one aspect of my work, the possibility of achieving in-situ crystallization

during anodization of the nanotube array film was considered.
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1. 3 Anodic Oxidation of Titanium
The electrochemical cell used in this dissertation is the electrolytic cell as shown in
Figure 1. 2.

Figure 1. 2 Electrodes in an electrolytic cell.

In an electrolytic cell, electrochemical reactions involve application of an electrical bias
between the ‘anode’, where electrons flow from electrolyte to the anode electrode, and ‘cathode’,
where electrons flow from the cathode electrode to electrolyte. For an electrolytic cell the overall
reaction is not spontaneous, i.e. ∆G is positive. The external potential applied to the cells will
result in electrochemical reactions.45 Two simultaneous reactions occur in electrical equilibrium:
i.e. oxidation of metal resulting in losing electrons and anodic current flowing from metal to
solution, and reduction of ion in electrolyte resulting in cathodic current flowing from solution to
metal.

The oxidation reaction takes place at the anode electrode so called the ‘anodic

oxidation’ reaction, while the reduction reaction takes place at the cathode electrode.
In a suitable electrolyte, for example when titanium is exposed to hot concentrated
sulfuric acid, titanium acts to resist such strong acid forming a passive film on the substrate.
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Anodic passivation of titanium is accomplished due to the accumulation of reacting ions or ionic
conduction forming the oxide film on the titanium anode surface. Accordingly the current
flowing from anode to electrolyte is reduced since the coated metal substrate has higher electric
resistance; this phenomenon can be defined by Ohm’s law (E = IR).

For potentiostatic

anodization, the potential E is held constant.
The oxide layer formed on titanium metal substrate is an n-type anion-defective oxide.
The high chemical affinity of titanium to oxygen and the solid solubility of oxygen in titanium
(about 14.5 %) are the driving force for the rapid oxidation of titanium or the formation of
protection layer.46 Conversion of metal to oxide is normally conducted by the increase in volume
of materials; that is volume of the formed oxide per volume of the consumed metal, known as the
Pilling-Bedworth ratio.47 This ratio involves the density and stoichiometry of the oxide, and also
the density of metal, which is 4.5 g cm-3.46
The formation of an oxide layer on the metal substrate has been studied for many
decades; particularly in recent years, various anodic concepts have been proposed to achieve
anodic alumina and anodic titania. Nevertheless, the mechanistic view of anodic formation of the
nanopore array is still not fully understood. What exactly is the driving force for the self
organization of nanotube arrays? What is (are) the main factor(s) that control pore formation,
porosity, and degree of self ordering of nanotube arrays? As far as the formation mechanism of
anodic titania nanotubes is concerned, the author believe that the electrochemical behavior of the
oxide/electrolyte interface and physical properties of the oxide films are of great interest to
promote progress in field of modeling nanochannel oxide growth. Apart from an objective that is
to seek answers to those questions above, studying the anodic oxidation behavior with the aid of
quantitative analysis of the anodizing electrolyte is encouraging for a better understanding of the
anodic oxide formation.
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1. 4 Electrochemistry in Non-Aqueous Electrolytes
In anodic oxide formation, pore initiation is controlled by the hydration process; that is
the availability of the oxygen anion carriers dissociating from water at the oxide surface. The
degree of pore formation is controlled by incorporation of anions in electrolyte into the oxide
film, which strictly depends on the electrolyte properties.48 Mixed organic solvents have been
used in the synthesis of anodic oxide for several decades as an ‘inhibitor’ for water hydration and
so oxide formation. Bernard and Randall (1961)49 reported the use of ethylene glycol mixed with
30 % ammonium pentaborate solution in the anodic oxidation of aluminium, as a result, the
incorporation of ions into the oxide film is relatively small compared to that in the pure
aqueous/stronger acid environments. Thus, it is possible for the film formation and its properties
that tend to be different when anodization is performed in different electrolyte type and
composition.
How do the mixed solvent properties affect the electrochemical anodization processes?
Using appropriate non-aqueous electrolytes or mixed solvents, the physical and chemical
properties as well as the solvent structure are considered to play an important role in anodic oxide
formation. When one or more ionic species are dissolved in an electrolyte, the conductivity of the
electrolyte affects ion transport. In dilute solutions, interactions among species are regarded as
meaningful, and become further significant at higher concentration of solutions.50, 51 A study of
the solvent effects on the chemical processes such as ion solvation, ion complex formation, and
electrolyte dissociation is of great importance in understanding the fundamental electrochemistry
in non-aqueous electrolytes.
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1. 5 Research Objectives
This dissertation focuses on fabrication of titanium dioxide nanotubes in organic
electrolytes such as dimethyl sulfoxide and diethylene glycol. Different organic electrolytes
commonly produce TiO2 nanotube arrays having different tube morphologies; however, very
similar tube geometries can be achieved from different organic electrolytes through the
optimization of anodizing parameters and electrolyte composition.13, 52, 53 To that end, important
questions were addressed: Is the anodic growth mechanism in those different baths the same?
How does manipulation of synthesis variables enable control of nanotube array morphological
features? This dissertation consists of 8 chapters. Chapter 1 includes introduction and overview.
Chapter 2 is a literature review on the history of titanium dioxide nanotubes through
several synthesis generations, following by the growth mechanisms of anodic titanium dioxide
nanotubes. Since in this work the emphasis is placed on fabrication of titanium dioxide in nonaqueous electrolytes, the review also includes chemistry in non-aqueous electrolytes in terms of
electrochemical aspect in order to provide the reader important information relating to this work.
The experimental methods in general for the fabrication of TiO2 nanotube film are
described in Chapter 3.

This chapter also discusses several techniques for nanotube film

characterization, electrolyte analysis, and photoelectrochemical measurements.
Chapter 4 considers fabrication of TiO2 nanotube array films in dimethyl sulfoxide
electrolytes, elucidating key synthesis parameters that determine nanotube dimensions such as
tube length, pore size, and wall thickness. Several designed techniques such as surface pretreatment, use of the previously used electrolyte, and modification of electrolyte composition are
considered. Observation of anodization current behavior in DMSO is also discussed. One goal
of this research was to elucidate why titanium anodization in DMSO results in the current density
behavior different from those behaviors observed in other organic electrolytes such as formamide
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and ethylene glycol,52, 54 despite of similar properties such as high polarity and hydrogen bonding
ability. The author believes that the results from this chapter will help establish a knowledge base
that links known synthesis windows of anodization with an understanding on how DMSO
electrolyte behaves and influences the anodic oxidation.
Chapter 5 presents a systematic study on fabrication of TiO2 nanotube array films in
diethylene glycol electrolytes, comprising of evolution of nanotube formation and optimization of
synthesis window. Special emphasis is placed on a quantitative study of electrolyte properties in
terms of conductivity and titanium ion concentration dissolving in the electrolyte, in relation to
nanotube array morphologies. The self ordering regimes for TiO2 nanotube array formation are
established. Furthermore, a porosity rule for the anodic titanium oxide film is proposed, closely
based on the porosity rule models used for anodic alumina. The relation between film porosity
and electrolyte conductivity is shown to be an important factor in determining nanotube array
architecture. These findings may provide crucial information on how electrolyte properties affect
the formation of nanotubes grown in non-aqueous electrolytes.
Chapter 6 covers approaches to crystallization of anodic titania films possibly obtained
directly from the anodization bath, using dimethyl sulfoxide and diethylene glycol electrolytes.
As mentioned earlier with thermal annealing, porosity and surface area reduction occur because
of nucleation and growth of the oxide during phase transformations.55, 56 Particular attention is
paid to the possibilities of in-situ crystallization of TiO2 nanotube film in anodization bath as
dependent upon the effect of electrolyte chemistry and anodizing conditions. Discussion is also
made on how such variables affect the crystallite size and induce crystallization in the oxide film
during anodization.
Chapter 7 examines photoelectrochemical properties of the nanotube arrays, and
biomedical application of the TiO2 nanotube array films.
Chapter 8, conclusions and future work.
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Chapter 2
Literature Review of Anodic Titanium Dioxide Nanotubes

2. 1 History of Titanium Dioxide Nanotubes
TiO2 nanotubes have been produced by a variety of methods, including simple acid-base
washing,1 template deposition into nanoporous alumina,2 sol-gel,3 and hydrothermal synthesis.4
However, none of these synthesis routes can produce the nanotube dimensions like those obtained
from anodization process in a fluorinated based electrolyte. The synthesis of highly ordered,
vertically oriented nanotube arrays using field-assisted oxidation and localized chemical
dissolution allows achievements of precisely controlled nanostructures and self organization of
the arrays.
For over a decade, it is known that anodization parameters such as anodization potential,
time, and electrolyte composition substantially affect the resulting nanotube morphologies,
including pore diameter, wall thickness as well as roughness, tube length, uniformity, and the
specific geometry of the tubes. In 2001, Gong and co-workers initially reported on the 500-nm
length TiO2 nanotube arrays grown in an aqueous HF based electrolyte.5

The tube length

development was pursued by modifying electrolyte type and composition.

However,

incorporation of nitric acid or boric acid into the fluoride containing electrolyte was found to
further decrease the tube length. Use of aqueous buffer electrolyte and proper control of the
electrolyte pH can decrease the oxide chemical dissolution rate; thus the tube length is enhanced.
Cai and co-workers found that modification of pH electrolyte up to 5 by using KF or NaF could
improve the growth rate and the length of nanotubes up to several microns.6 Since then the
anodization techniques have been developed through several synthesis generations,6-11 by use of
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non-aqueous polar organic electrolytes in a combination with different fluoride bearing species
such as hydrofluoric acid (HF), potassium fluoride (KF), sodium fluoride (NaF), ammonium
fluoride (NH4F), tetrabutyl ammounium fluoride (Bu4NF), and bynzyltrimethyl ammonium
fluoride (BnMe3NF). As initially reported by Paulose and co-workers,7 the use of non-aqueous
organic electrolytes such as dimethyl formamide (DMF), formamide (FA), N-methylformamide
(NMF), ethylene glycol (EG), dimethyl sulfoxide (DMSO) enabled a remarkable extension of
synthesis variables and ability to control the nanotube array architectures. The length up to
approximately 1000 µm is the longest length reported to date obtained from using EG electrolyte
bath. Fluoride ion containing in the electrolyte is considered essential for nanotube formation;
however, recently there was evidence that without the fluoride ion presenting, the vertically
oriented TiO2 nanotubes of 300 nm in length could be synthesized by using HCl and HCl/H2O2
aqueous electrolytes.12
Anodization in diethylene glycol (DEG) electrolyte was found to produce the nanotubes
with remarkable characteristics of discrete, individually self-standing tubes.

This part was

discovered and first reported by the author in 2008,13 where the fabrication details are described
in Chapter 5 of this dissertation. The freely self-standing characteristic of the nanotubes offers
facile detachment from the underlying oxide barrier layer for specific applications such as drug
delivery where the tube pores are first filled with a drug prior to dispersing them towards a final
target,14, 15 and in use of the individual nanotubes for enhanced blood clotting.16
In summary, geometries of TiO2 nanotube arrays have been continuously improved up to
1 mm11 in length (growth rate ~ 15 µm h-1), 5 nm17 to 35 nm18 in wall thickness, and 10 nm17 to
350 nm19 in pore size. The following sections will detail the synthesis generations of TiO2
nanotube arrays via anodization process.
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2. 2 Synthesis Generations of TiO2 Nanotube Arrays

2.2. 1 The 1st Generation:
Generatio Aqueous Electrolytes

Self-Organized, Well-Aligned
Aligned Nanotube Structure
In 2001, Gong and co-workers
co
reported the fabrication of TiO2 nanotube array films in a
two-electrode
electrode electrochemical cell uusing aqueous electrolyte containing 0.5-3.5
0.5
wt.% HF and
different voltages varied from 3 to 20 V.20 In 0.5 wt.% HF aqueous electrolyte, the longer
anodization of 20 min led to the increased pore size of the self-organized,
organized, well aligned nanotube
arrays, see Figure 2- 1.. At low voltage (3 V), the porous film with pore sizes of about 15 nm to
30 nm was obtained. At voltages hig
higher than 10 V, the discrete tube
tube-like structure begins to
appear with larger pore size and longer tube length. At 23 V, the nanotube structure was
destroyed; only the sponge-like
sponge like nanoporous structure was obtained.

Addition of chromium

trioxide into the 0.5
.5 wt.% HF solution did not improve the oxide structure, indicating that pH of
electrolyte requires optimization.

Figure 2- 1. FESEM images showing a top view and a cross section of TiO2 nanotube arrays
fabricated in 0.5 wt.% HF aqueous electrolyte at 20 V for 20 min.5
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Pore size of TiO2 nanotube arrays could be improved by using acetic acid, boric acid
(H3BO3) or nitric acid (HNO3).20, 21 Using a 2.5% HNO3/1.0% HF aqueous electrolyte (20 V, 4
h), the large pore size of ~ 100 nm was obtained.21 Replacing HNO3 with milder acid (0.5 M
H3BO3), the modified electrolyte could improve pore size and nanotube length to 560-nm thick.
Furthermore, the tube length could be improved by controlling the synthesis temperature. When
the anodization was performed in the low-temperature bath, the length and the wall thickness of
nanotubes tended to increase due to the reduced oxide dissolution rate.22 For example in an
aqueous electrolyte containing 0.5% HF and acetic acid in ratio of 7:1 (10 V), anodization at 5 ºC
yielded the nanotube arrays with 34-nm wall thickness and 224-nm tube length, compared to 9nm wall thickness and 120-nm tube length obtained from the 50 ºC condition.

Tapered, Conical-Shaped Titania Nanotubes
Anodization in 0.5% HF aqueous electrolyte using a potential sweep technique was found
to produce the tapered, conical-shaped nanotubes.23 The anodization voltage was ramped linearly
from 10 V to 23 V, at the rates from 0.43 to 2.6 V min-1, to achieve the conical shape of
nanotubes with pore size at the bottom larger than that at the top (see Figure 2- 2). Pore size at
the bottom is strongly affected by the continuously increased voltage that caused the pore
widening and pore deepening at the bottom; i.e. the larger pore with a scallop shape was
obtained.23, 24 Since the field-assisted oxidation/dissolution dominates the process particularly at
the bottom, pore size at the top is hence relatively narrower. However, sweeping voltage from
high to low, i.e. from 23 V to 10 V, did not result in the conical shape. When the oxide film is
thicker, the reduced voltage is not sufficient to induce the oxide dissolution at the bottom pore.
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Figure 2- 2. FESEM images showing cross-sectional
cross
views of TiO2 nanotube arrays obtained by
ramping voltage during anodization. The tapered nanotubes obtained by (i) initially anodizing
anodizi at
10 V for 20 min, (ii) increasing voltage to 23 V with a rate of 1.0 V min-1
within 35 min, and (iii)
dwelling at voltage of 23 V for 2 min.

2.2. 2 The 2nd Generation: Buffered Electrolytes
Limitation of the first synthesis generation
generation is due to the rapid rate of oxide dissolution
governing the process; as a result, the achieved tube length is only less than 1 µm. The properties
of electrolyte such as pH, acidity, and conductivity play important roles in affecting the oxide
growth process and thus controlling the nanotube morphology. Since HF acid has a dissociation
di
constant Ka = 3.5 x 10-4 [pKa = −logKa = 3.45]; thus at pH < 3.45 the large amount of F- will exist
in HF, increasing the acidity of electrolyte.
electrolyte. Through use of KF or NaF instead of HF in the
second generation of TiO2 nanotube synthesis, the modification
dification of electrolyte to higher pH could
improve the nanotube length up to ~5 µm.6 The 6-µm length of nanotubes could be prepared in a
0.1 M KF−1.0 M H2SO4−0.2
0.2 M citric acid aqueous electrolyte (25 V and 20 h) when pH was
adjusted to 5.
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2.2. 3 The 3rd Generation: Non-Aqueous Electrolytes
For a given pore diameter and wall thickness, the internal surface area increases almost
linearly with nanotube length. The third synthesis generation involves further improvements in
nanotube-array length using non-aqueous electrolytes or polar organic solvents such as
formamide (FA), N-methylformamide (NMF), dimethyl sulfoxide (DMSO), and ethylene glycol
(EG) mixed with fluoride species such as HF, NH4F, KF.7, 9, 10, 17, 25 The organic electrolytes are
often mixed with water for desirable electrolyte properties; however, influence of water content in
the organic based electrolytes is crucial in determining the nanotube length.

The key to

successfully achieving very long nanotube arrays is to minimize water content in the anodization
bath to less than 5%.7 The reduction in water content decreases the chemical dissolution of the
oxide in the fluoride ion containing electrolytes. The electrolyte medium and its composition
have a strong influence on the nanotube morphology.
In 2005, Ruan and co-workers studied anodization of titanium in polar organic solvent
using mixtures of dimethyl sulfoxide (DMSO) and hydrofluoric acid (HF).26 The highly ordered
TiO2 nanotube arrays of 2.3-µm length were obtained in DMSO−4.0% HF electrolyte (20 V, 70 h,
at room temperature). The resistivity of film grown from these conditions is 14 × 103 Ω/cm.27 In
2007, Yoriya et al. could improve the nanotube length through systematic optimization of the
anodizing conditions. The maximum length obtained was 101 µm upon anodizing the preanodized Ti sample in DMSO−2.0% HF at 60 V for 70 h. Without pre-anodization, the 93-µm
length was obtained; see Figure 2- 3. The average pore size is ~ 150 nm and wall thickness is ~
15 nm, with a calculated surface area per geometric area (geometric roughness factor) of ~ 3475.9
The more details of nanotube fabrication in DMSO electrolyte will be described in Chapter 4.
For amide electrolyte group such as formamide (FA), dimethyl formamide (DMF), and
N-methylformamide (NMF), usually the highly polar electrolytes were mixed with ammonium
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fluoride (NH4F). The mixture of FA and NMF (volume ratio of 8:5) and 0.5 wt.% NH4F resulted
in the dramatically increased nanotube length due to an accelerated growth rate.17 For a given
voltage, it was believed that the high dielectric constant of FA (ε = 111) and NMF (ε = 182) could
result in higher electrolyte potential inducing more charges to form at the oxide layer, thus
improving the extraction of Ti4+ ions.17

In other words, the high polarity of the organic

electrolyte improve dissolution of F- to be more available at the oxide/metal interface, enhancing
ejection of titanium ion from the metal substrate.7 The longest length achieved to date in the
formamide based electrolyte is nearly 93 µm, obtained from FA−0.5 wt.% NH4F−5.0% H2O (35
V, 48 h), see Figure 2- 3. The average outer diameter is 180 nm and wall thickness is ~ 24 nm,
with an aspect ratio of ~ 520. Lower anodization voltages result in the shorter tube length and the
smaller tube diameters. The cation choice was found to be a key factor influencing the tube
growth rate and the tube length.25 With increasing cation size, the tube length and aspect ratio
increase.
Anodization using electrolytes in the glycol family such as ethylene glycol (EG) and
diethylene glycol (DEG) provides TiO2 nanotubes with remarkably unique morphological
features.10, 13, 19 First reported by Grimes’s group, the TiO2 nanotube array sample prepared in an
EG−NH4F electrolyte yielded the hexagonal close-packed nanotube arrays of 223-µm length,
with 160 nm outer diameter and 25 nm wall thickness.17 When Ti foil is completely consumed,
the self-standing ~ 360 µm thick TiO2 nanotubular membrane are obtained using EG−0.3 wt.%
NH4F−2.0% H2O v/v (60 V, 96 h), see Figure 2- 3.10 The outer diameter is 165 nm having an
aspect ratio of ~ 2200. In this case, the mass transport effect is more likely to occur in this case,
while the potential dependence process dominates earlier in the anodization process.

For

diethylene glycol, anodization of titanium foil in DEG electrolyte producing the fully separated
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nanotube arrays has been discovered by the author and reported in 2008. Details about the
fabrication study are presented in Chapter 5 of this dissertation.

Figure 2- 3. FESEM images of TiO2 nanotube arrays grown in DMSO, FA, and EG based
electrolytes showing (top) cross-sectional
cross
view, (middle) side view of nanotube wall, and
(bottom) top view of nanotube array films.10, 17

Table 2. 1 summarizes the unique morphologies of TiO2 nanotube arrays fabricated from
different synthesis conditions including electrolyte medium, electrolyte composition, fluoride
species, anodization parameters, and synthesis techniques.

24
Table 2. 1 Summary of unique features of TiO2 nanotube arrays grown in different electrolyte
mediums and anodization conditions.
Unique features
Double wall

Bamboo type

High aspect
ratio, hexagonal
self-ordering
structure, smooth
nanotubes

Morphological
Morpholog
image

Electrolyte medium/
fluoride species/conditions
EG/HF/H2O; Preanodization

Ref.
Albu et al.28

EG/10%H2O/0.6%1-butyl-3methylimidazolium tetrafluoroborate
(BMIM-BF4); pH~6

John et al.29

EG/HF/H2O2; aging electrolyte before
anodization, voltage switching

Albu et al.30

EG/HF; AV anodization
(5 min at 120 V → 5 min at 40 V)

Kim et al.31

EG/HF; AV anodization
(1 min at 120 V → 5 min at 40 V)

Kim et al.31

EG/NH4F/H2O

Highly ordered nanotubes; EG/NH4F/H2O,
two-step anodization35

EG/NH4F/H2O; sweep voltage,
two-step anodization,
grown on Ti with 99.99% purity

Prakasam et al.,Paulose
et al.,7, 10, 11 Sun et al.32
Albu et al.,Ghicov et al.,
Li et al., Likodimos33-36
Li et al.35

Macak et al.37

EG/NH4F/H2O; two-step anodization,
Ti foil with 99.6% purity

Shin et al.38

Nanolace

EG/HF/H2O2; aging electrolyte before
anodization, pulsing AV anodization with a
sequence of 50 s at 120 V and 600 s at 0 V

Albu et al.30

Branched
nanotubes

EG/HF/H2O2, aging electrolyte before
anodization AV anodization,
120 V (6h) → 40 V (2h)

Albu et al.30

Hexagonal selfordering, highly
ordered nanotube
arrays
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Feng et al.39

Robust
nanotubes

Glycerol/NH4F/H2O; wide pH range
(4.5-8.5)

Smooth
nanotubes

NH4F/H2O/(NH4)2SO4; sweep voltage

Macak et al.40

Regular selforganized
nanotube arrays

Formamide/NH4F/H2O

Shankar et al.25

Ultrahigh aspect
ratio nanotubes

Oxalic/KCl/NH4Cl, KOH; tube diameters ~
20 nm, wall thickness ~ 4 nm

Richter et al.41

Coral reef
structure

Acetic acid/NH4F/0.2% H2O electrolyte;
50 V, 1 h

Tsuchiya et al.42

TiO2 Nanotube Array Membrane
Figure 2- 4 (a and
and b) show the backside of nanotube arrays before and after acid etching.
When the thick film (normally > 50 µm) is left to dry in air,, the film always cu
curls and forms the
hollow tubing as seen in Figure 2- 4 (c). Critical point drying method is utilized to solve this
problem to obtain the membrane flatness
flatness.11 As seen in Figure 2- 4 (d), the flat membrane with
both ends opened consists of strongly interconnected, vertically aligned nanotubes having
continuous channel pores. The crystalline membranes possessing high-photocatalytic
high photocatalytic properties
are promising for self-cleaning
cleaning filters.43, 44
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Figure 2- 4. FESEM images showing the bottom of as-anodized TiO2 nanotube arrays (a) before
and (b) after etching by hydrofluoric acid/sul
acid/sulfuric acid dilute solution treatment. Figure (c) is
nanotube membrane in cylindrical shape made by double-sided
double sided anodization of Ti pipe, and figure
(d) is the flat membrane obtained via critical point drying.11

other approach for achieving the open bottom pores directly from anodization bath is a
Another
reduction of applied voltage at the end of the anodization process, causing a successful removal
of the upper part of TiO2 nanotube arrays or the film detachment from th
the underlying metal
substrate, see Figure 2- 5.
5 45

Figure 2- 5. Schematic diagram of the synthesis of TiO2 nanotube arrays with attainable through
throughhole morphology by reduction of anodization volage. The corresponding SEM images obtained
from the bottom of TiO2 nanotube arrays (a) before and (b) after voltage reduction show the
closed and the open-end
end nanotubes, respectively.45
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2.2. 4 The 4th Generation: Using Non-Fluoride Based Electrolytes
Anodization of Ti in the alternative safer chlorine-based electrolyte is a promising choice
to successfully produce the TiO2 nanotube arrays similar to those obtained from the fluorinebased electrolytes. Richter and co-workers reported the use of 0.4 M NH4Cl in a combination
with choices of oxalic, formic, or sulfuric acid for fabrication of TiO2 nanotube arrays; the
nondiscrete nanotubes with thin wall of ~ 4 nm, pore size of ~ 20 nm, and tube length of ~ 60 µm
were obtained.41 However, the as-anodized nanotube films appeared to contain carbon element
up to 20% when using organic acids as electrolytes, while the films are amorphous similar to
those obtained from the fluorine based electrolytes.
Allam et al. reported the synthesis of nanotube arrays using HCl containing aqueous
electrolyte, achieving the nanotubes of ~ 10-nm wall thickness, ~ 15-nm pore size, and ~ 300-nm
length. It is believed that the narrow processing window is due to the complexity of the reactions
of Ti in HCl as the proposed reactions summarized as follows.12

TiO2 + H+ + Cl- → TiO(OH)Cl
TiO(OH)Cl + 3H+ + Cl- → TiCl22+ + 2H2O
TiCl22+ + 4Cl- → TiCl62TiO2 + 4H+ + 6Cl- → TiCl62- + 2H2O

The presence of chloride ion (Cl-) also extends the stability range of Ti(IV) to lower acid
concentrations (pH < 1.5). The TiCl62- complex is highly stable with its free energy range of −
5.12 to − 10.90 kcal mol-1. Hydrogen ions are dissociated from HCl to decrease the oxide surface
energy and thus increase the film instability.46 The HCl acid concentration was found to be
crucial for the formation of nanotube, with no nanotubes observed when the acid concentration is
higher than 3 M. When Cl- concentration is increased in aqueous medium, Ti(III)−Cl complexes
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becomes more stable creating more complex species in the solution.47 Addition of a strong
oxidizing agent hydrogen peroxide (H2O2) to the HCl-containing electrolyte resulted in the
increased tube length and thicker oxide layer.12,

48

Using ethylene glycol as the electrolyte

medium instead of water, the nanotube array film with comparatively longer length was obtained.
The anodic metal dissolution via hydroxyl- and chloride-mediated pathways is illustrated in
Figure 2- 6.

H2O (aq)
H2O (ad)
-

OH (ad)
M

M (ad)

OH -(aq)
+

MOH (aq)

+

M2+(aq)

M (ad)
Cl- (ad)

MCl +(aq)
Cl- (aq)

H2O.Cl - (ad)
Cl - (aq)

METAL

DOUBLE LAYER

AQUEOUS SOLUTION

Figure 2- 6. Hydroxide and chloride reaction paths for anodic metal dissolution.49 Note that M
(ad) is the loosely bonded atom called an adatom indicating the state of metal ion on the
surface of the metal.
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2. 3 Formation of Self-Organized TiO2 Nanotube Arrays
Electrochemical anodization of valve metals, such as aluminium (Al), hafnium (Hf),
zirconium (Zr), niobium (Nb), tantalum (Ta) and their alloys, to form the self-organized porous
structure has been studied for over 50 years.24, 50-60 Mechanisms for the self-organized, closepacked hexagonal pore pattern have been investigated since the anodic alumina was discovered.
The formation mechanisms of TiO2 nanotube arrays appear to be the same as those of the anodic
alumina.51, 61-63 During the past decade, a number of theoretical models have been postulated to
explain the oxide growth mechanisms of the self-organized TiO2 nanotubes in different
electrolyte system. However, the driving force for the self organization remains unclear. One
objective of this dissertation is to study and clarify the fine details of the formation mechanisms
of TiO2 nanotube arrays. Therefore, this section will review the literatures corresponding to the
fabrication of anodic oxide film in views of electrochemistry and formation mechanisms of TiO2,
proposed anodic growth models, and film properties.

2.3. 1 Electrochemistry of Titanium Dioxide

2.3.1. 1 Thermodynamics
Thermodynamics gives an understanding of the energy changes, known as providing the
driving force and controlling the spontaneous direction for a chemical reaction.

In

electrochemical process, the spontaneous reaction leading to the formation of the oxide can be
described in terms of Gibb’s free energy changes (∆G0) at standard temperature (298 K) and
pressure (1 atm). The standard potential (E0) of electrochemical reactions depends on the number
of electrons transferred (n) and Faraday constant (96,500 C mol-1 of electrons).64
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E0 = – ∆G0/nF
Equation 2- 1

The potential is also dependent upon the activity (a) of species for the standard condition of
temperature T (= 298 K) and gas constant R (= 8.314 J mol-1K-1):
E= E0 – 2.303 (RT/nF) log (aproducts/areactants)
Equation 2- 2

For Ti, the ion activity is 1×10-6. The equilibrium potential for the formation of TiO2 on titanium
metal can be described as
TiO2 + 4H+ + 4e- → Ti + 2 H2O

E0 = – 0.86 VSHE
Equation 2- 3

Titanium is thermodynamically reactive; however, it is very corrosion resistant because
of a highly stable passive film formed at all pH in oxidizing potentials. Potential-pH diagram is
developed from thermodynamic data to determine the most stable form of titanium at different
conditions of pH and potential, shown in Figure 2- 7. However, thermodynamics cannot predict
the rate of reactions.

Figure 2- 7. Pourbaix diagram of Titanium−H2O system at 25 ºC.65
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The free energy of formation of the oxygen ions in the oxide film is positive, which is 27
eV obtained from calculation.66 The heat formation of TiO2, ∆H298 is − 941.4 ± 2.9 kJ mol-1 (for
anatase) and − 944.0 ± 0.8 kJ mol-1 (for rutile).67 In the electrolyte containing fluoride ions,
dissolution of TiO2 (TiO2 + 4H+ + 6F- → [TiF62-] + 2H2O) leads to the formation of titaniumhexafluoro complex, which is well dissolved and stable in electrolyte.68 The standard free energy
for [TiF62-] is − 2180 kJ mol-1, which is much more than that of TiO2.

2.3.1. 2 Ionic Mass Transport
Mass transport to electrode surface is an important rate-limiting step in electrochemical
process. The rate of reaction at the electrode surface is controlled by kinetics of heterogeneous
process, which includes the effects from material conservation, species/ion fluxes, current flow,
electroneutrality, electrode kinetics, and hydrodynamics.69 Movement of species from the bulk
electrolyte to the electrode surface involves the physical mechanisms as follows:70
(i) Convection: the movement of species under the mechanical force (a pressure
gradient),

resulting from collisions or vibrations of electrochemical cell or even

experimentally/intentionally forces by stirring.
(ii) Diffusion: the movement caused by the concentration gradient with different
concentrations of active species presenting in the solution.
(iii) Migration: the movement of an ionic solute species under the electric field (a
gradient of electrical potential). While naturally during the process, the positive/negative ions are
attracted by the negatively/positively charged electrode, respectively.
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2.3.1. 3 Chemistry in Non-Aqueous Electrolytes: Electrochemical Aspects
Considering the solvent effects involving the electrochemical reactions, polarity of
solvent and solute/solvent interaction are the very first priorities to take into account, while
dielectric constant and dipole moment of the solvent are also to be concerned in terms of
electrostatic interaction of solvation process.70 For an electrolyte consisting of more than one
ionic species, in principle, the conductivity of electrolyte is considered.
For dilute electrolyte solution, the electrolyte conductivity κ is proportional to the
concentration c of the constituent ions (ion i) for dilute electrolyte solutions.71

 = |Ζi | Ƒ

=
Equation 2- 4

Where Z is charge number of ions i, Ƒ is Faraday constant, ui is the electric mobility of ion i and
the proportionality constant λi is the ionic conductivity or the molar conductivity of ion i.
In a strong electrolyte (high degree of ion dissociation) consisting of cations and anions,
the relation between concentration c and number of ions is presented as

ν+ Ζ+ = ν-Ζ- = ν-|Ζ−| ,

=

+

ν+

=

−

ν−

Equation 2- 5

Where c+ and c- are concentrations of BΖ+ and BΖ-, ν+ is numbers of cation BΖ+ and ν− is numbers
of anion BΖ-.
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By substituting C in Equation 2- 5 into Equation 2- 4, the molar conductivity of an
electrolyte, Λ is obtained (see Equation 2- 7), where λ is ionic conductivity.

 = 

+

+

− Ζ+ ν+ 

= 

+

− |Ζ− |ν− 

+

= ν+

+

+ ν−

−

Equation 2- 6

Λ = ⁄ =  + + − Ζ+ ν+ 

=

 + + − |Ζ− |ν− 

= ν+

+

+ ν−

−

Equation 2- 7

The units of the molar conductivity Λ can be presented either in the respective SI unit (S
m2 mol-1) when κ and c are S m-1 and mol m-3, or in the respective cgs unit (S cm2 mol-1) when κ
and c are S cm-3 and mol dm-3.

Λ (S cm2 mol-1) = 1000  (S cm-1) / { (mol cm-3)}
Equation 2- 8

If Λ, λ+ , and λ- at infinite dilution is expressed by Λ ∞, λ+∞ and λ-∞, respectively. Then the
value of Λ, λ+ , and λ- will decrease as increasing electrolyte concentration due to the influence of
ion-ion interactions.
Λ∞=

ν+

+

∞

+ ν−

−

∞

Equation 2- 9

For the dilute solution, the molar conductivity can be proposed by Kohlrausch law independent
ionic migration:
Λ = Λ∞ − k

1
2

Equation 2- 10

Where k is a constant.
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Equation 2- 10 is similar to that proposed by Debye-Hückel-Onsager limiting law (1926):
Λ = Λ∞ − AΛ∞ + B

1
2

Equation 2- 11

Where A and B are parameters dependent on ionic charges, viscosity and relative permittivity of
solvent, and temperature.71 Note that if the value of Λ (S cm2 mol-1) is plotted against c1/2, the Λc1/2 linear relation provides the value of Λ∞ and can confirm the complete dissociation of
electrolyte.71

Figure 2- 8. A relationship of aqueous solutions of strong acid HCl and weak acid CH3COOH.71
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2.3. 2 Proposed Mechanisms of Titanium Anodization

2.3.2. 1 Dissolution Mechanisms
Since the dissolution process is a heterogeneous electron transfer process, the overall
reaction can be separated into anodic and cathodic partial reactions, where oxidation takes place
at anode and reduction occurs at cathode. The anodic dissolution depends on the adsorption of
water molecules that corresponds to the anodic current and the rate of dissolution.
M → M2++ 2e-

(oxidation)
Equation 2- 12

1/2O2 + 2H+ + 2e- → H2O

(reduction)
Equation 2- 13

M + 1/2O2 + 2H+ → M2+ + H2O

(overall process)
Equation 2- 14

Under electrochemical reaction, the metal atom is oxidized to form Mn+ ions and released
into electrolyte. This process creates a flux of electrons within the metal in the direction from
solution to metal, resulting anodic oxidation current flowing from the metal to solution. Mainly
controlled by the anodization potential, the anodic oxidation and dissolution dominate the overall
reaction.

The dissolution rate is a result of reaction-controlled and/or transport-controlled

reactions. Generally the transport of the anodic product from the metal surface is found not to be
the rate-controlling step for dissolution process, since such a slow transport instead tends to result
in the oxide formation rather than dissolution.
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Localized Dissolution Model
The formation of TiO2 nanotube arrays in fluoride containing electrolyte can be described
by a localized dissolution model, which includes several processes occurring simultaneously
through these following reactions:10, 23, 24, 72-75
(1) Field assisted oxidation of Ti metal to form titanium dioxide: Ti→ Ti+4 + 4e-. The
oxide growth at the metal surface occurs due to interaction of Ti4+ with O2- or OH- ions. The
oxygen anions are produced by this reaction.
O2 + 2H2O + 4e- → 4OHEquation 2- 15

The pore formation occurs as a result of the localized chemical dissolution of the oxide by Faccording to this following reaction.
TiO2 + 6F- + 4H+ → TiF62- + H2O
Equation 2- 16

After the formation of an initial oxide layer, these anions (O2-/OH-) migrate through the oxide
layer reaching the metal/oxide interface where they react with Ti4+.24, 72, 73
Ti + 2H2O → TiO2 + 4H+ + 4eEquation 2- 17

(2) Field assisted dissolution of Ti metal ions into the electrolyte: outward migration from
metal at the metal/oxide interface, then passing through the oxide barrier layer into electrolyte at
the oxide/electrolyte interface under applied electric field.
(3) Field assisted dissolution of oxide at the oxide/electrolyte interface due to the applied
electric field:24, 74 Ti−O bond undergoes polarization and is weakened, promoting dissolution of
Ti4+.
(4) Chemical dissolution of Ti and TiO2 due to etching by fluoride ions in electrolyte
during anodization.
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The electrochemical dissolution of titanium oxides generates the oxygen anion species
(OH- and O2-) and results in the injection of O2- into the oxide layer; see Figure 2- 9 (a). At
steady state, the amount of O2- generated at the oxide surface is equal to the flux of oxygen ions at
the oxide/electrolyte interface. The oxide dissolution reactions and the transports of cations and
anions during anodization are presented in Figure 2- 9 (b).

Figure 2- 9. (a) A schematic representation of oxide dissolution process resulting in the injection
of O2- at the boxed area.66 (b) A diagram showing the growth stages of titanium anodization: (1)
oxidation of metal at the metal/oxide interface, (2) electrochemical reduction at the counter
electrode surface generating OH-, (3) incorporation of O2- into the oxide layer at the
oxide/electrolyte interface, and (4) outward migration of metal cations from the metal/oxide
interface to the oxide/electrolyte interface and inward migration of O2- to the metal/oxide
interface.66

Lee and co-workers reported that the large fraction of titanium is transformed into the
soluble species in electrolyte that subsequently affects the electrolyte properties due to the
dissolution process, with only ~ 2 % of Ti converting into nanotube and the barrier oxide layer.20
Loss of titanium was expected to play a significant role in generating the film porosity.72, 76
Dissolution of metal was found to be dependent upon the current density and the
anodizing electrolyte used. Valota et al. reported the growth efficiency for the anodization of Ti
in glycerol/NH4F electrolyte by assuming that all titanium is oxidized into Ti4+ and the ratio of
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Ti4+ ions per the total charge passing through the cell.76 The largest film formation efficiency is
about 48 % for the controlled voltage condition, whereas the low efficiencies were obtained under
controlled current such as 39.8 % at 0.1 mA cm-2 and 22.8 % at 0.5 mA cm-2. At higher current
density, the growth efficiency tends to decrease caused by the effects of film dissolution, the
accessible fluoride ion from the electrolyte, and the increased amount of proton within the pores
due to the increased acidity of electrolyte. Due to the reversible absorption and desorption of
proton in the film, the structure of the oxide film was found to contain a large number of hydroxyl
bridges at which the composition is represented by TiO2 (H2O)1.4 or TiO0.6(OH)2.8.77, 78 According
to the effect of fluoride ion, reduction of anodized titanium dioxide can fundamentally occur. It is
possible for the nature of oxide dissolution to provide the titanium cations with the oxidation
numbers less than 4, resulting in several forms of stoichiometric oxides such as Ti2O3, Ti3O2, and
TiO, as well as the combination of phases between TiO2 and Ti2O3.66

2.3.2. 2 High Field Model (HFM)
The growth of anodic titania film has been reported to obey the high field model
involving ion migration mechanisms.77 The current density passing through the oxide film is the
ionic current density that dominates the charge transport. Based on high field model (HFM),
Guntherschultze and Betz have shown that the current density i is related to the voltage V drop
across the barrier oxide layer:52, 79, 80
i = A exp (BV/d)
Equation 2- 18

Where A and B are material dependent constants for a given temperature, d is the barrier layer
thickness, and V/d represents the effective average field across the barrier oxide layer. Notably,
the constant B value depends on the ionic valency and the half-jump distance (the activation
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distance) of ion migration, which is 0.16 nm for Ti(IV) ion and closed to 1.5 times of the distance
between the neighboring Ti ions in the lattice.77
Under potentiostatic anodization, the field strength decreases with the film thickness,
leading to the ionic current dropping with time and the smaller growth rate. Figure 2- 10 shows
the thickness of oxide film decreasing with film formation current density. The current density
can vary depending upon the surface of metal substrate.79 If surface is rough, the smoothing
process occurs by reducing the surface area of the metal substrate. Variation of current density
requires necessary changes in the atomic migrations (of metal and oxygen atoms) and the
formation of oxide structure accordingly.

Figure 2- 10. Variation of anodic TiO2 film thickness formed with different formation current
densities at 20 V.81

Under the effect of HFM, it is hypothesized that the film growth rate is limited by
migration of ionic species (e.g. Ti4+ and O2-) through the oxide film. In the titanium dioxide film,
the ionic current is carried by the titanium cation and oxygen anion, with 60 % of current density
involving the formation of TiO282 where only O2- involving the oxide formation process.83
Whereas 40 % current efficiency was assumed to correspond to the TiO2 dissolution. At the
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oxide/electrolyte interface, the acid electrolyte will try to remove the kink site of anions and
cations from the oxide surface.84

In area closed to the oxide/electrolyte interface, the O2-

concentration is high and the Ti4+ concentration is low.85 Normally the large anion O2- cannot
move inward to the pore bottom, but a high field can pull the O2- ion back through the oxide layer
into the interstitial position. The field is also sufficiently high to prevent movement of cations
against the field direction.80 The oxide composition change may occur from the addition of O2into the oxide where OH- is acidified at the oxide/electrolyte interface:
OH¯ aq ⇌ O2-OX + H+aq
Equation 2- 19

Hoar and Mott suggested that OH- ion is produced by the field-assisted process during the
formation of porous oxide film.84 Patermarakis and Moussoutzanis suggested that the OH- anion
is more likely to migrate along intercrystalline surface like O2-, rather than through vacancies
inside the crystallites.86

Generally OH- migrates slower than O2- due to the lower charge

movement; as a result, the rate of oxide formation for OH- is insignificant with respect to that of
O2-. While H+ migration may take place as well during the oxide growth depending upon the
electrolyte concentration. When the rate of oxide formation decreases, the thickness of barrier
layer also decreases. The possible reaction forming O2- anion at the oxide surface can be
expressed as follows:86
2OH- → O2- + H2O
Equation 2- 20

2.3.2. 3 Point Defect Model (PDM)
Based on the point defect model (PDM), the formation of voids is due to the large density
of the point defects from metal cation interstitials and oxygen vacancies74 Various steps of pit
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formation is shown in Figure 2- 11. Under the electric field, the defects of metal interstitials and
oxygen vacancies are generated at the metal/oxide interface then moving outward through the
oxide barrier layer. The schematic diagram showing the point defect reactions is shown in Figure
2- 12 and Figure 2- 13, which is particularly for the titanium anodization.

Figure 2- 11. Various stages of pit nucleation according to PDM.87

Figure 2- 12. Schematic diagram showing interfacial defect reactions occurring in the anodic
growth of barrier oxide layer according to the PDM; where m is metal atom, VMx’ is cation
vacancy on the metal sublattice of barrier layer, Mix+ is interstitial cation in oxide, MM is metal
cation on the metal sublattice of barrier layer, VÖ is oxygen vacancy, OO is oxygen anion on the
oxygen sublattice of the barrier layer, and MΓ+ is metal cation in solution.88
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Figure 2- 13. Schematic representation of defect generation and interface reactions occurring
during titanium anodization, where Tim is titanium atom, TiL+ is titanium ion in cation site of
oxide sublattice, Tiaq4+ is titanium ion solution, Tiin+ is interstitial titanium ion, VTi4+ is titanium
ion vacancy, VO2- is oxygen ion vacancy, and OL2- is oxygen ion in anion site of oxide sublattice.
Reactions (1), (3), and (4) do not result in the movement of the interfaces.89

Zhang et al. proposed the criteria on the kinetics of anodic oxide growth to account for
the properties of the passive barrier oxide film.90 For the point defect model (PDM), the field
strength is independent on the film thickness. The field remains constant but the potential drop
across the metal/oxide interface is found to decrease with the oxide growth. The movement of
oxygen anion vacancies dominates the charge-transfer properties, yielding a steady-state anodic
current that is independent upon the applied voltage.90 The crystallographic defect oxygen
vacancies have been implicated mechanistically in the oxygen evolution reaction.81

The

enhanced charge carrier transport through the oxide film results in the oxygen reduction and
oxygen evolution reactions, giving rise to the higher anion defect density. Whereas the chargetransfer caused by the vacancy motion is dominated by the cation vacancies.
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2.3.2. 4 Equifield Strength Model
Su and co-workers proposed an “equifield strength model” explaining the dependence of
pore formation and separation of nanotubes.61 Self organization of pores is mainly governed by
electric field enhancing the electrochemical reactions at the metal/oxide and oxide/electrolyte
interfaces, when the oxidation and dissolution rates of the oxide are in equilibrium.

Field

enhanced dissociation of water that generates O2- and OH- species is extremely important in the
formation of nanotubes. Based on the equifield strength model, the wall thickness (DD′ or EE′) is
the same as the thickness BB′ at the bottom, see Figure 2- 14 D.

Figure 2- 14. Schematic diagrams showing electric field strength distribution across the oxide
layer. The pit formation on the planar surface occurs through the stage A to C, leading to the
hemispherical shape of pore as seen in D.61

During anodization, the field assists anion migration to form the oxide double layer,
which will be described in section 2.3.4. The strength of electric field can be written by:
E = U/d
Equation 2- 21

Where E is electric field strength, U is applied voltage, and d is thickness of oxide barrier layer.
When d increases to the critical value, the corresponding E will become insufficient to
drive the anions for oxide formation. As a result, the electric field strength approaches the
constant value and then the uniform oxide thickness is obtained. In the case of fast oxide
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dissolution rate, the oxide thickness d tends to decrease leading to an increase in the field strength
E. The increased dissociation rate of water also enhances the growth rate of the oxide layer.
Once the oxidation and dissolution rates are in equilibrium state, the barrier thickness will reach
the constant value when the electric field strength E is also constant.
However, pore distortion could possibly seen in low conductivity electrolyte.13
Competition of oxidation rate could occur in the anodic oxide growth causing irregular pore
deepening and resulting in non-uniform pore organization; see Figure 2- 15.

Figure 2- 15. The competition of oxidation area at different pore tip position (a)91 leading to
differences in pore size (b).62

2.3. 3 Migration of Ion Species
Migration of ions such as metal ion, oxygen anions, or fluoride ions in electrolyte is a key
role in governing the formation of anodic TiO2 and controlling the tube morphology.5,

92

The

anodic titanium oxide grows by simultaneous processes of the outward migration of cations at the
metal/oxide and the inward migration of anions at oxide/electrolyte interfaces. In the oxide layer,
the field-assisted dissociation of the metal-oxygen bonds also creates the positively charged
species that migrate outward to the electrolyte through the oxide layer. Dissociation of metal-
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oxygen bonds is an important step in the ionic transport process for the anodic oxide growth
under high field and ambient temperature conditions.93
Table 2. 2 shows the ionic radii and the transport numbers of ions migrating through
different oxide materials. Size or ionic radius of ions directly affects the migration rates; the
larger ionic size is the slower migration rate. For example, the migration rate of the smaller ionic
radius of F- (0.119 nm) is faster than that of the larger size of O2- ion (0.126 nm).94 The
penetration depth of migrating F- ions is determined by migration rate of F- and transport number
in relation to those values of O2- under the applied field. The transport number of cations and
anions depend on the film material. For example, the transport number of O2− in the titania film
is 0.6,95 whereas the transport number of O2− in the tantala film is ~ 0.75.79

Table 2. 2. Ionic radii and transport number of ions migrating through the oxide layer in different
oxide materials.
Oxide material

Ionic species

Ionic radius (nm)

Transport number

Alumina

Al3+

0.050

0.4 95

Titania

Ti4+

0.064

0.39 ± 0.03 92

93

0.6 94

0.070/0.070

0.24 78

O2−/OH−
Niobia and Tantala

Nb5+/Ta5+

0.126

/0.132

The fluoride ion migrates inward at twice the rate of O2- ions, hence developing the
fluoride composition in the oxide layer.

According to this phenomenon, however, the

incorporation of fluoride ions in the anodic film gives rise to the film detachment from the metal
substrate leading to the poor film properties to be obtained.94 In other words, the TiO2 film
detachment is because of the formation of titanium fluoride layer occurring at the metal/oxide
interface that results from the fast inward migration of F- through the oxide film during
anodization under the high electric field.
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2.3. 4 Formation of Oxide Barrier Layer
When the oxide film is formed on the metal surface, a bi-layer oxide film is formed on
the metal substrate; see Figure 2- 16.74 The inner oxide layer called ‘barrier’ is adjacent to the
metal substrate, whereas the outer layer is formed next to inner layer adjacent to the electrolyte.
Formation of voids on the oxide barrier is usually observed.

The voids grow due to the

condensation of cation and/or metal vacancies. After the void nucleation, the following growth
and detachment processes occur; see the steps (a) to (e) in Figure 2- 16. The overall process
results in the hexagonal pore pattern formed at the barrier layer between pores.

Figure 2- 16. Schematic diagrams of bi-layer oxide and void formation processes.74

The species from solution are usually incorporated into the outer layer, but not the inner
layer. Ono et al. suggested that the outer layer is the phase containing anions from solution,
whereas the inner layer is the anion-free layer; see Figure 2- 17.97 Variation of the steady-state
thickness of the outer and inner barrier oxide layers strongly depends upon the anodization
voltage.88

Under potentiostatic oxidation, the formation of the barrier oxide thickness is
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controlled by anodization potential, electrolyte type and composition. Anodization in different
electrolyte composition leads to different rate of oxide thickening; see Table 2. 3

Figure 2- 17. A schematic representation showing the cell wall structure of porous anodic film.98

Table 2. 3 Rates of TiO2 thickness formation for different electrolyte composition.77
Electrolyte composition

Rate (nm V-1)

Phosphate solutions (pH 1.6-11.5, 0-7.5 V)

2.8

0.1 M HCl solution (3-7.5 V)

2.4

0.1 M H2SO4 (3-7.5 V)

2.5

When the potential is increased, the surface becomes rougher and the crater-like cracks
appears to be seen. Ohtsuka et al. suggested that the abrupt thickening of the oxide film is due to
the creation of lattice defects causing the increase in ionic leakage current.77 For anodization in
fluorine containing electrolyte, fluoride and hydrogen ions are considered to decrease the surface
energy of oxide making it prone to cracking. Where the ionic current intensifies at the cracks, the
internal compressive stress caused by the high field electrostriction leads to the film breakdown.
Raja et al. believed that the instability of the oxide layer is due to competition processes of high
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surface stress (surface stability) and high strain energy due to electrostriction, and also
electrostatic force and recrystallization stresses tending to destabilize the surface.46

The

electrostriction stress can be expressed in Equation 2- 22 and the electrostatic stress is presented
in Equation 2- 23.
!"

= #11 $% 2
Equation 2- 22

Where σer is the electrostriction stress, Y is Young’s modulus, γ11 is the electrostriction coefficient
in the field direction, and E is the electric field.
!&

1
= − '0 '% 2
2
Equation 2- 23

Where σes is the electrostatic stress, ε0 is the permittivity of free space, ε is the relative dielectric
constant of barrier layer, and E is electric field.

2.3. 5 Film Properties
Initially the formed oxide film is found to be n-type due to the predominating oxygen
vacancies and/or metal interstitials in the inner barrier layer. Using higher voltage, the inner
oxide layer becomes p-type due to the large oxidative ejection of metal cations, generating the
large cation vacancies in the film. However, this generation strongly depends on type of the
metals and their electronic character; e.g. cation vacancy conducting layer tends to be p-type for
NiO/Ni, cation interstitial conductor for ZnO/Zn or anion conductor for W/WO3 tends to be ntype.74

49
The predominant phase of inner barrier layer was found to be rutile phase.12, 99 Hassan
and co-workers suggested that the inner layer has a relatively low oxygen chemical potential
compared to that of the outer barrier.100 The stable rutile phase of the inner barrier layer only
exists in a non-stoichiometric form containing the predominant defects of oxygen vacancies and
titanium interstitials.101 The Gibbs formation energy of an oxygen defect (∆Gfdef) depends on
temperature T and partial pressure pO2 and can be expressed as100, 102

Δ+fdef ., 012  =

1

2TiO 2

bulk 0
;= +
5%sup cell 0 ; − 2TiO 2 %TiO
2

2Odef ref
μ ., 012 
2Ti O 2 O
Equation 2- 24

Where nTiO2 is units of TiO2 in a cell, ETiO2sup cell is energy of rutile’s defective supercell, ETiO2bulk is
energy of an equivalent nondefective rutile’s supercell, nOdef is units of oxygen defect, and µOref(T,
pO2) is oxygen chemical potential at T and pO2.
Berger et al. reported the density of the anodized films by estimating from composition of
the film and length of nanotubes; the densities of nanotube films grown in ethylene glycol
electrolyte are in range of 1.25-1.75 g cm-3, which is lower than that of anatase (3.88 g cm-3) and
rutile (4.25 g cm-3).103 The relatively low density of the films could possibly be affected by the
film porosity, the contamination of electrolyte species other than the oxygen anion, and the
amorphous phase presenting in the film.28 The film density was found to be independent upon the
film composition.

2.3. 6 Pore Initiation and Self-Organized Growth of Nanotubes
Evolution of the oxide film is normally investigated along with monitoring the
anodization current transient to study the mechanistic growth at different growth stages of
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anodization. A schematic representation of the formation mechanism of regular self-organized
oxide nanotubes grown by anodization is shown in Figure 2- 18.
At the beginning in stage (I) the current decreases exponentially. The barrier oxide layer
starts to grow immediately after switching on the bias. During the early stages of anodization, a
barrier oxide layer is formed while the underlying nanopores also start growing simultaneously
and randomly over the substrate before forming the self-organized structure.85 Because of the
presence of F- ions, dissolution of the oxide barrier occurs randomly on the surface, forming
small pits as seen in stage (II). The tube formation is determined by the pit formation or the
growth of pits into pores, while the pore initiation occurs at randomly distributed sites leading to
an organized array.104 In stage (III), propagation of small pits results in the larger pores and the
current starts increasing again. During this step, the growth of a disordered worm-like structure
underneath the top surface layer could be observed; see Figure 2- 19. It was believed that the
covering layer at the top surface of nanotube arrays composes of TiO2 and titanium hydroxide
(Ti(OH)4).85 This layer can be chemically removed with increasing anodization time. In stage
(IV), a steady state pore structure is finally formed by closely packed cylindrical cells.

Figure 2- 20 shows the current behaviors for titanium anodization in different electrolyte
mediums. Among those reports, the current density fluctuation has not been well explained for
each type of electrolytes. Thus, it is of great interest in studying and understanding what caused
such variations in the anodization current.
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Figure 2- 18. Schematic diagram showing evolution of nanotube formation at different growth
stages, including Stage (I) oxide layer formation, Stage (II) pit formation on oxide layer, Stage
(III) growth of pit into pores, Stage (IV) field assisted dissolution and oxidation of metal part
between pores forming voids, and fully nanotube arrays developed.23,85

Figure 2- 19. Schematic representation of TiO2 nanotube arrays showing a growth stage of pores
resulting in a worm-like structure.105
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Figure 2- 20. Current density-time behaviors during anodization of titanium in (a) ethylene
glycol (EG)/NH4F/H2O electrolytes (vary voltage),10 (b) EG/NH4F/H2O electrolytes (vary water
content),103 (c) formamide (FA)/H2O electrolytes (vary fluoride species),25 (d)
glycerol/NH4F/H2O (vary water content),106 (e) dimethyl sulfoxide (DMSO)/HF electrolyte,26 and
(f) 2-propanol/NH4F/H2O electrolytes (vary water content).100
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Nguyen et al. proposed that the initiation mechanism of nanopores is controlled by the
oxide dissolution rate and the potential gradient in the oxide layer.66 Variation in potential at the
metal/oxide/electrolyte interface is shown in Figure 2- 21. The potential drops within the oxide
layer are affected by the distribution of excess ions (cations and anions), which are nonlinearly
varied with the space-charge region or the film thickness. In the early pore initiation stage, it was
assumed that the distribution of ions has insignificant effect on the distribution of potential across
the film. When the potential gradient within the oxide decreases below a critical value that
directly affects the oxide composition, the planar interface is unstable leading to nanopore
initiation at the oxide/electrolyte interface, and consequently the initially disorganized array can
be transformed into an organized array.

Figure 2- 21. Variation in potential (Φ) across the metal/oxide/electrolyte interface when (a)
voltage = 0, and (b) voltage > 0.66
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2. 4 Pore Separation
Pore separation forming individual nanotubes occurs under the proper electrochemical
conditions at high anodization current.46 It was believed that nanotube separation is a result of
Ti4+ dissolution into electrolyte generating cation vacancies based on the point defect model,
which can be expressed as74
TiTi(ox) → Ti4+(aq) + VTi4-(ox)
Equation 2- 25

Where TiTi(ox) is titanium atom in titanium lattice position in the oxide layer, Ti4+(aq) is titanium
cation dissolving in electrolyte, and VTi4-(ox) is cation vacancy in the oxide lattice.
When the generation of titanium cation vacancies and oxygen vacancies is unbalanced,
the void condensation would lead to the separation of walls. For example, in the case of fast
oxide dissolution rate, the faster generation of cation vacancies occurs at the outer wall layer.
The density of cation vacancies is higher especially in acidified fluoride solution. The cation
vacancies transport radially leading to the enhanced repulsive forces between walls and
consequently the pore separation; see Figure 2- 22.

Figure 2- 22. Illustration of pore separation creating by cation vacancies due to dissolution of
titanium cations.46
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In addition, the separation of nanotubes is believed to be due to the dissolution of
titanium oxide hydroxide (TiO2.xH2O) locating between nanotubes; see Figure 2- 23.61, 62 The
hydroxide part locating between the neighboring tube cells decomposes by losing protons
continuously to form TiO2, eventually resulting in the increased thickness of the oxide layer. The
overall oxidation reaction is expressed as
2Ti + 2O2- + 4OH- → TiO2 + Ti(OH)4 + 8eEquation 2- 26

Characterized by XPS, it was found that the inner titanium oxide hydroxide layer is the low
density Ti(OH)4 formed at the early stage of anodization.62 Decomposition of the hydroxide layer
leads to the formation of monoclinic β–TiO2 (a = 1.216, b = 0.374, c = 0.651, and β =107.29º)
nanocrystallites. While Feist and Davies found that β–TiO2 phase can also be obtained from
dehydration of the titanium oxide hydroxide H2Ti3O7.107

The titanium oxide hydroxide

nanocrystallites could also be observed when the process was performed in 1 M Na2SO4−0.5
wt.% NaF aqueous electrolyte under voltage sweep anodization using a sweep rate of 100 mV/s
(20 V).108

Figure 2- 23. Schematic diagrams show the partial dehydration of titanium oxide hydroxide
forming two separated layers (A) and generating a space between walls (B), eventually resulting
in the titania nanocrystallite clusters forming on the tube surface (C).62
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2. 5 Porosity Rule
Nielsch et al. proposed that the self-ordering porous alumina requires a porosity of 10%,
which is independent on the anodization conditions.109 Thereafter, Lee and co-workers reported
that the porosity of self-ordered anodic alumina fabricated by ‘hard anodization’ (faster growth
rate) is only 3.3-3.4 %.110 Ono et al. found that porosity could be significantly larger or smaller
than 10 %. in the disordered growth regime, when the porosity increased as decreasing voltage.63,
111

For example, as anodization voltage was decreased from 195 V to 30 V, anodization of

aluminum in 0.1 M phosphoric acid yielded the films with porosity increasing from 10 % to ~
40%, respectively.
The porosity of a hexagonal structure is given by Equation 2- 27.61 The measurement of
Dinter is demonstrated in Figure 2- 24.
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Equation 2- 27

Where P is porosity value (% when multiplied by 100), r is pore radius, Dinter is interpore spacing,
and a or Dcell (or Douter) is outer diameter.
Notably Dinter is equal to a in the case that the pores are closely packed. Whereas the
well-defined self-ordered porous structure, the ratio of r/Dinter was found to be the same as the
ratio of Dinner/Douter, where Dinner is pore diameter (Dpore), and Douter is outer diameter.61
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Figure 2- 24. A schematic drawing of the hexagonal pore pattern with the measurement of
interpore spacing (Dinter).61

2 27,, the porosity value is inversely proportional to the outer diameter a,
From Equation 2which is related to the anodization potential E. Yasuda et al. reported that the outer diameter
linearly increases with voltage; d = 4.60 E + 0.9.57 It is believed that the ratio of Dinner/Douter is
controlled by the electric field strength at the oxide barrier layer; i.e. the sizes of both Dinner and
Douter increase with the applied voltage (see Figure 2- 25).98, 111

Figure 2- 25. The changes of thickness of the inner and outer layers with anodization voltage.98
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Thompson et al. found that the rate of oxide formation increases as dependent upon the
type of acids used leading to the different ratio of Dinner/Douter.52 Ono et al. also reported that the
porosity of anodic alumina film is affected by the addition of acids, e.g. sulfuric acid, oxalic acid,
and phosphoric acid.63 The self-ordering voltage strongly depends on pH of electrolyte, i.e.
sulfuric acid at 25 V, oxalic acid at 40 V, and phosphoric acid a t 195 V. The self-ordering
feature could be obtained under the critical voltage that induces the high current density. This
clearly indicates that the high electric filed strength (applied voltage per unit thickness of oxide
barrier layer) under high current density is a key factor controlling the self ordering. Regardless
of the electrolyte type, the ratio of Dinner/Douter that leads to the well self organization is about
0.3.63 It was note that all the tube dimensions needed to be measured near the pore base in order
to avoid the effect of severe chemical etching at the pore mouth. The porosity P tended to
decrease as the formation voltage increased as shown in Figure 2- 26.

Figure 2- 26. (a) Changes in current density and (b) porosity of anodic alumina films as a
function of formation voltage.63
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Similar to those observed in anodic alumina, the porosity (P) of the anodic titania film
also decreased with increasing anodization voltage, while the increased applied voltage (U)
reflects the increase in current density (i). As reported by Su et al., the P-U and P-i plots are
shown in Figure 2- 27, with the experimental data presented in Table 2. 4.62

Figure 2- 27. Porosity of TiO2 nanotubes anodized in EG−0.3% NH4F−2.0% H2O electrolyte
plotted against (a) current density and (b) applied voltage. The inset in (a) shows the P-i plot in
larger scale of current density.62

Table 2. 4 Experimental data showing the current density (j), the calculated porosity (P) as varied
anodization voltage (U), for anodization of Ti in EG−0.3 wt.% NH4F−2.0% H2O.62
Voltage (V)

Current density (mA)

Porosity (%)

10

0.15

15.5

20

0.22

13.0

30

0.37

11.0

40

0.58

8.63

60

2.50

6.96
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Chapter 3
Experimental Procedures
This chapter describes the fabrication process of TiO2 nanotube array films,
characterization of their properties, and high temperature annealing treatment used to crystallize
the films. All films were prepared by electrochemical anodization of titanium foil in organic
based electrolytes. The anodizing parameters and electrolyte conditions specifically used for
each designed experiment will be discussed. Characterization of the resulting films includes the
measurement of nanotube length, inner and outer diameters, wall thickness, crystallinity, and
photoelectrochemical property.

Analysis of electrolytes both before and after anodization

included measurement of conductivity, pH, and titanium concentration.

These quantitative

studies will provide useful information on how the electrolyte properties affect the formation of
nanotube arrays grown in organic electrolytes.

3. 1 Fabrication of Titanium Dioxide Nanotube Arrays by Potentiostatic Anodization
The self-organized, vertically oriented TiO2 nanotube array films are fabricated by
potentiostatic anodization in organic electrolytes containing fluoride (F-) ions in the form of
fluoride bearing species. Titanium foil (0.25 mm thick, 99.7%) was purchased from SigmaAldrich. Prior to anodization, the foil was cut into the normal size of 2.5 cm × 1.0 cm for each
anodization batch; that is, one Ti sample per one electrolyte bath. Then the cut foils were cleaned
with acetone, soap, deionized (D.I.) water and iso-propanol, and dried with nitrogen air. The
working electrode Ti foil was subjected to potentiostatic anodization in a two-electrode
electrochemical cell, and the platinum foil was used as a counter electrode. The two electrodes
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were connected to a dc power supply (Agilent E3612A D C) during anodization. The anodization
was performed at room temperature about 23 ºC. Figure 3- 1 shows a schematic anodization
setup consisting two-electrode electrochemical cell. It is necessary that the distance between the
two electrodes is maintained constant. Anodization using different inter-electrode spacing would
lead to variation in morphology of the resulting nanotube arrays, with closer spacing leading to
the stronger electric field strength hence facilitating the electrochemical anodization process.2
The effects of inter-electrode spacing on nanotube morphologies were also studied and are
described in Chapter 5. The anodization current was monitored using a Keithley (model 2000)
digital multimeter interfaced with a computer.

After anodization, the samples were rinsed

thoroughly with isopropanol and blow-dried with 99.99% pure nitrogen. For the conditions
yielding very long nanotubes (e.g. > 35 µm), those samples were either left to dry in air or dried
by using critical point drying method.

Figure 3- 1. Schematic representation of anodization setup.
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The dipping area (two sides) of the foil samples into electrolyte was fixed at 3.0 cm2 and
5.0 cm2 if noted. The major parameters for anodization varied depending upon our designed
experiment were summarized in Table 3. 1.

Table 3. 1 Major anodizing parameters used in this study.
Preparation Steps

Parameters

Step 1: Ti substrate preparation

1) Substrate treatment: pre-anodization and non-pre
anodization
2) Ti size

Step 2: Electrolyte preparation

1) Organic based electrolytes
2) Solvent additives
3) Additive content
4) Fluoride bearing species
5) Fluoride concentrations

Step 3: Anodization parameters

1) Voltage
2) Time
3) Inter-electrode distance between Pt and Ti
4) Reusing electrolyte

Step 4: Thermal annealing treatment

1) Annealing temperature
2) Annealing duration

3.1. 1 Ti Substrate Preparation
The aim of this study was to investigate the effect of preanodization the substrate surface
on the film morphology. In the first step, the cleaned titanium foils were pre-anodized in a 0.5 %
HF (48 % aqueous solution, JT Baker) aqueous solution at 20 V for 8 minutes. Thereafter, the
preanodized samples were re-anodized as a second time in the organic based electrolytes. After
anodization, the samples were washed thoroughly with iso-propanol and blow-dried with 99.99 %
pure nitrogen.
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3.1. 2 Electrolyte Preparation
Organic based electrolytes focused in this dissertation were prepared using dimethyl
sulfoxide (DMSO, 99.9%, Sigma-Aldrich) and diethylene glycol (DEG, 99.7%, Sigma-Aldrich).
Fluoride bearing species used in this study includes hydrofluoric acid (HF), ammonium fluoride
(NH4F, 98%, Sigma), and tetrabutylammonium fluoride trihydrate (Bu4NF, 97%, Aldrich). For
all conditions in this study, the total volume of the anodizing electrolyte was fixed at 50 ml.
Additives with different solvent physical properties, e.g. polarity, conductivity, viscosity, and
relative permittivity, were designed to incorporate into the electrolyte with different composition
in order to study their effect on the resulting tube morphology.

3.1. 3 Anodization Parameters
Anodization voltages and times used for this study were varied between 10-100 V and 1168 h. The inter-electrode spacing between Pt and Ti foil normally was kept fixed at 2.5 cm and
varied depending on the objective of that experiment. That is, to study the effect of interelectrode spacing on the tube morphology, the electrode-spacing distance was set as 0.5, 2.0, 2.5,
3.0 and 4.5 cm; see details in Chapter 5.
In some literatures, there was some evidence showing that use of the previously used
electrolyte could affect the length and pore size of the anodic oxide film.3, 4 Therefore, this work
also study the effect of the used electrolyte on the resulting tubes by re-anodizing the ‘first-time’
used electrolyte as the second time and the third time of anodization.
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3.1. 4 Thermal Annealing
Normally the as-anodized nanotube samples are amorphous. The samples do need high
temperature annealing in order to obtain crystallized films.

The crystallized samples were

obtained by annealing the as-anodized TiO2 nanotube-array films in oxygen ambient at the
selected annealing temperatures and times based on previous studies.5-7 The as-anodized films
were leaned against the wall of the alumina boat, leaving a small space between the sample and
the alumina substrate available for oxygen gas flowing through. The annealing conditions used
for the anodized samples fabricated in DMSO and DEG are shown in Figure 3- 2. Note that the
ramping rate used for the DMSO/DEG nanotube samples normally is 1 ºC min-1. For the very
long tube length or the nanotube structure with close-packed structure like EG, the nanotubes
tend to be destroyed when using high ramping rate in annealing. Thus, to avoid any damages
caused by the annealing process, the proper ramping and cooling rate should be relatively lower;
that is 0.5 ºC min-1.

Figure 3- 2. Thermal annealing conditions normally used for the as-anodized nanotube films
grown in DMSO and DEG electrolytes.
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3. 2 Electrolyte Characterization
Conductivity of the anodized electrolytes was measured at 23°C using a conductivity
meter (YSI 3200, Cole-Parmer). The pH value can be roughtly tested using pH paper for the
condition containing large amount of water. Quantitative investigation of titanium concentration
of the anodized electrolytes was done by an inductively coupled plasma atomic emission
spectrometry (ICP-AES, Perkin-Elmer Optima 5300 ICP-AES).

Examination the titanium

concentration was only done for the DEG based electrolyte.
An ICP-AES is an emission spectroscopic technique designed to determine the elemental
types and compositions of solutions. When the solution is nebulized into aerosol and introduced
into argon plasma with high temperatures, the electrons excite and emit a characteristic energy
relating to wavelength as they return to ground state. Each element emits energy at specific
wavelength of which the elements can be determined by this fundamental characteristic. By
measuring the intensity of these wavelengths and comparing them to those generated known
standards, the concentrations of the different atoms on the ppm (mg L-1) level can be determined
by means of a calibration curve. The preferred solution for the ICP-AES is the aqueous matrix
with minimal HF. The solution volume needed for this test is about 4-5 ml. Then the electrolytes
were mixed with the 1.0 % nitric acid before titanium concentration measurement to dilute some
residues in case there are small solid particles precipitating in the solutions.
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Figure 3- 3. Schematic diagram of the Optima 5300 DV optical system.8

3. 3 Microstructure Characterization
Nanotube array morphologies including tube length, pore size, outer diameter, wall
thickness and cross-section topology, were investigated by use of a field emission scanning
electron microscopes (FESEM, JEOL model JSM-6300) and (FE-SEM, Leo 1530). In some
cases such as thick nanotube films, a gold layer was sputtered for 30 s (current 63 mA) on the top
of the nanotube array film is needed in order to minimize charging effects. The sputtering
machine used in this work is BAL-TEC SCD050.

The nanotube morphology was also

investigated by transmission electron microscope (TEM, Philips EM420T) and high resolution
TEM (JEOL EM-2010F).
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3. 4 Structural Characterization
The crystal structure, preferred orientation and crystallinity of nanotube films were
characterized by X-Ray diffraction, XRD.

For our thin film nanotubes on titanium foil,

crystallization of the films was investigated by glancing-angled X-ray diffractometer (GAXRD,
Scintag, Inc., Cupertino, CA/Philips X’pert MRD PRO, Netherlands) using CuKα radiation. The
nanotube films were scanned from 20-60 degrees 2θ, normally with a step size of 0.02º and a 1.2
s count time. Table 3-2 shows the standard powder diffraction file (PDF) numbers from database
of Ti and TiO2 phases that are usually used to characterize the titania phase.

Table 3. 2 Powder diffraction file numbers used for XRD scan.
Materials

PDF#

Anatase, TiO2

00-021-1272
97-007-4449 (particles)

Rutile, TiO2

00-021-1276

Ti

00-044-1294

3. 5 Photoelectrochemical Measurements
Photoelectrochemical response of the nanotube array samples was measured
electrochemically in a standard three-electrode configuration consisting of a TiO2 nanotube-array
film (on Ti foil) as a working electrode, a platinum foil as a counter electrode, and a saturated
Ag/AgCl as a reference electrode with 1.0 M KOH solution as electrolyte medium. A scanning
potentiostat (CH Instruments, model CHI 600B) was used to measure dark and illuminated
current at a scan rate of 10 mV/s. Samples were tested under two different types of illumination:
(i) solar simulated light equivalent to AM 1.5 light at 100 mW/cm2 (intensity set using NREL
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calibrated solar cell) and (ii) UV illumination (320-400 nm) of 100 mW/cm2 (thermopile detector,
Spectra Physics) from metal halide lamp (EXFO lite).
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Chapter 4
Fabrication of TiO2 Nanotube Arrays in Dimethyl Sulfoxide Electrolytes
Uniform titania nanotube arrays with precisely controlled dimensions can be obtained by
tailoring electrochemical conditions, while properties of the nanotubes can vary dramatically with
the electrolyte chemistry in which they were formed. For example, close-packed hexagonal tubes
are formed when using an ethylene glycol electrolyte;1 removal of the tube ‘plug’ by an acid rinse
enables fabrication of free-standing, self-supportive membranes that can be used for
biofiltration.2, 3 In contrast, nanotubes grown from dimethyl sulfoxide (DMSO) electrolytes have
weak tube-to-tube binding, as well as weak adhesion to the underlying barrier layer.4 Hence the
DMSO synthesized tubes can be easily dispersed enabling their use, for example, in enhancing
blood clotting to control hemorrhage.5
The anodic formation of TiO2 nanotube arrays in DMSO were studied and first reported
by Ruan et al in 2005.4 However, the anodization variables have not been precisely determined
nor examined with respect to how far the synthesis window can be further extended enabling a
wide variation of resulting nanotube dimensions.

Therefore, this chapter considers how to

systematically manipulate the synthesis parameters that determine the nanotube dimensions. Also
this work will show the study of anodization current behavior in DMSO and clarify why titanium
anodization in DMSO results in a current-tine behavior different from those observed in other
electrolyte systems.
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4. 1 Solvent Properties and Structure of DMSO
Dimethyl sulfoxide (DMSO, C2H6SO) is well known as a polar, non-hydroxylic solvent
widely used in industrial applications. It is a good solvent for unsaturated, nitrogen containing
and aromatic compounds. DMSO is soluble in water, ethanol, acetone, and chloroform. A
dipolar aprotic, DMSO is classified within a non-protogenic group of electrolytic solvents that
cannot lose proton by ionization. DMSO is considered as a dipolar aprotic solvent because its
pKauto is higher than 22 and acceptor number is in between 10 and 20.

6

Important physical

properties of DMSO are summarized in Table 4. 1.

Table 4. 1 Physical properties of DMSO and EtOH.6, 7
Properties (units)
Melting point (ºC)
Boiling point (ºC)
Dielectric constant (εr)
Viscosity at 25 ºC (cP)
Refractive index (nD at λ =589.3)
Density at 25 ºC (g cm-3)
Dipole moment (at 20 ºC)
Donor number (DN)
Acceptor number (AN)
Conductivity (S cm-1)
Molecular weight (g mol-1)
pKauto*
Hygroscopicity, % weight increase

Values of DMSO
18.5
189.0
46.5
1.99
1.4793
1.095
4.06
29.8
19.3
2x10-9
78.13
33.3
708

Values of EtOH
-114.5
78.3
24.6
1.083
1.3614
0.7849
1.66
32
37.9
1.4x10-9
46.07
18.88
n/a

pKauto* is negative logarithm of autoprotolysis constant Kauto

In part of this work, ethanol (EtOH) was used to mix with DMSO as the electrolyte
medium, thus the properties of EtOH are also comparatively shown. In case of mixed electrolytes
where the inorganic complexes are soluble in DMSO; DMSO does not react with the solutes or
even the transition metal complexes.8
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The unique properties of DMSO in solvation mechanisms include: (i) exceptional
dissociating or ionizing powers with solutions of organic or inorganic compound, (ii) complexing
of organic compounds in DMSO, and (iii) ability to form complexes with metal salts or to chelate
metals.9 Since DMSO is highly polar aprotic solvent, DMSO does not solvate small or ‘hard’
anions (such as Cl-, F-), but only solvates the large and polarizable ‘soft’ anions (e.g. I3-, SCN-).10
DMSO is a protophilic solvent or a proton acceptor; i.e. it is relatively easy to protonate
DMSO on the sulfoxide oxygen to give the (CH3)2SOH+ cation, but difficult to depronate itself to
CH3S(O)=CH2- anion.7 DMSO is considered to be an amphiprotic solvent the solvent that
involves a self ionization or autoprotolysis reaction producing the lyate ion as CH3SOCH2- as
follows.
2CH3SOCH3 ⇋ (CH3SOCH3)H+ + CH3SOCH2(dimsyl ion)
Equation 4- 1

Structure of DMSO
The DMSO structure is shown in Figure 4- 1. The molecular diameter is 5.6 Å.11 DMSO
has valence electron pairs on sulfur and oxygen that serve as protonation sites. Protonation of
DMSO is predicted to occur on the oxygen atom rather than on the sulfur atom, giving the more
stable protonated species.12

Figure 4- 1. Molecular structure of dimethyl sulfoxide.
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The chain structure of DMSO solvent possessing an ordered structure comprises sulfur
and oxygen atoms, see Figure 4- 2. This chain can be broken down at temperatures between 37
°C and 60 °C. If the reaction is performed at a temperature higher than this range, this orderlyoriented structure will be disturbed; the entropy tends to increase and the expansion of the
solution system would result in destruction of intermolecular interactions and structure change
due to thermal agitation.13 The physical and chemical properties such as hydrogen-bonding
ability, surface tension, viscosity, and density are closely related to the structure configuration
that changes with temperature.6

Figure 4- 2. Chain structure of DMSO solvent.14

4. 2 Anodization Parameters Influencing Nanotube Morphology
There are two different electrolyte medium systems to be discussed in this work; i.e. (i)
DMSO based electrolytes without ethanol addition, the main focus of the work in this chapter.
(ii) DMSO and ethanol (EtOH) mixture in a ratio of 1:1. The work will show how the anodizing
parameters influence the resulting nanotube array film. Important parameters include fluoride ion
(F-) concentration, voltage, anodization time, water content, and reuse of the electrolyte.
Observation of the change in geometric features of the nanotubes, which include tube length,
inner and outer diameters, wall thickness and their top surface morphology will be described.
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4.2. 1 DMSO−
−EtOH−
−HF Electrolytes: Effect of EtOH on Limiting Nanotube Length
In 2005, Ruan and co-workers
co
reported the synthesis of TiO2 nanotube arrays in a
fluorinated DMSO based electrolyte.4 Fabrication in DMSO:EtOH (1:1)
(1:1)−4.0% HF electrolyte at
20 V for 70 h at room temperature, a maximum nanotube length of 2.3 µm (±
( 0.3) was obtained;
see Figure 4- 3.. The nanotube array film obtained from this work appears to have debris clogging
the nanotube pores as seen Figure 4- 3 (a). Washing the as-anodized
anodized samples in DMSO
DMSO−HF
solution following with sonication could help to remove such debris, consequently leading to the
nanotubes with open pores.
pores However, the tube length obtained from Ruan’s work is still shorter
than the several micron-length
length one obtained from the aqueous electrolytes using a suitable pH.15
Is it because of the effect of electrolyte that limits the nanotube length? If so, why? Thus,
the goal of this study was to clarify these questions, optimize synthesis parameters, and finally
improve the length of the
he TiO2 nanotube arrays.

(a)

(b)

Figure 4- 3. FE-SEM
SEM images of titanium foil sample anodized in DSMO and EtOH mixture
solution (1:1) containing 44.0% HF at 20 V for 70 h at room temperature, showing (a)
(a a top view
4
of the nanotube
otube array and the color
color-marked debris, and (b) a cross-sectional
sectional view.
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The evolution of surface morphology was investigated as a function of applied voltage
and anodization time.

In this experiment, the anodization voltage was varied while the

anodization time was fixed, and vice versa. Table 4. 2 shows the effect of anodization voltage
and time on the nanotube length. The combined effect of voltage and time led to the optimum
nanotube length as demonstrated in Figure 4- 4. Surprisingly, the maximum tube length obtained
was 11 µm that is almost five times longer than the 2.3 µm reported by Ruan, when the
electrolyte conditions, room-temperature anodizing bath, voltage and time were used based on
Ruan’s report. Note that the 11 µm length sample was obtained from using the freshly prepared
electrolyte. The tube length was found to decrease significantly when the film was anodized in
the previously used electrolyte having higher conductivity than the fresh electrolyte.

The

dependence of tube length on reusing the anodized electrolyte as a second time is described in the
latter section of this chapter.

Table 4. 2 Tube length of TiO2 nanotube arrays obtained from anodizing in the fresh
DMSO:EtOH (1:1)−4.0% HF electrolytes at different voltages and different anodization times.
Voltage (V)
10
20

25

Anodization time (h)
24
1
10
20
24
70
90
24
70

Tube length (µm)
0.50
0.35
3.7
3.6
4
11
4
4.5
6.4
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Figure 4- 4. A 3D-surface plot of TiO2 nanotube length as functions of anodization voltage and
time for those data presented in Table 4. 2.

Discussion
In the EtOH-H2O-DMSO mixture, EtOH has a proton affinity (185.6 kcal mol-1)16 higher
than water (38.1 kcal mol-1)17 and lower than DMSO (> 211 kcal mol-1),12 hence EtOH can easily
form the large protonated ethanol clusters (EtOH2+) in the mixture. The form of EtOH2+ is a little
more acidic than H3O+ and so the clusters can react selectively with DMSO. DMSO favors a
specific and strong interaction with a dipolar hydrogen bond donor like EtOH due to its strong
hydrogen bond acceptor nature.8
Considering the solvents donor number (DN) value, DN is a measure of solvent polarity,
with the high DN reflecting the high polarity of solvent. The DN also shows the ability of solvent
to solvate cations, Mn+ and other Lewis acid.7, 9 From Table 4. 1, the DN of EtOH is higher than
that of DMSO, implying that when EtOH is mixed with DMSO the dissolved Ti4+ ions and/or H+
are more likely to be solvated by EtOH compared to DMSO. The fluoride ion can also have a
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strong association forming ion pairs with alcohol molecules, which makes it difficult to obtain the
free F- available in the bulk aprotic solvent.18 The mobility and availability of F- and OH- at the
oxide/electrolyte interface is essential in the oxide growth process. Thus, it is believed that the
reactivity of DMSO is reduced because of the solvation of ethanol clusters. Due to the effect of
ethanol solvation, the mobility of transport ions is decreased yielding the reduced conductivity.
In the next section, the work will show how modification of electrolyte composition affected the
tube morphologies, especially the nanotube length.

4.2. 2 DMSO−
−HF Electrolytes

4.2.2. 1 Approach for Obtaining Longer Nanotube Lengths
To increase the nanotube length, it is necessary to reduce the chemical dissolution of the
oxide at the pore mouth while maintaining active growth at the bottom of the pore. The work in
this section focused on investigating the effects of key parameters determining the nanotube array
length. Those anodizing parameters include
(i)

surface treatment or pre-anodization of Ti metal substrate

(ii)

HF concentration

(iii)

anodization voltage

(iv)

anodization time.

Variation of tube length as a function of HF concentration and anodization is shown in
Figure 4- 5. The 2.0% HF in DMSO electrolyte yielded the maximum nanotube length for both
40 V and 60 V, when the higher voltage resulted in the longer tube length. HF concentrations
higher than 2.0 % appear to result in relatively faster etching of the TiO2, and thus shorter tubes
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with thinner walls. At HF concentrations below 2.0 % the nanotube growth rate is so small as to
dominate the tube formation behavior; i.e. for the 1.0% HF condition, the growth rates are 0.24
µm h-1 for 40 V and 0.33 µm h-1 for 60 V. Whereas for the 2.0% HF condition, the growth rates
are 0.78 µm h-1 for 40 V and 1.37 µm h-1 for 60 V.

Figure 4- 5. (a) Variation of TiO2 nanotube array length as a function of HF concentration in
DMSO electrolyte at 40 V and 60 V and fixed 70 h anodization. (b) A 3D plot of figure (a).
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Pretreatment of the titanium foil, called ‘pre-anodization,’ was found to further improve
the tube length. Titanium foils that were pre-anodized in a 0.5% HF aqueous electrolyte at 20 V
for 20 min prior to anodization in 2.0% HF containing DMSO electrolyte showed greater growth
rates. In Figure 4- 6, the length of nanotubes formed on samples with and without the preanodization treatment is seen to increase with anodization voltage.

The maximum length

obtained was 101 µm upon anodizing a pre-anodized sample in 2.0% HF-DMSO at 60 V for 70 h,
with inner diameter 150 nm, and wall thickness 15 nm for a calculated real surface area per unit
geometric area (geometric roughness factor) of 3436.12 (± 63.40). A dramatically decrease in
length is achieved at 70 V, whereas at 80 V the Ti foil sample dissolved into the electrolyte after
24 h.

Figure 4- 6. Variation of TiO2 nanotube array length as a function of applied voltage when
anodizing Ti foils both with (red line) and without (blue line) pre-anodization surface treatment in
DMSO−2.0%HF electrolytes for 70 h anodization.

Anodization voltage affects the nanotube-array morphologies as seen in Table 4. 3. At
40 V, the wall thickness was found to be in the range of 8 nm to 17 nm, a variation due to
fluctuations in dissolution of the titanium metal. An average wall thickness of ~ 15 nm was
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found to grow to approximately 30 nm with crystallization; as a result the inner diameter of the
annealed nanotubes reduced from ~ 120 nm to 105 nm. An interesting characteristic morphology
observed for the nanotube arrays grown in D
DMSO
MSO bath is the dense layer at the bottom of the
arrays, while the tubes atop are well separated. Either using 40 V or 60 V, the 30 % thick area of
the dense layer (see FESEM images in Table 4. 3) was always obtained for a given electrolyte
condition of DMSO containing 2.0%
2 % HF.

This is probably because of the long length of

nanotubes limiting the mass diffusion in the electrolyte to the bottom pore.19 The diffusion limit
consequently affects the growth and the dissolution processes and results in a thick layer at the
bottom of the arrays.

Table 4. 3 Effect of anodization voltage on the morphology of the asas-anodized TiO2 nanotube
arrays anodized for 70 h in DMSO−2.0%
DMSO
HF electrolytes.
Morphology parameters

40 V

60 V

Pore size (nm)

~ 120

~ 150

Bottom size (nm)

~ 250

~ 400

Wall thickness (nm)

~ 15

~ 50

Length (µm)

45*

~ 100

Calculated real surface

1958.88

2321.69

area per geometric area20
Dense layer at the bottom
of nanotube array

* At 40 V, the 45-µm
m length obtained after sonication.
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Figure 4- 7 shows FESEM images of samples prepared in the DMSO−2.0% HF solution
anodized at 40 V (images a,c,e) and 60 V (images b,d,f) for 70 h. The surface of the as-anodized
nanotube samples are previously covered with precipitate, mostly observed when using the fresh
electrolyte where the chemical dissolution is insufficient to remove debris at the top surface of the
nanotube arrays. After the unwanted debris was removed by sonication, the clearly open pores
were obtained as seen in Figure 4- 7 (a-b). The vertical alignment of the nanotubes and general
morphology are independent of the voltage used, with the nanotube arrays separated from the
underlying titanium foil by a dense barrier layer. In Figure 4- 7 (e) and (f), the packing of the
nanotubes appears to be a slight deviation from an ideal hexagonal close packing arrangement.
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Figure 4- 7. FESEM images of a TiO2 nanotube array sample grown from a DMSO−2.0% HF
electrolyte for 70 h at (a,c,e) 40 V and (b,d,f) 60 V. Top surface images are seen in (a,b), cross
sectional images in (c,d), and tube bottom view images, removed from the underlying barrier
layer, are seen in (e,f).
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4.2.2. 2 Effect of HF Concentration on Wall Thickness
Chemical dissolution is a key reaction in determining the tube length. The dissolution of
the barrier oxide layer at the bottom will drive the electrochemical process, pushing the pore
growth into the substrate. The chemical dissolution of either the barrier oxide layer or the oxide
wall depends on the concentrations of F- and H+; a drawing of the ionic movements in the pore
formation process is illustrated in Figure 4- 8:15, 21, 22
TiO2 + 6F- + 4H+ → TiF62- + 2H2O
Equation 4- 2

Figure 4- 8. A schematic representation of directional movements of ionic species during
anodization in an electrolyte containing fluoride ion.

It was believed that F- and H+ are the rate determining diffusing species in controlling the
formation of the nanotubular layer.23

Thus, the work in this section will show how HF

concentration affects the wall thickness of the nanotubes synthesized in the DMSO electrolyte.
The wall thickness of nanotubes decreases with higher HF concentrations; see Figure 4- 9. The
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FESEM images of the nanotubes obtained from varying HF contents are shown in Figure 4- 10.
The images were taken at the same electron beam voltage of 10 kV.

The larger fluoride

concentrations led to the thinner wall that the tubes appear to be transparent to the electron beam.
The transparent tubes are clearly seen in Figure 4- 10 (b) for the 4.0% HF condition. In Figure 410 (c), the top end of nanotube arrays is broken and the ring-like structure along the tube wall is
clearly observed, suggesting that the oxide dissolution at the top of nanotube arrays is enhanced
due to the increased HF concentration. As a result, the fast oxide dissolution leads to the decrease
in wall thickness. Once the wall thickness is reduced and reaches zero, then the tube length
reduces.

Figure 4- 9. Variation of wall thickness at the top of TiO2 nanotube arrays synthesized in DMSO
electrolytes containing different HF contents at 40 V and 70 h.
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Figure 4- 10. FESEM images showing top views of TiO2 nanotube arrays anodized at 40 V for
70 h in DMSO electrolyte
ectrolytes containing (a) 2.0% HF, (b) 4.0%
% HF, and (c) 6.0%
6
HF. Tube
transparency is clearly observed in figure (b).

4.2.2. 3 Effect of Water Additive
The effect of water is known to significantly enhance the chemical dissolution of the
oxide at the pore mouth.1, 24, 25 However, the TiO2 nanotube length decreases when water is added
in the organic electrolyte.1, 2, 20, 26 The work in this section will show how water cont
content affects
the tube length and especially the top surface morphology of nanotube arrays in terms of pore
opening and pore size enlargement.
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Results and Discussion
The water content used as an additive in this DMSO electrolyte was optimized in order to
observe its effect on the tube morphology, especially the top surface of the arrays. The nanotube
length was measured as a function of water content varied from 0.0% to 12.0% v/v.
Figure 4- 11 (a) is a variation of the nanotube-array length achieved as a function of
water content in DMSO−2.0% HF electrolytes anodized at 40 V for 40 h, demonstrating a
decrease in tube length with increasing water content. With larger water content the extent of
chemical dissolution enhances the oxide wall etching at the top end of the arrays, thus decreasing
the tube length as seen in Figure 4- 11 (a). Therefore, the key to successfully achieving very long
nanotube arrays is to minimize water content in the anodization bath.
Figure 4- 11 (b) indicates the lengths achieved at 40 V in DMSO−2.0% HF electrolytes
containing 0.0%, 3.0%, and 5.0% water contents as a function of anodization time. The longer
anodization time up to 70 h yielded the maximum length of nanotubes with open pores. It was
found that anodization times less than 40 h yielded the clogged tubes for the 0.0% and 3.0%
water content conditions. However, this clogging disappears as using 5.0% water content, even at
the times less than 40 h. It has been reported that longer anodization times resulted in more
titanium dissolution in the electrolyte,27, 28 leading to higher electrolyte conductivity that helps to
prevent debris precipitating on the top surface of the nanotubes.
Figure 4- 12 demonstrates morphology of the as-anodized nanotubes as a function of
water content. Changes were observed in the morphology of the as-anodized nanotubes upon
adding water to the electrolyte; pore clogging disappears at a water content of ~ 5%. All samples
obtained from electrolytes containing 5.0% water or more were repeatable, with good interface
adhesion and no peeling-off effect. Addition of water not only improved the top surface of
nanotube arrays by opening clogged pores, but also improved the film adhesion between the
nanotube arrays and the underlying titanium substrate.
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Figure 4- 11. Variation of TiO2 nanotube length obtained from anodizing Ti foils in
DMSO−2.0% HF electrolytes as a function of (a) water content (fixed 40 V and 40 h), and (b)
anodization time (fixed 40 V) when amount of water was varied; i.e. 0.0%, 3.0% and 5.0%
contents. (c) A contour plot of nanotube length as a result of water content and time variation.
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Figure 4- 12. FESEM images showing top views of TiO2 nanotube arrays at different levels of
magnification. The nanotube array films were obtained from DMSO−2.0% HF electrolytes
containing (a) 1.0%, (b) 2.0%, (c) 3.0%, (d) 5.0%, (e) 10.0%, and (f) 12.0% H2O, using
anodization voltage at 40 V and duration time for 40 h.

Viscosity of DMSO-Water Mixtures
Since this work has dealt with the strongly corrosive hydrofluoric acid, thus viscosity of
the electrolyte containing HF is experimentally difficult to be measured. The viscosity values of
the DMSO−water mixtures in this work were primarily estimated based on the data reported in
literatures8, 29 as shown in Figure 4- 13. For the DMSO composition range of 0.6 < xDMSO < 1 or
low water content, the self-association interaction between DMSO molecules is believed to play a
major role in the DMSO-rich region that consequently dominates the properties of the mixture.11
The hydrogen bond of water−DMSO is about 1.33 times more stable than that of water−water
molecules when they are in the same environment.30 When water is mixed with the strong
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hydrogen acceptor DMSO,
DMS the viscosity of the mixture increases with water content from about 2
cp to 3.74 at 0.68 mole fraction of water.8 With high water content, the
th solution is extremely
viscous, meaning that the intermolecular interactions existing in the mixture are stronger than in
the pure solvent either water or DMSO. As in Figure 4- 12, when DMSO electrolytes were added
add
with different water contents, it was expected that the solvation properties of ions dissolving in
the DMSO medium may be governed not only by the interaction among the DMSO molecules,
but also the enhanced effect of intermolecular interaction with water
water molecules
molecules. With larger
water content added into
to the anodization bath,
bath the ion solvation properties are more affected. The
viscosity of the DMSO
DMSO−water mixtures hence tends to increase with increasing water content
accordingly.

(
at 20 °C)
C) for the solutions of DMSO mixed with
Figure 4- 13.. Estimation of viscosity (measured
1.0% to 12.0%
% v/v water contents. The symbol is for the values estimated for this experiment,
whereas the symbols and are from literatures.8, 29
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Structure, Interaction, and Solvation in DMSO-Water Mixture
With increasing water content in DMSO, the ordered orientation between DMSO−DMSO
molecules is disturbed; i.e. the S=O···S=O bond between DMSO molecules tends to gradually
break up and water molecules will subsequently insert or associate to the DMSO molecule.31 The
formation structures of water and DMSO molecules in the mixtures are shown in Figure 4- 14.

Figure 4- 14. Intermolecular associations between DMSO and water molecules in the mixed
solution.8 (Me represents the methyl (CH3-) group in DMSO molecule)

Kirchner and Reiher found that DMSO has strong preferential coordination with water
forming clusters (see Figure 4- 15); i.e. at least two molecules of water are added to a DMSO
molecule in the first hydration shell and three to four in the outer adjacent shells as schematically
shown in Figure 4- 16.32 Since the local electron-donating ability of DMSO is slightly greater
than that of water, forming of a hydrogen bond between DMSO and water is attributed to the
increased electrostatic contribution due to the stronger polarization of the oxygen atom in DMSO.
Although the S═O bond in DMSO structure is strong, a slight S−O elongation could be observed
for more coordination of water molecules.33 When two or more water molecules interact with
DMSO, the S−O···H−OH distance (186.5 pm) is found to be longer such as 197 pm for 2
molecules having the relatively lower interaction energy between O···H.32
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Figure 4- 15. (a) A configuration of DMSO-water cluster.33 (b) A proposed structure of two
DMSO−water clusters, where the numbers show deviations distances (pm) from intermolecular
bond lengths in each cluster.32

Figure 4- 16. A schematic representation of a solvated metal ion or cation.

According to the strong interactions and the clusters forming in the electrolyte, the ion
mobility and the mass transport to the electrode surface are consequently affected by these
solvation effects.30 In the case of large water content in the DMSO−water mixture, the solvation
of F- will increase due to the increased hydrogen bond strength between F- and solvent molecules,
thus inhibiting fluoride ion availability.34 Also the reactivity of OH- may be reduced to some
extent with larger water composition because water can effectively stabilize the anions by
hydrogen bonding; see Figure 4- 17.

The activity of OH- in the mixture of DMSO/water
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solutions increases with increasing DMSO composition.35 In the oxide growth process, the
hydroxyl ion (OH-) is an essential source for the oxidation reaction.

Figure 4- 17. Three possible arrangements of three water molecules to a hydroxyl ion (OH-).35

Addition of water to the electrolyte ensures field assisted etching of the Ti foil at the pore
bottom. The formation of the barrier oxide layer or the compact layer of TiO2 at the bottom of
the arrays was found to be affected by water content.36 The oxidation of titanium with water can
be expressed through Equation 4- 3 and Equation 4- 4, yielding a combined result as shown in
Equation 4- 5. The higher composition of water leads to the more hydration of water at the oxide
surface then facilitating the oxide formation, when the ion hydration tends to be greater than ionion interaction.37
Ti(s) + H2O(l) = TiO2+ + 2H+ + 4eEquation 4- 3

TiO2+ + H2O(l) = TiO2(s) + 2H+
Equation 4- 4

Ti(s) + 2H2O(l) = TiO2(s) + 4H+ + 4eEquation 4- 5

Referring to Equation 4- 4, the increased film growth rate was also believed to enhance
the oxide film dissolution as in Equation 4- 6 due to the increased proton (H+) generation at the
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pore base as a product of the oxide film formation.38 The rate of chemical dissolution of TiO2
also increases with water content,24 where the fundamentally dissociation of water is known to
provide proton (H+) to the solution. The proton conductivity tends to increase with increasing
water content in the solution.17
TiO2(s) + 6F− + 4H+ → TiF62-(aq) + 2H2O
Equation 4- 6

The free energies of formation (∆G0f, 298) of TiO2(s) and [TiF62-] complex are −820 kJ mol-1
and −2180 kJ mol-1, which means the hexafluoro complex is more stable than TiO2.36 Thus, the
oxide dissolution reaction tends to occur thermodynamically in the electrolyte condition that
contains fluoride ions, where the dissolution rate depends on fluoride ion concentration,
anodization time, and voltage. Note that Gibbs free energy (∆G0f, 298.15) for Ti4+ is −386.34 kJ
mol-1.39 Considering the reaction in Equation 4- 6 along with those free energies mentioned
above, this could be understood that once titanium metal is oxidized, the very unstable titanium
cations will rapidly form the more stable state of TiO2 prior to undergoing the oxide dissolution
process.

4.2.2. 4 Effect of Previously Used Electrolytes
Anodization in a ‘used’ electrolyte was also studied in this DMSO part. In this work, the
electrolyte solution after it is first used for anodization is called a ‘previously used electrolyte’.
The properties of the used electrolyte vary depending on the anodization history of the previous
anodization such as electrolyte composition, anodization voltage, and time. It is believed that
anodization leads to the titanium dissolution into the electrolyte,15,

27, 40

while the fluoride

concentration in the anodized electrolyte was found to decrease because the fluorine element is
lost from the solution to the as-anodized film during the film formation.41, 42 Thus, this work had
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paid attention to the measurement of electrolyte conductivity increasing after anodization, instead
of analyzing the uncontrollable concentrations of fluoride ion and water. Also the work in this
part will show how the conductivity changes with important anodizing parameters that have
significant effect on the resulting tube morphology.

Electrolyte Conductivity
Figure 4- 18 (a) shows conductivity values of DMSO electrolytes containing 2.0% to
4.0% HF measured before and after 70-h anodization at 40 V. For the fresh electrolyte, the
conductivity of the DMSO−4.0% HF electrolyte is slightly higher than that of 2.0 %, but it is
significantly higher after it was anodized for 70 h. It is reasonable to believe that the large HF
concentration facilitates the chemical dissolution and oxide etching leading to the large amount of
ions dissolving into electrolyte. In Figure 4- 18 (b), the conductivity of the 70-h anodized
electrolytes also increases with the anodization voltage. The electrolytes obtained after the 1st
anodization were subjected to re-anodization as the second time; as a result, the measured
conductivities after the 2nd anodization are higher than those measured after the 1st anodization.
For example, at 40 V conductivity of the DMSO−2.0% HF electrolyte after its first anodization
(40 V for 70 h) is approximately 100.60 µS cm-1 compared to 8.76 µS cm-1 of the fresh
electrolyte. Then after the second anodization, the conductivity reached 160.10 µS cm-1 for the
140 h anodization duration.

The electrolyte conductivity increases with longer anodization

durations due to the more titanium ions dissolving in electrolyte.
However, either using the ‘fresh electrolyte’ or the ‘used electrolyte’ as a starting
electrolyte for anodization, the slopes of the increased conductivity per the increased voltage are
within the same narrow range, 2.62 µS cm-1 V-1 and 2.67 µS cm-1 V-1, respectively. Thus, it is
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believed that the anodization voltage is a major factor in controlling the composition changes and
the properties of anodized electrolyte.

Figure 4- 18. Conductivity values of DMSO−HF electrolytes plotted as a function of (a) HF
content and (b) anodization voltage.
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Interaction plots between HF concentration-time, HF concentration-voltage, and timevoltage are shown in Figure 4- 19 (a-c), respectively. It is clearly indicated that HF concentration
and voltage are the two most important parameters influencing the electrolyte conductivity.

Figure 4- 19. The 3D surface plots of conductivity vs. (a) HF content and anodization time, (b)
HF content and anodization voltage, and (c) anodization voltage and time.
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4.2.2. 5 Evolution of TiO2 Nanotube Array Films Grown in Fresh and Used Electrolytes
Figure 4- 20 demonstrates the effect of previously used electrolyte on evolution of TiO2
nanotube samples in comparison to that of the fresh electrolyte. Variation of nanotube length
versus anodization time for fresh and used electrolytes is shown in Figure 4- 21. The higher
conductivity of used electrolytes is useful in the initiation of nanotube growth; therefore we
observed faster initial rates of nanotube formation in used electrolytes during the first 20 h
anodization. Between 10 h to 20 h duration, the chemical etching rate may have started to
dominate the process due to the improved electrolyte conductivity. From there the covering
oxide layer becomes more porous at the 20 h anodization, as seen in Figure 4- 20 (c). During this
time, the top debris may be broken down abruptly reducing the nanotube length, as the sharp
decrease in tube length seen in Figure 4- 21 (b) during the 10 h to 20 h. The thickness of
nanotube array films obtained from the used electrolyte is normally shorter than that obtained
from the fresh electrolyte. For the fresh electrolyte, the tube length was found to continually
increase with anodization time, see Figure 4- 21 (a). The chemical dissolution reaction also
occurs but is not significant in the fresh electrolyte due to the relatively lower conductivity
suppressing the dissolution rate. The nanotube arrays obtained from the fresh electrolytes always
have the thick oxide layer covering the top surface of the arrays unless at least 5.0 % water is
added resulting in the open top surface.
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(a)

(b)
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(c)

(d)
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(e)
Figure 4- 20. FESEM images showing cross-sectional
sectional and top views of TiO2 nanotube arrays
fabricated from the ‘fresh
‘fresh-prepared electrolytes’ (left, DMSO−EtOH electrolyte containing 4.0%
HF at 20 V) and the ‘used electrolytes’ (right,
(right, reanodizing the first used DMSO−EtOH
DMSO
electrolyte
containing 4.0% HF (20 V, 70 h) as the second time at 20 V).
V) For both fresh and used
electrolytes, the anodized
nodized nanotube array films were collected at different anodization times; i.e.
(a) 1h, (b) 10 h, (c) 20 h, (d) 35 h, and (e) 70 h.

Figure 4- 21.. Variation of nanotube length as a function of anodization time of TiO2 nanotube
arrays obtained from anodizing in (a) fresh electrolytes ( ) and (b) used electrolytes ( ).
Electrolyte and anodization conditions for figures (a) and (b) are as same as those explained in
Figure 4- 20.
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4.2.2. 6 Surface Cleaning
The unwanted debris or precipitate is always obtained during anodization using DMSO
electrolytes, but it can be mechanically removed by sonication. As seen in Figure 4- 22, the
sonication method is considerably effective to remove the thick precipitate layer covering the top
surface of the nanotube arrays. The as-anodized nanotube sample should be washed thoroughly
to ensure that the sample is completely cleaned. However, prolonged sonication leads to the
shorter tube length.

Figure 4- 22. FESEM images showing the top surface of TiO2 nanotube array films (a) before
surface cleaning, (b) after dipping in 0.5% HF aqueous solution for 1 min, and (c) after sonication
in ethanol for 1 min.
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4. 3 Real Time Current Response during Anodization
Electrochemical reactions are classified as the heterogeneous process involving the
electron transfer between a solid oxide surface and species in a solution, which includes the mass
transport processes as follows: 43
(Step i)

Transport of O from the bulk electrolyte to the interface

(Step ii)

Adsorption of O on the surface

(Step iii)

Charge transfer at the electrode forming R

(Step iv)

Desorption of R from the surface

(Step v)

Transport of R from the interface into the bulk electrolyte

The rates of the individual steps are time dependent. As shown in Figure 4- 23, prior to
application of voltage, the species O and R are in the equilibrium. In this study, O is defined as
the inward diffusing ionic species such as F- or the oxygen anions like O2- or OH-. Whereas R is
defined as the produced species after O is consumed in the formation of nanotube; e.g. the
product of F- consumption is TiF62-. After immediately applying voltage, the concentration of O
species start to increase at the surface by adsorption and R species start to decrease desorbed from
the surface finally reaching their steady state value. When the reaction is controlled by the
diffusion of ionic species in the electrolyte the current is inversely dependent on the nanotube
length.47
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Figure 4- 23. Schematic representations of (a) diffusion model proposed for ionic species during
anodization of Ti-Zr alloy,47 (b) concentration of ionic species as a function of distance away
from the oxide surface, (c) mass transport processes occurring at interface surface, and (d)
anodization current as a function of time under potentiostatic condition.43, 44

The technique to measure the current transient is called ‘chronoamperometry’− the
expression of the rate (current) as a function of time. The rate of an electrochemical reaction is
related to the current through Faraday’s law:45
K =

LFI
2
Equation 4- 7

Where m is mass loss, I is current or a measure of electron flow, t is time, a is atomic weight, n is
number of equivalents exchanged, and F is Faraday’s constant (96,500 coulombs/equivalent).
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After dividing Equation 4- 7 with time t and surface area A, the corrosion rate r is obtained as
" =

K
I
=
FM
2
Equation 4- 8

Where i is current density (=I/A) having a unit of such as mA cm-2. Under potentiostatic control,
once the potential is applied the passive film begins to grow and thicken with time. Thickening
of the oxide films leads to a decrease in current density; see Figure 4- 23 (d). Barnartt reported
that the current density decreases with time at a continually decreasing rate.46
Assuming that the mass transport is driven by diffusion, the rate of (Step i)— transport of
O from the bulk electrolyte to the interface and (Step v)— transport of R from the interface into
the bulk electrolyte will depend on the concentration gradients according to the Fick’s first law:43
−
2M

= N0 = −E0

OP0

H

OQ

J

Q=0

Equation 4- 9

OPR
= NR = −ER H
J
2M
OQ Q=0
Equation 4- 10

J = Flux in moles per unit time per unit area (mol sec-1 m-2) at the interface
D = Diffusion coefficient (m2 sec-1)
CO = Concentration of O at the interface
CR = Concentration of R at the interface

From Equation 4- 9, Equation 4- 10, and Figure 4- 23, JO tends to be positive, whereas JR tends to
be negative. Thus, the sum of these reactions leads to a decrease in total current, which decreases
with time as seen in Figure 4- 23.
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Furthermore, the rate of reaction is also potential dependent:

2M

= ST P0 Q = 0
Equation 4- 11

kf = Potential-dependent rate constant
CO(x=0) = Concentration of O at the interface

At t = 0, CO(x=0) will be the same as the concentration of O in the bulk solution. For longer
times, the concentration of O species (e.g. F-) at the interface decreases to less than the O species
concentration in the bulk, see Figure 4- 23 (a) and (b).
In relation to porous structure formation, the typical anodization current-time response
during anodization in aqueous electrolytes is shown in Figure 4- 24.21 Figure 4- 25 shows the
current behaviors observed in the organic electrolytes as a function of voltage and fluoride
species.2, 4, 20, 24, 25, 47, 48 In this study, the current-time transients during anodization in DMSO
electrolytes have been investigated in comparison to those observed in EG and FA electrolytes.
Evolution of nanotube morphology relating to the change in current density will be discussed in
the next sections.
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Figure 4- 24. Schematic diagram showing the typical formation of porous structure under a
potentiostatic condition mostly observed in aqueous electrolyte in correlation with its anodization
current.21

Figure 4- 25. Current-time behaviors for anodizations of titanium foil in (a) ethylene glycol
(EG)−0.3 wt.%NH4F−2%H2O electrolytes at different voltages,2 and (b) formamide
(FA)−5%H2O electrolytes containing different cationic species including proton (H+), ammonium
(NH4+), tetrabutylammonium ((C4H9)4N+), and benzyltrimethylammonium ((C6H5CH2)(CH3)3N+)
using anodiztion voltage of 20 V.25
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4.3. 1 Analysis of Anodization Current Behavior Obtained in Freshly Prepared
DMSO−
−EtOH (50:50)−
−HF Electrolytes
Figure 4- 26 shows the anodization current of a titanium foil anodized in freshly prepared
DMSO-EtOH (50:50)−4.0% HF electrolyte (40 V, 70 h). The current behavior shows an indirect
relationship between the current fluctuation and the growth rate. However, the directional slope
of current density could explain the mechanistic rate of electrochemical anodization.
(1) Time: 0-1.5 h
After potential application, the anodization current increases gradually before dropping
down at about 1.5 h. Anodization in the first period resulted in the porous oxide film of ~0.3 µm
thick. During this time, the oxide layer is formed rapidly where the coating ratio increases and
the film becomes denser. Note that the coating ratio is the ratio of the coating weight to the metal
loss.49 At this first stage, the oxide formation rate should dominate the process.
(2) Time: 1.5-3 h
The oxide layer becomes more porous forming the fine-featured nanochannels downward
to the metal substrate. During this time, the current density decreases, indicating that the oxide
dissolution rate starts to arise that thins the barrier oxide layer.
(3) Time: 3-10 h
Once the current reaches it equilibrium at about 3 h, the current starts to increase again
due to the electric field effect. The field-assisted electrochemical process will try to adjust itself
to a new equilibrium until it reaches the maximum point of the second hump. Each individual
path further propagates through the barrier oxide layer forming the larger pore heads, as
schematically shown in Figure 4- 24− Stage III. The oxide film with 3.5-µm length was obtained
after 10 h anodization duration. The increasing slope during 3-10 h is higher than that of the first
1.5 h duration; i.e. 73.3 mA cm-2 h-1 and 63.3 mA cm-2 h-1, respectively. The steeper slope means
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that more ionic species pass across an area of the oxide layer, while the barrier oxide thickness
tends to be thicker because of the dominating oxidation reaction.50
(4) Time: 10-20 h
While the oxide growth continues to propagate, the rate of ion penetration through the
oxide layer slows with increasing film thickness; thus the oxide formation rate in turn tends to
decrease accordingly. After 20 h, a slightly thicker film of 4 µm was obtained.
(5) Time: 24-70 h
After 24 h, the process is trying to adjust itself by transferring the non-uniform porous
oxide structure into the more homogeneous pore formation. While the current density gradually
decreases, the tube grows continuously from 4 µm to 7 µm at 35 h and from 7 µm to 11 µm at 70
h; that is, the growth rates decrease with anodization time that are 0.2 µm h-1 and 0.11 µm h-1,
respectively. Small fluctuations are observed due to the non-uniform pore penetration in both
lateral and downward directions.21 Whereas the large fluctuation is probably because the steadystate pore formation is disturbed.

Figure 4- 26. A current density for titanium anodization in a fresh-prepared electrolyte (DMSO−EtOH (50:50)−4% HF) using 20 V and 70 h,
with the overlay FESEM images of the as-anodized TiO2 nanotube array films obtained at different anodization times.
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Figure 4- 27. A current density for titanium anodization in a 2nd-time used electrolyte (after the electrolyte in Figure 4- 26 was first used),
using 20 V and 70 h, with the overlay FESEM images of the as-anodized TiO2 nanotube array films obtained at different anodization time.

4.3. 2 Analysis of Anodization Current Behavior Obtained in Used Electrolyte
The anodization current behavior of the used electrolyte shown in Figure 4- 27 broadly is
similar to that of the fresh electrolyte as shown in Figure 4- 26 for the fresh electrolyte. However,
there are several discrepancies and important aspects in the current behavior to discuss.
(1) Time: 0-1.5 h
Similar to the behavior in the fresh electrolyte, the anodization current increases after the
application of voltage; the oxide starts to form immediately up to 0.4 µm.
(2) Time: 1.5-10 h
After 1.5 h, the current decreases rapidly showing the fast speed of the oxide formation.
The growth rate (1.07 µm h-1) is greater than that of the fresh electrolyte (0.36 µm h-1) in Figure
4- 26. During this time, the oxide film grows continuously from 0.4 µm to 10 µm at 10 h. In the
highlighted box of the 10-µm image, the pore formation revealed the fine-featured nanochannels
to be observed; each individual nanotube cell is not yet separated from each other completely.
The oxidation and the oxide etching processes are more significant in the downward direction.
(3) Time: 10-20 h
The reactions of the oxide growth and the chemical dissolution are more competitive in
the used electrolyte. When the dissolution process tends to govern the process, the lateral oxide
etching at the top surface of the arrays is more pronounced. After 10 h, the debris layer starts to
break down and is subsequently removed; the shorter tube length of ~ 4 µm was obtained.
Meanwhile the individual nanotubes start to separate from each other. The sudden increase of
current density seen before 20 h is probably due to the debris collapse.44 Thus, it is possible that
the open top surface will allow more diffusing ions in the electrolyte to penetrate more deeply to
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the bottom of the arrays. As a result, the oxidation reaction is enhanced and then the current
starts to rise again.
(4) Time: 20-70 h
From 20 h to 70 h, there is a slight increase in tube length from 4 µm to 5 µm,
respectively. This clearly indicates that the anodization duration did not improve the nanotube
length. For long anodization duration, the chemical dissolution is believed to dominate the
process due to the electrolyte conductivity that increases with time and consequently determines
the oxide growth process.

4.3. 3 Comparison of Anodization Currents Obtained from Fresh and Used Electrolytes
Figure 4- 28 shows the overlay plot of the anodization currents obtained from the fresh
electrolyte and the used electrolytes. Important discussions of the current behaviors involving the
formation of the titania oxide film in the DMSO−EtOH electrolyte system are summarized as
follows.
(1) In fresh electrolyte, two humps of current density are always observed for the anodization
of titanium in DMSO−EtOH electrolytes, when the zenith of the second hump normally locates in
the higher current region compared to that of the first hump. After the equilibrium point of the
lowest current density (A1−1st), the overall process is governed by the oxidation reaction; the
hemi-spherical shape of pore heads becomes larger. The tube length continuously increases with
anodization time.
(2) In a used electrolyte, the end point of the first hump delays to the longer anodization time
compared to that of the fresh electrolyte. The point B1−2nd appears at the time sooner than the
point C1−3rd, which could be explained that the pore pitting process reaches the equilibrium
faster and then the pore enlargement will take place.21
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(3)

Compared the points A1−1st of fresh electrolyte to B1−2nd and C1−3rd of used

electrolytes, A1−1st reaches the equilibrium faster than those two points of the used electrolytes.
This could be explained that the pore pitting process for the fresh electrolyte reaches the stable
state faster than that of the used electrolytes before transferring into a new equilibrium in the
second hump. In the fresh electrolyte, it is probably due to the significant effect of diffusion limit
in the long pore channels across the oxide film.51 For longer anodization durations, the diffusion
controlled process may also affect the anodization current leading to the similar dynamic pattern;
i.e. after ~ 50 h the point A2-1st also turns into its new equilibrium sooner than B2-2nd and C2-3rd.
(4)

Several humps or current fluctuation are obviously seen in the used electrolytes.

This is probably because of many possible effects of higher electrolyte conductivity, debris
collapse, self-adjusting anodization current resulting from the change in electrolyte properties
during anodization.43 Hassan and co-workers also observed the current fluctuation for titanium
anodization in high conductivity electrolytes containing 2-propanol/NH4F/H2O.36 Additionally,
in some literatures the so-called current oscillation was observed in the electrolyte containing
strong acid such as H2SO4, normally occurring after 24-h anodization.44, 52
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Figure 4- 28. An overlay plot of anodization currents obtained from the fresh electrolyte (blackcolored line) (DMSO−EtOH (50:50)−4.0% HF) and the used electrolytes. History of the secondtime used electrolytes is that after the first-time anodization (20 V, 70 h) using the fresh-prepared
electrolyte, this electrolyte was then reused as the second-time anodization (brown-colored line)
at 20 V and 70 h. Whereas the third-time used electrolyte is that, the electrolyte after the second
anodization was reused as the third-time anodization (green-colored line).

−EtOH−
−HF Electrolyte on Anodization
4.3. 4 Effect of Acid Additive in Fresh DMSO−
Current
This section will show how the acid addition affects the anodization current behavior by
adding a trace amount of nitric acid to the DMSO electrolyte. With addition of nitric acid, the
solution will not only contain more dissociated protons, but also contain the NO3- species
contributing more charge carriers to enhance the electrolyte conductivity. Dissociation of nitric
acid is expressed as the following reaction:
HNO3 ⇋ H+ + NO3Equation 4- 12

As shown in Figure 4- 29 (a), the current density behaviors of the electrolytes both with
and without acid addition seem to be similar. The current density during the first hump in Figure
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4- 29 (a) was magnified and shown in Figure 4- 29 (b). The decreasing current density is an
indication of the oxide formation rate at the bottom of the nanotube arrays, where the dissolution
at the top end of nanotube is negligible.44 The larger slope means a faster rate of oxide pore
formation. As highlighted in colors, the pore formation duration of the acid-added electrolyte
covers a longer period of time; i.e. the distance B’ is larger than A’. Due to the effects of the
increased proton concentration enhancing electrolyte conductivity, this indicates that addition of
nitric acid to the solution B is more effective in penetrating the oxide nanochannels. Thus, it was
expected that the solution B should also provide the nanotubes with a larger pore size. The
behavior that the current drop with extended anodization time is typically observed in the oxide
formation in acidic electrolytes with 3-10 % acid contents; see Figure 4- 30.53
It can be seen clearly that the steady state line B’’ (solution with acid) locates in the
region higher than line A’’, meaning that the molar rate of ions passing through the barrier oxide
layer in the solution B is higher for a given area and time.54 When the anodization current
reaches the steady state, the oxidation rate is equal to the dissolution rate. If the steady state takes
place over the long anodization duration, the pore will grow into the substrate with constant
growth rate and without changing the thickness of the barrier layer. Then the thickness of the
oxide film will increase with anodization time.
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Figure 4- 29. Current-time responses obtained from anodization of a Ti foil samples in
DMSO:EtOH (50:50)−4.0% HF electrolytes (solution A). For solution B, the electrolyte
condition is the same as solution A, only a 10 µL HNO3 is added into it. Both electrolytes were
anodized at 20 V for 70 h. (a) An overlay of the current-time responses of both solutions A and B
during anodization over 70 h. (b) A magnified plot of figure (a) showing the slope determination
(left), FESEM images of the resulting nanotube array films (right), and the proposed schematic
drawings (middle) showing the formation of nanopores during the growth stages of A’ and B’ for
solution A and B, respectively.
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Figure 4- 30. Current-time responses for titanium anodization in acidic aqueous electrolyte
relating to evolution of nanotube formation or three stages of nanotube growth.53 The plots show
a comparison of current behaviors, i.e. the red-colored line (top) is for the solution containing
sulfuric acid (H2SO4) and hydrofluoric acid (HF). Whereas the black-colored line (bottom) is for
the solution containing only H2SO4 without HF condition.

4.3. 5 DMSO−
−HF electrolytes
Figure 4- 31 (a) shows the typical anodization current behavior during anodic oxidation
of titanium (both sides of the foil sample are being anodized simultaneously) at 40 V in
DMSO−2.0% HF and DMSO−4.0% HF electrolytes. The anodization current density is less than
2 mA cm-2, considerably smaller than the anodization currents seen for any other aqueous or polar
organic electrolytes that can initially be several tens of mA cm-2.

The slight increase in

anodization current in the 4.0% HF curve after about 10 h indicates relatively stronger chemical
etching compared to that observed in DMSO−2.0% HF.

Due to the higher electrolyte
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conductivity of the 4.0%HF condition, the current density increases continuously from ~ 7-20 h;
see Figure 4- 18 (b) for the conductivity values of the fresh DMSO−HF electrolytes. The 4.0%
HF condition reaches its equilibrium sooner at about 7 h compared to that of the 2.0% HF
condition at about 9 h. This result agrees with that observed for the Ti−Zr alloy anodization in
aqueous−NH4F electrolyte; the current density reaches the steady state earlier for the electrolyte
containing higher fluoride concentration.44
Figure 4- 31 (b) shows changes in the current density relating to the variation of nanotube
length during the 70-h anodization. For the first 20 h, the initial growth stages including the pore
pitting, pore enlarging and channel formation occur before steady-state nanotube formation is
reached. During the early stages of oxide growth, the top surface is clogged or covered by the
thick oxide precipitate layer. After 20 h the uniform pores and the nanotube array film start to
grow with a constant growth rate. The current density will fall with time with a continuously
decreasing rate.55 Thus, the nanotube film thickness keeps increasing with anodization time,
while the thickness of barrier layer remains almost constant.
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(b)
Figure 4- 31. (a) Current-time behavior of titanium foils anodized at 40 V in DMSO electrolytes
containing 2.0% and 4.0% HF for 70 h duration. (b) Evolution of current density corresponding
to the nanotube length of TiO2 nanotube arrays over 70 h anodization time for the nanotube-array
film grown in DMSO−2.0% HF electrolyte using 40 V.

Figure 4- 32 shows the current-time behaviors as a function of anodization potential for a
DMSO electrolyte under a fixed fluoride ion concentration. The current density during the first 5
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h indicates oxide formation at the metal-oxide interface. After the currents reach their maximum,
the currents decrease with voltage dependent slopes, see Figure 4- 32. During this stage oxide
dissolution starts to dominate the process leading to the enlargement of nanotube pores. The
results obtained from Figure 4- 32 are in well agreement with the Equation 4- 11 that the current
density and the rate of reaction are a function of the applied potential.43 The migration rate of the
fluoride ions in the amorphous anodic TiO2 film was found to increase with the strength of
electric field.56 The extraction of titanium from the metal substrate is induced by the effect of
fluoride ions that transport inward through the oxide layer and then they will react with the
titanium cations at the metal/oxide interface.

The higher potential accelerates the titanium

extraction process and facilitates the TiO2 layer formation, eventually yielding longer nanotube
arrays (Figure 4- 6).

Figure 4- 32. Slope determination of the current density-time responses obtained from
anodization of Ti foils in DMSO electrolytes containing 4.0% HF using different voltages of 20 V
(black line), 40 V (blue line), and 60 V (pink line).
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As a function of HF concentration, slope determination of anodization currents is shown
in Figure 4- 33.

It was found that the higher slope is obtained when using higher HF

concentration, clearly indicating that the oxide dissolution is enhanced due to the effect of more
concentrated fluoride ions. Accordingly, it is believed that F- plays a key role in the pore pitting
process and the barrier oxide formation. Using higher F- concentrations, the porosity was found
to be larger and the reaction would reach the steady state pore growth earlier than using lower Fconcentrations.44 The result in Figure 4- 33 is in a good agreement with this report; that is, the
pore growth state of the 4.0% HF condition reaches its equilibrium faster than that of the 2.0%
HF condition before transferring into the new equilibrium.

Figure 4- 33. Slope determination of the current density-time responses obtained from
anodization of Ti foils in DMSO electrolytes containing 2.0% HF and 4.0% HF using anodization
voltage at 40 V for 70 h.

132
4. 4 Summary
This chapter has focused on the fabrication of TiO2 nanotube array films in dimethyl
sulfoxide electrolyte. The designed experiments and results have provided deeper insight into the
electrochemical anodic growth process and many important anodization parameters that
determine the resulting nanotube morphology. The works showed how anodization parameters
including voltage, HF concentration, water content, and anodization time determine the resulting
architectural features of the nanotube arrays.

This chapter also helped elucidate how the

anodization current behavior relates to the formation of nanotube arrays particularly in terms of
changes in the film thickness and the growth rate, when the nanotube array films were grown
under different anodizing conditions. Analysis of current transients, particularly in the early
stages of nanotube growth process, agrees well with the proposed models44,
controlled growth of nanotubes.

53

for diffusion
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Chapter 5
Fabrication of TiO2 Nanotube Arrays in Diethylene Glycol Electrolytes
Gong et al. first reported the synthesis of highly ordered TiO2 nanotube arrays by Ti
anodization, using an HF containing aqueous electrolyte.1 Since then through several synthesis
generations,1-7 techniques have been developed to fabricate TiO2 nanotube arrays up to 1 mm in
length.7

As initially reported by Paulose and co-workers,3 the use of non-aqueous organic

electrolytes such as ethylene glycol (EG), dimethyl formamide (DMF), N-methylformamide
(NMF), formamide (FA), and dimethyl sulfoxide (DMSO) enabled a remarkable extension of
synthesis variables and resulting nanotube array architectures. However, there are processing
difficulties associated with the use of organic electrolytes. For example, the top surface of the as
anodized titania nanotube array may be covered with precipitate that requires ultrasonication for
removal. In DMSO and FA electrolytes, a problem is that the resultant nanotubes, of any
significant length, lean together forming a cluster or bundle. While the bundling problem can be
solved by further washing with ethanol and critical point drying in CO2 environment.7, 8 It would
be better if the as-anodized nanotubes have their pores open after anodization without a further
need of ultrasonication. This is because sonication will in turn destroy the nanotube structure to
some extent. Depending upon their specific application, these problems may limit utilization of
the nanotube arrays.
Recently it has been discovered that anodization of titanium foil in diethylene glycol
(DEG) based electrolyte resulted in TiO2 nanotube arrays, which are free of bundling or any
unwanted precipitate on the top surface. Further, the resulting nanotube arrays demonstrate a
well separated, freely self-standing structure with a wide variation of nanotube-to-nanotube
spacing. Furthermore, anodization in DEG electrolyte was found to be capable of yielding
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nanotubes with the largest known average pore diameter up to 350 nm.9 Motivated by these
unique structures, the work in this chapter was focused on the fabrication of TiO2 nanotube array
films in diethylene glycol electrolyte. The aims of this work were (i) to determine the effect of
various anodization parameters including anodization voltage, anodization time, electrolyte
composition, inter-electrode spacing, and solvent additives, and (ii) to quantify electrolyte
properties in relation to the resulting nanotube array morphologies.

5. 1 Solvent Properties
Diethylene glycol (DEG) is a derivative of ethylene glycol (EG), having one ether (−O−)
group and two separated hydroxyl (−OH) groups in the molecular chain. DEG is widely used as
dehydrating agent, plasticizer, humectant, lubricant, and solvent in textile, pharmaceutical,
cosmetics, and petroleum applications.10 DEG is water-soluble and hygroscopic liquid at room
temperature. The physical properties of DEG are shown in Table 5.1.

Table 5. 1 Physical properties of diethylene glycol.11, 12, 13
Molecular formula

C4H10O3

HOCH2CH2OCH2CH2OH

Properties
Molecular weight (M.W.)
Specific gravity (20/20ºC)

Values (unit)
106.12 g mol-1
1.1182

Density (at 15 ºC)
Viscosity

1.120 g cm-3
35.7 cP (or mPs)
31.69
245.3 ºC
0.42 x 10-6 mhos cm-1
100.0 wt%
44.8 mN m-1 (or dynes cm-1)

Dielectric constant or relative permittivity (ε)
Boiling point
Electrical conductivity (at 20 ºC)
Solubility in water (at 20 ºC)
Surface tension (at 25 ºC)
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5. 2 Effect of Anodization Parameters on Tube Morphology

5.2. 1 Effect of Anodization Voltage on Tube Length and Pore Diameters
Figure 5- 1 (a) illustrates the effect of anodization voltage on tube length. The tube
length increases exponentially as a function of anodization voltage. The chemical dissolution at
the top of the arrays may play a competitive role at the lower voltage. While at higher voltage,
the field-assisted oxidation may become more significant, thus facilitating the tube growth and
resulting in the large increase in tube length.

Figure 5- 1. Anodization voltage plotted against (a) tube length and (b) pore size and outer
diameter. The TiO2 nanotube array films of these plots were grown from DEG−2.0% HF
electrolytes for 48 h using different anodization voltages.

The electric field has a strong effect on the barrier oxide layer and determines the pore
formation and dissolution.14 In other words, evolution of tube lengths and tube diameters are
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dependent on the anodization potential.15 The growth of the anodic oxide layer occurs through
high-field oxidation reactions; i.e. the pore diameter is proportional to the anodic potential
through d (nm) = k × U (V).14, 16, 17 As in Figure 5- 1 (b), the inner (pore) and outer diameters
linearly increase with the applied potential, which confirms that the tube diameters strongly
depend on the anodization voltage. Under the electrolyte conditions used in Figure 5- 1, the tube
sizes as dependent on the potential can be expresses by these following equations:
Dinner = 0.86 V + 102.9
Equation 5- 1

Douter = 2.65 V + 137.1
Equation 5- 2

Where Dinner is inner diameter or pore size, Douter is outer diameter, and V is applied voltage.
The dependence of nanotube outer diameter on anodization voltage obtained in Figure 51 (b) is similar to that observed in the anodization of a titanium alloy using other conditions such
as different fluoride species/concentration, electrolyte medium, and metal substrate (see Figure 52).16 The field-assisted anodization is more pronounced in aqueous medium compared to organic
medium.

Figure 5- 2. Dependence of outer diameter of TiO2 nanotubes on anodization voltage for the
anodization of Ti−Zr alloy in 1 M (NH4)2SO4−0.5 wt.% NH4F aqueous solution for 2 h.16
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Figure 5- 3 shows cross sectional and top view images of nanotube arrays prepared in a
DEG–2.0% HF electrolyte using anodization voltage at 40 V for 48 h. The nanotubes are
approximately 3 µm long with an inner pore diameter of ~ 140 nm and outer diameter of ~ 240
nm, resulting in a length-to-width aspect ratio of ~ 12.5. The vertically oriented nanotubes are
clearly separated, and the pores fully open.
Figure 5- 4 shows FESEM images of nanotube arrays prepared in a DEG–2.0% HF
electrolyte anodized at 60 V for 48 h. The higher anodization voltage resulted in the greater tube
separation and a slight increase in the pore diameter to ~ 150 nm compared to the lower voltage
in Figure 5- 3, while the tube length remains the same at approximately 3 µm.

Longer

anodization periods could be used to slightly increase the length, e.g. a 96 h anodization resulted
in a tube length of 3.6 µm. The pore mouths of the as-fabricated tubes were completely free of
precipitate.

143

Figure 5- 3. FESEM images of TiO2 nanotube array samples grown from a DEG–2.0% HF
electrolytes at 40 V for 48 h. Cross sectional images (a,b) of non-preanodized
anodized sample and top
view image (c) of pre-anodized
anodized sample.
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Figure 5- 4. FESEM images of TiO2 nanotube array samples grown from DEG–2.0% HF
electrolytes at 60 V for 48 h (a,b), and 96 h (c).
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A further increase of the anodization voltage to 100 V with the DEG–2.0% HF
electrolyte increases the average nanotube pore size to ~ 190 nm and the length to ~ 7.5 µm, as
illustrated in the inset of Figure 5- 5 (a). The wall thickness at the top was found to be as thin as
~ 20 nm. However this higher voltage appears insufficient to drive the oxide etching at the
bottom of the pore, hence the wall thickness at the bottom of the tube is ~ 100 nm, with a
corresponding pore diameter of only ~ 50 nm, see Figure 5- 5 (b). The tube-to-tube separation
appears the same for the 100 V and 60 V samples.

Figure 5- 5. FESEM images of a TiO2 nanotube array sample grown from DEG–2.0% HF
electrolyte at 100 V for 48 h showing (a) a top view and (b) a cross sectional view at the bottom
of the pores.
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5.2. 2 Real Time Current Response during Anodization
Figure 5- 6 shows the time dependent anodization current densities in DEG–2.0% HF
electrolytes as a function of anodization potential. Higher voltages promote increased titanium
dissolution with time, resulting in higher electrolyte conductivity and hence higher current
densities. The steeper slopes at the higher voltages are attributed to the faster rate of field assisted
anodization.
The current behavior showing a gradual increase with time is different than those
observed in aqueous electrolytes, EG, FA, or DMSO as shown in chapter 4.2, 3, 18 With increasing
voltage, a longer anodization duration is required to attain the broad maximum current density at
equilibrium.19 Oxide surface roughness leads to a greater distribution of the electric field over the
surface; the increase in anodization current can be seen. Due to the field-enhanced dissolution,
then initiation and propagation of pores occur prior to the steady-state pore growth.20,14,

21

In

DEG electrolyte the stage of which anodization current gradually increases may take a long time
to reach steady state pore growth at which the anodization current is constant.

Figure 5- 6. Current density versus time behavior during anodization of Ti foil samples in a
DEG–2.0% HF electrolytes at 40, 60, 80, and 100 V.
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5.2. 3 Effect of Cation Size in Fluoride Bearing Species
Changing the fluoride bearing species influences topology of the resulting nanotubes.
Shankar and co-workers reported the study of fluoride bearing species concerning the cation size
on the growth of nanotubes in formamide-water mixtures.22 The fluoride bearing species with
different cation size that they chose to study include hydrofluoric acid (HF), ammonium fluoride
(NH4F), sodium fluoride (NaF), tetrabutylammonium fluoride (Bu4NF) trihydrate, and
benzyltrimethylammonium fluoride (BnMe3NF). The schematic molecular structures of Bu4NF
and BnMe3NF are shown in Figure 5-7.

Figure 5-7.
Molecular structures of tetrabutylammonium
benzyltrimethylammonium fluoride (BnMe3NF).22

fluoride

(Bu4NF)

and

The cation choice was found to be a key parameter influencing the growth rate as well as
the aspect ratio of the nanotube arrays; that is, the nanotube length increases with increasing
cation size.22 It is believed that Bu4NF plays an inhibitory role that restricts the thickness of the
barrier oxide layer; the resulting thin oxide layer facilitates the ionic transport in electrolyte thus
enhancing the tube growth.
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In DEG electrolyte, a presented question was whether the cation size affects the tube
length in a similar manner to that of the FA electrolyte as reported by Shankar.22 Thus, this
section will describe the study of the effect of fluoride bearing species on the nanotube
morphology using DEG electrolyte as a medium. The selected fluoride bearing species consist of
HF, NH4F, Bu4NF. After dissolving these species in DEG medium, they will dissociate and
generate fluoride ion (F-) and different sized cations of H+, NH4+, and Bu4N+ in the electrolyte,
respectively. Crystallographic ionic radii of these cations are shown in Table 5. 2.

Table 5. 2 Crystallographic ionic radii of selected cations.23
Fluoride bearing species

Cation type

Ionic radius (pm)

Hydrofluoric acid (HF)

H+

24

Ammonium fluoride (NH4F)

NH4+
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Tetrabutylammonium fluoride (Bu4NF)

Bu4N+

391

5.2.3. 1 DEG−
−NH4F−
−Water Electrolytes
The solubility of NH4F in DEG is poor; hence a small amount of water was added to the
electrolyte to facilitate NH4F dissolution.

Figure 5- 8 is an illustrative FESEM image of

nanotubes obtained from a DEG–0.3 wt% NH4F–2.0% H2O electrolyte anodized at 80 V for 48 h.
The tubes have a distinct pyramidal shape, with a tube length ~ 3.5 µm long, and an average (top)
pore diameter of ~ 120 nm. The wall surface is considerably rougher than that seen for tubes
from DEG–HF mixtures. The as-synthesized nanotubes from DEG electrolytes containing HF
and NH4F show a noticeable pyramid shape. The pyramid shape is attributed to the change in
fluoride ion (F-) concentration and the corresponding change in the solution conductivity during
anodization.
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Figure 5- 8. FESEM images of a TiO2 nanotube array sample grown from DEG–0.3 wt.% NH4F–
2.0% H2O electrolyte at 80 V for 48 h.

Typically, during anodization the elect
electrolyte F- concentration decreases, and electrolyte
conductivity increases due to the field and chemical assisted titanium dissolution.

As the

electrolyte conductivity increases with anodization duration, a larger fraction of the applied DC
potential appears
rs across the oxide layer. Hence
Hence, the actual potential applied across the oxide
increases with anodization duration. Since the nanotube pore diameter increases with increasing
applied potential, the tubes initially show a comparatively smaller tube diameter
diame that increases
with time, giving rise to tubes that appear somewhat pyramidal.

Increasing the NH4F

concentration in the electrolyte to 0.9 wt.% yielded only titania flakes, see Figure 5- 9. Too high
F- concentration
tration may strongly facilitate oxide dissolution; as a result, the nanotubular structure
could not survive.
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Figure 5- 9. FESEM images of TiO2 nanotube array samples grown form DEG−0.9
DEG
wt.% NH4F
electrolyte anodized at 80 V for 48 h.

5.2.3. 2 DEG−
−Bu4NF Electrolyte
Dissolution of Bu4NF is superior to that of NH4F in DEG electrolyte. Although the
molecular size of Bu4NF is comparatively larger than NH4F, Bu4NF was found to dissolve easily
in the DEG electrolyte.

This is because Bu4NF contains three hydrate groups

((CH3CH2CH2CH2)4N(F) 3H2O) in the structure, making it more easily dissolve in DEG medium.
Thus, in this experiment water was not incorporated into the anodization bath.
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Figure 5- 10 shows a nanotube array of ~ 21 µm length obtained in a DEG−7 wt% Bu4NF
electrolyte anodized for 48 h at 80 V. The pore diameter and the wall thickness are in the ranges
of 136-151 nm and 14-19.6 nm, respectively. The general topology, open pore, smooth, tightly
packed nanotubes, is similar to that commonly obtained using ethylene glycol electrolytes.3

Figure 5- 10. FESEM images of a TiO2 nanotube array sample grown from DEG–0.3 wt.%
Bu4NF electrolyte at 80 V for 48 h.

The electrolyte containing the largest cation (Bu4N+) yielded the longest nanotubes, with
shorter nanotubes obtained when using the smaller cations NH4+ and H+. We believe that the
longer tubes are due to the faster growth rate in the DEG–Bu4NF electrolyte. The weaker surface
charge of the larger cation allows less interaction between cation and anion, which in turn is more
favorable for ionic transport during anodization and hence rapid tube growth.24 In comparison to
H+ and NH4+, the chemical etching is lower for Bu4N+ cation due to its lower ability to donate
proton for the etching process.22 As seen in Figure 5- 10, it is clearly seen that the larger Bu4N+
cation significantly affects the tube-to-tube spacing in proving a tightly packed morphology of the
nanotube array. The distinctive morphology of the nanotubes, e.g. shape, surface roughness,
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tube-to-tube separation and length, are due to several variables including cation size and their
solvent interactions, electrolyte composition, as well as anodization potential and temperature.25

5.2.3. 3 Real Time Current Response during Anodization
Figure 5- 11 compares the current–time response behavior of Ti foils anodized at 80 V in
DEG electrolytes containing 0.5 wt.% NH4F–2.0% H2O and 7.0 wt.% Bu4NF. The anodization
behaviors are generally the same as those seen in other organic electrolytes
significantly lower amplitude.

4, 6, 18

but of

The cation size and its concentration affect electrolyte

conductivity, which in turn affects anodization current amplitudes. The electrolyte conductivity
correlates with the electrolyte viscosity, with higher viscosities decreasing electrolyte
conductivity, i.e. Walden’s relation.23 As viscosity increases, electrolyte conductivity decreases.
λ∞ · η = constant
Equation 5- 3

Where λ∞ is the limiting molar conductivity of the cation in the solution and η is the
viscosity.

It has been reported that, for the same fluoride ion concentration, the solution

containing the larger cation of Bu4N+ will have higher viscosity than that of the solution
containing smaller cations, which are NH4+ and H+.22 Higher viscosity slows down ion migration
in the electrolyte due to more ion-ion interactions.23, 24
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Figure 5- 11. Plots showing current density versus time during anodization of Ti foil samples in
DEG–0.5 wt.% NH4F–2.0%H2O at 80 V, and DEG–7.0 wt.% Bu4NF at 80 V.

During the first few hours of anodization the current density drops sharply due to
formation of an oxide barrier layer, and then increases to a local maximum due to pitting of the
oxide layer. For the longer anodization duration, after 10 h, the current density fluctuations
obviously seen in the 0.5 wt.% NH4F–2.0% H2O anodization current may be due to local, nonuniform pitting of the oxide layer. Due to the surface fluctuations, the process will adjust itself to
reach the equilibrium by growing the uniform pores, while thinning the oxide barrier layer due to
the field-assisted oxide dissolution. The current fluctuation seen in Figure 5- 11 for the NH4F
added condition is probably due to the thickness change of oxide layer underneath the nanotube
(see Figure 5- 8).
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In summary, this work showed the achievement of TiO2 nanotube arrays with the
remarkable characteristics of discrete, individually self-standing tubes by Ti anodization in
diethylene glycol (DEG) containing fluoride ions. The effect of fluoride bearing species on the
formation of the self organized TiO2 nanotube arrays has been investigated in terms of the tube
morphology and tube-to-tube separation. The longest tube length of 21 µm was obtained from a
DEG–7.0 wt.% Bu4NF electrolyte. When using NH4F or Bu4NF as fluoride bearing species, the
anodization current densities in the DEG are significantly lower in comparion to those observed
in DMSO. This is believed to be due to the major effect of the cation size. At an anodization
potential of 80 V, it was found that the DEG–0.5 wt.% NH4F–2.0% H2O electrolyte yielded a
partially anatase TiO2 film. Details of film crystallization are described in Chapter 6.
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5. 3 Approach to Extended Pore Widening
TiO2 nanotube arrays fabricated by electrochemical anodization of titanium have been
used for a variety of applications including hydrogen production by water photoelectrolysis,26-28
photocatalytic reduction of CO2 to hydrocarbon fuels,29 gas sensing,30-32 dye-sensitized solar
cells,8, 18, 33, 34 and drug delivery.35-39 The rate of drug elution from the nanotubes is dependent
upon nanotube length, nanotube pore size, and the polarity of the eluting molecules relative to
that of TiO2.35, 38, 39 Larger pore sizes result in faster rates of elution, longer nanotubes result in
elution periods of extended duration, while molecules having the same polarity as TiO2 are eluted
faster than molecules having opposite polarity.38 Control of nanotube pore size is also desirable
for application in polymer-based heterojunction solar cells where it is necessary to uniformly fill
the nanotube arrays with a hole transporting polymer for maximum device performance; larger
pore sizes facilitate intercalation of the polymers into the nanotubes.26
Fabrication of TiO2 nanotube arrays via electrochemical anodization has been extensively
developed through several synthesis generations.4,

5, 40, 41

In 2001, Gong and co-workers first

reported fabrication of TiO2 nanotube arrays, with a nanotube length limited to approximately
500nm, by anodization of Ti foils in an aqueous electrolyte containing hydrofluoric acid (HF).3
The ability to grow significantly longer nanotubes was based on the use of nonaqueous
anodization electrolytes.3,

6

To date, TiO2 nanotube arrays of up to 1 mm length have been

achieved using ethylene glycol electrolytes.3,7 The electrolyte composition and pH, as well as
anodization voltage, are important factors in determining the resulting nanotube length.

In

comparison to the relatively mature techniques developed to control nanotube array length, from
100 nm to 1 mm (a factor of 10 000), a much more limited variation of pore size has been
achieved. Pore formation is controlled through competition between metal oxidation and oxide
dissolution, with these variables in turn determined by anodization parameters including
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electrolyte properties.15,

42, 43

In water-containing electrolytes, the rate of water dissociation

during anodization has been found to be a key factor in determining the porosity of the resulting
anodic film,43 with nanotube pore size primarily controlled by the anodization potential.17, 44 For
example, the earlier work reported by Grimes’s group on dimethyl sulfoxide/HF anodization
electrolytes showed that the nanotube pore size increased, respectively, from 50 to 150 nm as the
anodization potential increased from 20 to 60 V.3,

6

Similarly in diethylene glycol (DEG)/HF

electrolytes, larger anodization voltages resulted in larger nanotube pore sizes, 140 nm at 40 V to
190 nm at 100 V.9 With 100 V anodization potential, pore size of the 7.5 µm long nanotube is
considerably larger at the top of the tube than that at the bottom (190 nm versus 50 nm);9 a
voltage drop proportional to the length of the tube results in larger pores at the top and smaller
pores at the bottom.45 The largest nanotube array pore size of 190 nm was recently achieved
using a DEG/HF electrolyte, as shown in the previous section (Figure 5- 1) and reported in J.
Mat. Chem in 2008.9 Yet many questions have been raised, particularly (i) if it is possible to
extend a window of nanotube pore size and (ii) how to obtain the large pore size while the tube
structure still survives.
Thus, the motivation was to determine if one could achieve titanium dioxide nanotube
arrays of larger pore size by manipulation of anodization parameters including fluoride
concentration, anodization time and voltage. The ability to achieve larger nanotube pore sizes
could help facilitate their use in applications including drug delivery and heterojunction solar
cells where nanotube pore size is an important device parameter in addition to nanotube length.

5.3. 1 Optimization of Anodization Parameters
The idea to achieve the nanotubes with large pore diameter was to anodize in the low HF
concentration condition with prolonged anodization duration. In this experiment, the anodization
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time was extended to 120 h; however, it was found that the anodized film could not be obtained
as using the 2.0% HF condition because the metal foil completely dissolved before removing
sample at 120 h. Thus, HF concentration was adjusted to the low range of less than 2.0 %.

5.3.1. 1 Effect of HF Concentration on Tube Length
Dependence of tube length on HF concentration was initially investigated. Figure 5- 12
shows the effect of HF concentration on the tube length, using DEG/HF electrolytes at 60 V and
120 h. The result revealed that length increase exponentially with HF concentration. By tuning
the anodization time and HF composition, tube lengths of less than 10 µm are obtained.

Figure 5- 12. Tube length plotted against HF concentration with for the titanium anodization in
DEG electrolytes at 60 V for 120 h.
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5.3.1. 2 Dependence of Pore Diameters on HF Concentration and Anodization Voltage
Figure 5- 13 (a) shows the variation in pore diameter of TiO2 nanotubes synthesized in
DEG−2.0% HF electrolyte for 48 using anodization voltages ranging from 40 to 100 V. The
dependence of inner pore diameter on the anodization potential is expressed as
Dinner = 0.86 × V
Equation 5- 4

Since there was no water added to the electrolyte, the pore size per voltage ratio obtained
in this work is much smaller than 5 nm V-1 proposed for the titanium anodization in
glycerol/water/NH4F electrolytes.15 Thus, it is believed that the anodization voltage plays a
significant role in controlling the pore diameter, whereas the discrepancy of the pore widening
ratio could be explained by dissolution efficiency at the oxide wall that varies in different
electrolyte medium and composition.

Dissolution at the top pore of nanotubes is strongly

influenced by the addition of water to the organic electrolyte.15 Large water contents (6.7 %-16.7
% v/v) led to the increase in electrolyte conductivity that is responsible for the oxide dissolution,
leaving thinner walls at the top and thicker walls at the bottom because of the differences in the
dissolution and oxide formation rate.
Under the optimized conditions (1.0% HF, 60 V, and 120 h anodization duration), a 400nm pore size is obtained; see Figure 5- 13 (b). Pore size tends to increase with voltage, but only
with the proper combination of fluoride concentration and anodization time. For example, Ti
anodization using DEG−1.0% HF at 100 V resulted in the Ti foil completely dissolving into the
electrolyte after ~ 80 h. Ti anodization using DEG−2.0% HF at 100 V resulted in the nanotube
arrays with pore size of approximately 200 nm for 40-60 h durations. Anodization in DEG−2.0%
HF for 120 h resulted in 120-nm pores. While anodizing in DEG−1.0% HF for longer time at 144
h, the nanotubes of 100-nm pores were obtained. For these long anodization conditions, many of
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the nanotubes had broken walls due to extensive oxide etching. The combined effect of voltage
and HF concentration on the resulting nanotube pore size, for 120 h anodization, is shown in
Figure 5- 13 (c).

Figure 5- 13. Pore sizes of TiO2 nanotube arrays as a function of (a) voltage (DEG electrolyte
containing 2.0% HF, 48 h), (b) HF concentration (DEG electrolyte, 60 V, 120 h), and (c) voltage
and HF concentration (120 h anodization time).
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5.3. 2 Real Time Current Response during Anodization
The current density of a titanium foil anodized in DEG−1.0% HF electrolyte at 60 V, and
variation of the resulting tube length as a function of anodization duration, is shown in Figure 514. During the first 40 h, tube growth dominates the kinetics of the anodization process with the
current density increasing along with tube length. A nanotube growth rate of +0.2 µm h-1 is
obtained for the first 20 h, and +0.4 µm h-1 is obtained for 20-40 h anodization durations.
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Figure 5- 14. Length of TiO2 nanotube arrays obtained from anodization of Ti foil sample in
DEG−1.0% HF electrolyte at 60 V for different durations, and corresponding current density
during anodization.

Electrolyte conductivity increases with anodization duration since more titanium ions are
dissolved into the electrolyte, in turn increasing the nanotube growth rate.6 However, as the
nanotube length increases, the current density is incrementally reduced with longer tube lengths,
limiting the diffusion of ionic species to the metal/oxide interface. After reaching a maximum
value, the current gradually decreases as chemical dissolution begins to dominate the anodization
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kinetics; as a result, the tube length decreases beyond 40 h with a negative growth rate of −0.1 µm
h-1. Shorter tubes with longer anodization times indicate that the oxide dissolution rate is faster
than the oxidation growth rate. Current density fluctuations are believed to be due to the changes
in oxide thickness, the electrolyte conductivity, and potential drop across the electrolyte/oxide
interface during anodization.9
The details of the time-dependent anodization current behavior of the DEG sample in
Figure 5- 14 are noticeably different from those observed in aqueous40 and organic electrolytes
such as dimethyl sulfoxide6 and ethylene glycol.5

However, the same fundamental anodic

reactions are generally described by the localized dissolution model,18,

40, 45

with the current

behavior explained on the basis of diffusion-limited anodic growth at the pore bottom.5, 43, 46 The
movement of ionic species, i.e., O2- and OH-, passing through the anodic film in each electrolyte
medium is believed to govern the growth process, resulting in variations of the current-time
behavior that in turn lead to the unique tube morphologies achieved using the different
electrolytes.

Evolution of TiO2 Nanotube Morphology
FESEM studies on the time-dependent evolution of the nanotube array structure reveal
that the Ti surface is initially dominated by fibers that thin with time during 0 h to about 70 h
anodizations. Those fibers are from the early growth stages of anodization. The initial oxide
layer transforming into a nanochannel/porous layer is due to the fluoride-induced local
breakdown; the initial barrier layer then dissolves and thickness of this layer decreases.19 As seen
in Figure 5- 15, the fiber layer disappears after 70 h leaving behind the open pore nanotube array
geometry as presented in Figure 5- 16 (a,b). Figure 5- 16 presents FESEM images of the 350 nm
pore size nanotube arrays, with (a,b) showing top surface images, (c) the bottom of the tubes with
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the open pore region being due to mechanical fracture, and (d) a cross-sectional image. Figure 516 (c) is an image of the bottom of the 350-nm pore TiO2 nanotube array, mechanically fractured
for viewing. At the bottom, the interconnected pores exhibiting irregular size and shape of
nanotubes could possibly lead to the resulting tube formation is loosely packed and randomly
arranged.16. The distorted or oval shape of nanotube cells make them difficult to pack closely as a
hexagonal arrangement.
The 120-h duration is the stage at which the outermost fibrous layer is completely
dissolved, and the oxide wall of nanotubes underneath starts being etched; the largest pore
diameter nanotubes are achieved, without covering debris. Removal of the nanoscale fibers is an
important advantage offered by the higher conductivity electrolytes, owing to the longer
anodization durations, with chemical dissolution dominating the reaction. The conductivity of an
as-prepared DEG−1.0% HF electrolyte is 1.5 µS cm-1; after anodizing the 3 cm2 Ti sample, 60 V
for 120 h, the conductivity is approximately 120 µS cm-1. This complete removal of the debris
associated with neutral pH anodization of Ti is similar to that observed for dimethyl sulfoxide3, 6
and formamide electrolytes.22 Since 120 h anodization durations are not particularly convenient
for device fabrication, further studies will investigate the use of electrolytes having an initially
higher conductivity to reduce this time.
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Figure 5- 15. FESEM images showing top views of TiO2 nanotube array films fabricated in
DEG−1.0% HF electrolytes
electrolyte at 60 V for different anodization times.
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Figure 5- 16. FESEM images of TiO2 nanotube arrays fabricated in DEG−1.0%
DEG
HF electrolytes
at 60 V for 120 h, showing (a,b) top surface using different degrees of magnification; (c) back
backside bottom layer of the tubes with the sample mechanically fractured for imaging, showing one
region still with its bottom plug, e.g., like the bottom of a laboratory test tube, and another section
open; (d) cross-sectional
sectional view of the nanotubes.
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Joo and co-workers reported the observation of the titania nanotube growth by
ellipsometry for the anodization in NH4F aqueous electrolyte.19 Using a model calculation, they
proposed four important growth stages schematically shown in Figure 5- 17. This model is
similar to that previously reported by Mor et al. proposing a mechanism of titania nanotube
formation on the basis of the localized dissolution model.45

Figure 5- 17. Schematic representation of the growth stages of TiO2 nanotube array film for the
anodization in NH4F aqueous electrolyte.19 (Stage I) The growth stage of barrier oxide layer.
(Stage II) The formation stage of outer nanoporous layer and inner nanotube layer: thickness of
nanoporous layer increases with time, when the Ti fraction in the interface oxide film is constant.
(Stage III) The growth stage of pure nanotube: thickness of nanotube layer increases with time.
(Stage IV) The dissolution stage of tube mouth.

During the second stage (Stage II) the void fraction of nanoporous layer increases with
decreasing the barrier oxide thickness, and meanwhile the fraction also increases with increasing
nanotube layer thickness.19 Thus, it was expected for the films obtained in this work that the void
fraction should increase during the first 48 h since the tube length increases with time as seen in
Figure 5- 14. The nanoporous layer seen in Figure 5- 15 (the 2-7 h images) may be thick and
difficult to remove chemically under the condition of DEG−1.0% HF electrolyte; therefore, the
completely open nanotubes pores were achieved with prolonged anodization in the transition
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from Stage II to Stage III. While the Stage IV may occur simultaneously during the duration
between 48-120 h.
As proposed by a number of anodic oxidation models, the pore diameter is proportional
to the anodization voltage.17,

45, 47, 48

As depicted in Figure 5- 18 (a), the anodization voltage

directly controls the thickness of the barrier oxide layer (d) and nanotube wall (w).15, 45 The wall
thickness of each pore, as highlighted in Figure 5- 18 (b), is approximately the same size at 170180 nm, suggesting that the formation of oxide wall over the entire film substrate is uniform due
to the homogeneous field-assisted oxidation.

The tube bottom thickness (d) was found to

increase linearly with the potential as confirmed by the results in Figure 5- 19. The growth rate
proposed for the barrier oxide layer of the titania film grown by high-field anodization is
approximately 2.2 nm per voltage.43
The volume expansion associated with transformation of titanium to titania plays an
important role in determining the self-organized nanotube array geometry.17, 44 Hexagonal close
packing of the nanotubes, commonly observed using ethylene glycol electrolytes, have yet to be
observed using the DEG electrolyte. The self-organized hexagonal pattern arrangement is driven
by repulsive forces between the pores arising from mechanical stresses associated with the
titanium-to-titania volume expansion, dependent upon anodization voltage and electrolyte used,
during the oxide formation at the metal/oxide interface.17, 44
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a

w

d
Figure 5- 18. (a) Cross sectional drawing oof a nanotube. (b) Enlarged image of the selected area
of Figure 5- 16 (a) showing bottom pores with a constant wall thickness in enhanced color.

Figure 5- 19.. Dependence of barrier oxide thickness on the formation potential for the titanium
anodizations in glycerol/water/0.27 M NH4F, 40 V and 3 h duration.15
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In summary, the self-organized TiO2 nanotube arrays with 350 nm pore diameters were
successfully synthesized. This is the largest known value with an increase of 84 % from the
previous known maximum pore size9 by anodization of titanium in an HF containing DEG
electrolyte. The 350-nm pore nanotubes are achieved in the electrolyte containing 1.0% HF (60
V anodization potential) for an anodization duration of 120 h.

A combination of low HF

concentration and extended anodization time was found to be a critical window of pore size
development for the Ti anodization in organic electrolyte. It was believed that nanotube arrays of
such large pore size should find utility in applications including drug delivery, where the drug is
eluted from the nanotube array, and heterojunction solar cells where p-type polymers are
intercalated into the nanotube arrays. For future research, the work should focus on achieving
large pore nanotube arrays with shorter anodization durations through control of the electrolyte
conductivity.
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5. 4 A Quantitative Study on Electrolyte Properties and the Resulting Nanotube Array
Morphologies
Tube geometry can vary considerably with the electrolyte chemistry in which the tubes
are formed.3, 6, 49 For example, hexagonal close-packed TiO2 nanotube arrays can be obtained in
ethylene glycol electrolyte.3, 5, 7, 50-53 While in contrast a wide variation of nanotube-to-nanotube
spacing can be achieved in diethylene glycol.9, 54 While nanotube array growth has been studied
and developed through several electrolyte systems, the key parameters controlling self
organization of the nanotubes have remained unclear. Therefore, in this study the nanotube array
morphological growth parameters as dependent upon conductivity and titanium concentration as a
function of anodizing parameters and electrolyte composition will be explained.
This section presents the fabrication of self-organized titania nanotube arrays comprised
of separated, discrete nanotubes by Ti anodization in diethylene glycol (DEG) electrolytes
containing fluoride ion. This section also shows a quantitatively study of the effect of electrolyte
properties on the resulting nanotube array morphology.

In fluoride containing electrolytes,

electrochemical anodization leads to the Ti ion dissolving in the electrolyte as a stable form of
[TiF6]2- complex;40 longer anodization time leads to higher electrolyte conductivity.6 Using an
electrolyte of HF containing diethylene glycol as our model system, this work details how
manipulation of electrolyte conductivity enables control of nanotube array morphological
features. The electrolyte conductivity and titanium concentration are investigated as a function of
anodizing parameters, including anodizing voltage, time, HF concentration, inter-electrode
spacing, and solvent additives. This study elucidates dependence of the electrolyte conductivity
on the titanium concentration, and electrolyte effect on the morphological features of the resulting
nanotubes.
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5.4. 1 Experimental Procedures
Titanium foils (0.25 mm, 99.7%, Sigma-Aldrich) were cleaned with acetone, soap and
iso-propanol prior to anodization. The Ti foils were subjected to potentiostatic anodization, at
room temperature of about 23°C, in a two-electrode electrochemical cell with platinum foil as the
counter electrode. In our experiments the sample area exposed to the electrolyte, diethylene
glycol (DEG, 99.7%, Sigma-Aldrich) in combination with hydrofluoric acid (HF, 48% solution,
Merck), was fixed at 3.0 cm2, except 5.0 cm2 were noted. Solvent additives include formamide
(FA,

99.5%,

Sigma-Aldrich),

N-methylformamide

(NMF,

Sigma-Aldrich),

hexamethylphosphoramide (HMPA, 99%, Aldrich), dimethyl sulfoxide (DMSO, 99.9%, SigmaAldrich), acetyl acetone (Acac, 99%, Alfa Aesar), acetonitrile (AN, 99.8%, anhydrous, SigmaAldrich), formic acid (HCOOH, 96%, Sigma-Aldrich), acetic acid (HOAc, Glacial, Baker
Analyzed), tetrahydrofuran (THF, 99%, Sigma-Aldrich), propylene carbonate (PC, 99.7%,
Sigma-Aldrich), methyl acetate (MA, 99%, Sigma-Aldrich), ethanol (EtOH, anhydrous, SigmaAldrich), and de-ionized water. The total volume of all electrolyte baths in this study was fixed at
50 ml. Conductivity of the as-anodized electrolytes was measured at 23°C using a conductivity
meter (YSI 3200, Cole-Parmer).

Titanium concentration of the anodized electrolytes was

examined by an inductively coupled plasma emission spectrometry (ICP-AES, Perkin-Elmer
Optima 5300 ICP).

Tube morphologies of the anodic titania nanotube array films were

characterized using a field emission scanning electron microscope (FE-SEM, Leo 1530).
Crystallization of the as-anodized films was investigated by glancing-angle X-ray diffractometer
(GAXRD, Scintag, Inc.). The physical properties of solvent additives are shown in Table 5. 3.
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Table 5. 3 Physical properties of solvents used in this work.23
Compounds

Structure

Solvent

Viscosity

Conductivity

(cP)

(S/cm)

formula

Dielectric
constant of
bulk solvent

Acid

Water (H2O)

0.890

6x10-8

78.39

Formic acid (HCOOH)

1.966

6x10-5

58.5

Acetic acid (HOAc)

1.130

6x10-9

6.19

1.99

2x10-9

46.5

1.65

8x10-7

182.4

3.30

< 2x10-7

111

3.10

2x10-7

29.6

Sulfur

Dimethyl sulfoxide

compound
Amide

(DMSO)
N-methylformamide
(NMF)
Formamide (FA)
Hexamethylphosphoramide
(HMPA)

Alcohol

Ethanol (EtOH)

1.083

1.4x10-9

24.6

Ketone

Acetylacetone (Acac)

0.694

1x10-8

25.7

Nitrile

Acetonitrile (AN)

0.341

6x10-10

35.9

Ether

Tetrahydrofuran (THF)

0.460

-

7.58

Others

Methyl acetate (MA)

0.364

3x10-6

6.68

Propylene carbonate (PC)

2.53

1x10-8

64.92
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5.4. 2 Real Time Current Response during Anodization
Figure 5- 20 (a) shows the anodization current-time behavior of titanium foils anodized in
DEG−2.0% HF electrolytes mixed with different additives. The continuously increasing current
density as a function of anodization time is a characteristic indicative of anodizing Ti in a DEG
based electrolyte, unlike the typical anodization curves for anodization of Ti observed in either
aqueous or other non-aqueous electrolytes such as EG, FA, and DMSO.5, 6, 22 The anodization
current reflects oxide formation, which is a result of anionic oxygen ions in the electrolyte
travelling inward through the oxide layer to interact with Ti4+ ions at the metal/oxide surface.
The oxide growth rate is limited by ion diffusion in the electrolyte;16, 46 solvent properties such as
viscosity, conductivity, and molecular hydrogen bonding55 are expected to play an important role
in affecting the ionic movement in the electrolyte to the oxide layer, and hence determining the
oxide growth and the anodization current.
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Figure 5- 20. Current density-time behaviors of titanium foils anodized at 60 V for 24 h in
DEG−2.0% HF electrolytes containing (a) 5.0% THF, 5.0% DMSO, 5.0% PC, 5.0% HMPA,
5.0% NMF, 5.0% H2O, 5.0% FA, and 1.0% formic acid and 1.0% acetic acid, (b) 3.0%, 5.0%,
and 9.0% H2O; 3.0% and 5.0% FA.
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Figure 5- 20 (b) shows the anodization current behavior in DEG−2.0% HF electrolytes
containing 3.0 % and 5.0 % FA, and 3.0 %, 5.0 %, and 9.0 % H2O. The change in current density
can be seen more clearly with addition of the highly polar solvents. For the DEG−FA bath, the
anodization current increases with voltage reaching a maximum value before rapidly reducing
after 5 h. The current decrease results from the nanotube formation controlled by the diffusion of
ionic species, the electrolyte composition and its conductivity.6,

16, 56

The film growth rate is

limited by the migration of ions such as Ti4+, O2- for anodic TiO2, through the oxide film under a
high field potentiostatic anodization process.5 By high field conduction theory, the current
density j is related to the voltage V drop across the barrier oxide layer:57
j = A exp (BV/d)
Equation 5- 5

where A and B are material dependent constants for a given temperature, d is the overall barrier
layer thickness, and V/d represents the effective average field across the barrier oxide layer.
In addition, the concentration gradient along the channels is considered significant in the
growth of nanopores. The overall rate of oxide formation is limited by the convection and
diffusion of ions towards the electrode surfaces, when the electrolyte ohmic resistance dominates,
compared to the charge-transfer resistance at the oxide surface.58 In the DEG electrolytes
containing highly polar solvents, it was hypothesized that the mass transport limited case may be
improved by the electrolyte conductivity, leading to the low total resistance between the
electrodes and thus the high current density. As seen in Figure 5- 20 (a) and Figure 5- 20 (b), the
amplitude of anodization current is dependent upon the electrolyte conductivity, with the higher
additive content resulting in the higher current density. Further, the high electrolyte conductivity
could possibly enhance the oxide dissolution process. The fast dissolution of the barrier oxide
layer leads to larger anodization currents, facilitating ionic transport, and faster nanotube
growth.16, 22 For 24 h anodization, the length of nanotube samples grown in DEG−FA baths is ~ 8
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µm, while the average tube length obtained from the baths containing other additives is ~ 3 µm.
Thus, the growth rate of nanotube films in FA containing bath is ~ 0.3 µm h-1, slightly higher than
the average rate of those other additive baths, i.e. ~ 0.1 µm h-1. However, the growth rates for
DEG based electrolytes are much smaller than those obtained in dimethyl sulfoxide (~ 1 µm h-1),6
formamide (~ 2 µm h-1)22 and ethylene glycol (~ 15 µm h-1)5 based electrolytes, clearly indicating
that the electrolyte medium plays a key role in determining the overall reaction rate for nanotube
growth.5, 9, 22

5.4. 3 Effect of Water Content
For a given anodization voltage, the conductivity and the titanium concentration of the
electrolyte increases with larger water content

59

as shown in Figure 5- 21 (a). Figure 5- 21 (b)

shows the conductivities plotted against titanium concentrations, with the linear relation
indicating that the higher electrolyte conductivity is a consequence of the higher titanium
concentration dissolving in the electrolyte.
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Figure 5- 21. (a) Electrolyte conductivity and titanium concentration plotted against water
content, measured from DEG−2.0% HF−(3.0 %, 5.0 %, 7.0 %, and 9.0 %) H2O electrolytes after
anodizing at 60 V for 24 h. (b) A linear plot of electrolyte conductivity and titanium
concentration using data from (a).
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The achieved results are in a good agreement with this following equation, providing
information that the electrolyte conductivity κ is proportional to the concentrations c of the
constituent ions (ion i) for dilute electrolyte solutions.23

 = |Ζi | Ƒ

=
Equation 5- 6

Where Zi is the ion i charge number, Ƒ is Faraday constant, ui is the electric mobility of ion i and
the proportionality constant λi is the ionic conductivity or the molar conductivity of ion i.

Table 5. 4 shows variation of wall thickness, bottom pore size, top pore size, and
intertubular spacing of TiO2 nanotube arrays obtained from anodizing Ti in DEG−2.0% HF
containing different water composition. As shown in Table 5. 4 and Figure 5- 22, the result
revealed that the nanotube morphological parameters increase linearly with water content.
Among those increased morphologies, it is clearly seen that water content has a significant effect
on the increase in top pore diameter, with larger variation in pore size to be seen when using
larger water content.
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Table 5. 4 Wall thickness, bottom pore size, top pore size, and intertubular spacing of TiO2
nanotube array films measured by FESEM, obtained as using different water contents under the
condition of DEG−2.0% HF, 60 V and 24 h.
Water content

Wall thickness

Bottom pore size

Top pore size

Intertubular

(%)

(nm)

(nm)

(nm)

spacing (nm)

5.0

38.3 ± 4.0

93.8 ± 26.8

134.0 ± 27.2

60.0 ± 20.7

7.0

55.2 ± 8.8

127.0 ± 28.2

227.6 ± 34.5

76.4 ± 15.9

9.0

57.1 ± 9.0

144.0 ± 25.6

284.3 ± 73.5

83.5 ± 19.6

y = 17.3 + 4.7x R= 0.90827
y = 33.75 + 12.55x R= 0.98308

Wall thickness
Bottom pore
Top pore
Intertubular spacing

400

y = -47.725 + 37.575x R= 0.9901
y = 32.175 + 5.875x R= 0.97488

350
300
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Figure 5- 22. Variation of wall thickness, bottom pore size, top pore size, and intertubular
spacing as a function of water content when anodizing in DEG−2.0% HF electrolyte at 60 V and
for 24 h.
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With larger water content, the anodization process is governed by the chemical
dissolution or the oxide etching, leading to the large titanium dissolution from the oxide wall and
resulting in the conical shape of nanotube.45, 49 As shown in Figure 5- 23 (a), it is clearly seen
that the bottom wall of nanotubes is thicker than the top wall for the 10.0 % H2O condition.

Figure 5- 23. (a) TEM images of titania nanotubes grown in ethylene glycol/0.2 M NH4F
electrolytes containing 2.5% H2O and 10.0% H2O, and (b) variation of barrier layer thickness as a
function of water content.49

The water content has an insignificant effect on the resulting tube length. In ethylene
glycol/water electrolyte, it was found that the barrier layer thickness increased when 0−2.5 %
water contents were incorporated, and remained unchanged on further increase in water contents,
see Figure 5- 23 (b).49 If the barrier oxide thickness tended to be constant with water contents > 3
%, the oxide growth rate should remain constant even though more water was added.
Accordingly, it seems that the constant growth rate would lead to the longer tube length as a
function of time. However, since the chemical dissolution is also increased with larger water
content,6 this reaction will be more competitive giving rise to the enhanced oxide etching. Thus,
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the use of larger water content may not result in a significant difference of the final tube length.
In this experiment, when using water contents from 3.0 %-9.0 % v/v the lengths of ~ 2-3 µm were
obtained in all cases.
The top view FESEM images of nanotubes obtained from using different water content
are shown in Figure 5- 24. The top of the nanotubes is distorted from the circular shape as water
content is increased. The irregular shape of pore mouth is seen more clearly for the 9.0 % water
condition. For the 9.0 % water condition, the nanotube cell distortion at the bottom is also seen in
Figure 5- 25 in comparison to the 5.0 % water condition, suggesting that the electrolyte
composition has a strong influence on controlling the anodic growth process at the pore head
(bottom) area and thus determining the tube geometry.
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Figure 5- 24.. FESEM images showing top view of TiO2 nanotube arrays fabricated in
DEG−2.0% HF electrolytes at 60 V and 24 h, containing different water contents of 3.0%, 5.0%,
7.0%, and 9.0%.

Figure 5- 25. FESEM images
image showing the bottom parts underneath the nanotube arrays for the
conditions in Figure 5- 24;
24 DEG−2.0% HF electrolytes containing 5.0 % H2O and 9.0 % H2O.
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What caused the tube cell distortion?
In an acidic electrolyte, H+ concentration in the bulk electrolyte is higher than that in the
vicinity of the anode surface, creating the concentration gradient along the nanotube length in the
opposite direction to the migration from the bottom tube to the top through the oxidation reaction
(Ti + 2H2O  TiO2 + 4H+ + 4e-). Considering H+ concentration within a single tube, Macak et
al. reported that H+ ions are produced only at the tube bottom,60 assuming that H+ concentration
decreases from the tube bottom to the top pore. In bulk electrolyte, when H+ concentration in
electrolyte is high, the removal of H+ from the oxide surface will become difficult and thus H+
ions are pushed back to the anode electrode.61 The schematic representation in Figure 5- 26 was
proposed for the phenomena seen in Figure 5- 25 by considering proton concentration as a
function of water content in the electrolyte bath. As the matter of fact, proton concentration in
the bath containing 9.0% H2O is higher than that of the 5.0% H2O containing bath. Thus, it was
assumed that the large proton diffusion driven by the high concentration should push more H+
ions into the tubes with respect to the condition having lower H+ concentration. That is, there
should be larger H+ species presenting in the tubes for the 9.0% H2O condition compared to the
5.0% H2O condition. When the oxide dissolution (TiO2 + 6F- + 4H+  TiF62- + H2O) occurs
preferentially at the inner oxide wall, the effect of proton-enhanced dissolution should
consequently lead to the cell distortion.
Sun and Teja reported that viscosity of the DEG-water mixtures decreased with larger
water content.12 Thus, it was expected that the viscosity of the solution containing 9.0% H2O
should be lower than that of the 5.0% H2O condition. The low viscosity is related to the high
diffusion coefficient according to the Stokes-Einstein equation:62
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D=kT/6πrη
Equation 5- 7

Where D is diffusion coefficient, k is Boltzman constant, T is temperature, r is radius of moving
particle, and η is viscosity.
In addition to the effect of proton concentration, the viscosity may have an effective
contribution to distortion of the tube cell. When diffusion plays a significant role due to the high
concentration, there should be larger H+ ions existing inside the tubes particularly at the pore
head, enhancing the oxide wall dissolution. Eventually the irregular cell shape is obtained.

Figure 5- 26. Cross-sectional and top views of nanotubes showing the effect of proton
concentration on nanotube geometry; w1 is nanotube wall.
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5.4. 4 Effect of Inter-Electrode Spacing
The effect of inter-electrode spacing on the nanotube morphological parameters including
top pore diameter, bottom pore size, wall thickness, and intertubular spacing, was studied by
varying the distance between Pt counter electrode and Ti working electrode. The anodizing
condition for this experiment was held fixed for all anodizations using DEG−2.0% HF
electrolyte, 60 V and 24 h duration. The nanotube morphology was investigated by FESEM.
Variation of nanotube morphologies as a function of inter-electrode spacing is shown in Table 5.
5, and is plotted in Figure 5- 27.

Table 5. 5 Top pore size, bottom pore size, wall thickness, and intertubular spacing of TiO2
nanotube array films measured by FESEM, obtained as using different inter-electrode spacing.
Inter-electrode
spacing (cm)

Top pore
size (nm)

Bottom pore size
(nm)

Wall thickness
(nm)

Intertubular
spacing (nm)

0.5

192.0 ± 30.6

156.9 ± 24.4

65.1 ± 6.4

155.7 ± 14.5

1.5

172.5 ± 17.8

132.7 ± 22.8

51.4 ± 3.0

86.4 ± 18.2

2.0

141.5 ± 17.7

102.0 ± 15.6

38.6 ± 3.9

76.6 ± 11.0

2.5

125.9 ± 19.4

96.6 ± 19.1

36.4 ± 3.5

67.8 ± 19.8

3.0

93.3 ± 11.6

59.3 ± 14.7

30.2 ± 3.0

39.9 ± 14.2

4.5

40.9 ± 6.5

30.4 ± 9.2

12.9 ± 1.6

10.3 ± 2.6
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Figure 5- 27. Variation of Nanotube morphological parameters as a function of inter-electrode
spacing, when using anodization conditions of DEG−2.0% HF electrolyte, 60 V and 24 h
anodization.

Normally the distance between Pt and Ti electrodes is 1.5 to 2.5 cm for anodization either
in aqueous or non-aqueous electrolytes. However, from this experiment, the result revealed that
varying the inter-electrode spacing within 1 cm (e.g. 1.5-2.5 cm) leads to variation up to ~ 50 nm
in the nanotube morphological parameters; i.e. top pore, bottom pore, and intertubular spacing.
Therefore, the inter-electrode spacing between Pt counter electrode and Ti substrate has to be a
fixed constant for the anodization in viscous non-organic electrolyte in order to obtain the better
reproducibility of the nanotube samples.
The top view FESEM images of the resulting nanotubes obtained from using different
inter-electrode spacing are shown in Figure 5- 28.

The pore diameters decrease with the

increased inter-electrode spacing, which is probably due to the significant IR drop in the organic
electrolytes reducing the field strength at the anode electrode.15, 63 However, the inter-electrode

186
spacing did not show significant effect on the
the tube length; the lengths obtained from those
conditions are about the same, which is ~ 3 µm.

Figure 5- 28.. Top view images of TiO2 nanotube array films anodized in DEG−2.0% HF
electrolytess at 60 V and 24 h using different inter-electrode distances.

The effect of inter-electrode distance on electrolyte conductivity aand titanium
concentration is shown in Table 5. 6 and Figure 5- 29 (a-b). With closer int
inter-electrode distance,
the increased conductivity is due to the increased titanium concentration, as seen the linear
relation plotted in Figure 55 29 (c). Due to the electrode kinetics, the closer inter
inter-electrode
spacing may facilitate the electrode reactions, promoting the oxide growth process and the
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chemical dissolution simultaneously. Thus, the large titanium dissolution is observed. Changes
in electrode microstructure, electrolyte contamination, and control of mass transport to the
electrode all contribute to variations in electrode reactions.58

Table 5. 6 Conductivity values and titanium concentrations as a function of inter-electrode
spacings measured from the anodized electrolytes with conditions of DEG−2.0% HF, 60 V and
24 h, and the Ti area exposed to electrolyte of 3.0 cm2.
Inter-electrode spacing (cm)

Conductivity (µS/cm)

Ti concentration (ppm)

0.5

105.5

1044.6

1.5

69.1

712.6

2.0

61.0

460.0

2.5

51.0

510.0

3.0

46.3

407.5

4.5

34.0

459.6

Figure 5- 29. The plots of (a) conductivity and (b) titanium concentration of the anodized
electrolytes as a function of inter-electrode spacing, and (c ) the electrolyte conductivity plotted
against titanium concentration, under the condition of DEG−2.0% HF, 60 V and 24 h.

188
5.4. 5 Effect of Other Important Anodizing Parameters on Electrolyte Properties
The aim of the study in this section was to investigate the dependence of electrolyte
properties on important anodizing parameters.

Anodizations were carried out in different

conditions, thereafter the anodized electrolytes were subjected to characterization in terms of
electrolyte conductivity and titanium concentration.

The experimental data obtained from

different variations are shown in Table 5. 7. Figure 5- 30 and Figure 5- 31 show the overlay plots
for conductivity and titanium concentration against the anodizing parameters including
anodization voltage, time, water content, Ti sample area exposed to the electrolyte, and interelectrode (Pt-Ti) distance. In Figure 5- 30, the conductivity seems to increase with voltage, time,
water content, and Ti soaking area, but decreased when the inter-electrode spacing was increased.
Whereas the plots in Figure 5- 31 , the trend of titanium concentrations appears to be similar to
that of conductivity values in Figure 5- 30, confirming the close relationship between these two
factors.
A linear conductivity-titanium concentration relation was observed under a variety of
anodizing conditions; see Figure 5- 32 and the overlay plot in Figure 5- 33. The use of longer
anodization durations (line i), higher voltages (line ii), and smaller electrode distances (line iv)
leads to increased titanium dissolution and increased conductivity. A significant change in
relationship was observed with the addition of water to the electrolyte. The slopes of line iii and
line v (with water) are smaller than that of line ii (without water), suggesting that water
significantly increased the electrolyte conductivity. Using a fixed Ti sample area of 3.0 cm2, we
found a nominal electrolyte conductivity of 250 µS cm-1 and titanium concentration values of ~
1200 ppm. Greater water content results in decreased nanotube wall thickness, and large pore
size, due to the greater loss of titanium species through dissolution and/or charge consuming side
reactions.49
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Table 5. 7 Conductivity values and titanium concentrations of electrolyte measured before and
after anodization under various anodizing conditions.
Line

Description/conditions

Variables

number

i

concentration

anodization

anodization

(ppm)

(µS/cm)

(µS/cm)

1.7 ± 0.6

10.6

3.5

12.4

59.0

20 h

18.4

68.0

40 h

30.4

325.0

Vary voltage: 40-80 V

70 h
40 V

52.4
10.7

465.0
85.8

Conditions: DEG−2.0%HF, 24 h,

60 V

43.1

350.0

Ti area 3.0 cm
Vary voltage: 40-80 V

80 V

Conditions:DEG−2.0%HF−5.0%

60 V

40 V

431.7
452.4

120.4

636.8

165.2

983.7
1044.6

1.5 cm

69.1

712.6

2.0 cm

61.0

460.0

2.5 cm

51.0

510.0

3.0 cm

46.3

407.5

0.5-4.5 cm

24 h, Ti area 3.0 cm

24.3 ± 1.0

54.0
83.8

105.5

0.5 cm

2

6.8 ± 1.0

80 V

H2O, 24 h, Ti area 3.0 cm
Vary inter-electrode spacing:

Conditions: DEG−2.0%HF, 60 V,

6.8 ± 1.0

Vary water content: 0.0-9.0%

4.5 cm
0.0 %

6.8 ± 1.0

34.0
43.1

459.6
350.0

Conditions: DEG−2.0%HF, 60 V,

3.0 %

10.7 ± 1.0

66.0

410.0

5.0 %

24.3 ± 1.0

120.4

636.8

7.0 %

2

24 h, Ti area 3.0 cm

vi

after

10 h

2

v

before

Conditions: DEG−1.0%HF, 60 V,

2

iv

Ti

2h

Ti area 3.0 cm

iii

Conductivity

Vary time: 2-70 h
2

ii

Conductivity

25.5 ± 1.0

191.1

970.0

9.0 %

27.1 ± 1.0

217.3

1100.0

Vary water content: 0.0-9.0%

3.0 %

6.8 ± 1.0

53.7

537.2

Conditions: DEG−2.0%HF, 60 V,

5.0 %

110.5

1030.5

9.0 %

230.6

1356.7

2

24 h, Ti area 5.0 cm

Figure 5- 30. Interaction plot for electrolyte conductivity under varied anodizing parameters in anodization of Ti foils in DEG based
electrolyte.
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Figure 5- 31. Interaction plot for titanium concentration under varied anodizing parameters in anodization of Ti foils in DEG based
electrolyte.
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Figure 5- 32. Electrolyte conductivity vs. titanium concentration obtained from using different anodizing conditions. The overlay plots of
line i to line vi are illustrated in the next page (Figure 5- 33).

(i) Vary time (2-70 h)
(ii) Vary voltage (40-80 V, DEG+2%HF)
(iii) Vary voltage (40-80 V, DEG+2%HF+5%water)
(iv) Vary interelectrode spacing (0.5-4.5cm)

(c)

2

(v) Vary water content (0-9%, Ti area 3.0 cm )
2

(vi) Vary water content (3-9%, Ti area 5.0 cm )
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Figure 5- 33. Electrolyte conductivity vs. titanium concentration obtained from different
anodizing conditions by varying anodization time_(line i, 2-70 h, DEG−1.0%HF, 60 V), varying
voltage_(line ii, 40-80 V, DEG−2.0%HF, 24 h and line iii, 40-80 V, DEG−2.0%HF−5.0%H2O,
24 h), varying interelectrode spacing_(line iv, 0.5-4.5 cm, DEG−2.0%HF, 60 V, 24 h), and
varying water content_( line v, 0.0-9.0%, DEG−2.0%HF, 60 V, 24 h). All data from lines (line
i)-( line v) were obtained from using Ti area of 3.0 cm2. (line vi) Data obtained from anodizing
in DEG−2.0%HF−(3.0-9.0%) H2O electrolytes (60 V and 24 h) using larger sample area of 5.0
cm2.
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5.4. 6 Effect of Solvent Additives on Electrolyte Properties and Nanotube Morphologies

5.4.6. 1 Electrolyte Property−
−Morphology Relationship
Table 5. 8 shows the experimental data of conductivity and titanium concentration
measured before and after anodizations when different solvent additives were added in the
DEG−2.0%HF electrolyte. Using other solvents as the additive in DEG based electrolyte, the
linear relation of conductivity and titanium concentration was also observed. At a fixed voltage
at 60 V and 24 h anodization duration, the plot of conductivity and titanium concentration was
demonstrated in Figure 5- 34 (a).

Table 5. 8 Conductivity values and titanium concentrations of DEG−2.0% HF electrolyte
containing different solvent additives, measured before and after anodization.
Compounds

Additives

Additive
content
(%)

Voltage
(V)

Time
(h)

No additive

Conductivity
before
anodization
(µS/cm)
6.2

DEG

0

40
60

Water (H2O)

23.7 (5.0%)

5.0
5.0
7.0
9.0
5.0

24.6 (7.0%)
27.1 (9.0%)
Acids

Sulfur
compounds

Ti
concentration
(ppm)

24
24
24

Conductivity
after
anodization
(µS/cm)
10.7
43.0
54.8

40
60
60
60
60

24
24
24
24
48

83.8
120.4
191.1
217.3
176.5

452.4
636.8
970.0
1100.0
n/a

85.8
350.0
431.7

Formic acid

7.9 (1.0%)

1.0
1.0
1.0
1.0

40
60
60
80

24
24
48
24

31.6
63.9
130.4
40.1

254.9
489.7
1087.0
387.5

Acetic acid
(HOAc)

8.1 (1.0%)

1.0
1.0
1.0
1.0
5.0

40
60
60
80
80

24
24
48
24
24

12.3
44.6
109.2
70.0
165.2

94.4
441.6
1059.8
494.9
983.7

Dimethyl
sulfoxide
(DMSO)

5.7 (5.0%)

5.0
5.0
5.0
5.0

40
60
60
80

24
24
48
24

11.4
50.3
121.8
30.3

84.8
461.1
1022.7
330.0

195
(Cont. Table 5. 8)
Compounds

Additives

Conductivity
before
anodization
(µS/cm)
13.5 (5.0%)

Additive
content
(%)

Voltage
(V)

Time
(h)

Ti
concentration
(ppm)

24
24
24

Conductivity
after
anodization
(µS/cm)
83.1
79.8
83.7

Amides

Nmethylformamide
(NMF)

5.0
5.0
5.0

40
60
80

Formamide (FA)

11.1 (3.0%)
28.2 (5.0%)
7.8 (1.5%)

3.0
5.0
1.5
3.0
5.0
5.0

40
40
60
60
60
60

24
24
24
24
24
48

322.5
401.0
99.0
184.0
312.9
494.2

163.5
165.8
111.0
156.0
202.7
209.2

Hexamethyl
phosphoramide
(HMPA)

12.5 (5.0%)

5.0
5.0
5.0
.
5.0
5.0
5.0

40
60
80

24
24
24

43.2
30.9
32.3

180.1
293.3
395.0

Alcohols

Ethanol (EtOH)

7.9 (5.0%)

40
60
80

24
24
24

13.5
46.5
42.9

83.1
423.11
611.3

Ketones

Acetylacetone
(Acac)

8.0 (5.0%)

5.0
5.0
5.0
5.0

40
60
60
80

24
24
48
24

26.7
53.6
154.8
76.8

114.1
499.0
1203.2
603.0

Nitriles

Acetonitrile (AN)

8.4 (5.0%)

5.0
5.0
5.0

40
60
80

24
24
24

19.3
71.1
58.0

120.8
536.8
431.1

Ethers

Methyl acetate
(MA)

7.6 (5.0%)

Others

Propylene
carbonate (PC)

8.6 (5.0%)

5
5
5
5
5
5
5
5

40
40
60
80
40
60
60
80

24
24
48
24
24
24
48
24

20.4
56.0
162.3
53.8
13.7
39.8
120.7
39.4

109.5
422.7
1462.3
572.6
85.0
324.3
1131.1
409.1

Tetrahydrofuran
(THF)

8.2 (5.0%)

5
5

40
60

24
24

11.6
32.1

91.0
295.9

319.4
659.3
829.2

196

Figure 5- 34. (a) Linear relationship between electrolyte conductivity and titanium concentration
of the as-anodized DEG−2.0% HF electrolytes mixed with different solvent additives (60 V, 24
h). The green solid circle line represents the linear data of 5.0 % THF, 5.0 % HMPA, 5.0 % PC,
5.0 % EtOH, 5.0 % MA, 5.0 % DMSO, 5.0 % Acac, 5.0 % AN, and 5.0 % NMF, and 1.0 %
HCOOH and 1.0 % HOAc. The red half-filled square represents the data of 3.0 %-9.0 % H2O.
The filled triangle represents the linear data of 1.5 %-5.0 % FA. (b) Schematic representation of
porous structure and separated nanotube array structure.

Those lines were classified based on the conductivity values and the properties of solvent
additives considering relative permittivity (ε) and polarity.
Group 1, where the conductivity values locate in range of 100 µS cm-1, those plots were
obtained from DEG (ε = 31.69) electrolytes containing THF (ε = 7.58), HMPA (ε = 29.6), PC (ε
= 64.92), EtOH (ε = 24.6), HOAc (ε = 6.19), MA (ε = 6.68), HCOOH (ε = 58.5), DMSO (ε =
46.5), Acac (ε = 25.7), AN (ε = 35.9), and NMF (ε = 182.4).
Group 2 and Group 3, the conductivities locate in the higher range, when using the more
polar water (ε = 78.39) and FA (ε = 111) as additives, respectively.

Considering those straight lines seen in Figure 5- 34 (a) the increased conductivity is due
to the increase in titanium concentration or the increased number of predominating titaniumcomplex anions in the electrolyte from dissolution processes, which are from the Ti4+ migration at
the metal/oxide interface and the chemical dissolution (oxide etching) from TiO2 wall.23
However, the dependence of conductivity on the titanium concentration is uncommon for Group
3 compared to the conductivity-titanium concentration ratio of Group 2. The effect of the high
polar FA on the increased electrolyte conductivity will be discussed later in this paper for Group
3 electrolytes.
For Group 1, the relative permittivity showed no significant effect on the increased
conductivity, but the conductivity was found to be directly dependent upon the increased titanium
concentration. Noticeably the electrolyte conductivity values in Group 1 are lower than those in
Group 2 and Group 3. We attribute this to the formation of ion pairs occurring in these
electrolyte mixtures to which the low polar solvents were added. Normally in solvent mixtures of
low permittivity (ε < 40), the enhanced effect of ion pair formation causes the reduced number of
free ions responsible for electrical conductance.64
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For the case of NMF, a solvent having an exceptional high ε (182.4) is also classified into
Group 1. The very high permittivity is because the linear and short molecular chains of NMF
prefer to linearly arrange and mutually interact by hydrogen bonding (see Figure 5- 35).23 When
NMF is added, the abnormal property of this high permittivity solvent may behave like big
particles moving in DEG medium. The mobility of dissolving ions in this electrolyte condition is
probably hindered by the strong self-bonding network of NMF molecules. Thus the solvent
effect may result in the low conductivity and the low anodization current accordingly. The
anodic reaction rate is limited by the electrolyte properties as the amount of hydroxyl ion
injection for the oxide formation depends upon the solvent structure.59 As seen in Figure 5- 20
(a) the current density of the NMF additive bath also locates in the low region in analogy to the
anodization currents of other additive baths in Group 1.

Figure 5- 35. The liquid structures of H2O, FA and NMF.23

For Group 2, the electrolyte conductivity and the titanium concentration increase as a
function of water content. With larger water content more dissociated ions are available in the
electrolyte, leading to higher conductivity.

The solvent effect on various chemical and

electrochemical processes is attributable to the influence of the network formation of solvent
structures as well as the acidity/basicity of the two solvents.23 Due to the high permittivity and
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moderate acidity and basicity of water, the force between the opposite charged ions the cationanion interaction in electrolyte is overcome, dissociating to separated solvated ions.23 The higher
conductivity due to the greater supply of free ions in the electrolyte in turn induces more charges
to be formed on the oxide layer, improving extraction of Ti4+ ions.22 As a result, a greater
concentration of titanium dissolving in the anodized electrolyte was obtained. Since the larger
amount of water leads to greater proton concentration in the electrolyte, one may assume that the
oxide dissolution is enhanced leading to greater titanium concentration in the electrolyte
according to this reaction:45
TiO2 + 4H+ + 6F- → TiF62- + 2H2O
Equation 5- 8

The idea of ion dissociation depending upon relative permittivity could also be applied to
Group 3. When FA (ε = 111), substantially more polar than water (ε = 78.39), was mixed into
DEG, it is expected that the mixed electrolyte will become more polar. Addition of FA should
allow more free ions forming in the electrolyte that leads to the increased conductivity. However,
it is interesting that the titanium concentrations measured in the anodized electrolytes are
considerably lower compared to those values in Group 1 and Group 2, suggesting that the
titanium concentration is not the main factor that governs the electrolyte conductivity. Most of
the titanium ions ejected from the metal substrate are probably consumed by the fast oxidation
rate in the oxide growth process, since the growth rate of nanotubes in the FA additive baths is
relatively higher than other baths. The high conductivity is probably because the enhanced effect
of ionophore dissociation predominates, when the high permittivity FA is mixed in dilute solution
condition.64 The ionophores– the ionic forms arranged in crystalline state may dissociate almost
completely into free ions, consequently leading to the high conductivity of electrolyte.
Dissociation/dissolution of the crystalline electrolyte is presented by the Born-Haber cycle, see
Figure 5- 36.23 Ion salvation is remarkably important in the dissolution of electrolyte.
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Figure 5- 36. Dissolution process of crystalline electrolyte MX into a solvent.64 Process I:
Dissociation of M+ and X- ions, which are strongly bound electrostatically in the crystal form,
into a gaseous state. Process II: Dissolution of M+ and X- ions in the gas phase into the form of
solvated solvent. Process III: Dissolution of MX crystal into the solvent, forming the solvated
M+ and X- ions.

Furthermore, it was found that the electrolyte conductivity has a significant effect on the
degree of self ordering (see Figure 5- 34 (a)), with higher electrolyte conductivities resulting in
more ordered, well separated nanotube arrays. The self ordering regime was classified based on
the construction of nanopores at the bottom part of nanotube arrays. The bottom part was
achieved by removing the top part of nanotube layer as the methods shown in Figure 5- 37. The
as-anodized nanotube array film was scratched by the sharp tip of a blade that will mechanically
break the film into small pieces. The top part of nanotube arrays was removed leaving behind the
exposing bottom part of the array as the SEM image shown in Figure 5- 37. The bottom parts of
nanotubes obtained from using different additives are demonstrated in Figure 5- 39.

•

For Group 1, in conductivity range < 100 µS cm-1, the disordered nanotube arrays were
commonly observed, see Figure 5- 38 (b).

While the lowest conductivity electrolytes

containing THF, HMPA, and PC provided the alumina-like porous structure, see Figure 538 (a).
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•

For Group 2 and Group 3, with electrolyte conductivities > 100 µS cm-1, the more
uniformly aligned and well-separated nanotube arrays were obtained, see Figure 5- 38 (c).

The uniform well-aligned nanotube arrays can be prepared within limited processing
windows, satisfying self-ordering conditions. The restriction is due to the conductivity of the
electrolyte strongly affecting the movement of ionic species for the oxide formation.

For

example, in high conductivity electrolytes, when water is present, hydroxyl ions are injected into
the oxide layer and affect the structure sufficiently to impede ion transport, allowing further
movement of the metal/oxide interface into the metal.65 Due to the high electrolyte conductivity
and the high anodization current for Group 2 and Group 3, the speed of pore growth in each
nanotube cell is sufficiently high, causing more homogeneous pore formation and eventually
improved self ordering. In low conductivity electrolytes, the oxide formation rate is probably
limited by the involvement of OH- due to dissociation of water, eventually affecting the
individual pore/cell enlargement to be different.5, 42 The limitation of interface kinetics leads to
the inhomogeneous, disordered formation of nanotube cells to be obtained for Group 1.

Figure 5- 37. Schematic representation showing the bottom part (left image) of the arrays
obtained after the top part of nanotube arrays was mechanically removed.
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Figure 5- 38.. FESEM images showing (left) top view and (right) cross-sectional view of
nanotubes formed in DEG−2.0%
DEG
HF electrolytes containing (a) 5.0%
% PC (porous oxide film), (b)
1.0% formic acid (disordered nanotubes),
nanotubes) and (c) 5.0% H2O (well ordered nanotubes),
nanotubes) at 60 V for
24 h anodization.
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Figure 5- 39.. FESEM images showing top view of the bottom part of TiO2 nanotube arrays
grown in DEG−2.0% HF electrolytes containing 1.5% FA, 3.0% FA, 5.0% FA, 5.0% H2O, 7.0%
H2O, 9.0% H2O, 5.0% AN, 5.0% NMF, 1.0% HCOOH, 5.0% DMSO, 1.0% HOAc, 5.0% MA,
5.0% PC, and 5.0% HMPA, using anodization voltage of 60 V and 24 h.

204
When the anodization voltage was varied to 40 V and 80 V, the relation of conductivity
and titanium concentration were obtained as shown in Figure 5- 40 and Figure 5- 42, respectively.
Similarly, the electrolyte conductivity also establishes a self organization regime varied from
nanoporous structure to well ordered, separated nanotube arrays; with higher conductivity leading
to the better ordering. The top view FESEM images of the bottom part of nanotube arrays for the
conditions using 40 V and 80 V are shown in Figure 5- 41 and Figure 5- 43.

Figure 5- 40. Relationship between electrolyte conductivity and titanium concentration of the asanodized DEG−2.0%HF electrolytes mixed with 3.0% FA, 5.0% FA, 5.0% H2O, 9.0% H2O, 5.0%
NMF, 1.0% HCOOH, 5.0% HMPA, 5.0% AN, 5.0% MA, 5.0% Acac, 1.0% HOAc, 5.0% EtOH,
5.0% PC, 5.0% DMSO, 5.0% THF, and no additive added, using anodization voltage of 40 V and
24 h.
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Figure 5- 41.. FESEM images showing top view of the bottom part of TiO2 nanotube arrays
grown in DEG−2.0%HF
2.0%HF electrolytes containing 5.0% HMPA, 5.0% AN, 5.0% NMF, 5.0% PC,
1.0% HOAc, 1.0% HCOOH, 5.0% THF, no additive added, 5.0% DMSO, 5.0% H2O, 9.0% H2O,
3.0% FA, and 5.0% FA, using anodization voltage of 40 V and 24 h.
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Figure 5- 42. Relationship between electrolyte conductivity and titanium concentration of the asanodized DEG−2.0%HF electrolytes mixed with 5.0% NMF, 5.0% EtOH, 5.0% Acac, 5.0% MA,
1.0% HOAc, 5.0% AN, no additive added, 5.0% PC, 5.0% HMPA, 1.0% HCOOH, and 5.0%
DMSO, using anodization voltage of 80 V and 24 h.
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Figure 5- 43.. FESEM images showing top view of the bottom part of TiO2 nanotube arrays
grown in DEG−2.0%HF
2.0%HF electrolytes containing 5.0% Acac, 5.0% NMF, 5.0% MA, 1.0% HOAc,
no additive added, 5.0% AN, 5.0% PC, 5.0% HMPA, 5.0% DMSO, and 11.0% HCOOH, using
anodization voltage of 80 V and 24 h anodization.
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Figure 5- 44 shows the overlay plots of conductivity-titanium concentration relationships
obtained from using different anodization voltages; i.e. 40 V, 60 V, and 80 V. Although the
anodization voltages used were different, the trend of self-organization as dependent upon the
electrolyte conductivity is similar. In this study, the influences of important anodizing parameters
on the formation structure are documented. The electrolyte conductivity is a key parameter for
the morphological transition from porous structure to disordered nanotube arrays, and then to the
better ordered, well separated nanotube arrays. The following conclusions can be drawn from the
comparison plots: (i) The formation structures depend on the electrolyte conductivity, but
independent upon the anodization voltage. (ii) The porous structure could be obtained only in the
critical range of low electrolyte conductivity, approximately < 100 µS/cm, where the availability
of ions at the oxide surface is restricted by the mobility of those ions in the low conductivity
electrolyte. The conductivity is probably too low and insufficient to etch the oxide layer in
creating the separated pore cell. For a given voltage, the high conductivity is sufficient to
dissolve the outer layer of oxide wall, allowing each individual pore to separate. (iii) The higher
anodization voltage leads to more titanium dissolution which in turn led to larger titanium
concentration dissolving in the anodized electrolyte, (iv) The well ordered, separated nanotube
arrays are always obtained when adding the solvent additives having higher relative permittivity,
which is water and formamide in this study. The mixtures of DEG electrolytes containing these
highly polar additives lead to the higher conductivity of the electrolytes after anodization. (v)
Evolution of nanotube structure from the nanoporous structure, the disordered, and then the well
ordered nanotube arrays is strongly dependent upon the combination effect of anodization
voltage, electrolyte properties and electrolyte composition.

Figure 5- 44. The overlay plots of the conductivity vs. titanium concentration for Ti anodizations in DEG−2.0%HF containing different
solvent additives with different contents and different anodization voltages of (a) 40 V, (b) 60 V, and (c) 80 V.

5.4.6. 2 Influence of Conductivity on Nanotube Morphological Parameters
Chemical
hemical dissolution proceeds ttoo a relatively greater extent at the top of nanotube layer,
leading to the tapered structure or the conical shape of nanotubes.45, 49 Thus, the work in this
study was focused on measuring pore size in the area around
around the bottom of the arrays because the
size at pore mount is normally affected by chemical etching due to the enhanced conductivity
during anodization.49 The top view tube morphology at the bottom of the arrays showing how the
tube-to-tube and intertubular spacing were measured is demonstrated in Figure 5- 45. Using
different anodization voltages, observation of other nanotube morphological parameters such as
pore size, wall thickness, and intertubular spacing, as a function of electrolyte conductivity is
presented in Table 5. 9 plotted
plo
in Figure 5- 46 (a-c).

Figure 5- 45.. FESEM images showing top views of the bottom part of TiO2 nanotube arrays and
presenting how to measure the tube-to-tube
tube spacing and intertubular spacing parameters.
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Table 5. 9 Bottom pore size, wall thickness, and intertubular spacing of TiO2 nanotube arrays
measured by FESEM, obtained from anodizations of Ti foils in DEG−2.0% HF electrolytes for 24
h and using (a) 40 V, (b) 60 V, and (c) 80 V.
Additives
5.0% FA
5.0% H2O
5.0% PC
5.0% DMSO
5.0% NMF
5.0% Acac
5.0% MA
5.0% HMPA
5.0% EtOH
5.0% AN
1.0% Formic acid
1.0% Acetic acid
5.0% THF
1.5%FA
3.0%FA
7.0%H2O
9.0%H2O
No additive

Conductivity
(µS/cm)
401.0
83.8
13.7
11.4
83.1
26.7
20.4
43.2
13.5
19.3
31.6
12.3
11.6
n/a
322.5
n/a
154.5
10.7

(a) 40 V
Bottom pore size
(nm)
38.5 ± 7.7
40.2 ± 12.4
11.0 ± 1.4
13.8 ± 1.9
37.2 ± 3.7
n/a
n/a
21.3 ± 2.8
n/a
17.0 ± 1.9
22.7 ± 2.6
10.4 ± 0.7
n/a
n/a
30.8 ± 5.9
n/a
98.5 12.4
12.2 ± 2.2

Wall thickness
(nm)
28.3 ± 3.7
16.2 ± 2.9
17.7 ± 1.1
9.9 ± 1.7
8.6 ± 1.1
n/a
n/a
9.2 ± 1.9
n/a
7.6 ± 1.7
11.1 ± 2.3
6.2 ± 1.0
n/a
n/a
29.6 ± 1.9
n/a
26.7 ± 2.7
7.7 ± 0.9

Tube-to-tube
spacing (nm)
24.2 ± 7.5
14.9 ± 2.5
7.2 ± 0.7
23.2 ± 3.1
44.1 ± 3.3
n/a
n/a
26.1 ± 3.0
n/a
24.4 ± 1.6
31.7 ± 4.0
15.9 ± 2.1
n/a
n/a
21.4 ± 5.3
n/a
33.6 ± 6.9
19.0 ± 3.3
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(Cont. Table 5. 9)

Additives
5.0% FA
5.0% H2O
5.0% PC
5.0% DMSO
5.0% NMF
5.0% Acac
5.0% MA
5.0% HMPA
5.0% EtOH
5.0% AN
1.0% Formic acid
1.0% Acetic acid
5.0% THF
1.5%FA
3.0%FA
7.0%H2O
9.0%H2O
No additive

Additives
5.0% FA
5.0% H2O
5.0% PC
5.0% DMSO
5.0% NMF
5.0% Acac
5.0% MA
5.0% HMPA
5.0% EtOH
5.0% AN
1.0% Formic acid
1.0% Acetic acid
5.0% THF
1.5%FA
3.0%FA
7.0%H2O
9.0%H2O
No additive

Conductivity
(µS/cm)
378.2
120.4
41.8
56.8
91.4
65.0
52.5
36.3
53.3
72.8
65.2
49.0
37.4
168.4
193.9
191.1
217.3
43.0

(b) 60 V
Bottom pore size
(nm)
148.4 ± 40.0
93.8 ± 26.8
45.7 ± 6.7
68.5 ± 15.7
82.4 ± 32.5
67.9 ± 12.3
29.6 ± 6.7
39.9 ± 4.9
45.4 ± 13.3
43.9 ± 7.5
48.8 ± 18.6
47.9 ± 9.7
33.3 ± 7.3
106.1 ± 22.6
114.2 ± 18.8
127.0 ± 28.2
144.0 ± 25.6
55.1 ± 5.7

Wall thickness
(nm)
58.4 ± 6.1
38.3 ± 4.0
n/a
30.5 ± 2.3
45.8 ± 6.1
38.5 ± 7.9
16.2 ± 2.0
n/a
n/a
32.6 ± 5.5
27.1 ± 5.5
29.0 ± 3.1
n/a
53.7 ± 8.8
46.6 ± 4.1
55.2 ± 8.8
57.1 ± 9.0
n/a

Intertubular
spacing (nm)
170.0 ± 34.7
60.0 ± 20.7
65.7 ± 11.0
37.0 ± 17.0
31.6 ± 6.6
43.4 ± 21.7
16.3 ± 11.6
61.2 ± 6.6
20.3 ± 7.0
26.8 ± 8.9
32.2 ± 12.4
25.9 ± 10.1
73.0 ± 9.7
79.8 ± 18.7
85.6 ± 12.5
76.4 ± 15.9
83.5 ± 19.6
72.6 ± 8.5

Conductivity
(µS/cm)
n/a
165.2
39.4
30.3
83.7
76.8
53.8
32.3
42.9
58.0
40.1
70.0
n/a
n/a
n/a
n/a
n/a
54.8

(c) 80 V
Bottom pore size
(nm)
n/a
n/a
49.4 ± 7.4
32.7 ± 3.9
50.8 ± 7.5
45.7 ± 5.8
46.9 ± 9.2
34.6 ± 4.8
34.1 ± 6.3
66.6 ± 7.2
40.0 ± 3.7
35.4 ± 5.3
n/a
n/a
n/a
n/a
n/a
62.5 ± 7.2

Wall thickness
(nm)
n/a
n/a
26.7 ± 4.0
41.4 ± 3.7
43.7 ± 6.5
24.3 ± 3.5
32.6 ± 3.1
20.9 ± 3.5
19.1 ± 3.2
30.0 ± 4.2
32.6 ± 4.4
42.4 ± 6.1
n/a
n/a
n/a
n/a
n/a
26.5 ± 3.9

Intertubular
spacing (nm)
n/a
n/a
88.0 ± 7.6
77.7 ± 5.6
133.2 ± 19.1
18.5 ± 6.3
19.7 ± 5.6
55.8 ± 7.2
15.5 ± 6.1
98.2 ± 11.4
72.3 ± 7.5
19.0 ± 5.9
n/a
n/a
n/a
n/a
n/a
114.4 ± 8.1
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Figure 5- 46. Nanotube morphological parameters including (a) pore size, (b) wall thickness, and
(c) intertubular spacing plotted against conductivity of anodized electrolytes, measured after
anodizations in DEG−2.0% HF electrolytes for 24 h and at different voltages of 40 V, 60 V, and
80 V.
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At a voltage of 40 V, the electrolyte conductivity showed little effect on the change in
tube dimensions. While at 80 V, there are no data shown at the high conductivity range (> 100
µS cm-1), the films anodized in the electrolytes containing high polar additives were completely
dissolved before sampling at 24 h due to the high anodization voltage. The nanotube growth is
strictly controlled by the field assisted anodization process where the electric field strength is the
most important parameter governing the nanopores.14, 15, 42 The bottom pore growth is determined
by the ionic transports of metal cation and oxygen anion through the oxide layer either at
metal/oxide or oxide/electrolyte interfaces.14, 16
Diffusion of ionic species in the electrolyte such as F- and TiF62- is another important
factor determining the bottom pore formation as well as the dissolution of the oxide layer.16
When using a higher voltage, the increased electrolyte conductivity plays a role in the pore/oxide
wall formation. The large mass transport of the anionic species driven by the strong electric field
accelerates the rate of oxide formation as well as dissolution at the pore bottom, consequently
resulting in the larger wall thickness and bottom pore size, as seen in Figure 5- 46 (a-b).
Nanotube-to-nanotube spacing is also dependent upon the strong effects of anodization
voltage and electrolyte conductivity, see Figure 5- 46 (c). Under a high anodization voltage, the
stronger electric field and local-heating-enhanced dehydration of the oxide between pores leads to
nanotube separation.43 When the voltage is too low (40 V), the driving force for oxide dissolution
becomes small, so only a small gap between pores will be obtained. Although the highly polar
solvent additives were added, the resulting higher conductivity did not show significant effect on
the oxide dissolution between pores that leads to the separation of the nanotubes; see the flat line
unchanged with the increased electrolyte conductivity in Figure 5- 46 (c)_40 V. Dissolution of
the oxide layer between neighboring pores is strictly controlled by the field-assisted mass
transport at the oxide/electrolyte interface.
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5.4.6. 3 Porosity Regimes of Anodic TiO2 Nanotube Array Films
In anodic alumina, the pore arrangement and pore shape are determined by the
anodization voltage, temperature and electrolyte type and concentration.66,

67

Nielsch et al.

proposed that the self-ordering structure of alumina requires a 10 % porosity. It was noted that
the porosity of the disordered growth regime can be either larger or smaller than 10 %.68
Independent of the specific anodization conditions, a small porosity range of 8-12 % was
observed.66

However, the limitation of porosity or dependence of porosity on electrolyte

properties has not been addressed.

When the ratio of radius (r) of inner diameter to the

intertubular spacing (Dinter) is constant, the well-arranged, hexagonal porous structure is always
obtained.66 The pore radius is defined by pH of electrolyte, whereas the interpore distance is
mainly controlled by the applied potential. Assuming the oxide film is hexagonal structure, the
porosity P can be calculated using this following equation.57, 66
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Equation 5- 9

In anodic titania, studying the film porosity, to my knowledge, has been rarely considered
while the porosity regime for the anodic TiO2 nanotube array films has not been reported. Thus,
Equation 5- 9 was applied in this study to calculate porosity of the anodic TiO2 film by assuming
the pore packing of nanotubes as the hexagonal structure. Using DEG as a model electrolyte, the
aims of this work were to (i) examine the porosity of TiO2 nanotube array films, (ii) assess the
calculated porosity values and (iii) propose the porosity regimes for the anodic titania films
possessing different formation architectures. Detail of work was extended to the case of DMSO,
EG, and FA electrolytes in order to confirm that the created regimes could be applicable to other
organic electrolytes. Investigation of porosity of the titania nanotube films is expected to provide
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a new insight into the electrolyte properties-related porosity, the self ordering of pore growth, and
a better understanding on how the porosity of the anodized films is affected by the synthesis
conditions and especially the electrolyte properties.

5.4.6. 4 Evaluation of r/Dinter, Dinner/Douter and Porosity Values
In this part, the TiO2 nanotube array films were grown in DEG−2.0% HF electrolytes
containing different additives, different composition, and different anodization voltages. After
anodization, conductivity of the as-anodized electrolytes was measured. Whereas the anodized
films, the tube dimensions including inner diameter, wall thickness, and intertubular spacing were
observed by taking the images by FESEM and measuring the sizes by ImageJ program. After the
tube size measurements, the values of r/Dinter, Dinner/Douter, and % porosity were calculated. The
experimental data are all shown in Table 5. 10.
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Table 5. 10 Results of r/Dinter, Dinner/Douter, and % porosity calculated from the TiO2 nanotubes
fabricated in DEG−2.0% HF electrolytes containing different additives, at (a) 40 V, (b) 60 V, and
(c) 80 V and for 24 h.
(a) 40 V
Intertubular
spacing (nm)

r/Dinter

@ (%)

Douter
(nm)

Dinner/
Douter

0.161

9.4

95.1

0.405

0.230

19.1

72.6

0.55

17.7 ± 1.1
9.9 ± 1.7

24.2 ± 7.5
(119.3)*
14.9 ± 2.5
(87.5)*
7.2 ± 0.7
23.2 ± 3.1

n/a
0.297

n/a
32.1

n/a
20.42

n/a
0.676

37.2 ± 3.7
n/a
n/a
21.3 ± 2.8

8.6 ± 1.1
n/a
n/a
9.2 ± 1.9

44.1 ± 3.3
n/a
n/a
26.1 ± 3.0

0.422
n/a
n/a
0.408

64.5
n/a
n/a
60.4

47.04 ± 4.4
n/a
n/a
24.1 ± 2.5

0.791
n/a
n/a
0.884

13.5
19.3
31.6

n/a
17.0 ± 1.9
22.7 ± 2.6

n/a
7.6 ± 1.7
11.1 ± 2.3

n/a
24.4 ± 1.6
31.7 ± 4.0

n/a
0.348
0.358

n/a
43.9
46.5

n/a
22.29 ± 2.3
30.78 ± 3.6

n/a
0.761
0.737

12.3

10.4 ± 0.7

6.2 ± 1.0

15.9 ± 2.1

0.327

38.8

15.96 ± 1.9

0.652

11.6
n/a
322.5

n/a
n/a
30.8 ± 5.9

n/a
n/a
29.6 ± 1.9

n/a
n/a
0.138

n/a
n/a
6.9

n/a
n/a
90.0

n/a
n/a
0.342

7.0%H2O
9.0%H2O

n/a
154.5

n/a
98.5 ± 12.4

n/a
26.7 ± 2.7

n/a
0.266

n/a
25.6

n/a
151.9

n/a
0.648

No additive

10.7

12.2 ± 2.2

7.7 ± 0.9

n/a
n/a
21.4 ± 5.3
(111.4)*
n/a
33.6 ± 6.9
(185.5)*
19.0 ± 3.3

0.321

37.4

17.23 ± 1.9

0.708

Additives

Conductivity
(µS/cm)
401.0

Inner
diameter
(Dinner, nm)
38.5 ± 7.7

Wall
thickness
(nm)
28.3 ± 3.7

5.0% FA
5.0% H2O

83.8

40.2 ± 12.4

16.2 ± 2.9

5.0% PC
5.0%
DMSO
5.0% NMF
5.0% Acac
5.0% MA
5.0%
HMPA
5.0% EtOH
5.0% AN
1.0%
Formic acid
1.0% Acetic
acid
5.0% THF
1.5%FA
3.0%FA

13.7
11.4

11.0 ± 1.4
13.8 ± 1.9

83.1
26.7
20.4
43.2

* For the 40-V condition, the values in the bracket are intertubular spacing for the conditions
with 5.0 % and 9.0 % water, 3.0 % and 5.0 % FA, where as the values outside the bracket for
these conditions are the tube-to-tube spacing.
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(Cont. Table 5. 10)
Additives

Conductivity
(µS/cm)

5.0% FA

378.2

Inner
diameter
(nm)
148.4 ± 40.0

Wall
thickness
(nm)
58.4 ± 6.1

5.0% H2O

120.4

93.8 ± 26.8

38.3 ± 4.0

5.0% PC
5.0%
DMSO
5.0% NMF

41.8
56.8

45.7 ± 6.7
68.5 ± 15.7

n/a
30.5 ± 2.3

91.4

82.4 ± 32.5

45.8 ± 6.1

5.0% Acac

65.0

67.9 ± 12.3

38.5 ± 7.9

5.0% MA

52.5

29.6 ± 6.7

16.2 ± 2.0

5.0%
HMPA
5.0% EtOH
5.0% AN

36.3

39.9 ± 4.9

n/a

53.3
72.8

45.4 ± 13.3
43.9 ± 7.5

n/a
32.6 ± 5.5

1.0%
Formic acid
1.0% Acetic
acid
5.0% THF

65.2

48.8 ± 18.6

27.1 ± 5.5

49.0

47.9 ± 9.7

29.0 ± 3.1

37.4

33.3 ± 7.3

n/a

1.5%FA

168.4

106.1 ± 22.6

53.7 ± 8.8

3.0%FA

193.9

114.2 ± 18.8

46.6 ± 4.1

7.0%H2O

191.1

127.0 ± 28.2

55.2 ± 8.8

9.0%H2O

217.3

144.0 ± 25.6

57.1 ± 9.0

No additive

43.0

55.1 ± 5.7

n/a

(b) 60 V
Intertubular
spacing (nm)
170.0 ± 34.7
(435.2)*
60.0 ± 20.7
(230.4)*
65.7 ± 11.0
37.0 ± 17.0
(166.5)*
31.6 ± 6.6
(205.6)*
43.4 ± 21.7
(188.3)*
16.3 ± 11.6
(78.3)*
61.2 ± 6.6
20.3 ± 7.0
26.8 ± 8.9
(135.9)*
32.2 ± 12.4
(135.2)*
25.9 ± 10.1
(131.8)*
73.0 ± 9.7
79.8 ± 18.7
(293.3)*
85.6 ± 12.5
(293.0)*
76.4 ± 15.9
(313.8)*
83.5 ± 19.6
(341.7)*
72.6 ± 8.5

r/Dinter

Porosity
(%)

Dinner/
Douter

10.5

Outer
diameter
(nm)
265.2

0.170
0.275

27.5

170.4

0.550

0.348
0.206

43.9
15.4

62.6
129.5

0.730
0.529

0.200

14.6

174.0

0.474

0.180

11.8

144.9

0.469

0.189

13.0

62.0

0.478

0.326

28.5

63.9

0.625

n/a
0.162

n/a
9.5

n/a
109.1

n/a
0.402

0.180

11.8

103.0

0.474

0.182

12.0

105.9

0.452

0.228

18.9

n/a

n/a

0.181

11.9

213.6

0.497

0.195

13.8

207.4

0.551

0.202

14.8

237.4

0.535

0.211

16.1

258.2

0.558

0.379

52.2

n/a

n/a

0.560

* The values in the bracket are intertubular spacing, where as those outside the bracket are the
tube-to-tube spacing.
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(Cont. Table 5. 10)

n/a
165.2
39.4
30.3

Inner
diameter
(nm)
n/a
n/a
49.4 ± 7.4
32.7 ± 3.9

Wall
thickness
(nm)
n/a
n/a
26.7 ± 4.0
41.4 ± 3.7

(c) 80 V
Intertubular
spacing
(nm)
n/a
n/a
88.0 ± 7.6
77.7 ± 5.6

83.7
76.8
53.8
32.3

50.8 ± 7.5
45.7 ± 5.8
46.9 ± 9.2
34.6 ± 4.8

43.7 ± 6.5
24.3 ± 3.5
32.6 ± 3.1
20.9 ± 3.5

42.9
58.0
40.1

34.1 ± 6.3
66.6 ± 7.2
40.0 ± 3.7

70.0
n/a
n/a
n/a
n/a
n/a
54.8

Additives

Conductivity
(µS/cm)

5.0% FA
5.0% H2O
5.0% PC
5.0%
DMSO
5.0% NMF
5.0% Acac
5.0% MA
5.0%
HMPA
5.0% EtOH
5.0% AN
1.0%
Formic acid
1.0% Acetic
acid
5.0% THF
1.5%FA
3.0%FA
7.0%H2O
9.0%H2O
No additive

r/Dinter

Porosity
(%)

Dinner/
Douter

n/a
n/a
28.6
16.1

Outer
diameter
(nm)
n/a
n/a
82.8 ± 5.7
68.0 ± 5.4

n/a
n/a
0.281
0.210

133.2 ± 19.1
112.8 ± 6.3
131.8 ± 5.6
55.8 ± 7.2

0.191
0.202
0.178
0.310

13.2
14.9
11.4
34.9

138.2
94.3
112.1
56.1 ± 5.5

0.368
0.485
0.418
0.617

19.1 ± 3.2
30.0 ± 4.2
32.6 ± 4.4

87.8 ± 6.1
98.2 ± 11.4
72.3 ± 7.5

0.194
0.339
0.277

13.7
41.7
27.6

72.3
95.8 ± 9.3
70.7 ± 4.1

0.472
0.695
0.565

35.4 ± 5.3

42.4 ± 6.1

139.2 ± 5.9

0.127

5.9

120.2

0.294

n/a
n/a
n/a
n/a
n/a
62.5 ± 7.2

n/a
n/a
n/a
n/a
n/a
26.5 ± 3.9

n/a
n/a
n/a
n/a
n/a
114.4 ± 8.1

n/a
n/a
n/a
n/a
n/a
0.273

n/a
n/a
n/a
n/a
n/a
27.1

n/a
n/a
n/a
n/a
n/a
101.3 ± 6.1

n/a
n/a
n/a
n/a
n/a
0.617

n/a
n/a
0.596
0.480

The ratio values of r/Dinter and Dinner/Douter and the porosity values for different conditions
were plotted as a function of electrolyte conductivity as shown in Figure 5- 47. The relationships
of r/Dinter and Dinner/Douter ratios and conductivity in Figure 5- 47 were also plotted in 3D as shown
in Figure 5- 48.

For all voltage conditions, a similar behavior of the r/Dinter ratio is observed.

The values of r/Dinter are in the range of 0.1-0.4, whereas the values of Dinner/Douter are in the range
of about 0.3-0.8. As reported by Thompson et al., the well-defined, self-ordered porous alumina
was observed when the values of r/Dinter and Dinner/Douter ratios are the same.57 In this study, since
the r/Dinter and Dinner/Douter ratios are not the same, thus it could be assumed that the pore
formation of the TiO2 nanotube arrays is prone to the disordered pattern. When the conductivities
are lower than 100 µS cm-1, the large variation of those ratios is observed. Under this condition,
ion mobility is limited by the low electrolyte conductivity; as a result, the pore formation is non-
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uniform due to the enhanced oxide growth competition among pores, consequently reflecting
such the disordered pattern formed on the oxide surface.
The ratio of r/Dinter decreases with electrolyte conductivity and tends to be constant at
higher conductivities, where the mobility and diffusivity of ionic species from the bulk electrolyte
are improved.58 From there the oxide growth rate and the oxide dissolution in each individual
channel are enhanced, leading to larger pore size and larger tube-to-tube spacing. It is believed
that one of the main factors for generating the gaps between tubes is the mechanical stress, which
is caused by an electrostriction and the volume expansion from the metal to the oxides.69, 70 The
generated compressive and the tensile stresses depend on the transport number of anion and
cation species in the oxides. When the transport through the oxide layer is mainly the anionic
species, the volume of oxide layer propagates causing the compressive stress. In contrast, when
the transport is mainly the cationic species, a large number of vacancies are generated in the
metal creating the free volume that allows the metal/oxide interface to shrink; as a result, the
tensile stress is formed. In the high conductivity electrolyte, it could be possible that the large
stresses are created due to the fast rates of electrochemical reactions facilitating the
transformation into tubular structure; thereby the gaps between pores are formed.
In contrast to the r/Dinter ratio, the Dinner/Douter ratio specifically considers the dimensions
of each individual tube, which includes pore size and outer diameter. However, the result showed
that the trend of Dinner/Douter ratios is similar to that observed for the r/Dinter ratio, with the
Dinner/Douter ratios decreasing as a function of conductivity.
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Figure 5- 47. Plots of r/Dinterpore and Dinner/Douter against conductivity of as-anodized electrolytes at different anodization voltages. (see 3D
plots in the next page in Figure 5- 48)

Figure 5- 48. 3D-plots of (a) r/Dinterpore and (b) Dinner/Douter referred to Figure 5- 47.
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In order to understand why r/Dinter is less than Dinner/Douter and the behavior of these ratios
change with electrolyte conductivity (as shown in Figure 5- 47), it is necessary to analyze the
tube size parameters. Initially the different structures of TiO2 tube formation were classified into
three different cases as schematically illustrated in Figure 5- 49. The porous alumina structures
were also demonstrated in comparison.

Figure 5- 49. Schematic representations of alumina porous structures71 (left boxes) compared to
those of anodic TiO2 nanotube array films (right boxes) with different formation architectures.
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In Case 1 a clearly defined wall cannot be seen, hence the structure was defined as the
‘ideal’ case of porous titania structure similar to the ideally ordered structure of anodic alumina.
Case 2 is defined for the close-packed structure of nanotubes. Case 3 is defined for the TiO2
nanotube array film with larger separation of nanotubes. From the tube size parameters shown in
Figure 5- 49, those parameters and their relations can be summarized as the following set of
equations:
Dinner = 2r
Equation 5- 10

Douter = 2r + 2w
Equation 5- 11

Dinter = Douter+ Sttt
Equation 5- 12

Where Dinner is inner (pore) diameter, r is radius of inner diameter, Douter is outer diameter, is wall
thickness, Dinter is intertubular spacing, and Sttt is tube-to-tube distance. The Dinner/Douter ratio is a
specific relation of the tube diameters of a single tube. Whereas the r/Dinter ratio, the distance to
the neighboring pores is taken into account. The work hereafter will analyze the r/Dinter ratio and
the Dinner/Douter ratio based on the pore formation structures in Figure 5- 49, with the aim to
explain the behavior of those ratios dependent upon the conductivity as in Figure 5- 47.
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Analysis of r/Dinter

Case 1: Ideally porous film
As seen in Case 1 (top right-hand box) in Figure 5- 49, the intertubular spacing (Dinter)
was determined by combining the pore radius (r) of two adjacent cells and a wall thickness (w)
existing between them. Assuming the walls of two nanotube cells overlap each other, thus Dinter
can be expressed by:
Dinter = r + w + r = 2r+w = 2(r + 1/2 w)
Equation 5- 13

0.5= (r+ 1/2 w)/Dinter
Equation 5- 14

Normally the oxide wall thickness observed for the porous structure in Case 1 is relatively small
compared to that observed for the nanotube structure in Case 2. Thus, the term of 1/2 w in
Equation 5- 14 was assumed to be negligible. The r/Dinter ratio for the porous structure in Case 1
is reduced to
r/Dinter = 0.5
Equation 5- 15

Case 2: Close-packed nanotubes
In Case 2, the border of wall thickness is clearly seen and so each nanochannel cell is
separated into individual nanotubes with close-packing arrangement. As seen in the middle righthand box in Figure 5- 49, the formation of nanotubes is similar to that of the porous alumina with
larger intertubular spacing (middle left-side box). Assuming all the nanotube cells are in the
same size, Dinter is a distance including (r + w) of a tube cell and another (r + w) of the adjacent
cell. Therefore, Dinter can be written as
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Dinter= r + w + w + r = 2r + 2w
Equation 5- 16

According to Equation 5- 11, since 2r + 2w = Douter, hence Dinter in this case can be replaced by
Douter. Then the r/Dinter ratio can be expressed as
r/Dinter = r/Douter
Equation 5- 17

Case 3: Separated nanotubes
Considering the structural formation of the nanotubes in this case, the nanotube cells are
formed separately so that the walls of each tube are separated from each other with a distance Sttt.
As shown in Figure 5- 49 (bottom right-hand box), Dinter is a distance measured from the center of
one cell to the center of another adjacent cell. All nanotube cells were assumed to be in the same
size; i.e. the pore radius r and the wall thickness w of those nanotube cells are unvaried. By
taking into account the Sttt distance, therefore Dinter for Case 3 can be expressed as
Dinter = 2r + 2w + Sttt
Equation 5- 18

When Douter = 2r + 2w according to Equation 5- 11, thus
Dinter = Douter + Sttt
Equation 5- 19

Finally, the r/Dinter ratio can be written by
r/Dinter = r/(Douter+ Sttt)
Equation 5- 20

227
From the calculations, those relations will be described based on the evidence shown in
Figure 5- 47 and their 3D plots in Figure 5- 48.
(1)

If the oxide film is formed as the ideally porous structure, this ratio should be close to

0.5. From the obtained results, at all voltages the calculated r/Dinter ratio tends to be less than 0.4,
clearly confirming that the titania films obtained in this experiment are not the ideally porous
structure as shown in Case 1.
(2)

The r/Dinter ratio tends to deviate from 0.5, with higher electrolyte conductivity reflecting

the larger deviation from this value. It can be assumed that each pore tends to be separated from
each other when the electrolyte conductivity increases. If the formation of nanopores is rather
separated than that of the ideal structure in Case 1, then the r/Dinter ratio of Case 2 was applied
instead; r/Dinter = r/Douter. In Case 2, Dinter appears to have a direct relation to Douter, implying that
the intertubular spacing will increase as a consequence of the increased outer diameter. When the
r/Douter ratio of, for example, 5.0% PC (low conductivity) and 5.0% H2O (high conductivity)
conditions was determined; at 60 V the r/Douter ratios of 5.0% PC and 5.0% H2O are respectively
0.37 and 0.27, which agrees well with the discussion and confirms the assumption.
(3)

Combining the discussion in (1) and (2), it was summarized that the maximum r/Dinter

ratio should be 0.5 (for the ideal porous structure), and the ratio tends to further decrease with
conductivity. Thus, degree of pore separation is dependent upon the electrolyte conductivity.
(4)

For the separated nanotubes, the tube separation depends on a combined function of Douter

and Sttt. In Case 3, the tube-to-tube spacing parameter is also involved in the formulation; r/Dinter
= r/(Douter+ Sttt).

As seen in Figure 5- 47, the r/Dinter ratio tends to decrease with higher

conductivity. When conductivity greatly increases, the pore diameter, the tube-to-tube spacing as
well as the outer diameter also increases. The r/Dinter ratio tends to be constant, particularly seen
in the 60-V plot, indicating that the formation process is still mainly governed by the anodization
potential.
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Analysis of Dinner/Douter ratio
A relationship between Dinner and Douter considers only the tube dimensions of a single
tube. In general, the Dinner/Douter ratio should be less than one. Basically, pore size is mainly
controlled by anodization voltage.3, 6, 15, 69 If the pore mouth is governed by the oxide dissolution
process leading to thinner walls, the Dinner/Douter ratio will tend to increase and become closer to
one, at which point complete tube dissolution takes place. From the results in Figure 5- 47, the
Dinner/Douter ratio tends to decreasingly deviate from one when the conductivity is higher,
suggesting that the tube size may have increased significantly compared to the increased pore
diameter.

5.4.6. 5 Assessment of Porosity Values
In this study, a porosity-conductivity relation was established and shown in Figure 5- 50;
also see Figure 5- 51 for a better view. The colored shades applied to the % porosity-conductivity
plots is comparable to those illustrated in the Ti concentration-conductivity plots. The established
porosity regimes are expected to provide useful information on how the porosity changes with
electrolyte properties, and how to predict the formation architecture as dependent upon electrolyte
conductivity and anodization voltage.
In Figure 5- 50, porosity of the alumina-like porous structure is between 18 % and 70 %.
Whereas for the nanotube films with separated, well-ordered structures the porosity is in a range
of 10-30 %. This result are in a good agreement with those reported for the disordered porous
alumina that the porosity values can be either larger or smaller than 10 %.66,68 The large variation
of porosity is seen clearly when the relatively lower voltage was used; i.e. from ~ 5 % to 70 % for
40 V, from ~ 10 % to 50 % for 60 V, and from ~ 5 % to 40 % for 80 V. The % porosity was
found to decrease with the increased voltage, probably because the higher voltage normally
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produces the larger pore diameter,3,

6, 15, 69

thus reducing the number of pores per the oxide

volume. For a given voltage, it is clearly seen that the % porosity decreases as the conductivity
increases, although the porosity variation in the low conductivity range (< 100 µS cm-1) is still
unclear for each bath. One may assume that interactions in the mixed solutions should be a
strong influence on the electrochemical anodization.

While a combination of voltage and

conductivity was expected to be a self-ordering determining factor that consequently controls the
tube formation and porosity of the titania film.

Figure 5- 50. Plots of % porosity vs. conductivity at different anodization voltages. The overlay plots of Ti concentration vs. conductivity as
previously demonstrated in Figure 5-44 are also shown in comparison.

Figure 5- 51. A 3D plot of porosity as a function of conductivity and voltage.

5.4.6. 6 Validation of Porosity Regimes for Other Organic Electrolytes
In order to validate the porosity regimes in Figure 5- 50 whether or not they could be
applied to the other organic electrolyte systems, the porosity values of titania nanotube array
films grown in other organic electrolytes such as DMSO and EG were also plotted in comparison.
As a function of electrolyte conductivity, apparently those DMSO and EG plots fit very well in
the DEG-porosity regimes, indicating that the conductivity is a major factor in determining the
formation architecture of the titania film; with higher conductivity and higher porosity the
formation of better ordered nanotubes could be obtained.
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In the case of DMSO, those plots fall in the conductivity range between 100-500 µS cm-1.
The porosity values deviate 10 %, indicating that the tubes are formed separately and possess the
disordered structure. This result was confirmed by the FESEM images showing the non-uniform
pore formation seen in the 40-V regime. At 60 V, the porosity regime was extended to the higher
range of conductivity; the EG electrolyte conductivity window is observed normally in range of
approximately 500-1000 µS cm-1.5,

18

The dashed lines in this range represent the undefined

boundary of the porosity window. The author suggests that a further systematic investigation is
needed for the EG electrolyte to fulfill this window. Anodization using EG electrolyte as a
medium generally provided the nanotube arrays with well-ordered structure or hexagonal closed
packing as seen in the 60 V-regime.
The porosity values from DEG electrolyte at 80 V with different fluoride species were
included for comparison. For those conditions, HF was replaced by Bu4NF and NH4F having
relatively larger cation size compared to H+. The condition containing Bu4N+ tended to provide
the nanotube film with well-ordered structure. It is interesting that the formation of nanotubes
obtained from the DEG−7.0 wt.% Bu4NF−2.0% H2O electrolyte (80 V), see Figure 5- 10, is
similar to that of EG nanotube sample in 60 V, when their porosity values are greater than 40 %.
Accordingly, independent of voltage, this result should be a universal criterion that the closepacked, well-ordered, separated nanotubes fabricated in organic electrolytes can be achieved
when the film porosity is higher than 40 %. The large cation size may have a strong effect on the
association or attraction of the anions, affecting solvation of ionic species, ion mobility, and ion
transport in the bulk electrolyte to the oxide surface and thus determining the barrier oxide
thickness, the growth rate, and the tube structure. Further, detailed discussion on the choice of
cation size on the fluoride species can be found in Shankar’s report for the titanium anodization in
the formamide electrolyte bath.22
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Figure 5- 52.. Porosity Regimes proposed for TiO2 nanotube array films,
ms, with different shaped
dots
,
,
representing porosity values of titania anodized films obtained from
DMSO, EG, and DEG based electrolytes.
electrolytes
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5. 5 Summary
In this chapter, results using DEG based electrolytes as a model provide an improved
understanding of the formation of anodic titania nanotube arrays in terms of electrolyte propertynanotube structure relationships. A new approach to electrolyte analysis is first reported for DEG
electrolyte for titania anodization.

Studying the effect of solvent additives on electrolyte

properties and nanotube morphologies provide further insights on the self-ordering phenomena.
Calculation of porosity based on the hexagonal pore formation approximation is applicable for
those different electrolyte types and conditions.
From those findings, the results have been summarized as follows.
(i)

The current density-time behavior is dominated by the DEG electrolyte medium, with
addition of high polar solvent additives changing the current-time behavior.

(ii)

Addition of the highly polar solvents leads to high electrolyte conductivities which are a
consequence of the high titanium concentration dissolving in the anodized electrolyte,
except formamide addition. This is probably because the solvent effects of high polarity
and high conductivity that facilitate the electrochemical anodization and enhance the
oxide growth rather than the oxide etching. Thus, the dissolving titanium concentration
is independent upon the solvent effect of formamide.

(iii)

The growth rate of nanotube array films in DEG based electrolytes is relatively low (in
range of 0.1-0.3 µm h-1) compared to those of other non-aqueous electrolytes, probably
because the major effects of solvent properties such as relatively high viscosity due to
long chain molecular structure and low solvent conductivity.

(iv)

A self-ordering regime as a function of electrolyte conductivity is established over a wide
range of nanotube growth architectures, from alumina-like nanoporous structure to
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disordered and well ordered nanotube arrays.

Anodization voltage and electrolyte

conductivity have significant effects on the nanotube morphological features.

Analysis of a series of nanotube array structures changing with electrolyte properties
offers a great advantage in manipulation of the anodization conditions to achieve the most desired
nanotube array morphologies. Finally, it is anticipated that the established porosity regimes will
provide useful information to predict the film porosity as functions of electrolyte conductivity and
anodization potential.
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Chapter 6
Crystallization of TiO2 Nanotube Array Films
Improved nanotube array crystallinity plays a key role in promoting charge transport.1, 2
The crystalline or amorphous phase of the titania nanotubes varies with processing methods and
parameters in oxide formation. The as-grown titania nanotube arrays are typically amorphous,
while high temperature annealing in oxygen induces crystallization.3 Crystallization and phase
transformation generally take place in the material through nucleation and growth processes. The
activation energy for anatase or rutile transformation was reported as 264 kJ mol-1 (2.74 eV).3 In
general, the activation energy of surface nucleation varies from ~ 150-850 kJ mol-1 depending on
crystallite size, synthesis techniques and conditions.4

Nucleation can be controlled by

modification of solid-liquid surface tension, pH variations and ionic strength of precipitation
solution.5
In solid-state sintering it is well known that high temperature crystallization leads to the
consequent results of grain growth, densification, and finally structure collapse.3,

6

The high

temperature annealing induces crystallinity in the oxide film usually leading to the formation of a
thick oxide barrier, separating the nanotube array film and the underlying metal substrate. This
barrier layer acts to block electron transfer to the underlying metal electrode.

Due to the

pronounced effect of nucleation and growth of the oxide during the phase transformation, the
elevated-temperature heat treatment also leads to the reduction in porosity and surface area of the
annealed oxide film.

Is it possible to obtain the crystallized nanotube film without high

temperature annealing? Thus, the aim of this work was to seek possibilities to obtain crystalline
TiO2 nanotube array films at room temperature so called ‘in-situ crystallization’.
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In-situ
situ crystallization has been reported through many fabrication routes.
routes Kunze et al.
reported the conversion of amorphous to nanoporous rutile in a fluoride-containing
fluoride
aqueous
electrolyte
te at room temperature.7 Xiao and co-workers
workers reported the fabrication of anatase titania
nanotubee arrays in dimethyl sulfoxide electrolyte containing low HF concentration of 1.0
1 % at the
temperatures between 40 ºC and 60 ºC.8 They assumed that temperature plays a key role in
inducing the crystallization
tallization of nanotube array film; the high temperature bath may provide the
driving force for ionic conduction in addition to the increased potential. However, the exact
formation mechanism of anatase crystallization has not been clearly understood. Us
Using a twostep fabrication process, Allam et al. reported that the crystalline TiO2 nanotube arrays could be
obtained by a consequent step of pretreatment of Ti foil following by anodization of the treated
foil in a fluoride-containing
containing electrolyte.9 This work focused on the use of strong oxidizing agents
to produce a thicker crystalline oxide layer; subsequently the thick film is converted into
int the
nanotube architectures,, see Figure 6- 1.

two step process used to fabricate the crystalline
Figure 6- 1.. A schematic representation of two-step
titania nanotube array films.9
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Herein the work presents a facile pathway to achieve crystalline TiO2 nanotube arrays
through one step of anodization. Observation of the film crystallinity, influenced by the synthesis
parameters, was carried out through modification of electrolyte composition and anodization
conditions.

The effect of fluoride ion content, electrolyte composition and additives on

crystallization of TiO2 anodic layer in appropriate organic electrolytes was especially considered.
As discovered through experiment, the electrolyte mediums that could provide the crystallized
nanotube array film are diethylene glycol (DEG) and dimethyl sulfoxide (DMSO). A mechanistic
explanation on how the titania films crystallize depending on electrolyte types and composition is
also included in this chapter.

6. 1 In-situ Crystallization of TiO2 Nanotube Films in DEG Electrolyte

6.1. 1 Anodization in DEG-Fluoride Species-Water Electrolytes

Experiment
Titanium foils (250 µm, 99.7%, Sigma-Aldrich) were cleaned with soap, acetone, and
isopropanal before anodization. The foils were anodized at constant voltage in an electrochemical
cell using a platinum foil counter electrode.

All experiments were carried out at room

temperature, approximately 22 ºC. Anodization electrolytes were prepared using DEG in
combination with either hydrofluoric acid (HF, 48% solution, Merck) and ammonium fluoride
(NH4F, 98%, Sigma-Aldrich).
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6.1.1. 1 Effect of NH4F Concentration
The as-anodized nanotube arrays obtained from DEG–0.5 wt.% NH4F–2% H2O
electrolyte at 80 V for 48 h at room temperature, is of considerable interest since the anatase
(101) peak indicates partial crystallization of the tubes, Figure 6- 2. The intensity of the anatase
(101) peak significantly increases with an increase of NH4F concentration to 0.9 wt.% NH4F, with
a distinct anatase (004) peak, see Figure 6- 3. At higher NH4F concentrations the electrolyte was
not able to provide a nanotube structure; only a flake-porous film was obtained.
The potentials at which the phase transformation takes place depend upon the anodization
conditions such as electrolyte composition and temperature.10 For example, in sulfuric acid
solution crystallized anatase is formed at voltages higher than 50 V, while mixed and amorphous
oxides are formed between 20-50 V and below 20 V, respectively.
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Figure 6- 2. GAXRD pattern of an as-anodized sample obtained from DEG–0.5 wt.% NH4F–
2%H2O electrolyte at room temperature.

Figure 6- 3. GAXRD pattern of an as-anodized sample obtained from DEG–0.9 wt.% NH4F–
2%H2O electrolyte at room temperature.
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Figure 6- 4 (a) and (b) show a HRTEM image and a selected-area diffraction pattern of
the as-anodized sample grown using the conditions in Figure 6- 2. Figure 6- 4 (a) shows a broken
wall of an as-anodized nanotube. The selected-area diffraction pattern, Figure 6- 4 (b), of the asanodized titania nanotubes reveals randomly oriented polycrystalline regions, while some regions
within the tubes were found to be amorphous. The results confirm the partial crystallization of
the nanotubes, however we are not able to index the crystalline ring pattern due, we believe, to a
very small grain size.

Figure 6- 4. (a) HRTEM image, and (b) selected-area diffraction pattern of an as-anodized
sample obtained from DEG–0.5 wt.% NH4F–2%H2O electrolyte at room temperature.

To achieve the nanotube structure in crystalline form optimization of a combination of
anodization parameters is required. Crystallization is strictly determined by migration of Ti4+
outward, from the substrate and O2-/OH- inward to form crystalline oxide in a ratio that favors
crystal growth.11 Additionally because crystallization of anodic titania can be correlated with
ionic transport during the film growth,12, 13 it appears that the chemical properties of the solvent,
diethylene glycol, such as inter- and intra-molecular hydrogen bonding, and its physical
properties such as viscosity play an as yet undetermined role. 14, 15
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The as-anodized nanotubes from DEG electrolytes containing HF and NH4F show a
noticeable pyramid shape. The pyramid shape is attributed to the change in F- concentration and
the corresponding change in the solution conductivity during anodization.

Typically, the

electrolyte F- concentration decreases, and electrolyte conductivity increases with anodization
duration due to the field and chemical assisted titanium dissolution.

As the electrolyte

conductivity increases with time a larger fraction of the applied potential is applied across the
oxide layer. Hence, the actual potential applied across the oxide increases with anodization
duration. Since the nanotube pore diameter increases with increasing applied potential, the tubes
initially show a comparatively smaller tube diameter that increases with time.

6.1.1. 2 Effect of Low HF Concentration
As shown in section 6.1.1. , it is evident that anatase can crystallize at room temperature
in a low acidic medium such as DEG electrolyte containing NH4F. If the electrolyte is modified
by replacing NH4F with HF is it still possible to achieve the anatase TiO2 film?

Low

concentrations of HF in range of 0.5 %-1.0 % or 0.12-0.25 M were employed to examine this.
The formation of small crystallites was observed only when 0.5% HF was used. The resulting
morphologies are shown in Figure 6- 5; the film exhibits needle-shaped features agglomerating
along the tube wall. This observation is similar to the precipitate of needle-like shapes reported
from Gopal et al., suggesting that the small grains are anatase rather than rutile phase.16 The
SEM image of the needles obtained from Gopal’s report is shown in Figure 6- 6. While Narita et
al. noted that although the size of crystallites is small, they tend to grow with aging time in
fluoride solutions.17
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Figure 6- 5.. FESEM image of TiO2 nanotube array films anodized in DEG–0.5%
DEG
HF electrolyte,
using 60 V and for 120 h.

Figure 6- 6.. SEM images of (a) rutile and (b) anatase showing smaller precipitates than rutile.16

Precipitation
recipitation in solution without an applied electric field doess not result in needles,16
implying that such needle-like
needle
shapes observed in Figure 6- 7 (a) may be due to the applied
electric field. The needle-like
needle
particles in the titania nanotube samples
ples (Figure
(
6- 5) were found
to be crystalline by TEM. From the rings shown in Figure 6- 7 (b), the selected-area
selected
diffraction
pattern indicates that those needles are polycrystalline anatase
anatase phase. The anatase crystallite is
more favored to occur than rutile when the crystallite size is less than 14 nm.4, 18, 19 Some bright
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spots in the ring pattern in the selected area diffraction pattern deter
determine
mine that those particles
contain a random distribution of crystallite sizes
size along the length of the tubes.
ubes.

Figure 6- 7.. (a) A TEM image of needle-shaped
needle shaped particles obtained from the condition in Figure
6- 5. (b) A selected-area
area diffreaction pattern resulted in the crystalline anatase phase.

The proposed model for the particulate forming tubes shown in Figure 66- 5 is represented
in Figure 6- 8.. Stage (I) represents the nucleation and growth of crystallites on the substrate. Due
to the low HF acid concentration, it was hypothesized that the small crystallites may be formed in
the similar way as the catalytic effect of solid precipitation on the substrate surface, which
strongly depends on the pH, nature and concentration of solution.5 It was found that lower acid
concentrations promoted anatase formation.16 The formation of crystalline phase is governed by
the aggregation rate of the octahedral co
complexes.

When acid is present in solution the

aggregation processes are inhibited due to the repulsion from the adsorbed H+ ions, with higher
acid concentration resulting in larger repulsion and slower aggregation.20 Thus, at low acid
concentration the anatase crystallites
crystallite with relatively smaller sizess than rutile tend to be obtained.
Stage (II) represents the crystallite size becoming larger. In Stage (III), the barrier layer will
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grow with uniform growth rrate
ate when the oxide layer thickens with time. During these steps,
grain growth and densification may also take place,21 and the particles tend to be more stable with
time.5 Since the process is governed by electrochemical anodizat
anodization,
ion, typical film formation
consisting of oxide initiation, pore generation and tube formation will take place as Stages (IV) to
(VI), consequently forming the tubes as the FESEM image shown in Figure 66- 5.

Figure 6- 8.. A proposed model for the crystalline TiO2 nanotube film fabricated in DEG
electrolyte containing low HF concentration. Stage (I)
( ) represents the nucleation and growth of
the crystallites on substrate. Stage ((II) represents the non-uniform
uniform growth of the barrier oxide
layer with the crystallite size becoming larger. At Stage (III),
( ), the barrier layer is more uniform
with anodization time. According to the high field potentiostatic anodization, the oxide initiation,
poree generation and tube formation will take place in the Stages ((IV) to (VI
VI).
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6.1. 2 Anodization in DEG-Fluoride Species-Additives Electrolytes
For a given HF concentration, the effect of solvent additives on titania crystallization was
investigated.

Solvent additives with different properties such as relative permittivity and

conductivity were added to the DEG electrolyte. More details about solvent properties can be
found in Chapter 5.

Experiment
Titanium foils (0.25 mm, 99.7%, Sigma-Aldrich) were cleaned with acetone, soap and
isopropanol alcohol prior to anodization.

The Ti foils were subjected to potentiostatic

anodization, at room temperature of about 23 °C, in a two-electrode electrochemical cell with
platinum foil as the counter electrode. In our experiments the sample area exposed to the
electrolyte, diethylene glycol (DEG, 99.7%, Sigma-Aldrich) in combination with hydrofluoric
acid (HF, 48% solution, Merck), was generally fixed at 3.0 cm2 with a few 5.0 cm2 samples
where noted.

Solvent additives include formamide (FA, 99.5%, Sigma-Aldrich), N-

methylformamide (NMF, Sigma-Aldrich), hexamethylphosphoramide (HMPA, 99%, Aldrich),
dimethyl sulfoxide (DMSO, 99.9%, Sigma-Aldrich), acetyl acetone (Acac, 99%, Alfa Aesar),
acetonitrile (AN, 99.8%, anhydrous, Sigma-Aldrich), formic acid (HCOOH, 96%, SigmaAldrich), acetic acid (HOAc, Glacial, Baker Analyzed), tetrahydrofuran (THF, 99%, SigmaAldrich), propylene carbonate (PC, 99.7%, Sigma-Aldrich), methyl acetate (MA, 99%, SigmaAldrich), ethanol (EtOH, anhydrous, Sigma-Aldrich), and de-ionized water. The total volume of
all electrolyte baths in this study was fixed at 50 ml. Crystallization of the as-anodized films was
investigated by glancing-angle X-ray diffractometer (GAXRD, Scintag, Inc.).
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Results and Discussion
Our previous study reported that the as-anodized nanotube arrays with partially
crystalline anatase phase could be obtained directly from anodization in DEG based electrolytes
at room temperature.22 The partial crystallization of nanotube array films could also be seen in
this study. GAXRD spectra for the nanotube array samples fabricated at room temperature in
DEG electrolytes containing different additives are shown in Figure 6- 9 (a).
The crystalline phases with small intensity could be observed for the DEG electrolytes
containing THF, HMPA, and PC, where their conductivity values of the anodized electrolytes are
relatively low (~ 50 µS cm-1). The magnified intensity patterns of the crystallized peaks are
shown in Figure 6- 9 (b). The peaks at 20º-30º are ascribed to the appearance of crystalline
titanium oxide (PDF 00-009-0240). It is possible that the phase transformation of these samples
occurs in the low electrolyte conductivity where the nucleation growth process is slow.
Anodization to obtain high crystallinity in the in-situ crystallization is restricted by the
nucleation-growth kinetics. The crystal growth rate is limited by diffusion of cations or anions
towards the substrate surface, where the low conductivity of the bulk electrolyte plays a key role
in controlling the ionic mobility.23 In DEG electrolytes the formation of the hydrogen bond
network may solvate the dissolving ions. As a result, the reactivity of small ions essential for
anodic oxidation/dissolution such as F- and OH- may be inhibited due to the strong solvent
solvation.5,24-26
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Figure 6- 9. (a) GAXRD patterns of as-anodized nanotube array films formed in DEG−2.0% HF
electrolytes containing 5.0% HMPA, 5.0% THF, 5.0% PC, 5.0% NMF, 5.0% AN, 5.0% Acac,
5.0% DMSO, 5.0% H2O, and 5.0% FA, and 1.0% HCOOH; all anodizations were performed at
60 V for 24 h. (b) Magnified GAXRD patterns of nanotube array samples obtained when adding
5.0% HMPA, 5.0% THF, and 5.0% PC, using the anodizing conditions identical to (a).

255
6.1. 3 High Temperature Crystallization of DEG Nanotube Array Films
In the previous report, Varghese and co-workers reported crystallization of nanotube
array films grown in HF containing aqueous electrolyte; the phase changes in the nanotube array
film from amorphous to anatase at about 280 ºC.3 In this work, the nanotube array films grown in
DEG electrolyte were also annealed at high temperatures to study the phase transformation
temperatures in comparison to those of the nanotube films grown in aqueous electrolyte. The insitu study of phase transformation and crystallinity was performed using Panalytical Xpert Pro
MPD Theta-Theta Diffractometer. In this experiment, an as-anodized TiO2 nanotube array film
of 1-µm thick fabricated in DEG−2% HF−3% H2O electrolyte (40 V, 24 h) with the sample area
of 1×1 cm2 was selected for this experiment. Using platinum foil as the heating substrate, the
nanotube film was heated in air with a constant ramping rate of 1 ºC min-1. The XRD patterns
were collected at 25 ºC as the first pattern and every 20 ºC interval from 200 ºC to 600 ºC.
During pattern collection, the temperature was dwelled about 20 min before increasing to the
higher temperature. The heating conditions are schematically shown in Figure 6- 10.

Figure 6- 10. A schematic diagram of heating conditions in collecting XRD patterns.
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From the result in Figure 6- 11 (a), the as-anodized film was found to be amorphous as
seen the 1st pattern collected at 25 ºC. As the temperature was elevated, the amorphous oxide
film started to crystallize forming small anatase grains as the small anatase peak appeared to be
seen at about 260 ºC; see Figure 6- 11 (b).

After the grain nucleation, the anatase grain

progressively increases in size with temperature. At 280 ºC, the stronger peak of anatase (101) is
seen more clearly indicating the larger crystallite size and higher crystallinity. Under these
conditions, the maximum intensity of anatase peak was obtained at 560 ºC. Whereas the rutile
signature appears at 380 ºC as seen in Figure 6- 11 (c).
In summary, the temperatures of phase transformation, i.e. from amorphous to anatase
(260 ºC) and the appearance of rutile are a little lower than those reported by Varghese and coworkers3 of 280 ºC and 430°C respectively. Anodization in DEG electrolytes induces small
crystallites in the as-anodized sample. When the as-anodized sample is sintered, those small
crystalline particles may facilitate grain growth forming the anatase crystals at relatively lower
temperatures.
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Figure 6- 11.. GAXRD patterns of a 11-µm thick TiO2 nanotube sample grown in DEG
DEG−2.0%
HF−3.0% H2O electrolyte (40 V, 24 h). (a) A 3D overlay plot of diffraction pattern collected at
a
different temperatures. (b) The magnified patterns particularly for the temperatures between 260
°C and 320 °C with a highlighted anatase (1 0 1) phase. (c) The magnified patterns particularly
for the temperatures of between 360 °C and 440 °C with a highlighted
highlighted rutile (1 1 0) phase.
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6. 2 In-situ Crystallization of TiO2 Nanotube Films in DMSO Electrolyte
DMSO is strongly protophilic, hence DMSO prefers to attract or accept protons from its
surroundings; one possible proton from HF reducing its activity.

Additionally chemical

dissolution is low in DMSO as compared to aqueous electrolytes.8, 27 Therefore, it is of great
interest to study in-situ crystallization in DMSO.

6.2. 1 Effect of Pre-Anodization of Titanium Foil
Titanium substrate treatment prior to anodization was found to affect crystallization of
the anodic titania film. Allam et al. studied a two-step process on crystallization of titania
nanotube film; i.e. the Ti foil sample is first treated in an oxidizing peroxide (H2O2) containing
electrolyte at 80 ºC before anodizing such anodized film in aqueous containing NH4F electrolyte,
resulting in the purely anatase nanotube array film.9 This layer is converted into a crystalline
nanotube film by subsequent anodization. Kunze et al. also reported the effect of pre-anodization
on crystallization of the titania film; this favors the formation of a thick crystalline nanoporous
layer of rutile structure.

It was suggested that the presence of fluoride ion can induce

crystallization of rutile TiO2 film in strong acid (phosphoric acid and HF) aqueous solution and at
room temperature.7
In the present work, pre-anodization of Ti foil (or two-step anodization) was also studied
in comparison to those previous reports. An oxide film has to be formed initially and then
anodized in the target solution. First, Titanium foils (0.25 mm, 99.7%, Sigma-Aldrich) were
cleaned with acetone, soap and isopropanol alcohol prior to anodization. The Ti foils were
subjected to potentiostatic anodization, at room temperature of about 23 °C, in a two-electrode
electrochemical cell with platinum foil as the counter electrode.

Prior to anodization in
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DMSO−2.0% HF electrolyte at 40 V for 48 h, pre-anodization of titanium was carried out in
aqueous electrolyte containing 0.5% HF, at 20 V for 8 min. After the first anodization in aqueous
electrolyte, the amorphous oxide thin film of about 400 nm was obtained. In this experiment the
film without pre-anodization was also fabricated comparatively. The particle size of crystalline
phase was calculated using the Scherrer equation.
E =

0.9
YZ[ \&θ
Equation 6- 1

where D is crystallite size, λ is wavelength of Cu Kα radiation (1.5418 Å), 0.9 is the Scherrer
constant, FWHM is full-width at half-maximum intensity of anatase (1 0 1) peak, and θ is Bragg
reflection angle.
Note that it is necessary to keep the sample at the same angle of Theta, or omega (ω), in
order to maintain a constant focusing distance for the goniometer tube and the detector at the
angle of Theta with respect to the sample. To achieve the most accurate particle size using
Equation 6- 1, only the nanotube is to be exposed to the x-ray beam (no substrate) since this
equation is fundamentally derived from the powder diffraction. Thus, the omega value was
investigated to ensure that only the oxide part is exposed to the beam at the right omega value.
As the results shown in Figure 6- 12, for the films longer than 5-µm thick, the most suitable ω is
two. Whereas the films for particle size calculation, the length should be longer than 5 µm.
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Figure 6- 12. XRD patterns of TiO2 nanotube samples obtained using different ω values. Those
films with 5-µm and 20-µm thick were grown in DMSO electrolytes.

In Figure 6- 12, the intensity of anatase tends to increase with higher ω values indicating
that anatase crystallinity at the bottom part of nanotube arrays is higher than that of the top part.
The rutile crystals are mostly formed in the bottom interface region, near the barrier layer, which
is in good agreement with that observed in Varghese’s work.3 The rutile phase is formed at the
base that probably favors strain energy minimization between the oxide layer and the underlying
metal substrate. One may assume that the material compatibility in terms of density at the
interface region is an important factor leading to rutile formation at the barrier oxide layer. The
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density of rutile (4.26 g cm-3) is closer to that of titanium metal (4.5 g cm-3) than the density of
anatase (3.84 g cm-3).28, 29
In Figure 6- 13, the anodized samples both with and without pre-anodization show the
appearance of anatase (1 0 1) at the 2-theta position of 25.3º, and there is no significant difference
in the intensity. The broadening peaks indicate the variation of anatase crystallite size in the
oxide film. Calculated by the Scherrer Formula (Equation 6- 1), the average crystallite sizes of
anatase obtained from pre-anodized and non-preanodized samples are 5.2 nm and 6.2 nm,
respectively. The crystallite size did not improve through pre-anodization; the pre-anodization
did not promote the growth of anatase crystallites probably because the initially formed oxide
film is amorphous.

Figure 6- 13. Background-normalized GAXRD patterns of TiO2 nanotube array films with and
without preanodization treatment of titanium foil in aqueous electrolyte mixed with 0.5% HF.
Both non- and preanodized samples were subjected to anodization in DMSO–2.0% HF electrolyte
at 40 V for 48 h.
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The crystalline intensity of the as-anodized nanotube film (non-preanodized sample) and
the annealed sample are compared in Figure 6- 14. For the annealed sample, the normal intensity
of at least 550 intensity counts was obtained, which is about 6 times higher than that of the asanodized sample. After calculation of the crystallite size, the anatase grain size of the annealed
sample is about 24.9 nm.

Compared to the size of 6.2 nm for the as-anodized sample,

undoubtedly this result confirms that the high temperature annealing facilitates the growth of
anatase. The applied thermal energy facilitates the small crystallites to reorient and grow by
consuming the adjacent material, yielding the larger anatase grain size.30
It has been reported that the larger anatase crystals at the interface can be transformed
into rutile at temperatures between 480 ºC and 580 ºC.3 However, as seen from Figure 6- 14, the
crystallized peak of the annealed sample at 550 ºC shows only anatase phase with no evidence of
the rutile phase appearing (at ~ 26.3º) in the pattern. Since anatase-to-rutile phase transformation
needs sufficient volume to rotate and reorient those small crystallites this transformation process
cannot take place in the very small crystallites.30 It has been reported that the anatase crystallite
size of less than 14 nm are highly stable and cannot be converted into rutile.4 Due to this size
feature limitation the annealed titania nanotube array sample remains anatase with heat treatment.
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Figure 6- 14. Background-normalized GAXRD patterns of TiO2 nanotube array films anodized
in DMSO–2.0% HF electrolyte at 40 V for 48 h. The lower intensity is for the as-anodized, nonpreanodized sample, while the higher intensity is for the titania film after annealing at 550 ºC for
3 h.

6.2. 2 Effect of Water
Similar to the effect of pre-anodization, addition of water is an important factor inducing
crystallization of TiO2 nanotube film in the anodization bath. In this study, DMSO electrolytes
containing 2.0% HF and (0.0 %, 3.0 % and 5.0 %) water were used. The GAXRD patterns of the
nanotube array samples as-anodized from these electrolytes are demonstrated in Figure 6- 15. As
a function of water content, the results show no difference in the crystalline intensity. The peak
broadening characteristic with wide base expansion indicates a distribution of grain size in the
nanotube.

With higher water content, the crystallite size of anatase tends to increase.

Information of anatase crystallite size is shown in Table 6. 1.
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Figure 6- 15. GAXRD patterns of TiO2 nanotube array films anodized at 40 V for 48 h, in
DMSO–2.0%HF electrolytes containing 0.0 %, 3.0 %, 5.0 % H2O.

Table 6. 1 Crystallite sizes of anatase (1 0 1) TiO2 calculated from the anatase peaks in Figure 615.
HF Content (%)

Water Contents (%)

Crystallite size (nm)

2.0

0.0

6.2

3.0

7.8

5.0

8.1

In Table 6. 1, the crystallite size of anatase tends to increase as water content increases.
It is possible that water content could enhance the grain growth due to the fast injection of OHfacilitating the oxide formation. The result is in agreement with that reported by Shi et al.,
showing the effect of increased water content on crystallization the anatase TiO2 film in the
mixture of water and ethanol.31
In the mechanistic formation of TiO2 in organic electrolytes, water is an essential source
of oxygen used for growth of the oxide film. In acidic electrolytes water molecules dissociate
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and generate OH groups that will migrate to form the metal−OH bonds building up the oxide
structure.16

The structure of the resulting oxide depends upon the internal parameter (e.g.

structure of molecular precursor) and the external parameters (e.g. water content, temperature,
solvent, and concentration). Thus when water is incorporated in the anodization bath the anodic
reaction rate will be faster

32-34

generating more heat at the electrode surface that consequently

supports energy for the oxide structure to crystallize.8

6.2. 3 Effect of HF Concentration
In this experiment, the effect of higher HF concentration on titania film crystallinity was
studied. As HF concentration was increased the results reveal no difference in anatase peak
intensity, as seen in Figure 6- 17. The larger acid concentration causes proton absorption on the
oxide surface making the metal ions in the oxide layer more protonated, then the protonated metal
ions repel each other and break down into small particles until an equilibrium size is reached.16
As seen in Table 6. 2, HF content showed only a slight increase in crystallite size of anatase when
HF concentration was increased from 2.0 % to 4.0 %; the size increases from 8.0 nm to 9.1 nm,
respectively. The mechanisms for the formation of rutile and anatase are also shown in Figure 616. Due to the cation-cation repulsion, the octahedral array formation is probably distorted as
seen in Figure 6- 16 (c). At low temperature formation the anatase phase is statistically favored to
form more edge sharing with the third octahedron, while rutile phase is thermodynamically more
stable as a linear array of octahedral. Under the synthesis conditions used in Figure 6- 17, the
degree of crystallinity in the film may be strictly controlled by the anodization voltage. The
intensity of anatase peak obtained from 40 V is approximately 80 counts, which is similar to
those observed in other condition as in Figure 6- 13 and Figure 6- 15.
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Figure 6- 16.. Proposed mechanisms
mechanisms for the formation of rutile and anatase showing (a) isolated
octahedral, (b) two octahedral joining at a vertex, (c) octahedral joining along an edge with
distortion due to cation-cation
cation cation repulsion, (d) third octahedron forming cluster at a corner, (e)
linear array structural unit of rutile, and (f) right angle array structural unit of anatase.4

Figure 6- 17.. GAXRD patterns of TiO2 nanotube array films anodized at 40 V for 48 h, in
DMSO electrolytes containing 22.0% HF, 2.0% HF–5.0% H2O, and 4.0%
% HF–5.0%
HF
H2O.
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Table 6. 2 Crystallite sizes of anatase (1 0 1) TiO2 calculated from the anatase peaks in Figure 617.
HF Content (%)

Water Contents (%)

Crystallite size (nm)

2.0

0.0

6.2

5.0

8.0

5.0

9.1

4.0

6.2. 4 Effect of Used Electrolytes
As presented in sections 6.2. 1-6.2. 3, it is evident that use of a DMSO electrolyte is a key
factor in introducing crystallization to the as-anodized film under all experimental conditions
studied. Using freshy-prepared electrolyte, it is possible to achieve the crystallized nanotube film
directly from the anodization bath. Instead of using the fresh electrolyte, is it also possible for the
‘used electrolyte’ to yield the crystallized titania nanotube film? In this experimental study,
anodizations were carried out using fresh and used electrolytes, with different starting electrolyte
conductivities. The higher conductivity is obtained due to the previous anodization leading to
more titanium dissolution into the electrolyte.35 As shown in Figure 6- 18, the conductivity of the
as-prepared fresh electrolyte is 8.8 µS cm-1, which is the starting conductivity of the bath (i).
After 70 h anodization the conductivity of bath (i) is 57.2 µS cm-1, which is the starting
electrolyte conductivity for bath (ii). The second anodization was performed in bath (ii); then
after 70 h the measured conductivity is 121.1 µS cm-1, which would be the starting electrolyte
conductivity for bath (iii). Finally, the third anodization was then performed using the bath (iii).
In this experiment, note that the fluoride concentration for the bath (ii) and bath (iii) may not be
constant at 4.0% as freshly prepared because the F- concentration depleted with anodization
time.36
As seen in the previous sections, the results reveal that fresh electrolytes show no
significant effect on the anatase peak intensity.

In contrast, anodization using the ‘used’
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electrolytes yielded crystallized nanotube film with lower anatase peak intensities as compared to
that from fresh electrolytes. The high electrolyte conductivity has a significant influence on
reducing film crystallinity, while it has an insignificant effect on the crystallite size. The high
conductivity electrolyte tends to accelerate the anodization reaction. The fast ionic mass transport
of cations and anions in the oxide layer results in the fast oxide growth that may create more
disorder to the oxide structure.

Figure 6- 18. GAXRD patterns of TiO2 nanotube array films obtained from different fabricated
conditions: (i) DMSO−EtOH(1:1)−4.0% HF electrolyte, (ii) DMSO−EtOH(1:1)−4.0% HF
electrolyte (used as the 2nd anodization), and (iii) DMSO−EtOH(1:1)−4.0% HF electrolyte (used
as the 3rd anodization). For all (i)-(iii) conditions, the anodizations were performed at 20 V and
70 h.

Table 6. 3 Crystallite sizes of anatase (1 0 1) TiO2 calculated from the anatase peaks in Figure 618.
HF Content (%)

Starting Conductivity (µS/cm)

Crystallite size (nm)

4.0

8.8

9.1

57.2

8.1

121.1

10.0
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Chapter 7
Properties and Applications of TiO2 Nanotube Array Films
This section has considered the photoelectrochemical properties of TiO2 nanotube array
films fabricated in our target organic electrolytes as a function of anodization parameters. Use of
the TiO2 nanotube arrays in other applications are described.

7. 1 Photoelectrochemical Properties
The intrinsic properties of TiO2 such as excellent charge transfer properties, a favorable
band structure for water splitting, low cost, and photocorrosion stability make the material of
great interest for photocatalytic and photoelectrochemical applications.1,

2

Photoelectrolysis

describes the conversion of light into electrical current and the transformation of a chemical entity
such as water into useful chemical energy using the current.3 In a photoelectrochemical cell
(PEC), current and voltage are produced simultaneously upon the absorption of solar radiation by
one or more of the electrodes. A typical PEC is shown in Figure 7- 1. If the working electrode is
a n-type semiconductor and the counter electrode is a metal, oxygen evolution will occur at the
working electrode through the oxidation reaction and hydrogen evolution will take place at the
counter electrode through the reduction reaction shown in the following equations.
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Oxidation:

2H2O → O2 + 4H+ + 4e-

∆E° = 1.23 V vs. SHE
Equation 7- 1

Reduction:

2H+ + 2e- → H2

∆E° = 0.00 V vs. SHE
Equation 7- 2

Overall:

2H2O → O2 + 2H2

∆E° = −1.23 V
Equation 7- 3

The PEC reaction separates the oxidation and the reduction reactions into half-cell
reactions that correspond to the standard reduction potential E° with respect to the standard
hydrogen electrode (SHE).1 Since ∆E° is a negative value water splitting process is not a
thermodynamically spontaneous process. The reaction needs an external bias of 1.23 V to
proceed.4,5, 6

Figure 7- 1. A schematic representation of a conventional three-electrode photoelectrochemical
cell showing a working electrode (WE), a counter electrode (CE), and a reference electrode (RE).
This figure could be found in Chapter 3: Photoelectrolysis (p.121) in this following book, “Light,
Water, Hydrogen: The Solar Generation of Hydrogen by Water Photoelectrolysis”.3

275
The photoconversion efficiency (η) of light energy to chemical energy in the presence of
an external applied potential is calculated by:3
Efficiency (%) = c

=
p =

Total power output − Electrical power output
j × 100
Light power input

k0 l% 0 "!m − n%I00 no
× 100
L0
k0 (1.23 − |%K!I& − %\ |)
× 100
@
Equation 7- 4

Where jpE0rev is the total power output, jp|Eapp| is the electrical power input, Eapp=Emeas−Eoc.
Whereas jp is photocurrent density (mA/cm2), E0rev is standard reversible potential (1.23 V normal
hydrogen electrode (NHE-1)), Emeas is electrode potential (vs Ag/AgCl) of working electrode
under illumination, Eoc is open circuit potential (vs Ag/AgCl) measured with respect to the same
reference electrode under identical conditions of the same working electrode, the same
illumination, and in the same electrolyte, and Pi is power density of light incident on the
photoelectrode.
In this study, the photoelectrochemical properties of the nanotube films grown using the
organic electrolytes were investigated. The photocurrent density measurements were performed
using a three-electrode geometry consisting of a platinum foil counter electrode, a saturated
Ag/AgCl reference electrode, and a TiO2 nanotube array film working electrode. 1 M KOH was
used as electrolyte. The TiO2 nanotube array films were exposed to UV (320-400 nm) and solar
simulated light (AM 1.5) illuminations with a fixed intensity of 100 mW cm-2. The DMSO
nanotube samples were initially measured as a function of anodization parameters and tube length
for crystallized nanotube films.
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Figure 7- 2 shows plots of photocurrent density versus potential measured under UV light
of the TiO2 nanotube samples as a function of fabrication conditions and nanotube length. As
shown in Figure 7- 2 (a), the photocurrent density of the 46-µm long nanotube array sample with
completely open pores is higher than that of the samples having longer nanotube samples with
partially open pores. The activity towards the oxygen evolution reaction of the titania nanotubes
is higher with an increases in the electrode surface area exposed to light and electrolyte.7
Comparing open pore samples of different length, a higher photoresponse magnitude was
observed for nanotubes of longer length; see Figure 7- 2 (b). The thicker nanotube sample allows
for more complete light absorption. Nanotubes of open pores and longer length result in larger
surface areas in close proximity with the electrolyte enabling diffusive transport of
photogenerated holes to oxidizable species in the electrolyte.2 The effect of electrolyte history on
photocurrent density is shown in Figure 7- 2 (c). The photocurrent of the 35-µm sample is higher
than that of 10-µm sample, in agreement with the discussion above. Generally the potentialcurrent slope seen for the used electrolyte exhibits better photoconversion efficiencies. However,
the calculated efficiency for the used electrolyte of 1.66 % is less than 2.09 % obtained from the
fresh electrolyte. Variation of water content led to a slight difference in photocurrent density as
seen in Figure 7- 2 (d). Different water content in the anodization bath resulted in a variation of
nanotube array length; e.g. 1.0% H2O resulting in a tube length of 40 µm and 10.0% H2O
resulting in a tube length of 15 µm. Pre-anodization of the metal substrate in dilute HF aqueous
electrolyte prior to anodization in the organic electrolyte showed insignificant effect on the
photocurrent; see Figure 7- 2 (e).
Figure 7- 2 (f) shows the I-V characteristics of 35-µm nanotube array films crystallized at
different annealing temperatures. The photocurrent increases with higher annealing temperatures
due to increased crystallinity of the nanotube walls. Using higher annealing temperatures, the
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reduction of grain boundaries (improving connectivity between grains) reduces the number of
charge carrier recombination centers.2,

7

However, annealing temperatures higher than 610 ºC

was found to destroy the film interface by isolating the nanotube array layer from the underlying
metal substrate due to the densification of the bottom part of nanotube arrays, thus in turn
decreasing the charge carriers reaching the bottom electrode.
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Figure 7- 2. Photocurrent density of TiO2 nanotube array samples fabricated from different
conditions. Those responses were measured and compared as a function of (a) surface post
treatment (samples grown in DMSO−2.0% HF, 40 V, 70 h, annealed at 580 °C), (b) tube length
(samples grown in DMSO−2.0% HF−(1.0%-10.0%) H2O, 40 V, 70 h, annealed at 580 °C), (c)
electrolyte history (samples grown in fresh (σ = 8.8 µS cm-1) and used (σ = 90.5 µS cm-1) DMSO
electrolytes containing 2.0% HF, 40 V, 48 h, annealed at 580 °C), (d) water content (samples
grown in DMSO−2.0% HF−x% H2O, 40 V, 48 h, annealed at 580 °C), (e) metal surface pretreatment (samples grown in DMSO−2.0% HF, 40 V, 20 h, annealed at 580 °C), and (f) annealing
temperatures (samples grown in DMSO−2.0% HF, 40 V, 35 h).
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The photocurrent density was also investigated under solar illumination. The 46-µm
nanotube array film that provided the highest photocurrent density as seen in Figure 7- 2 (a) and
(b) was selected to study in comparison to the result obtained from UV light. Figure 7- 3
compares the I-V characteristics of the 46-µm nanotube array sample measured under UV and
solar illuminations. The samples were exposed under UV light (320-400 nm) and AM 1.5 solar
simulated lights, with an intensity of 100 mW cm-2 for both illuminations. The observed dark
currents for both illuminations are negligible. Under UV light, the sample had an open circuit
voltage of − 0.84 V (vs. Ag/AgCl), yielding the photoconversion efficiency of 5.425 % (± 0.087).
Under solar spectrum AM 1.5 illumination, the sample had an open circuit voltage of − 0.71 V
(vs. Ag/AgCl) and a photoconversion efficiency of 0.197 % (± 0.001) was obtained.
The measured photocurrents and the corresponding photoconversion efficiency of the
DMSO originating nanotube are considerably less than those measured for the nanotubes
fabricated in formamide (Figure 7- 4 (a))8 and ethylene glycol (Figure 7- 4 (b))8, even though the
nanotube film fabricated in DMSO is of longer length.

The poor photocurrent amplitude

observed for the DMSO samples is attributed to the weak interface adhesion, i.e. poor connection,
between the nanotubes and the underlying substrate. The efficiency of 16.25 % seen in Figure 74 (a), to the best of our knowledge, is the highest value to date obtained from the 30-µm nanotube
arrays grown in formamide based electrolyte.

280

Figure 7- 3. (a) Variation of photocurrent density as a function of measured potential (vs
Ag/AgCl) for an illustrative crystallized nanotube array sample fabricated in DMSO−2.0% HF at
40 V for 70 h under two different illuminations; UV radiation (320-400 nm) and AM 1.5. The
light intensity from each source was set to 100 mW cm-2. The corresponding photoconversion
efficiencies of the 46-µm nanotube sample illuminated under (b) UV light and (c) sun light.
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Figure 7- 4. (a) Photocurrent density responses of TiO2 nanotube array samples fabricated in a
mixture of 1.2 g NH4F, 5 ml water, and 95 ml formamide (FA) at 35 V for 48 h, and annealed at
the indicated temperatures for 1 h in oxygen ambient. (b) Photocurrent density responses under
UV light of TiO2 nanotube array samples fabricated in ethylene glycol (EG) electrolyte
containing 0.25 wt.% NH4F−1.0% H2O at 60 V for 6 h. Figure (a) and (b) have been taken from
a paper reported by Grimes’s group; Shankar et al. Nanotechnology 18 (2007) 065707.8
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7. 2 Use of TiO2 Nanotube Arrays for Biomedical Applications
Titanium and its alloys are widely used in biomedical applications due to its
biocompatibility, good mechanical properties, non-toxicity, corrosion resistance, and high level of
hemocompatibility.1, 9, 10 Highly ordered TiO2 nanotube arrays obtained from the electrochemical
anodization of titanium has also been investigated in view of bioactivity and biocompatibility
properties.

The specific nanotubular geometry of TiO2 can be exploited in biomedical

applications such as for blood clotting,11,

12

drug eluting coatings for medical implants,13 and

growth platform for stem cell14 and bone cell.15 Surface structure is considerably important for
implantation of a biomaterial, for example, the higher efficiency of apatite formation is achieved
by the use of crystalline nanotubes. Even though the amorphous surface of TiO2 containing a
high amount of Ti−OH groups facilitates the formation of apatite on its surface, initiation process
for the apatite formation on the amorphous surface takes relatively longer time than that of the
crystalline surface.16 In addition, the ability to precisely tune the nanotube morphology and
architecture such as tube length, pore size, and surface roughness for the optimized biotemplating
properties is most desirable to use them in those biomedical applications.

7.2. 1 Blood Clotting
Roy et al. reported that the use of nanotubular TiO2 in blood clotting application appeared
to act as a scaffold enhancing the fibrin formation that could be used to help stop hemorrhage.11
Due to the chemical stability of TiO2 surface, TiO2 help to maintain the configuration of blood
proteins and minimize the unwanted platelet activation.11 The TiO2 nanotubes possess high
surface to volume ratio that can facilitate hemostatic. This work used TiO2 nanotube array films
fabricated in DMSO electrolyte (2.0% HF, 30 V) to study blood clotting kinetics. They showed
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that when the nanotubes are applied to the gauze bandages, the decorated bandages with high
aspect ratio TiO2 nanotubes could reduce the clotting time of pure blood approximately 10 % with
the increased clot strength approximately 75 %. The blood and tissue compatibility of TiO2
surface makes it useful for biomedical use in functionalizing solid supports as an adhesion, a
growth support base, and a drug release platform.

7.2. 2 Hemocompatibility of Titania Nanotube Arrays
The work in this section (7.2.2) is collaboration with a research group in Colorado State
University. The results of hemocompatibility of titania nanotube arrays, adsorption of blood
serum proteins, adhesion and activation of platelets, and clotting kinetics, were published in the
Journal of Biomedical Materials Research: Part A 201017 and are summarized as follows.
Titania nanotube array films were anodized in the DEG−2.0% HF−3.0% H2O electrolyte,
with a fixed distance of Pt and Ti electrodes at 2.0 cm. The anodization process was carried out
at room temperature using 40 V for 24 h. With these conditions, the nanotube arrays of 70-90 nm
pore size and 1 µm length were obtained. FESEM images of the titania nanotube array films
grown from these conditions are shown in Figure 7- 5. Prior to the biological test, the asanodized samples were annealed at 530 ºC for 3 h to obtain the crystallized nanotube array films.
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Figure 7- 5.. FESEM images showing top view of TiO2 nanotube arrays at different
magnifications. The nanotube array films were grown in DEG
DEG−2.0%
2.0% HF−3.0%
HF
H2O electrolyte
at 40 V, 24 h.

The mechanical properties of titania nanotube arrays were examined using
nanoindentation
ndentation and scratch tests. The nanoindentation tests were performed using a Berkovich
tip to determine the Young’s modulus and hardness of titania nanotube arrays. The Young’s
modulus and the hardness of titania nanotube arrays are lower than those of smooth titanium
surfaces as seen in Table 7. 1.. To characterize surface mechanical properties of titania nanotube
arrays, the scratch tests were performed using a Rockwell tip to determine the delamination
characteristics of titania
ania nanotube arrays. The film delamination of titania nanotube arrays started
to be seen at a critical load of 0.33 N, with a severe delamination followed by complete failure at
1.47 N.

Table 7. 1 Experimental measured values
values of Young’s modulus and hardness of smooth titanium
metal surface and titania nanotube arrays.
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7.2.2. 1 Protein Adsorption on Titania Nanotube Arrays
The adsorption of key blood serum proteins, i.e. ALB, FIB and IgG, at a concentration of
100 µg/ml on the titania nanotube arrays was investigated over a 2 h duration. Protein adsorption
on the surface was determined using a micro-BCA and XPS. The results revealed that there is an
increase in protein adsorption on titania nanotube arrays compared to smooth titanium surface,
see Figure 7- 6. Since the nitrogen peak is a characteristic for proteins adsorbed on the surface,
the results characterized by XPS showed that more protein adsorbed on the titania nanotube
arrays than the smooth titanium surface; see Table 7. 2.
It was believed that the increase in protein adsorption is probably due to the large surface
area of nanotube architecture that provides multiple functional sites for protein molecules to
adsorb.

Figure 7- 6. A plot showing amount of blood serum proteins adsorbed on titania nanotube arrays
and smooth Ti surface determined using a micro-BCA assay. Note that the symbols of *, #, @
mean that the p value is less than 0.05.
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Table 7. 2 N/Ti ratios characterized by XPS scans for blood serum proteins adsorbed on titania
nanotube arrays and smooth Ti surface.

7.2.2. 2 Platelet Adhesion and Activation
Platelet adhesion and activation is a strong indication of thrombogenecity.

Titania

nanotube arrays showed higher platelet adhesion and activation, and significantly higher viability
compared to a smooth Ti surface.

Compared to the Ti surface (Figure 7- 7 (a)), platelet

morphology on the titania nanotube arrays exhibits dendritic behavior indicating significant
activation (Figure 7- 7 (b)). The dramatic changes in morphology lead to the platelet-platelet
contact giving rise to aggregation (Figure 7- 7 (d)), where such behavior is absent on the smooth
Ti surface (Figure 7- 7 (c)). The majority (~75 %) of platelets on the titania nanotube arrays had
a long dendritic morphology, compared to the majority (~50 %) of short dendritic platelets on the
smooth Ti surface, suggesting that Ti surface could also potentially activate platelets as the
clotting cascade progresses.
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Figure 7- 7.. SEM images of adhered and activated
activated platelets on smooth Ti surface (a, c) and
titania nanotube arrays (b, d).

7.2.2. 3 Whole Blood Clotting on Titania Nanotube Arrays
Whole blood clotting kinetics is important for the long
long-term blood-contacting
biomaterials. Within 30 mins, the titania
titania nanotube arrays showed the blood clotting rate higher
than the smooth Ti surface. The amount of free hemoglobin presented on those surfaces was
detected prior to complete blood clotting. After 30 mins, there was no significant difference
observed for
or free hemoglobin concentration on both materials, see Figure 77- 8. After 60 mins, the
fibrin network density on the titania nanotube arrays was found to be significantly greater than on
the smooth Ti surface. Initiated by thrombin,
thrombin, enzyme transforms fibrinogen into those fibrin
fibers to form a clot network. On the nanotube arrays, a more rapid formation of fibrin network
was observed, thus reducing the clotting time while forming the dense fibrin network.
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In summary, when the titania nanotube arrays were used as a biomaterial surface, the
blood serum protein adsorption, platelet adhesion and activation, and whole blood clotting
kinetics were found to increase in comparison to a Ti surface.

Figure 7- 8.. Variation of free hemoglobin concentration during 60 mins in terms of absorbance
on titania nanotube arrays and smooth Ti surface.

Figure 7- 9.. SEM images of whole blood clotted on (a) smooth Ti surface and (b) titania
tit
nanotube arrays.
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7.2. 3 Drug Delivery
Many efforts have focused on development of drug eluting surfaces to provide wellcontrolled release kinetics for drug delivery.18-20 Peng and co-workers have used the titania
nanotubes prepared by Grimes’s group to study how the nanotube dimensions affected the drug
elution kinetics.21 They demonstrated that the TiO2 nanotube arrays are a promising candidate for
use as a drug-eluting implant coating. Arrays of different lengths and pore sizes, shown in Figure
7- 10, were loaded with fluorescently labeled paclitaxel, a 1.3 kDa drug with a small
hydrodynamic radius.

Paclitaxel is clinically used as an antiproliferative agent to treat

inflammation, cancer, and stent restenosis. In addition to paclitaxel, elution of a small molecule
antiproliferative sirolimus and a large globular bovine serum albumin (BSA) protein was also
studied.

Sirolimus has a molecular weight of 0.91 kDa, which is about the same size as

paclitaxel. While the heavier BSA molecule, it has a molecular weight of 66 kDa with a
hydrodynamic radius of ~ 2-3 nm. After drug loading, the loaded nanotube samples were rinsed
to remove surface layer and immersed in phosphate buffer saline (PBS) at 37 ºC to eliminate
boundary layer.
The nanotubes were capable of controlling the elution of small molecules like sirolimus
and paclitaxel for 7-14 days, while controlling the delivery of larger molecules like BSA for
longer than 30 days, see Figure 7- 11 (a). During the long-term sink condition of 3 weeks, it was
found that the maximum drug elution was reached at about 2 weeks. Total drug elution was most
profoundly affected by the nanotube length, but diffusion of drug molecules was found to be
sensitive to the tube diameter; see Figure 7- 11 (a-b). This is because too large a diameter like
may allow a large amount of solvent to penetrate inside the nanotube arrays. Therefore, the
nanotube architectures such as the pore packing density and the gap or separation between the
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tubes is considerably important to be controlled since the nanotopography of nanotubes is directly
responsible for the drug elution kinetics
kineti and behavior.

Figure 7- 10.. FESEM images of showing top view (top row) and side view (bottom row) TiO2
nanotube arrays with various pore diameters ((d) and tube length (h).
). (A, B) d = 100 nm, h = 1
µm; (C, D) d = 100 nm,, h = 5 µm; (E, F) d = 300 nm, h = 5 µm.
m. The nanotube samples in A, B
were anodized in a 2 pH electrolyte containing 0.2 M Sodium Citrate Tribasic, 1 M Sodium
Hydrogen Sulfate, and 0.1 M Potassium Fluoride, with Sodium Hydroxide added to adjust the
pH, at 20 V for 17 h. For the nanotubes with length of 5 µm
m (in C, D), the samples were prepared
using 25 V using pH 5. The largest pore diameter of 300 nm (in E, F), the nanotube films were
grown in DEG−1.0%
1.0% HF electrolyte at 60 V for 120 h. After anodizatio
anodizations, the (A, B), (C, D),
and (E, F) samples were annealed at high temperatures at 500 ºC (6 h), 580 ºC (6 h), and 525 ºC
(3 h), respectively.21 Note that the 300-nm
300 nm diameter shown in (E, F) were successfully achieved
from modifying the electrolyte conditions
conditions as previously presented in Chapter 5, and is the largest
pore size value reported to date for the anodic TiO2 nanotube arrays.
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Figure 7- 11. (a) Fractional elution of paclitaxel, sirolimus, and BSA. (b) Paclitaxel elution and
(c) BSA elution for TiO2 nanotube arrays as a function of pore diameter.21
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Chapter 8
Conclusions and Future Work
As shown in the previous chapters, this dissertation has presented several aspects of
electrochemical studies on the formation of anodic titanium dioxide nanotube arrays in two
selected organic electrolyte systems, which are dimethyl sulfoxide and diethylene glycol.
Therefore, the major findings will be concluded in this chapter. Also the possible directions of
research that built upon the experimental observations will be suggested for future work, which
hopefully may be useful and give some ideas for the readers to gain a perspective on the present
results in this dissertation.

8. 1 Conclusions

8.1. 1 Fabrication of TiO2 Nanotube Arrays in Dimethyl Sulfoxide
Experimental results provided informative guidance in developing a knowledge
concerning the fabrication of nanotube arrays via anodization. Using DMSO based electrolyte, a
maximum length of 101 µm was achieved, which is a substantial improvement in tube length
when compared to the 2.3 µm reported by Ruan.1 This electrolyte was also capable of fabricating
the titania nanotubes with pore size ranging from 30 nm to 170 nm. The work showed that the
formation of TiO2 nanotube arrays in DMSO electrolyte is well controlled by modification of
synthesis conditions that determine the architectural features of the resulting nanotube array
films. Various anodization variables including fluoride ion concentration, voltage, time, water
content, pre-anodization of metal substrate, and use of previously used electrolyte could be
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manipulated to achieve the nanotube arrays with desired morphology. In DMSO electrolyte, the
growth rates were found to be in a range of 0.24 µm h-1 to 1.37 µm h-1, dependent upon HF
concentration and anodization voltage.

The nanotubes tended to have thinner wall with

increasing HF concentration due to the significant increase in electrolyte conductivity. The
conductivity of electrolyte can be further improved with prolonged anodization that leads to more
titanium dissolution into electrolyte. It is believed that the anodization voltage is a key factor that
controls the changes in composition and properties of the anodized electrolyte.

While the

anodization history such as the 2nd or the 3rd anodizations was found to have insignificant effect
on the increased ratio of conductivity per voltage.
Nanotubes with open pores or without pore clogging are important to achieve in order to
enhance the device performance. For DMSO fabricated nanotube arrays, the problem of pore
clogging can be solved by modification of synthesis conditions; (i) using at least 5.0% v/v water
additive, (ii) anodization with longer duration, normally at least 24 h for DMSO electrolyte, and
(iii) using the previously used electrolyte or the electrolyte with high conductivity as a starting
electrolyte for anodization. Use of 5.0%v/v water additive was also found not only to help to
prevent the pore clogging problem, but also improve the interface problem between the nanotube
array films and the underlying metal substrate. Alternatively, ultrasonication was also found to
remove debris leaving behind the completely open pores. However, this technique may give rise
to the peeled-off effect that could destroy the interface between the nanotube array film and the
metal substrate.
Anodization using the pure DMSO based electrolyte was found to reduce the number of
complicated reactions occurring in the anodizing electrolyte, consequently providing such long
tube length. In other words, mixing two solvents as the based electrolyte did not improve the
tube length because addition of the low relative permittivity solvent may act to inhibit ion
dissociation, mobility of ions in the bulk electrolyte, and ionic transport of essential ions to the
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electrode surface. It is also believed that other properties such as donor number, conductivity and
polarity of solvent play important role in affecting ion solvation and interactions the mixed
electrolyte.
The conductivity of DMSO electrolytes was found to increase with anodization voltage
and HF concentration, but is independent upon the electrolyte history.

The increased

conductivity per the increased voltage is 2.62 µS cm-1 V-1 for the fresh electrolyte and 2.67 µS
cm-1 V-1 for the used electrolyte. A combined effect of HF concentration and voltage is expected
to be the most important parameters affecting the electrolyte conductivity.
Analysis of anodization current revealed that slope and direction of the current density
are indications of growth kinetics and mechanism of anodic titania film. The anodic current has a
correlation with the formation of nanotube arrays in terms of the changes in film thickness and
growth rate. The behaviors of current density obtained from the fresh and the used electrolytes
are comparable, implying that titanium anodization in DMSO based electrolyte led to a
characteristic pattern of anodization current.

8.1. 2 Fabrication of TiO2 Nanotube Arrays in Diethylene Glycol
Anodization of titanium foils in DEG electrolyte was found to yield unique structures of
TiO2 nanotube arrays such as a well separated, freely self-standing structure with a wide variation
of tube-to-tube spacing. The effects of anodizing parameters on the nanotube morphology were
also studied in this electrolyte. In comparison to DMSO electrolyte, a larger pore size window
has been extended from 150 nm up to 350 nm, the largest known value with an increase of 84 %
from the previous known maximum pore size,2 by anodization of titanium in an HF containing
DEG electrolyte. Pore size was found to increase with anodization voltage with the rate of 0.86
nm V-1. Thickness of nanotube array films is limited to a short range of less than 10 µm. Effect
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of large cation size in fluoride bearing species was found to enhance the oxide growth rate; the
nanotube length increases with cation size. The large cation of tetrabutyl amommonium ion
(Bu4N+) was believed to act as inhibitor to restrict the oxide thickness, which in turn facilitates
ionic transport in electrolyte and enhances the tube growth. As a result, the longest tube length of
21 µm of DEG fabricated nanotubes was obtained. The nanotube growth rate is less than 1 µm h1

compared to that of other organic electrolytes, which is probably the major effect of solvent

properties such as relatively high viscosity and low conductivity of DEG solvent.
The electrolyte conductivity and titanium concentration dissolving in the anodized
electrolyte were quantitatively investigated as a function of anodization parameters. Addition of
solvent additives of different solvent properties in DEG based electrolyte was found to strongly
affect the electrolyte properties. For a given voltage, the relative permittivity of solvent additives
showed no significant effect on the increased conductivity, but the conductivity was found to be
directly dependent upon the increased titanium concentration. The increased conductivity is due
to the increased number of predominating titanium complex anions in the electrolyte from
dissolution processes.
Building upon the conductivity-titanium concentration plots, the degree of self ordering
was established; the higher electrolyte conductivities resulted in more ordered, well separated
nanotube arrays. The well ordered, separated nanotube arrays are always obtained when adding
the solvent additives having higher relative permittivity, which is water and formamide in this
study. The formation structures depend on the electrolyte conductivity, but independent upon the
anodization voltage. For all voltages used from 40-80 V, the disordered nanotube arrays were
usually observed when the conductivity is less than 100 µS cm-1, where the oxide formation rate
is probably limited by the involvement of OH- due to dissociation of water, eventually affecting
the individual pore/cell enlargement to be different.3, 4
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The nanotube array morphology is a result of changes in electrolyte composition and
electrolyte properties. For example, using water as an additive, the tube morphologies including
wall thickness, bottom pore, top pore, and intertubular spacing were found to increase with water
content. With larger water content, pore size tended to increase due to the enhanced amount of
oxide dissolution. While water content has insignificant effect on the tube length for the DEG
fabricated nanotube array samples. The lengths of ~3 µm were usually obtained when 3.0 %-9.0
% v/v water contents were used. Furthermore, distortion of the circular nanotube geometry was
observed with the increased water content. Distance between Pt and Ti electrodes was found to
be sensitive to the change in nanotube morphology by varying the inter-electrode spacing within
only 1 cm leading to a 50-nm variation in pore size, bottom pore and intertubular spacing.
However, the inter-electrode spacing did not show significant effect on tube length. The interelectrode spacing has a strong influence on electrolyte conductivity and titanium concentration,
with the reduced spacing leading to the enhancement of the reaction kinetics between two
electrodes.
Using DEG as a model electrolyte, the porosity regimes of TiO2 nanotube array films
were examined in comparison to those reported for the anodic alumina. This work discovered
that the porosity for the titania nanotube films cover in a wide range from about 10 % to 70 %,
depending on the formation structure. That is, porosity of the alumina-like porous structure is in
between 18 % and 70 %. Whereas the nanotube films with separated, well-ordered structure, the
porosity covers in a range of 10-30 %. The % porosity was found to decrease with the increased
voltage. For a given voltage, it is clearly seen that the % porosity decreases as the conductivity
increases.

A combination of voltage and conductivity was expected to be a self-ordering

determining factor that consequently controls the tube formation and porosity of the titania film.
Calculation of porosity based on the hexagonal pore formation approximation is applicable for
those different electrolyte types and conditions such as DMSO and EG electrolytes.
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8.1. 3 Crystallization of TiO2 Nanotube Arrays
The work was to seek possibilities to obtain crystallized TiO2 nanotube array film
directly from anodization bath at room temperature. The in-situ crystallization was carried out
through modification of electrolyte composition and anodization conditions. In DEG electrolyte
containing NH4F, partial crystallization of the anatase-titania nanotubes was obtained with the
increased concentration of NH4F. The results showed that the conditions containing 0.3 wt.%-0.7
wt.% NH4F resulted in the partially crystallized nanotube films. Whereas the 0.9 wt.% condition,
instead the porous film with high crystallinity of anatase phase was achieved. Replacing NH4F
with low concentration of HF of less than 1.0 %, the small crystallites forming nanotubes were
obtained with prolonged anodization duration. The randomly sized-needle-like particles were
found to be anatase rather than rutile, presumably due to the catalytic effect that anatase prefers
the anatase formation in the low acid concentrations.
For a given HF concentration, the effect of solvent additives on crystallization of titania
film was investigated. The solvent additives with different properties such as relative permittivity
and conductivity were added into DEG electrolyte.

The partially crystalline phases were

observed for the DEG electrolytes containing THF, HMPA, and PC, where their conductivity
values of the anodized electrolytes are relatively low (~ 50 µS cm-1). It could be possible that the
phase transformation of these samples occurs in the low electrolyte conductivity where the
nucleation growth process is slow. Using high temperature annealing, the temperatures of phase
transformation from amorphous to anatase and from anatase to rutile are 260 ºC and 380 ºC,
respectively.
Similar to those observed in DEG electrolyte, the partial crystallized nanotube array films
were also obtained in DMSO based electrolyte. In-situ crystallization was investigated through
several anodization conditions. The result showed that pre-anodization of titanium foil prior to
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anodization in DMSO electrolyte could lead to the crystallized anatase to occur, but has no
significant effect on the anatase crystallinity.

For the effect of water content and HF

concentration, crystallinity of the anatase phase did not improve with these parameters.
Increasing water additive, the anatase phase with lower crystallinity was obtained. The result of
HF concentration could be explained in the similar way due to the higher HF content facilitating
the electrochemical rates and hence reducing degree of crystallinity. With higher water content
and higher HF concentration, the crystallized size of anatase was found to slightly increase.
Additionally using the high conductivity electrolyte or the previously used electrolyte, the
resulting fast oxide growth rate also led to the decrease in the intensity of anatase peak.
A study of crystallinity of the titania nanotube array films grown in DEG and DMSO
electrolytes as a function of beam penetration depth showed that the results are in a good
agreement with those reported by Varghese and co-workers.5 The rutile phase is formed at the
base of the nanotube arrays, whereas the degree of anatase crystallinity tends to decrease from
bottom to the top of the array. It is believed that the kinetics of oxide growth rate plays important
role in nucleating the crystallites and thus determining the degree of crystallinity along the
nanotube wall. The summary of degree of crystallization along the tube is schematically shown
in Figure 8- 1.
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Figure 8- 1. A schematic representation showing crystallization along the nanotube wall during
anodization in electrolyte in relation to the degree of oxide dissolution.

8. 2 Future Work

8.2. 1 Fabrication Process, Properties, Structure-Property Relationship
The work in this dissertation showed the study of formation and mechanism of TiO2
nanotube array film fabricated in organic electrolytes by anodization process. For future work, it
would be interesting to extend the studies by seeking new windows of nanotube morphologies
that could possibly achieve such as efforts to extend pore size and thinning wall thickness through
the developed synthesis techniques as well as the optimized anodization conditions. It is also
necessary to investigate deeper in details concerning mechanistic understanding relative to effects
associated with the individual electrolytes and growth conditions.

Moreover, the roles of

electrolyte medium and their kinetics in determining the nanotube morphology, dimensions,
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intertubular spacing, and properties are considerably important. For example, dimethyl sulfoxide
yields the separated tubes at the end, but dense and close-packed at the bottom.6 Ethylene glycol
electrolyte is known to produce an ideal hexagonal close-packing structure, while diethylene
glycol yields the discrete, well-separated nanotubes.2
Another issue for ethylene glycol electrolyte is that the cause of nanotube length
significantly exceeding the thickness of the metal consumed is still ambiguous. This increase in
length cannot be satisfactorily explained on basis of the volume expansion during metal to oxide
transformation, as the enhancement estimated by Pilling–Bedworth ratio is significantly lower.7, 8
A unified theory that explains different aspects of nanotube growth mechanism under various
anodization conditions is required for further advancements in the field.
In addition, it would be useful to apply the mechanistic understanding obtained from the
metal foil fabrication in DMSO and DEG electrolyte to the fabrication on transparent conducting
oxide glass. In dye-sensitized solar cell, the nanotube array films are expected to possess the high
optical transparency and superior electrical properties to achieve high efficient performance. The
achieved nanotube arrays without debris, the uniform nanotube formation with great length (~ 10µm thick) and with sufficient adhesion on FTO glass leading to the uniform optical transparency
are the major challenges.9 Thus, a detailed understanding the growth mechanism of the titania
nanotube arrays on FTO glass is necessary to study in order to overcome these challenges and
further improve the cell efficiency resulting from the well controlled structures and properties of
nanotubes.
The applications such as dye-sensitized solar cells and photoelectrochemical cells for the
hydrogen production require an electrode possessing a high photoresponse and efficient electron
transport properties to enhance their potential for chemical solar energy conversion. Approaches
to functionalized the titania nanotubes by doping10-14 or modification of surface chemistry15, 16 are
promising strategies that provide an improvement in the optical absorption of titania for visible
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wavelength, promote the electron-hole separation and achieve superior electron transport
properties. The oxygen absorption on TiO2 particle may also change the photocatalytic and solar
cell properties; absorption of oxygen species at the surface can increase the visible light
absorption.17 Considering the fabrication process, electrolyte modification to incorporate the
oxygen species into the titania nanotubes is thus most likely a facile and efficient way to alter the
surface of TiO2 nanotubes. At the titania surface, the charge of cation would be altered by the
adsorbed oxygen species from the electrolyte. The electrolyte pH should be taken into account
since the acidity of the electrolyte medium allows existence of a negative or positive surface
charge.18
Although there are several reports on the properties of titania nanotube array film
available in the literature, the study of a nanotube structure-property relationship has been less
reported in comparison. Thus, future work should also be conducted to investigate the properties
of titania nanotube arrays in relation to their structure formation as a function of electrolyte
medium used to fabricate the nanotube array film.

Moreover, it would be interesting to extend this study to fabrication of other oxide
material by utilizing the results and knowledge obtained from this work. A tungsten oxide has
become a candidate. Preliminary results of fabricating the tungsten oxide films by anodization
will be presented as follows.

8.2. 2 Tungsten Oxide Film (WO3)
In addition to TiO2, it has been known for several decades that tungsten oxide (WO3) is a
good photoanode material for water oxidation. In recent years, tungsten oxide has received a
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great attention for use in many applications such as NOx, CO and H2S gas sensors,19,

20

electrochromic,21-28 photochromic,29,

32

30

and transparent conducting electrode applications.31,

Several attempts have been made to prepare WO3 thin film with controllable nanostructures to
achieve high efficiency in collecting photogenerated charge carriers, to enhance electro- and
photochromic properties, and enhance gas sensing properties compared to those properties of the
bulk. Anodization is a widely used technique to produce tungsten oxide thin film that has been
reported in many literatures.33-40 The anodic tungsten porous oxide film has a wide bandgap of
2.8-3.1 eV.34
Building upon reviewing literatures and the results obtained from this dissertation,
anodization of tungsten foil in a very strong acid condition resulted in porous WO3 film with ~
90-nm pore size and ~1.5-µm length, as shown in Figure 8- 2. The film color is light blue. Use
of higher HF concentration but lower voltage also led to the similar structure of porous film. It is
noteworthy that higher voltages do not always lead to the larger pore size as observed for the
anodic titania film. Since the reactions occur vigorously in such strong acid condition associated
with the high electric field, the formed oxide film then completely dissolved under the fieldassisted condition. Replacing electrolyte medium by organic electrolyte, anodization of W foil in
DEG based electrolyte could also produce a porous tungsten oxide film (see Figure 8- 3), but with
a much smaller pore size range of about 15-20 nm. Using these conditions, a tungsten oxide film
with shorter length of about 700 nm was obtained.
As seen the film cross section in Figure 8- 3 (a), the better ordered of nanochannels was
achieved when anodizing in DEG electrolyte, compared to the porous structure obtained from
anodizing in nitric acid in Figure 8- 2 (c). This suggests that it is possible to achieve the more
regular nanochannel oxide film when anodizing the tungsten foil in organic electrolyte, while the
important effects of anodization voltage, time, and electrolyte composition on the film
morphology needed to be further investigated systematically.
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Figure 8- 2.. FESEM images showing a porous tungsten oxide film fabricated in HNO3−2.0%
HF−5.0% H2O at 80 V for 12 min.

Figure 8- 3. FESEM images of porous tungsten oxide film fabricated in a DEG−4.0% HF−3.0%
H2O electrolyte at 60 V for 20 min.
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Appendix

Appendix A: Fabrication of TiO2 Nanotube Array Films

Appendix A- 1 Fabrication of TiO2 Nanotube Arrays in Ethylene Glycol (EG) Electrolyte
In this dissertation, the Ti anodization in EG electrolyte has also been studied with an aim
to investigate morphological features of the resulting nanotube array films in comparison to those
obtained in DMSO and EG electrolyte. Based on some experimental data reported by Prakasam
and co-workers,1 the author had also extended this work by investigating the optimized
anodization window that provides the information of pore size and tube length of the titania
nanotube array films as a function of anodization parameters. A number of anodizations were
performed at room temperature in EG electrolytes containing the fixed contents of 0.3 wt.%
NH4F and 3.0% H2O, whereas anodizing parameters of voltage and time were varied. After
anodization, the as-anodized nanotube films were characterized by FESEM. Finally, contour
plots showing a relationship between nanotube morphologies and anodizing parameters were
established using data obtained from these experiments and from Prakasam’s report. The created
contour plots of pore size and tube length as a function of voltage and time are shown in Figure
App- 1 and Figure App- 2. Whereas the contour plots of voltage and time vs. pore size and tube
length are also illustrated in Figure App- 3 and Figure App- 4 for different views.
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Figure App- 1.. A contour plot of pore size (nm) of TiO2 nanotubes vs. anodization voltage ((V)
and time (h). The Ti foils were anodized in EG−0.3
EG
wt.% NH4F−3% H2O electrolytes.

Figure App- 2.. A contour plot of tube length (µm)
(
of TiO2 nanotubes vs. anodization voltage (V)
and time (h). The Ti foils were anodized
anodize in EG−0.3 wt.% NH4F−3% H2O electrolytes.
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Figure App- 3.. A contour plot of anodization voltage (V) vs. pore size (nm) and tube length (µm)
(
of TiO2 nanotubes. The Ti foils were anodized in EG
EG−0.3 wt.% NH4F−3%
3% H2O electrolytes.

Figure App- 4.. A contour plot of time (h) vs. pore size (nm) and tube length (µm)
(
of TiO2
nanotubes. The Ti foils were anodized in EG−0.3
EG
wt.% NH4F−3% H2O electrolytes.
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Appendix A- 2 Effect of Electrode Position on Nanotube Morphology
When two pieces of Pt counter electrode (cathode) were placed in the electrochemical
cell in the position perpendicular to the Ti electrode, the edges of the resulting titania nanotube
array film were found to be etched faster than in comparison to the normal two-electrode
electrochemical cell. The electrochemical cells used in this study are schematically represented
in Figure App- 5 (a-b). In this study, the Ti foils were anodized in DEG electrolytes containing
2.0% HF and 5.0% H2O at 60 V and 24 h.

Figure App- 5. Schematic representations of showing different electrode positions in the
electrochemical cells; (a) a Ti foil and a Pt foil are placed parallel to each other and (b) two Pt
electrodes were placed perpendicular to the Ti foil.

FESEM images were taken at the edge area of the as-anodized nanotube films and shown
in Figure App- 6. Typically the nanotubes grow perpendicular to the Ti metal substrate. While
use of two Pt electrodes led to the thinning Ti substrate as the drawing illustrated in Figure App7. Using the typical one Pt counter electrode, the uniform nanotube arrays grown over the Ti foil
surface were obtained. While use of two Pt electrodes led to the severe electrochemical reactions
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resulting in the thinned edge of metal foil. Consequently, more separation of nanotubes is clearly
observed in area close to the edge of Ti sample, where the tube length is relatively shorter than
those grown in the middle area of the foil.

Figure App- 6. FESEM images showing top view at the sided edge of the anodized titania
nanotube array films obtained from using (a) one Pt cathode and (b) two Pt cathodes.

Figure App- 7. Schematic drawing of the nanotube arrays grown on the Ti metal substrate for the
conditions using (a) one Pt electrode and (b) two Pt electrodes.
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FESEM images showing top view of nanotubes at the middle area are shown in Figure
App- 8. Using two cathodes, pore size of nanotubes are significantly larger than that obtained
from using one cathode; i.e ~ 320 nm and ~ 200 nm, respectively.

Figure App- 8. FESEM images showing top view at the middle area of the substrate of the
anodized titania nanotube array films obtained from using (a) one Pt cathode and (b) two Pt
cathodes.
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Appendix A- 3 Crystals Observed on Anodized Nanotube Array Films
Crystals precipitating on the top surface of nanotube array films were observed in this
dissertation when anodizing Ti foils in organic electrolytes such as FA, DEG, and EG containing
NH4F.
In FA electrolyte containing 3.0% H2O and 0.2162 M NH4F (or 0.80 g in 100 ml FA)
using 25 V for 24 h, the nanotube array films of ~ 17 µm thick and 80-90 nm pore size were
obtained after anodization. Interestingly, the crystals with different structures and sizes were
observed on the anodized films especially around the edge area of the film, as the FESEM images
shown in Figure App- 9. The pyramidal clusters seen in the bottom of nanotube film were
characterized by XRD and the result showed that these particles are anatase TiO2 with high
crystallinity.

Figure App- 9. FESEM images showing top surface topology at different positions of the
anodized nanotube array films; (top) the anodized film area close to the unanodized region where
the foil did not soak into electrolyte, (middle) the typical nanotube arrays were obtained, and
(bottom) nanoclusters with random size of pyramidal particles coagulating and precipitating at the
edge area especially at the bottom of the anodized film.
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In DEG electrolyte, anodization of Ti foils in DEG−0.08 M NH4F−2.0% H2O, 80 V, 48 h
also led to the crystals appearing on the top surface of the as-anodized sample, see Figure App10.

Figure App- 10. FESEM images showing crystals with (a) cubic and (b) pyramidal shapes found
on the top surface of TiO2 nanotube array films anodized in DEG−0.08 M NH4F−2.0% H2O (pH
6), at 80 V and for 48 h.

Those results are in parallel with the work reported by Alivov and Molloi, see Figure
App- 11,2 those pyramidal particles, however, were observed on the top surface of nanotube
array samples after higher temperature annealing. The TiO2 nanotube array films were fabricated
in EG electrolyte containing 0.1 %-2.0 % NH4F and 10.0% H2O, then annealed in a sealed glass
container in air in the temperature range of 500-800 ºC. They noted that the samples were
annealed immediately after anodization at which the samples remained the residual electrolyte in
the nanotube film. The anodized samples were also soaked in NH4F aqueous electrolyte prior to
annealing, which finally NH4F concentration was found to control the size of transformed
nanoparticles.

Furthermore, other different shapes of clusters such as triangle, hexagon,

pyramidal, and rhomb shapes were also observed on the nanotube array surface; see Figure App12.
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Figure App- 11.. FESEM images showing top view of nanoparticles spread randomly on top of
the nanotube array.2

Figure App- 12.. SEM images showing different shapes of clusters
clusters;; (a) regular triangle, (b)
hexagon, (c) pyramidal and (d) rhomb shapes.2
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Appendix B: Photo
oto Gallery

Title:

Well separated nanotube arrays (like DEG fabricated nanotubes) grown in DMSO

electrolyte

Figure App- 13. TiO2 nanotube array film fabricated in DMSO:EtOH:HF (48:48:4 ml) fresh
electrolyte at 40 V for 24
4 h, and anodization current monitored during the anodization process.

Title: Zoomed in side view and bottom view of nanotube arrays

Figure App- 14. TiO2 nanotube array film fabricated in DMSO
DMSO−2.0% HF fresh electrolyte (total
(
volume 50 ml) at 60 V for 70 h.
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Title: Thick layer of debris covering the top surface of nanotube arrays

Figure App- 15. TiO2 nanotube array film fabricated in DMSO
DMSO−2.0% HF fresh electrolyte (total
volume 50 ml) using
ing 40 V for 70 h and before sonication.

Title: Spring-like
like forming nanotubes

Figure App- 16. TiO2 nanotube array film fabricated in DMSO−2.0% HF fresh electrolyte (total
volume 50 ml) at 400 V for 70 h and sonicated in ethanol for 30 sec.
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Title: Well ordered nanotube arrays obtained by using high water content in DMSO electrolyte

Figure App- 17. TiO2 nanotube ar
array film fabricated in DMSO:33.3%
3% H2O:4.0% HF (18:10:1.2
ml) fresh electrolyte
te (total volume 30 ml) at 24 V for 24 h.

Title: Well ordered nanotube arrays obtained from N-methyl
N methyl acetamide based electrolyte

Figure App- 18. TiO2 nanotube array film fabricated in N
N-methyl
methyl acetamide (NMA)−1.0%
(NMA)
HF
freshh electrolyte (total volume 30 ml) at 20 V for 21 h.
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Title: Network of oxide grown in the early stages of anodization

Figure App- 19.. Oxide film fabricated in DEG−2.0%
DEG
HF fresh electrolyte (total volume 50 ml)
using 60 V for 1 h.

Title: Fibrous layer on top of EG fabricated nanotube arrays

Figure App- 20. TiO2 nanotube array film fabricated in EG−0.3 wt.% NH4F−3.0% H2O fresh
electrolyte using 55 V for 24 h; (a) before sonication and (b) after 45 min sonication.
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Title: Non-uniform
uniform nanotube arrays obtained using perpendicular electrode geometry

Figure App- 21. TiO2 nanotube array film fabricated in DEG−2.0
.0% HF−5.0% H2O used
electrolyte using 60 V for 24 h.

Title: Crystals with a dorayaki-like
dorayaki like shape (dorayaki is a Japanese sweet filled bun)

Figure App- 22. TiO2 nanotube array film fabricated in DEG−0.08
0.08 M NaF−2.0%
Na
H2O fresh
electrolyte (pH 4) using 80 V for 48 h.
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Title: Higher HF concentration resulted in larger nanotube separation

Figure App- 23. TiO2 nanotube array film fabricated in (a) DEG−2.0
.0% HF−3.0% H2O fresh
electrolyte using 60 V for 24 h and (b) DEG−4.0%
DEG
HF−3.0% H2O fresh el
electrolyte using 60 V for
24 h.

Title: A combined effect of HF concentration, water content, and anodization time on nanotube
separation

Figure App- 24. TiO2 nanotube array film fabricated in (a) DEG−2.0
.0% HF−3.0% H2O fresh
electrolyte using 60 V for 24 h, (b) DEG
DEG−2.0% HF−5.0% H2O fresh electrolyte using 60 V for 24
h, (c) DEG−2.0% HF−33.0% H2O fresh electrolyte using 60 V for 48 h, and (d) DEG
DEG−2.0%
HF−5.0% H2O fresh electrolyte using 60 V for 48 h.
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Title: Protrusion and concave features underneath the bottom of nanotube arrays

Figure App- 25. TiO2 nanotube array film fabricated in DEG−2.0% HF−5.0% FA fresh
electrolyte using 60 V for 48 h.
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Title: Won third place of Materials Visualizatio
Visualizationn Competiton 2010 (MVC10): Visual category

Caption: An FESEM image showing random cracks creating a left side of human
human-like face. The
as-anodized TiO2 nanotube array film was grown in a mixture of dimethyl sulfoxide and hydrofluoric acid.
Scientific Description:
scription: The self-organized, highly ordered TiO2 nanotube array film of 10-µm
10
length was fabricated by anodizing a titanium foil in a dimethyl sulfoxide (DMSO) electrolyte containing
2.0 % v/v hydrofluoric acid (HF). The Ti foil was subjected to potentiostatic
potentiostatic anodization at 20 V for 70 h,
at room temperature of about 23°C, in a two-electrode
two electrode electrochemical cell with a platinum foil as the
counter electrode. After anodization, the as
as-anodized
anodized nanotube array film on the Ti substrate was washed
with ethanol and blow-dried
dried with nitrogen air. The thick fibrous layer covering the top surface of nanotube
arrays can be easily removed by sonication, leaving behind the clearly open pores. After high temperature
annealing, the crystallized TiO2 nanotube arrays offer great utilities in a variety of applications including
gas sensors, dye-sensitized
sensitized solar cells, photocatalytic reduction of CO2 under sunlight, and biomedical
applications. The image size is 27.5 x 36.5 µm2.

Figure App- 26. TiO2 nanotube array film fabricated in DMSO−2.0%
DMSO
HF fresh electrolyte using
20 V for 70 h.
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Appendix C: Optimum Light Absorption
Use of the TiO2 nanotube array film as a photoanode, the photocurrent and the optical
absorption are a function of film thickness, size and microstructure, porosity and effective surface
area, and degree of crystallization of the titania film.3-6 The photoelectrochemical current of TiO2
nanotube array films possessing larger surface area is higher compared to the porous TiO2 film,7
since the tubular structure makes both inner and outer sides of the nanotube regions in close
proximity and easily accessible to the redox couples in the electrolyte. In the UV range, the
incident photon-to-current efficiency (IPCE)1* of the 2−µm thick nanotube array film (450 ºC for
3 h) was found to be almost four times higher than that of the compact annealed TiO2 films.8 In
mesoporous nanoparticle TiO2 films, the electron transport pathway in the higher porosity, even
though there are less particles per volume area, is longer than that of the films with lower porosity
due to the significant effect of randomness increasing the length of electron pathway.9 For
example, the average number of particles visited by electrons increases from 106 to 107 for the 50
% porous 10−µm thick film of 20−nm particles compared the to the 75 % porous film,
respectively.
Tube length of the titania nanotube array was found to be strongly affected the
photoelectrochemical properties. The photoresponse increases with nanotube length due to the
increased optical density, and saturates when the light is fully absorbed. In the low thickness
electrode, light absorption does not complete due to the insufficient path length. While for the
tube length longer than the effective depth of light penetration, it is difficult for the bottom part of
nanotube arrays to fully absorb the incident light; the extended length of nanotubes exceeding this
absorption length is hence no longer useful.

The photoconversion efficiency suffers from

1
* IPCE, also called the external quantum efficiency (EQE), is a measure of the effectiveness in converting photon’s
incident on the cell to photocurrent flowing between the working and counter electrodes.4,5 In other words, IPCE
corresponds to the number of electrons measured as photocurrent in the external circuit divided by the monochromatic
photon flux that strikes the cell.3
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recombination of the photogenerated electron-hole pairs.

The intensity of incident light

decreasing with the sample thickness can be expressed as:
J = J0 exp (−αx)
Equation App- 1

Where J is intensity measured after passing light through the sample, J0 is intensity of incident
light on the surface, α is absorption coefficient of light, and x is thickness of film from the
surface downward.

The light absorption reaches its optimum value when the film has the

optimum thickness and can be expressed as:4
q. ≈

1
≈ qE
s
Equation App- 2

Where χT is film thickness and χD is depletion layer width. The value of α-1 is a measure of
penetration depth into the sample. The absorption coefficient of the sample can be calculated
using Lamberts law:4
M
s = 2.303 D G
t
Equation App- 3

Where A is absorbance and d is thickness of the film. The absorbance of the film can be
estimated from the transmittance T:
M = − log.
Equation App- 4

For a given nanotube length, wall thickness and barrier layer thickness, the transmittance tends to
increase with the increasing pore size.4
Thus, most of the incident light should be absorbed within the film thickness. The
optimum value of film thickness was expected to show the maximum value of photoresponse in
semiconductor electrodes, where the absorption of the incident light is balanced by recombination
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of the photogenerated electron-hole pairs.10, 11 The optimum lengths of the TiO2 nanotube films
that were experimentally found to yield high photoconversion efficiency are in the range of ~5-35
µm.3, 6, 10-13 The nanotubes with wall thickness of 20 nm ensure that the holes are never generated
far from the oxide/electrolyte interface, since half of the wall is less than the minority carrier
diffusion length (~20 nm).
The nanotube morphological parameters, geometric area, film porosity, thickness of
barrier oxide layer, and interface adhesion between the nanotube arrays and the underlying metal
substrate are considered as the critical issues in determining the efficiency of the devices. The
cell efficiency can vary with the film thickness associated with the offset effect that controls the
electron injection current and the number of recombination centers of the films.6 As a function of
film thickness, the IPCE at 530 nm of the 11.5-µm thick film is approximately 50 % higher than
that of the 5-µm thick film, implying that the electron-injection rate throughout the cell at this
wavelength reaches its homogeneity.6 At longer wavelengths the charges are generated more
uniformly in the relatively longer film thickness.
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