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ABSTRACT 

The motivation for this work was to develop an efficient and relatively 

inexpensive material architecture suitable for solar water splitting by photoelectrolysis. 

Iron (III) Oxide (hematite), has bandgap energy (~ 2.2 eV) well suited for capturing solar 

spectrum, is abundant and non-toxic. However, it suffers from recombination losses due 

to low electron mobility and a minority carrier diffusion length of only 2- 4 nm.  

The primary focus of this dissertation was to synthesize thin walled, self-aligned, 

vertically oriented nanotubular/nanoporous iron (III) oxide structures through 

electrochemical oxidation. The underlying hypothesis was that thin walled nanotubes 

would allow charge separation prior to recombination, resulting in a significant increase 

in the photoelectrochemical properties.  Both aqueous and non-aqueous electrolytes were 

explored as an electrochemical oxidation solvent.  Iron oxide film topologies achieved 

include nanopillar, nanoporous and nanoplatelet structures from aqueous electrolytes, and 

nanoporous and nanochannel architectures from non-aqueous electrolytes. This 

dissertation encompasses the first report on synthesis of nanoporous/nanochannel iron 

(III) oxide structures through potentiostatic anodization, as well as the use of ethylene 

glycol for the electrochemical oxidation of both iron and titanium. 

Through control of anodization parameters, including potential and anodization 

bath composition, excellent control over the morphology and dimensions of the 

synthesized iron (III) nanostructures have been achieved.  As dependent upon the applied 

potential and electrolytic composition, diameters of the self-aligned nanopores range 

from 30 nm to 250 nm.  The synthesized structures were crystallized in nitrogen ambient 
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to form hematite photoanodes; a maximum photocurrent efficiency of 0.73 % was 

obtained from nanoporous iron (III) oxide synthesized using a glycerol anodization bath.   

The electrochemical oxidation of titanium in fluoride ion containing ethylene 

glycol resulted in remarkable growth characteristics of titania nanotube arrays, hexagonal 

closed packed up to 1 mm in length, with tube aspect ratios of approximately 10,000. For 

the first time, complete anodization of the starting titanium foil has been demonstrated 

resulting in back to back nanotube array membranes ranging from 360 µm – 1 mm in 

length.  The nanotubes exhibited growth rates of up to 15 µm/hr. A detailed study on the 

factors affecting the growth rate and nanotube dimensions is presented. It is suggested 

that faster high field ionic conduction through a thinner barrier layer is responsible for the 

higher growth rates observed in electrolytes containing ethylene glycol. Methods to 

fabricate free standing, titania nanotube array membranes ranging in thickness from 50 

µm – 1000 µm has also been an outcome of  this dissertation.  

In an effort to combine the charge transport properties of titania with the light 

absorption properties of iron (III) oxide, films comprised of vertically oriented Ti-Fe-O 

nanotube arrays on FTO coated glass substrates have been successfully synthesized in 

ethylene glycol electrolytes. Depending upon the Fe content the bandgap of the resulting 

films varied from about 3.26 to 2.17 eV. The Ti-Fe oxide nanotube array films 

demonstrated a photocurrent of 2 mA/cm
2
 under global AM 1.5 illumination with a 1.2% 

(two-electrode) photoconversion efficiency, demonstrating a sustained, time-energy 

normalized hydrogen evolution rate by water splitting of 7.1 mL/W•hr in a 1 M KOH 

solution with a platinum counter electrode under an applied bias of 0.7 V.  The Ti-Fe-O 

material architecture demonstrates properties useful for hydrogen generation by water 
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photoelectrolysis and, more importantly, this dissertation demonstrates that the general 

nanotube-array synthesis technique can be extended to other ternary oxide compositions 

of interest for water photoelectrolysis. 
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Chapter 1 
 

Introduction 

1.1  Solar energy  

Energy experts predict that the world will need 30 terawatts (TW) of energy 

resources in place by the year 2050 to maintain the economic growth and accommodate 

the increasing energy requirements of rapidly growing economies of India and China.1  

Mankind is in need of an energy source that is almost limitless and yet does not add to 

greenhouse emissions. It is estimated that 600 TW of usable solar energy is available 

worldwide. With a solar energy conversion rate of 10 %, well within current capabilities, 

the sun could provide us with 60 TW of energy, about double the amount we would need 

by 2050. Solar energy is, in fact, the only renewable resource that has enough terrestrial 

energy potential to satisfy a 10-20 TW carbon-free supply constraint in 2050.2  

Sun is the ultimate source of energy for most forms of life on earth. Each second 

the sun transforms 637 million tonnes of hydrogen to create 632 million tonnes of helium 

by nuclear fusion.3 The difference which is about 5 million tonnes is transformed in to 

energy according to Einstein’s famous equation, E = mc2. This energy gives rise to a 

surface temperature of around 6000 K, which in turn gives rise to the spectral distribution 

of the solar electromagnetic radiation. Figure 1.1 shows that the solar spectrum is bell-

shaped and 96.3 % of the total irradiance is confined to the 0.25 < λ < 3 µm range. The sharp 

dips in the spectrum are due to the absorption of certain wavelength bands by gases such 
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as H2O, O3, O2 and CO2 in the atmosphere. Planck’s law for a perfectly absorbing body 

(black body) gives the relation between wavelength, λ, of the photons and their energy, E 

 1-1  

Where h is Planck’s constant, v is the frequency and c is the wavelength of the light. 

  

 

                                           λ
hchvE ==                                         (Eq. 1-1)

 

 
 

Figure 1.1:  Solar irradiance spectrum for above atmosphere and at the surface.4 
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 The most sophisticated and favorable form of solar energy is the solar 

photovoltaic.  It is the direct conversion of electricity without moving parts, pollution or 

noise. The real break through for solar cells came from researches at the Bell laboratories 

in 1954, when an over all efficiency of 6 % was achieved from Si solar cells.5  Since then 

a considerable effort has been made to boost the efficiency and lower the fabrication cost 

of solar cells. A theoretical analysis was published by Shockley and Queisser6 which 

gives an upper limit on the performance of solar cells. The upper limit originates from the 

fundamental fact that photons with energy smaller than the bandgap are not absorbed and 

photons with energy larger than the bandgap are lost to phonon vibration (heat). This 

upper solar – to – electrical conversion efficiency for a single bandgap photovoltaic is 

32% at room temperature, regardless of likely future improvements in material quality or 

device design. Figure 1.2 shows the theoretical prediction of the efficiencies of different 

kinds of photovoltaic and photoelectrochemical cells 
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Figure 1.2: Power conversion efficiency (η), trends over time for different kinds of 

photovoltaic and photoelectrochemical devices. CIS = cadmium–indium-selenide; CIGS 

= cadmium-indium-gallium-selenide. As a base for speculation of future achievements in

the solar cell field the data have been fit to an exponent formula 

 1-2  

 
 
 
 

Where y0 is 1949, 1970, 1980 for crystalline Si, thin films and nano TiO2 respectively.7 
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1.2  Energy in the form of hydrogen 

 Although solar energy has many obvious desirable features, there are 

some disadvantages as well. Solar irradiance is neither permanent nor constant intensity 

around the world. A suitable energy carrier for storage and transport of electricity is 

needed.  

Hydrogen is an ideal energy carrier because:  

(1)  it can be produced from and converted in to electricity at relatively high 

efficiencies;  

(2)  its raw material for production is water;  

(3)  it is a renewable fuel;  

(4)  it can be stored in gaseous, liquid or metal hydride form;  

(5)  it can be transported over large distances through pipelines or via tankers;  

(6)  it can be converted in to other forms of energy in more ways and more efficiently 

than any other fuel;  

 (7)  it is environmentally compatible since its production, storage, transportation and 

end use do not produce pollutants, green house gases or any other harmful effects 

on the environment pollutants.8  

1.2.1    Hydrogen generation 

A sustainable hydrogen economy requires hydrogen to be produced using a 

renewable method. Figure 1.3 shows a number of possible pathways by which solar 

irradiation can be utilized to generate H2.
9 
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 The heat energy contained in the solar irradiation can be utilized to directly 

decompose water to hydrogen and oxygen without electrolysis. This process, called 

thermolysis of water, takes place at elevated temperatures.10 However, even at pressures 

as low as 0.05 bar and temperatures as high as 2500K only about 25% of the water 

dissociates.11 The rapid back reaction of H2 and O2 at these temperatures prevents this 

pathway from being a viable approach.   

 

 

Figure 1.3: Pathways of generating hydrogen.10, 12 Thermolysis, electrolysis and 

photolysis are the process of splitting water using heat, electricity and light

respectively. 
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1.3 Towards highly efficient water photoelectrolysis 

 This dissertation is a summary of efforts toward creating an efficient direct 

conversion of sunlight into hydrogen using cost effective and stable material. The two 

key factors in a water splitting system are the ability to absorb sunlight and its stability in 

wide range of aqueous solutions. The material also has to be in plentiful supply for 

meaningful scale application. In the search for an efficient cost effective semiconductor 

for hydrogen generation, metal oxide semiconductors have proven to be good candidates. 

 

1.3.1    Metal oxide semiconductors for water photoelectrolysis 

Since Fujishima and Honda13 showed the possibility of splitting water to 

hydrogen fuel and oxygen using a solar driven TiO2 photoelectrochemical (PE) cell, the 

main objective in water photolysis research have been the development of robust, 

efficient, reliable, cost effective and stable photoelectrochemical system. Metal oxide 

systems have established themselves to be robust, cost effective and stable.  For the past 

three decades, the metal oxide systems have been studied extensively and are gaining 

popularity in a number of applications for their availability and ease of fabrication. The 

most frequently studied semiconducting photoanode materials are TiO2,14-18 SrTiO3,19-22 

WO3,23-25 SnO2,26-28 and Fe2O3.29-32 The photocorrosion stability of the photoanode and/or 

photocathode, its wavelength response, and current-voltage behavior are the key factors 

underlying the ability to achieve useful device. However to date materials have been 
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found lacking. For example, lower band gap materials absorb most of the visible 

spectrum but are more prone to corrosion than their higher band gap counterparts. 

1.4  Need for ordered nanostructures 

Nanostructures have demonstrated unique properties and superior performance 

when compared to the bulk counterparts. The use of porous nanocrystalline semiconductor 

films has led to substantial progress in the field of low cost photoelectrochemical energy 

conversion.33-38  The most efficient photoelectrochemical energy conversion devices have 

consisted of porous crystalline nanoparticulate titania films several microns thick, obtained 

by casting a colloidal sol, with a three dimensional network of interconnected 15-20 nm sized 

nanoparticles. The enormous internal surface area of the porous film enables efficient light 

harvesting and maximization of the photogenerated charge in nanocrytalline electrodes. 

However, the structural disorder at the contact between two crystalline particles leads to an 

enhanced scattering of free electrons, thus reducing the electron mobility.
39

 This results in 

charge transport being limited by the diffusion of holes in to the electrolyte and by the 

hopping of electrons along a poorly formed network40-43
 

 
electrode.  

Ordered and strongly interconnected nanoscale architecture would eliminate 

randomization of the particle network, increase contact points for good electrical 

connection and decrease small necking points that have been shown to develop between 

adjacent-bound particles in the current nanoparticulate titania system. Therefore, ordered 

nanostructures such as arrays of nanowires, nanorods
 
and nanotubes

 
are the focus of 
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exploratory research for potential enhancement of electron percolation pathways and light 

conversion as well as improved ion diffusion at the semiconductor-electrolyte interface. 

1.5  Titania nanotube array in photoelectrolysis  

 TiO2 is a n-type semiconductor exhibiting excellent charge transfer 

properties and photochemical stability, furthermore its bandgap includes the redox 

potential for the H2O/•OH reaction allowing photogeneration of oxygen through water 

splitting.8, 35, 44 However the bandgap of TiO2, ~ 3.0 eV for rutile and 3.2 eV for anatase, 

limits its activation to UV radiation which accounts for only ≈ 5% of solar spectrum 

energy. Highly-ordered vertically oriented TiO2 nanotube-arrays fabricated by 

anodization of titanium at constant voltage constitute a material architecture that offers a 

large internal surface area without a concomitant decrease in geometric and structural 

order. The precisely oriented nature of the crystalline (after annealing) nanotube arrays 

makes them excellent electron percolation pathways for vectorial charge transfer between 

interfaces.45 The use of vertically oriented titania nanotube arrays have been studied an 

extraordinary enhancement of the extant TiO2 properties, such as hydrogen sensing, 

photocatalytic property, superior charge collection efficiency etc, has been found.45-53 

While TiO2 nanotube arrays demonstrate a photoconversion efficiency of 16.5% 

under UV illumination (320 nm – 400 nm) its efficiency under visible light is limited to 

only 0.6 % because of its bandgap.52, 54, 55  
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1.6  Iron (III) Oxide nanostructures for photoelectrolysis 

The reason for iron (III) oxide drawing the attention of the nanoworld is that, Iron 

(III) oxide (hematite) in spite of being the cheapest, non-toxic and most abundant metal-

oxide semiconductor, with a bandgap of 2.2 eV, well suited for capturing visible portion 

of the solar spectrum energy poses severe drawbacks with respect to its material 

properties. Hematite as a bulk material, thin film or as a nanocrystalline thin film 

demonstrates efficiencies too low for implementation in practical photoelectrochemical 

devices due to its low electron mobility and high recombination losses29, 56. In general, it 

is accepted that recombination of electrons and holes, trapping of electrons by oxygen 

deficiency sites and low mobility of the holes cause a low conductivity and accordingly a 

low photoresponse for hematite. An electron mobility less than 10-2–10-1 cm2/V•s has 

been reported57, 58 and a diffusion length of the holes to only 2–4 nm56 has been stated 

which is about 100 times lower than many other (III–V) oxides. The rate constant for the 

hole transfer from the valence band of hematite to the hydroxide ion has been reported to 

be as low as 0.1–1 cm s-1, compared to 103–104 cm s-1 for WO3 and TiO2.
59

 

Vayssieres60 and co-workers investigated ordered hematite nanorods grown 

perpendicular to a transparent conductive substrate as an architecture that would 

minimize the electrical resistance to the back contact while decreasing the hole 

recombination rate. They reported up to 100 times higher IPCE (incident photon - to - 

current conversion efficiency) than hematite nanoparticulate photoelectrode.30 Though 

the nanorods were crystalline the dimensions were not small enough to compensate for 

the low diffusion length emphasizing the critical importance of having nanostructures for 
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efficient electron and hole transport. Duret61 and co-workers demonstrated substantially 

higher photocurrent (3 mA/cm2 at 1.5 V Vs RHE) under 1.5 AM solar illumination from 

mesoporous hematite thin film consisting of 5-10 nm thick nanoleaflets synthesized via 

ultrasonic spray pyrolysis. In such a low dimensional structure, even though the hole 

would efficiently be transported to the electrolyte, as the leaflets are not aligned 

perpendicular to the substrate the electron transport would suffer from losses due to 

‘random walk’ mechanism of transport. The challenging aspect in making the best use of 

hematite in water photolysis and solar cell applications is synthesizing a self-standing 

nanostructure with its dimensions compensating for the material properties. In summary, 

an array of nanotubes or nanopores with its wall thickness comparable to the minority 

carrier diffusion length would serve as a solution to tap its benefits.   

1.7 Is Ti-Fe-O nanotubular structure an answer? 

Efforts to shift the bandgap of TiO2 while maintaining its excellent charge transfer 

properties and photocorrosion stability have primarily focused on metal doping.62-66  

Metal ion doping introduces mid-gap energy levels, however beyond a minimal 

concentration the metal ions serve as recombination centers for the photo-generated 

electron-hole pairs. Hence although iron doping of TiO2 has successfully extended its 

photoresponse to visible light66-69, the resulting materials have demonstrated, at best, 

mixed photocatalytic activities. In addition to the bandgap the material architecture of a 

semiconductor photoanode plays a critical role in determining the resultant 

photoconversion efficiencies. Hence it is hypothesized that we could achieve high solar 
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energy photoelectrochemical properties if, in one material architecture, we could combine 

the charge transport and photocorrosion properties of the TiO2 nanotubes with the 

bandgap of α-Fe2O3. Such a hypothesis has been validated by fabricating vertically 

oriented Ti-Fe-O nanotube array nanostructures on anodic oxidation of Ti-Fe metal films, 

with iron content ranging from 69% to 3.5%.  Photoelectrochemical behavior under 

simulated solar light (AM 1.5) of these Ti-Fe-O nanotube array films have been studied 

and are discussed in detail in Chapter-7. 

1.8  Scope of the dissertation  

Chapter 2: Background, elaborates on the science behind water 

photoelectrolysis and factors influencing the performance of a light harvesting device, 

while Chapter 3 : Methods and Materials, gives the details of the experimentals 

conditions employed for fabrication and characterization of the photoanodes. 

The primary objective of this project was to develop a robust nano architecture of 

α-Fe2O3 in order to utilize its capability of absorbing ~ 40 % of the sunlight. As discussed 

in Section 1.6 the motivation of achieving nanoarchitecture was to compensate for the 

insufficient material properties. The process of electrochemical anodization was chosen 

for its ease of fabrication, cost effectiveness and our group’s expertise in synthesizing 

nanotubular/nanoporous structure via anodization. Upon venturing in to and working 

towards the goal of creating thin walled hematite nanotubular array, several interesting 

and potentially useful iron (III) nanostructures were synthesized. Nanopillar, nanoplatelet 

and nanoporous iron (III) oxide structures were obtained from anodizing iron foil in 



13 

aqueous electrolyte while an extremely self-aligned nanoporous structure and a near 

tubular iron (III) oxide nanostructure were obtained from anodizing iron foil/ thin film in 

non-aqueous electrolyte. Chapter 4: Synthesis of iron (III) oxide nanostructures, gives 

an overview of process details and the resultant iron (III) oxide structures in 

potentiostatic anodization. Ethylene glycol based electrolyte utilized in obtaining self-

aligned nanoporous structure in the anodization of iron foil was extended to the 

anodization of titanium where it demonstrated a marvelous growth rate of 220 µm long 

TiO2 self-aligned nanotube in 17 hours and  nanotube of length up to 1000 µm were 

obtained in one step anodization of starting Ti foil. Chapter 5: Ethylene glycol as a 

solvent in the electrochemical oxidation of titanium, explains the process of synthesis 

of ultra long self-aligned titania nanotube in ethylene glycol based electrolyte in detail 

and summarizes the conditions for achieving nanotube of length ranging from few 

microns to 1 mm in length. While synthesis of iron (III) oxide in potentiostatic 

anodization was a huge challenge in itself, crystallization of the synthesized structure was 

more challenging as iron oxidized towards the surface during annealing in air or oxygen 

ambient destroying the synthesized nanostructures. Thus Chapter 6: Structural, optical 

and photoelectrochemical properties of iron (III) oxide, discusses the efforts spent on 

achieving crytallinity in iron (III) oxide structures and summarizes its optical and 

photoelectrochemical properties. Chapter 7: Ti-Fe-O structure, discusses our further 

efforts on combining the advantageous properties of titania and iron (III) oxide in 

achieving an efficient water photolysis by synthesizing Ti-Fe-O nanostructure via 

anodization of Ti-Fe film in ethylene glycol based electrolyte.  Chapter 7 also discusses 

structural, optical, photoelectrochemical properties and Mott-Schottky analysis with 
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respect to the ratio of iron to titanium in the starting film. Chapter 8 presents overall 

summary of attempts and achievements of this dissertation work.   
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Chapter 2 

            Background 

2.1  Photoelectrochemical cell 

A photoelectrochemical cell is mainly composed of a semiconductor electrode 

and an electrolyte solution.1, 2. The conversion of light to chemical (redox) or electrical 

energy results from light acting as an electron pump. The absorption of a photon by an 

atom or a molecule pumps an electron from a lower to a higher orbital. The wavelength 

of light that causes such a transition is that with an energy equal to or greater than the 

difference in energies of the two orbitals ‘Eg’. This results in the formation of an electron 

hole pair (e-h+). The light energy is stored as redox chemical energy at least for a short 

time,1 if the e-h+ pair can be separated so that the e- flows to a suitable acceptor or an 

electron from a suitable donor fills h+. This chemical reaction is spontaneous and is 

capable of liberating energy. If the electrons are pumped through a wire it is converted to 

electric current flow. However, excited states are short lived (typically lasting from 

nanoseconds to milliseconds) in liquids and the e-h+ pairs frequently recombine very 

quickly with the captured energy degraded to heat or sometime with the emission of a 

photon as in phosphorescence. To realize the utilization of the light in the form other than 

heat, the separation of the generated e-h+ pair must be achieved before the recombination 

process. 
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2.2  Water photoelectrolysis 

The e-h+ are separated by the field formed in the semiconductor due to the band 

bending at the semiconductor/electrolyte interface. If the electrolyte contains a species 

‘D’ with an energy level above that of a photogenerated hole at the surface, the charge 

transfer reaction can occur. 

 2-1  

The excited electron, which can have an energy approaching that of the 

conduction band edge, can be transfered to a wire connected to the semiconductor to a 

second non photoactive electrode made of say carbon or metal where some oxidized form  

‘O’  can be reduced. 

 2-2  

 

 

 

 

                     
++ →+ DhD                                  (Eq. 2-1) 

 

                                  ReO →+                           (Eq. 2-2) 
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 2-3  

Thus the combination of a semiconductor and an inert electrode immersed in the 

electrolyte solution comprise a photoelectrochemical cell in which light promotes the 

over all reaction. 

If ‘O’ and ‘D’ were both water, Eq. 2-4 would represent the photodecomposition of water 

to O2 and H2.  

 

 

 2-4  

                                
++→+ DRDO                   (Eq. 2-3) 

                         222 22 HOOH +→                     (Eq. 2-4)
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2.3  Semiconductor electrolyte interface 

 Semiconductor electrolyte interface represents a very important and interesting 

area of science and technology which is highly interdisciplinary, involving principles of 

physical chemistry (electrochemistry, photochemistry, interfacial charge transfer, and 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: Configuration of a n-type semiconductor photoelectrochemical cell. Electron

flow under irradiation with solution containing species D and O. Illustration of

photoelectrochemical water splitting. 

 

R D 

O D+ 
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surface science) and semiconductor physics (electronic band structure, solid state charge 

transport, optoelectronic effects, and materials science).  

 In semiconductor physics, the vacuum level is usually used as reference energy. 

However, in electrochemistry a number of different energy scales are used where the 

electrical potentials are reversed with respect to the vacuum scale as it is the potential of 

the electrons that is of interest. The normal hydrogen electrode (NHE) potential is defined 

as that of a platinum electrode at 298 K at pH 0 (in equilibrium with 1 atm of H2). The 

reversible hydrogen electrode (RHE) potential differs from the NHE potential by 59.2 

mV/pH at 25oC. AgCl (s),Cl-/Ag(c) at E0 = +0.2224 V vs. SHE, and the saturated 

calomel electrode (SCE) at 0.241 V vs. SHE. 

 The semiconductor-electrolyte interface discussed in this dissertation will be with 

respect to a n-type semiconducting electrode (photoanode) submerged in an electrolyte 

with a metal electrode acting as the counter-electrode (cathode). Figure 2.2 (adapted from 

Nozik et al.3, 4) shows the semiconductor-electrolyte interface under various conditions. 

In a photoelectrochemical cell the semiconductor is in direct contact with the electrolyte 

forming a depletion layer or space charge region in the semiconductor while a contact is 

made with the metal cathode via an external circuit. In Figure 2.2 Ec and Ev correspond to 

the conduction and valence band edges, while Ec,s and Ev,s are the band edges at the 

surface due to the formation of the depletion layer.  The flat band potential, Vfb is the 

potential of the semiconductor when there is no band bending and hence there is zero 

space charge. Vbias is the bias voltage applied to the cell and VB is the band bending. 

Four electrochemical conditions are shown in Figure 2.2 (a) No contact, (b) equilibrium 
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condition in the dark, (c) illuminated condition, and (d) illuminated condition with a bias 

voltage applied. 

 

 The position of the Fermi level of the electrolyte with respect to the two water 

splitting redox potentials depends on the concentration of hydrogen and oxygen in the 

electrolyte. Figure 2.2a shows the band position when the metal cathode is in equilibrium 

with the electrolyte, therefore the Fermi levels of the electrolyte and metal are the same. 

At equilibrium under dark condition (Figure 2.4b), the fermi level of the semiconductor 

(electrochemical potential of the electrons) equilibrates with that of the electrolyte by 

flow of electrons from the semiconductor to the electrolyte creating the depletion layer or 

space charge layer in the semiconductor. This positively charged region attracts 

negatively charged ions in the electrolyte, which form a very thin (< 1 nm) Helmholtz 

layer. 

 

 A band bending of magnitude VB is formed when the Fermi levels of the 

semiconductor and the electrolyte align. The potential drop across the Helmholtz layer 

VHelmholtz, which increases the band bending, is determined by the interaction between the 

semiconductor and the electrolyte and is not greatly dependent on the applied potential. 
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Figure 2.2:  Band diagram of a two electrode photoelectrochemical cell (a) no contact (b) 

equilibrium in dark (b) equilibrium under illumination and (d) illumination under applied

bias.3,4  

a b 

c d 

Vacuum 
0 eV 



31 

The width of the depletion layer is represented by Eq. 2-5, where λd (Eq.2-6) is the 

Debye length, the distance over which significant charge separation can occur. 

 2-5  

  2-6  

ε0 is the permittivity of free space, εr is the relative permittivity, Nd is the charge carrier 

concentration, V is the applied voltage, k is Boltzmann's constant and T is the 

temperature. The capacitance per unit area of the space charge layer can be expressed by 

Eq.2-7. Substituting wd (Eq 2-5) into Eq. 2-7 gives the Mott-Schottky relationship (for 

unit area) as given in Eq. 2-8. The Mott-Schottky equation is used to determine the 

electronic properties of the semiconductor. 

  2-7  
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 2-8  

 

 

When the photoelectrochemical cell is illuminated (Figure 2.2c), charge carriers 

are generated and are separated by the electric field in the space charge layer. In the case 

of a n-type semiconductor, the electrons move into the bulk and the holes migrate to the 

electrolyte interface. A photovoltage is generated and the Fermi level is moved upwards 

toward the flat-band potential. The band bending is reduced as a result of electron-hole 

pairs being generated by the absorbed photons. Under illuminated condition, no current  

flows and the maximum Fermi energy possible is the flat band potential, which is still 

below the H+/H2 redox potential, so hydrogen generation is not possible. When a bias 

voltage Vbias is applied, Figure2.2d, the Fermi energy in the metal electrode is raised 

above the H+/H2 potential, allowing the water splitting reaction to proceed. If a bias 

voltage needs to be applied, the efficiency of the water splitting is reduced. The 

properties of the semiconductor photoelectrode are critical in determining the efficiency 

of the water splitting process. 

      ⎟
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2.4  Band energy requirements for an efficient water 

photoelectrolysis 

Figure 2.3 illustrates the energy band diagram for photoelectrolysis of water in 

optimized n-type semiconductor using a platinum metal cathode. FH2O/O2 and FH2/H2O 

are the redox levels of the half-cell reactions for electrolysis of water. The potential drop 

across the space charge region in the semiconductor is given as VB. 

The overpotential of an electrode is the difference in potential of an electrode at 

equilibrium (with no current flowing) and when current is flowing. It is a measure of the 

additional energy required to drive the reaction. The value of the overpotential will 

depend on the magnitude of the energy barriers involved in the chemical reactions, 

arising from factors such as the thermodynamics, kinetics, and charge carrier 

concentration differences between the solution and the interface. The total overpotential 

on the photoanode ‘ηsc’ is the sum of the overpotential across the depletion region ηd and 

that across the Helmholtz layer ηH. The overpotential of the reaction on the platinum 

cathode is given as ηc. The electrode overpotential (both anodic and cathodic) arises as a 

result of several polarization effects. These include low activity of the electrodes in the 

electrolyte, known as activation overpotential, leading to slow charge transfer processes. 

The voltage drop in the electrolyte can be assumed to be small in concentrated solutions 

and can be ignored in most cases.5-7  
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In summary the following conditions must be satisfied for a successful 

photoelectrolysis of water 8 

1.  The photon energy of incident light should exceed the bandgap of the 

semiconductor: hv > Eg. 

2. The bandgap of the semiconductor should exceed the Gibbs free energy for the 

decomposition of water: Eg > ∆G, which is equivalent to 

 2-9  

 

 
 

Figure 2.3:  Band diagram for photoelectrolysis of water using n-type semiconductor 

as the photoanode and Pt as the metal cathode.8 

 

                     ∆G = FH2/H2O - FH2O/O2 = 1.23 V;                                    (Eq. 2-9)
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where F is the  Fermi level. 

3.  The flat band potential of n-type photoanode should be more negative than the 

reversible potential of the hydrogen electrode reaction, whereas the flat band potential of 

the p-type photocathode should be more positive than the reversible potential of oxygen 

electrode reaction. Otherwise, the energy of majority carriers will be insufficient for the 

partial reaction to proceed on the metal electrode of the cell.  

4.  The valence band edge on the n-type photoanode surface should be below the 

electrochemical potential level of the water oxidation reaction. 

                      Ev,s < FH2O/O2 

5.  Photocorrosion of the semiconductor photoanode should not occur in the electrolyte. 

The efficiency of voltage assisted water photolysis is calculated as  

 

2-10  

 

 

 

 

where jp is the photocurrent density, Pi is the intensity of incident light, Emeas is the 

measured voltage and Eoc is the open circuit potential.   
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 In general, the energy level of the bottom of the conduction band can be 

considered as the measure of the reduction strength of the photoexcited electrons whereas 

the energy level of the top of the valence band can be considered as the measure of the 

oxidation strength of the holes. Depending on the semiconductor energy levels with 

respect to the redox potential of water, they are classified in to three types. Figure 2.4 

shows the energy level of several semiconductors in an aqueous solution of pH 1 with the 

redox potential of hydrogen evolution (H+/H2) and hydrogen and oxygen evolution 

(O2/H2O). With regards to water splitting reaction, the potential of these semiconductors 

for oxidation and reduction are classified in to four groups. 

1. OR type. The oxidation and reduction power is strong enough to enable hydrogen 

and oxygen to evolve. (Examples - TiO2, SrTiO3 and CdS) 

2. R type.  Only the reduction power is strong enough to reduce water (H2 evolution). 

The oxidation power is too weak to oxidize water. (Examples - CdTe, CdSe and Si) 

3. O type. The valence band is located deeper than O2/H2O level so that the oxidation 

power is strong enough to oxidize water but the reduction power not strong enough to 

reduce water. (Examples - WO3, Fe2O3, MOS2 and Bi2O3) 

4. X type. The conduction and valence bands are located between the H+/H2 and the 

O2/H2O levels. Therefore, both the oxidation and reduction power is so weak that 

neither oxygen nor hydrogen can be evolved 
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 Among these, OR type semiconductor is needed for the complete decomposition 

of water. For half–decomposition, the R type can be applied for hydrogen generation 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

gure Here 

 

 

Figure 2.4:  Band positions of several semiconductors in contact with aqueous

electrolyte at pH 1. The lower edge of the conduction band and upper edge of the valence

band are presented along with the band gap in electron volts. The energy scale is

indicated in electron volts using either the normal hydrogen electrode (NHE).8 
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using a sacrificial layer and the O type can be applied for oxygen generation using an 

electron acceptor. Apart from the location of the energy level, the photocatalytic property 

of the semiconductor also depends on the charge transport properties, which includes its 

mobility, lifetime of electron or holes, conductivity and the catalytic property of its 

surface. The material should have moderate conductivity as too high conductivity 

increases the series resistance and degrades the efficiency whereas too low conductivity 

shorts the photoelectrochemical cell to the electrolyte. 

 

2.5  Charge loss in photoconversion 

 

Electron transport in polycrystalline semiconductors is controlled by electron-

phonon interactions, ionized impurities and grain boundaries. The three major limiting 

processes in obtaining efficient photoconversion from metal-oxide electrodes are: 

 (a)  bulk recombination via bandgap state; 

 (b)  electron loss in valence band; 

 (c)  surface recombination; 

 (d)  the excited electron can be lost to an electron scavenger in the electrolyte.  

In addition photocorrosion and dissolution of the semiconductor can occur. Figure 2.5 

illustrates the charge loss in the photoelectrochemical system.9 
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 Energy levels in the forbidden bandgap are referred to as traps or recombination 

centers depending on the electron life time in the excited state.11, 12 The traps and filling 

of the traps can play an important role in the charge transport and in the recombination 

dynamics.9, 12, 13 Depending on the energy distance from the conduction band, the traps 

are divided into shallow and deep traps. The probability for an electron in a shallow trap 

to be thermally excited to the conduction band is larger compared to an electron in a deep 

trap. The transport of photogenerated electrons is complex since it involves trapping and 

 
 
 

 

Figure 2.5: An illustration of charge loss in a photoelectrochemical cell (a) bulk

recombination (b) direct electron loss (c) surface recombination10 (d) Photocorrosion. The

bold arrows represent the desired process of photolysis (Adapted from ref 9) 
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detrapping of electrons. The traps arise from a variety of defects like vacancies, 

dislocations, impurities and grain boundaries in the crystal structure of the semiconductor 

material. Defects in polycrystalline and nanostructured materials are typically located at 

grain boundaries and at the surface of the material. The grain boundary energy levels in 

the band gap can act as effective recombination centers, which effectively capture 

carriers from either band. Surfaces of the crystal structure can have rather severe defects 

and be the site of many allowed states within the forbidden gap. Surface states can also 

arise due to adsorbed species. The effect of surface states on the overall electronic 

properties depends on the electronic occupancies of the formed energy states at the 

surface. Recombination of minority carriers will often occur through surface states and 

prevent desired chemical reactions between minority carriers and species in the 

electrolyte solution.  

2.6     Charge transport in oriented nanostructures 

Nanostructures were primarily designed to maximize absorption and enhance 

charge transfer properties. As the electron transport is characterized by the random walk 

mechanism in a nanoparticulate system, thicker film ( > 10 µm) to improve absorption is 

counteracted by the slow electron diffusion through the nanoparticle network.14, 15  The 

randomness of these films results in almost a doubling of the length of the electron 

pathway.16 Ordered nanotubular or nanoporous structure perpendicular to the surface 

permits the vectorial charge transfer from the solution to the conductive substrate, 

thereby reducing the losses incurred by the hopping of charges across the grain 
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boundaries of nanoparticles.17  Therefore, a one-dimensional architecture with a similar 

surface area to a nanoparticle anode might be expected, upon optimization to yield a 

higher overall efficiency through superior carrier collection. It also enables easier access to 

the film surface and better control of the interface. The enhancement in the electronic 

transport also allows for enhancement of the light harvesting.  Furthermore, due to light 

scattering within the porous structure, the photons are more effectively absorbed than in a flat 

electrode.18, 19 

 

While the vertically oriented nanowire, nanoporous and nanotubular structures 

enhance the charge collection at the back contact, the nanotubular architecture has an added 

unique feature that it facilitates the transport of the holes to the reaction electrolyte through 

the thin walls and increases the surface area several folds the nanowire and nanoporous 

architecture. Also thin walled nanotubes are devoid of depletion region at the semiconductor 

electrolyte junction. It is well-known from the study of particulate nanocrystalline 

photoelectrodes that a depletion layer cannot be formed in nanoparticles a few 

nanometers in size. In general, within the nanometer regime, as the size of the particle or 

grain decreases, its ability to sustain a significant amount of band bending also 

decreases.20 In the absence of depletion layer the initial charge separation of 

photogenerated charges is dependent on fast interfacial kinetics.21 The small particle size 

and the large nanostructured semiconductor/electrolyte interface may facilitate a fast 

transport of photogenerated charges to the interface, which can compete with the 

recombination rate. 
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2.7  Electronic properties and characterization by 

electrochemical methods 

 

  As discussed earlier, material properties such as conductivity, minority carrier’s 

diffusion length and lifetime play a major role in the efficiency of a photoelectrochemical 

cell. The diffusion length L of the minority carriers in a semiconductor can be defined by 

Eq. 2-11 where D is the diffusion coefficient and τ is the lifetime of the minority carriers. 

   2-11  

 

 

The diffusion coefficient D is related to the mobility µ by the Einstein relationship. 

 

  2-12  

    

The mobility can be expressed in terms of diffusion length of charge carriers by the 

equation 

 

 

 

                                      τDL =                                              (Eq. 2-11)
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 2-13  

 

 The electrical conductivity σ (Ω-1 m-1) is given by Eq. 2.16, where e is the 

electronic charge (C), n and p are the electron and hole concentrations respectively, and, 

µe and µh are the mobilities (m2 V-1s-1) of electrons and holes respectively. Hence charge 

carrier mobilities and diffusion lengths can be calculated from measured conductivity 

values.22  

2.7.1  Mott-Schottky analysis to determine electronic 

properties  

As mentioned in Section 2.3, Mott-Schottky relation is used to determine 

electronic properties of the semiconductor such as its type, flat band potential and the 

charge carrier density.  The classical Mott-Schottky equations are derived for the space 

charge layer from the Poisson equation: 

2-14  
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we then have,  

  2-15  

The linear relation between the inverse square of the space charge capacity and 

the applied potential is then given as Eq 2-8 repeated in Eq 2-16. 

 

 

 2-16  

    

where ε is the dielectric constant of the oxide, A is the surface area of the 

interface, and ε0, is the vacuum permittivity. Csc. is the space charge capacitance of the 

semiconductor. e is the charge of the electron (1.6*10-19C), Nd (cm-3) is the donor density 

and acceptor density, and Vfb is the flat band potential (V vs. SHE). The impedance is 

measured at a high frequency (on the order of kHz) in which the response is only 

electronic due to negligible ionic conductivity and the result is analyzed in terms of the 

equivalent circuit of a series combination of a resistor and a capacitance. The capacitance 

is then calculated from the imaginary component of the impedance using the relationship 

Z″ =1/2πfC.  
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As stated by Morrison,23 there are several contributions to the capacity at a 

semiconductor (passive film)/solution interface. The measured interfacial capacitance is 

estimated as follows: 

 2-17  

 where Csc is the space charge capacitance, Css is the surface state capacitance, and CH is 

the Helmholtz double layer capacitance. The classical Mott-Schottky theory includes 

several assumptions to simplify the above Eq. 2-17 to 

  2-18  

     

The primary assumptions24, 25 included in the derivation of Eq. (2-16) are:  

(1) the metal or electrolyte and the bulk semiconductor, phases have zero resistance;  

(2)  the barrier has perfectly blocking properties;  

(3)  no surface states are present; 

(4)  interfacial layers, such as an insulating layer in the semiconductor/ metal case or a 

Helmholtz layer in the semiconductor/electrolyte case, are absent; 

(5)  the dielectric constant E is frequency-independent;  

(6)  only one type of localized electronic defect is present, being a completely ionized 

donor (for n-type) or acceptor (for p-type);  

                                 
Hsssc CCCC
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(7) the spatial distribution of these defects is homogeneous;  

(8)  the interface is perfectly planar and two-dimensionally infinite.  

2.8 Basic problems in using metal oxide photoelectrodes 

The photoelectrochemical cells intended for obtaining hydrogen at the cost of 

solar energy are mostly made, from the very beginning right up to the present, with oxide 

semiconductor photoanodes.  In particular TiO2 electrode served (and continues to serve) 

as a model electrode for studying the photoelectrolysis of water. The main advantage of 

such materials is that they, usually being higher oxides, do not degrade even under high 

anode potentials. As we know the disadvantage of most oxides is the large width of 

forbidden band: TiO2 – 3 eV, SrTiO3 – 3.2 eV, BaTiO3 -3.3 eV, KTaO3 – 3.5 eV and 

hence are sensitive only to the ultraviolet light which is almost absent in the solar 

spectrum especially near the earth surface. Hence they cannot convert solar energy by 

themselves.  Repeated attempts were made to select materials for photoanodes from 

semiconductor oxides having a much narrow forbidden gap and, hence sensitive to 

visible light. However, these attempts have until now failed to overcome perhaps the 

main difficulty. Namely, in the oxide semiconductor in the aqueous solution the top of 

the valence band, Ev, formed by 2p orbitals of oxygen is somehow “pinned” in the 

energy scale (probably due to the interaction between the oxygen level in of H2O/O2 

system this leads to the charge loss during energy conversion process). Hence on 

changing over to narrower bandgap oxides (WO3, Fe2O3 and others), the location of Ev 

remains practically unchanged and the conduction band bottom Ec lowers. 
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Simultaneously, the flat band potential of most of the oxides shift towards more positive 

value according to the formula.8, 26 

 

2-19 

 

 

 

and very soon becomes more positive than the hydrogen - electrode reversible potential. 

Therefore the energy of the electrons in the conduction band proves to be insufficient for 

the evolution of hydrogen from water. As a result the gain in the sensitivity to visible 

light due to the decrease in Eg is overcompensated for by the loss of application of 

external voltage. 

 

Apart from the band position, the stability of the semiconductor in contact with a 

liquid while under irradiation is a critical factor. A necessary requirement of a 

photoanode is resistance to corrosion reactions at the electrolyte interface. Photocorrosion 

refers to chemical reactions between the electrolyte and semiconductor in the presence of 

light generated charge carriers. In liquid environments the electrolyte may suffer 

electrochemical corrosion, i.e. react with the electrolyte even in the absence of light 

generated charge carriers. Some oxide materials, such as n-TiO2, n- SiO2, n-WO3, n-

SrTiO3 are resistant to electrochemical corrosion, while ZnO is stable only as a 

photocathode (p-ZnO). Cuprous oxide, with a band gap excellent for capturing solar 

spectrum energy suffers from electrochemical corrosion.27  

   Vfb (NHE) = 2.94 – Eg (V)                                      (Eq. 2-19)
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The subsequent chapters in this dissertation deal with the synthesis and 

characterization of α-Fe2O3, TiO2, and Ti-Fe-O nanostructures for use in water 

photoelectrolysis.  
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Chapter 3 
 

Methods and Materials 

3.1  Potentiostatic anodization 

The anodization was performed in a two-electrode system with the material to be 

anodized as the anode and platinum foil as the counter electrode. The time-dependent 

current behavior under constant potential was recorded using a computer controlled 

Keithley 2000 multimeter. To study the effect of temperature on the as-anodized 

structures the samples were anodized under different temperatures ranging from 0o C to 

room temperature. The electrolytic assembly was kept in a VWR 1166 water recirculator 

for temperatures above and below room temperature. A schematic representation of the 

anodization setup is shown in the Figure 3.1. Agilent E3612A D C power supply was 

used for potentiostatic anodization. Figure 3.2 shows a digital photographic image of a 

room temperature anodization setup. The samples were rinsed thoroughly with deionized 

water and isopropyl alcohol after removing from anodization bath and then blow-dried 

with 99.99% pure nitrogen.  
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Figure 3.1: A schematic representation of the anodization set up 
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Figure 3.2: A Photographic image of the room temperature anodization set up 

3.1.1   Materials used for anodization 

Iron and titanium foils were purchased from Sigma Aldrich. The iron foil of 

thickness 0.25 mm and titanium foil of thickness 0.25 mm and 0.5 mm were used for 

anodization. Ethylene glycol (anhydrous) 99.8 %, Ammonium Fluoride (NH4F) A.C.S 

reagent, 98 + % purity, was purchased from Sigma Aldrich. Potassium Fluoride (KF) 

A.C.S reagent, 99%, purity was purchased from Alfa Aesar. Hydroflouric acid (HF) 48-

51% was purchased from J.T baker.  
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3.2 Thermal annealing 

For crystallizing in oxygen ambient the anodized samples were subjected to 

thermal annealing in an alumina tube furnace. Quartz furnace was used for annealing 

samples in nitrogen ambient.  Constant flow of chosen gas was maintained during the 

thermal anneal process. The samples were loaded in to the furnace in an alumina boat.  

3.3  Fe, Ti and Ti-Fe thin film sputtering 

 The Fe, Ti and Ti- Fe metal thin film were sputter coated on FTO conducting 

substrate using RF source. The films were sputtered using Kurt. J Lesker’s CMS-18, a 

computer controlled, load locked, recipe driven, sputter tool. The system had substrate 

heating capability up to 750o C and substrate bias capability to 100 watts RF.    

3.4  Morphological and crystal structure characterization 

Sample morphology was studied using a JEOL JSM-6300 field emission scanning 

electron microscope (FESEM), and high resolution transmission electron microscope 

(HRTEM, JEOL 2010F). 

3.5  X-Ray Diffraction  

The crystal phase detection and analysis was accomplished using a Scintag X2 x-

ray diffractometer with Copper source and Si(Li) peltier detector. 
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3.6  X-Ray Photoelectron spectroscopy 

The compositional analysis of the samples was performed using X-ray 

photoelectron spectroscopy (XPS) technique. XPS experiments were performed using a 

Kratos Axis Ultra spectrometer with an Al anode (Al KR: 1486.6 eV). The anode voltage 

and current were 14 keV and 20 mA respectively. Photoelectrons were collected in 

hybrid mode over an analysis area of about 1.5 mm2 with the plane of the sample surface 

normal to the analyzer entrance. Spectra were charge referenced to C1s at 285 eV. 

3.7  Sample preparation for photoelectrochemical 

measurements 

  Copper contacts were drawn from the annealed sample with conducting silver 

epoxy and then were mounted on a microscope glass slide using ‘2-ton’ epoxy resin. 

Figure 3.3 shows a photographic image of an iron (III) oxide thin film sample mounted 

on a glass slide. 
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Figure 3.3:  A photographic image of the Ti-Fe-O sample prepared for 

photoelectrochemical characterizations. The sample was anodized from a 44:56, Fe:Ti 

(see Table 7-1) starting film on FTO 

3.8  Optical and photoelectrochemical characterizations 

Optical characterization of the films was performed using a Cary UV-Vis 

spectrophotometer. The photoelectrochemical properties were investigated using a three-

electrode configuration with a Ti-Fe-O photoanode as the working electrode, saturated 

Ag/AgCl as a reference, and platinum foil as a counter electrode. A 1.0 M NaOH solution 

was used as the electrolyte. A scanning potentiostat (CH Instruments, model CHI 600B) 

Exposed sample  
area 

   2-ton epoxy 
   glue 

Microscopic  
glass slide 

Conducting silver  
epoxy   

   Insulated 
copper wire 
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was used to measure dark and illuminated current at a scan rate of 10 mV/s. Sun light was 

simulated with a 300W xenon lamp (Spectra physics) and AM 1.5 filter (oriel). The light 

intensity was set using a NREL calibrated crystalline silicon solar cell, equivalent to AM 

1.5 light at 100 mW/cm2.  Incident photon to current conversion efficiency (IPCE) 

measurements were performed with the spectral irradiance of the light from the 300 W 

xenon lamp, integrated with a parabolic reflector, passing through an AM 1.5 filter and 

monochromatic determined using an Oriel calibrated silicon photodiode.  

 

A common standard solar reference spectrum is the AM 1.5 global solar 

spectrum. The air mass (AM) factor describes the effect of the Earth's atmosphere on the 

incident solar spectrum, where AM = 1/cos(α), where α, the zenith angle, is the angle 

between the overhead and actual position of the sun. Figure 3.4 shows the spectral power 

in watts/cm2/nm of the xenon lamp with an A M 1.5 filter overlapped with the AM 1.5 

solar irradiance from NREL. 
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Figure  3.4: Solar spectral irradiance (global AM 1.5) obtained from NREL* plotted

against irradiance form the xenon lamp with AM 1.5 filter used for

photoelectrochemical measurements. [*National Renewable Energy resources 

Laboratory, American Society for Testing and Materials (ASTM) Terrestrial

Reference Spectra for Photovoltaic Performance Evaluation.

http://rredc.nrel.gov/solar/spectra/am1.5/.] 
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For UV photoelectrochemical measurements a 50 W mercury arc lamp (Exfo lite) 

was used as the light source, with optical filters used to restrict the incident light to UV 

wavelengths between 320 nm to 400 nm.  The incident power was determined as 

98 mW/cm2 using a thermopile detector (Spectra Physics, CA, USA) after eliminating the 

light reflection and absorption effects at the Pyrex glass window. 

3.9  Mott-Schottky Analysis 

Mott-Schottky analysis for electrical characterization of the photoanode was 

performed using SI 1287 electrochemical interface and the electrochemical impedance 

data were recorded with a Solarton 1255B frequency response analyzer (FRA), using a 

peak-to-peak excitation voltage of 10 mV and an applied frequency ranging from 50 kHz 

to 0.03 Hz. The measurements were performed in 1M KOH electrolyte with Saturated 

Calomel Electrode as the reference electrode and platinum as the counter electrode. 
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Chapter 4 
 

Synthesis of iron (III) oxide nanostructures by electrochemical 
oxidation 

4.1   Literature review on iron (III) oxide synthesis 

Iron (III) oxide belongs to particular class of material which combines 

functionality and low cost and hence is a subject of interest in variety of fields including 

gas and humidity sensing,1-6 catalysis,7 magnetic devices8 and rechargeable lithium 

batteries.9, 10 Apart from the application of photolysis, which is the main focus of this 

dissertation, the nanostructures synthesized via potentiostatic anodization, have the 

potential of contributing to all the fields mentioned above.  

The approach to the electrochemical oxidation of iron was based on the fact that 

most common mechanism of metal etching is formation and dissolution of its oxide by an 

acid. Hence the synthesis of metal oxide nanostructures via anodization often requires 

selection of an electrolyte that contains its etchant. Oxidation and dissolution is then 

balanced by the proper choice of acid concentration, electrolyte pH and anodization 

potential, which determine the oxide structure resulting from the anodization.  However, 

Fe2O3 is soluble even in weak acid. Table 1 presents the solubility of Fe2O3 in 

comparison to the other metal oxides.  

 

Table 4-1  
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Iron oxide passivation layers of 50 – 100 Ǻ thickness were synthesized by the 

electrochemical oxidation of iron in borate/phosphate buffer solutions.11 The anodized 

films were found to have a bandgap between 1.85 – 2.2 eV. Several methods including 

spray pyrolysis12-15, ultrasonic spray pyrolysis16, precipitation/co-precipitation17, 

electrochemical deposition18 and reactive sputtering19 have been employed so far to 

synthesize nanostructures of α-Fe2O3.  Template synthesis of nanotubular Fe2O3 structures 

of ~ 100 nm wall thickness and 60 microns in length have also been reported9. With 

titania nanotubular structure having demonstrated great performance in sensing and 

photolysis applications, it was pretty intriguing as well as motivating that the synthesis of 

iron (III) oxide nanostructures using electrochemical oxidation has never been reported 

so far in the literature. Electrochemical oxidation is a simple but powerful technique in 

Table 4-1: Solubility of metal oxides  in  neutral, acidic and alkaline medium 

 
   Metal Oxides 
 
  
      Solubility 

 
 
       TiO2 

 
 
      SnO2 

    
 
       WO3 

 
 

Fe2O3 

 
 
         H2O 

 
 
  Insoluble 

 
 
    Insoluble 

 
 
   Insoluble 

 
 

Insoluble 
 
 
     
        Acids 

 
Insoluble in     
dilute acid 
Soluble in 
concentrated 
acid 
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soluble 

 
 
 

Soluble 
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solutions 

  
Soluble at 

higher 
concentration 
& temperature 

 
 

Soluble 
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which the properties of the synthesized structures can be tailored by the anodization 

parameters. A variety of structures synthesized via anodization in aqueous and non-

aqueous electrolyte solutions reported in this dissertation would only reinforce the 

reputation of such a simple and elegant technique. 

4.2  Anodization of iron foil in aqueous electrolyte  

Table 4-2 shows the summary of the nanostructures synthesized under their 

respective optimal conditions of electrolyte, temperature and applied potential.  

Table 4-2  
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Table 4-2:  Summary of the iron (III) oxide nanostructures synthesized via electrochemical 

oxidation as a function of electrolyte, temperature and applied potential 

 
 

 

            Electrolyte 
(Potential) 

         [Temperature] 
Resultant structure 

 

    KF + HNO3 in oxalic acid
       (2.8 V –3.2 V) 

[RT] 
 

     

Self-assembled nanopillars amidst 
nanoporous film 

 
HF in oxalic acid 

(4V) 
[0- 5oC] 

 

 
 

Porous film composed of dense 
nanopillars on few micron thick oxide 

 

 
KF + HCl in H2O 

(6V) 
[RT] 

 

 
Nanoplatelets on ~ 100 nm barrier oxide 

layer 

 
NH4F + HF in glycerol 

           (40 V – 60 V) 
               [10oC] 

 

 
Self-organized nanoporous array on few 

hundred nanometers of barrier layer 

 
     NH4F in ethylene glycol 
              (40 V – 60 V) 

   [10oC – RT] 
 

 
Self-organized nanoporous/ nanotemplate 

structure on < 200 nm barrier layer 
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4.2.1    Self-assembled nanopillar structure 

 Nanopillar structure was obtained by anodizing the foil in electrolyte containing 

5% 0.1M HNO3 (nitric acid) and 2 % 1M KF (potassium fluoride) in 0.3 M oxalic acid at 

room temperature.  The anodization was performed at different applied potential ranging 

from 2 V – 4 V. For voltages below 2.8 V, the current density was too low to cause any 

significant oxidation. In addition, for voltages above 3.2 V the dissolution was more than 

the oxidation due to increased current density on the sample. The density of the pillars 

was proportional to the initial current drop and was at maximum at 3 V.  

Figure 4.1 shows the time-dependent current behavior during 3 V potentiostatic 

anodization of iron foil in electrolytic bath containing 5% of 0.1M HNO3 and 2 % of 1M 

KF in 0.3 M oxalic acid, at room temperature. The pH of the electrolytic bath was 

measured to be 1. The current-time behavior seen in Figure 4.1 is similar to the well-

established kinetics of porous oxide growth in alumina. 

 Figure 4.1 
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 Figure 4.2a, corresponding to point ‘A’ in Figure 4.1, shows initial formation of 

an oxide layer and the cubic, pillar – like structures that results in a steep decrease in 

current. The increase in current from point A to point B is due both to pore initiation, and 

slow dissolution of pillar-like structures as seen in Figure 4.2b. The pillars typically range 

from 300-800 nm in length and 50-200 nm in width. The pillar density is maximum at 

point B, and negligible at point C; as the anodization current approaches steady-state 

behavior the majority of the pillars dissolve unveiling a nanoporous topology (50 nm 

diameter) as seen in Figure 4.2c. At this stage, point C, oxidation balances dissolution 

with the current remaining fairly constant. We observed that lower concentrations of 

oxalic acid and higher concentration of KF resulted in a greater nanopillar density of 

larger dimensions. Figure 4.2d shows a FESEM image of self-assembled nanopillars 

obtained from anodization of iron in solution containing 5% of 0.1M HNO3 and 2 % of 

1M KF in 0.15 M oxalic acid, at room temperature.   

 

 

 

 

 

 

Figure 4.1:  Current-time behavior during potentiostatic anodization of pure iron foil in

an electrolyte with nitric acid (HNO3), potassium fluoride (KF) and oxalic acid (H2C2O4).
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Figure 4.2:  FESEM images of iron (III) oxide nanoporous structures prepared by anodic

oxidation of iron foil in an electrolyte containing 5ml of 0.1M HNO3, 2ml of 1M KF, and 

93ml of 0.3M oxalic acid at 2.9V, corresponding to: (a) Point A of Figure 4.1. (b) Point B 

of Figure 4.1 (c) Point C of Figure 4.1.  (d) Corresponds to Point B but from an electrolyte

containing 0.1M oxalic acid. 

 

 a  b 

 c  d 
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 Such nanopillars of rectangular topology were also obtained from anodizing the 

iron foil in an electrolyte containing 0.5 % HF (hydrofluoric acid) in 0.3 M oxalic acid at 

0oC to room temperature from 2 V - 4 V.  Since the maximum initial density of the pillars 

corresponding to the maximum current drop was obtained at 4 V for HF containing oxalic 

acid electrolyte the effect of all the other parameters was studied at 4 V applied potential. 

The rate of dissolution of pillars increased with increase in temperature. The current 

behavior was characterized by a significant initial drop followed by a slow decrease. 

While the initial current drop was a function of the density of the pillars formed on the 

oxide surface, the dissolution of the pillars was a function of anodization time and 

temperature.  

 

Samples anodized in HF containing oxalic acid resulted in dense pillars on several 

micron thick non-porous oxide layers. Figure 4.3a shows an image of highly porous film 

formed by the nanopillars via anodization of the iron foil in 0.5 % HF in 0.3 M oxalic 

acid at 0oC and 4 V for one hour. Insert in the Figure 4.3a is a high magnification image 

showing the density and the dimension of the pillars. We see that the dimension of the 

pillar range from few tens of nanometer to several hundred nanometers. Similar to the 

non-HF electrolyte described above the density of the pillars in HF containing bath 

increased with the decrease in the oxalic acid concentration. Figure 4.3b shows the 

average dimension of a pillar and the porosity created by the random orientation of high-

density pillar structures. 
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Figure 4.3: (a) FESEM image of the sample anodized in 0.5% HF in 0.3 M oxalic acid at

0oC for one hour (b) image showing the average dimension of the pillar 

 
 
 

b 

a 
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4.2.2  Proposed theory of pillar formation  

  A significant observation in the synthesis of nanopillars is that such structures of 

rectangular topology were formed only in the electrolytic bath containing oxalic acid and 

F- ions. In addition, the X-ray diffraction analysis of the anodized sample indicated that 

the existence of iron oxalate hydrate phase. Based on the above two facts the mechanism 

of the pillar formation can be suggested as follows; under the established field in the 

electrolyte the F- ions electrochemically etch the surface of the iron foil. The etched iron 

instantaneously reacts with oxalic acid to form iron oxalate hydrate crystals, which is 

held by the barrier layer formed from the oxidation of ion. The oxidation of the iron and 

the formation of iron oxalate crystals are suggested to be a simultaneous process. While 

the pillar density and the dimensions are dependant on the concentration of the oxalic 

acid and F- ions, its dissolution is primarily controlled by the anodization time and 

temperature. In case of HF containing electrolyte the etching and the oxidation of iron 

dominates the field-assisted dissolution and hence the pore formation does not occur for 

the given applied potential. In other words as the applied potential is limited to less than 

4V the field-assisted dissolution is not sufficient to enable pore formation. This suggests 

that the process is more controlled chemically than by the applied field.  

4.2.3  Platelet structure 

 Iron foil anodized in an electrolyte bath of pH 3.5 containing 4 % of 0.1M HCl 

and 2 % of 1M KF in D.I water lead to the formation of leaflet or platelet –like structure. 

The anodization was performed at 6 V for duration of 15 minutes. Unlike the pillar/pore 
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structure, the anodization current behavior showed a slow decrease in the current value, 

indicating formation of a thin oxide layer from which the leaflet structure emerged.  The 

thickness of the oxide and the dimensions of the leaflets remained essentially constant 

beyond 15 minutes. The obtained leaflet structure (Figure 4.4) is similar in appearance to 

ferrihydrite (Fe2O3 2FeOOH 2.6H2O) deposits formed by the rapid oxidation on 

lepidocrocite. However, the as-anodized structure neither indicated the peaks of hematite 

nor ferrihydrite in the XRD analysis. It is to be noted that similar iron oxide structures 

have been obtained using thermal oxidation and ultrasonic spray pyrolysis techniques17. 

 

  

 

 

 

 

 

 

 

 

Figure 4.4:  FESEM image of iron (III) oxide nanoplatelet sample prepared by anodic 

oxidation of iron foil in an electrolyte containing 4% of 0.1M HCl, 2 % of 1M KF, and 

94 % of water at 6V, after annealing for one hour in a 500°C in nitrogen ambient.  
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4.3  Structural transformation during potentiostatic 

anodization 

 As established in anodic oxidation of alumina, the dissolution of pillar was a 

temperature-controlled process. Study of the dissolution rate of pillars at various 

temperature and anodization time revealed that the dissolution of pillars and the 

formation of nanoplatelet structure was a simultaneous process. The rate of pillar 

dissolution and the growth of platelet structure were based on the net effect of 

temperature and time. Accordingly, in a given condition the pillars were transforming in 

to platelets. 

Morphology of the nanopillars obtained from anodizing the iron foil for 30 

minutes at 4V and room temperature in an electrolyte containing 0.5 % HF in 0.5 M 

oxalic acid is shown in Figure 4.5 a. Upon continuing anodization for one hour the entire 

pillar dissolved and the surface exhibited growth of platelet structure (Figure 4.5 b).  The 

dissolution rate at 0oC was noted to be much slower than at room temperature.  
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The morphology of a sample anodized in electrolyte containing 0.5 % HF in 0.3 

M oxalic acid at 0oC for one hour (Figure 4.6a) and four hours (Figure 4.6b) is shown. 

From the figure we see that even after four hours the pillars were not completely 

dissolved and they also exhibited platelet growth on the surface. The growth of platelet 

structure was also observed on the pillar/porous structure formed in the electrolyte 

containing 5% 0.1M HNO3 and 3 % 1M KF in 0.3 M oxalic acid.  

    

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 4.5:  FESEM image of the sample anodized at room temperature in electrolyte 

containing 0.5 % HF in 0.5 M oxalic acid at room temperature, 4 V (a) for 30 minutes (b) 

for one hour 

a b 
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Images in Figure 4.7 shows morphology of the sample anodized in 5oC for one 

hour (Figure 4.7a) and four hours (Figure 4.7b) at 4 V. Growth of structures in the form 

of platelets indicates that the material is of different volume expansion co-efficient than 

its substrates (pillar/pore or barrier layer). Clearly further studies are needed in terms of 

chemical and material analysis of the structure formed at each stage to arrive at a more 

detail conclusions regarding the structural transformation. 

   

 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Figure 4.6:  FESEM image of the sample anodized in electrolyte containing 0. 5 % HF in

0.3 M oxalic acid at 0oC, 4 V (a) for 30 minutes (b) for four hours 

 
 

 
 

a b 
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Figure 4.7:  FESEM image of the sample anodized in electrolyte containing 5 %

HNO3 + 3 % KF in 0.3 M oxalic acid at 5oC, 3 V (a) for 1 hour (b) for four hours 

a 

b 
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4.4  Self-aligned nanostructures from non-aqueous electrolyte  

The inference from the aqueous electrolyte based electrochemical oxidation was 

that the nanostructures were the outcome of spontaneous reaction of the anode with the 

electrolyte. In order to achieve a sustained and controlled reaction of oxidation and 

dissolution the conductivity and the pH of the electrolyte has to be precisely controlled. 

As the conductivity is a diffusion-controlled process, based on Stokes- Einstein relation, 

D α 1/η (where D is the diffusion constant and η is the solution viscosity), higher viscous 

solution have lower conductivity.20 Moreover electrolyte of higher diffusion coefficient is 

known to prevent the local acidification and the pH increase at the oxide – electrolyte 

interface. Hence the process of field assisted oxidation and dissolution should be more 

controllable in a high viscous electrolyte. Subsequently glycerol and ethylene glycol were 

studied as a medium for electrochemical oxidation. 

4.4.1    Anodization in glycerol based electrolyte 

Glycerol along with BOE (Buffer Oxide Etch, - Etchant consisting of HF and 

NH4F in H2O) well known for its use in controlled and selective etching of silica in 

multilevel interconnects has also proven to be an effective electrolytic medium in 

synthesis of titania nanotubes by potentiostatic anodization.20 The higher viscosity of 

glycerol contributes to its lower diffusion constant resulting in lower conductivity. 

Anodization in an electrolyte consisting of 1 vol % HF + 0.3 wt % ammonium fluoride 

(NH4F) + 0.2 vol % of 0.1M nitric acid (HNO3) in glycerol (pH 3) at 10 oC resulted in 
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self–organized pores. Figure 4.8 shows morphology of samples anodized in the above-

mentioned electrolyte for two hours at different voltages 40 V, 60 V and 90 V at 10oC.   

 

 

 

 

 

 

Figure  4.8:  FESEM image of samples anodized in 1 wt % HF + 0.3 wt % NH4F + 0.2 

vol % HNO3 in glycerol at 10°C (a) 40V, (b) 60V, and (c) 90 V. 
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Figure 4.9: (a) Current-time behavior during potentiostatic anodization of pure iron foil 

at 10°C in an electrolyte with nitric acid (HNO3), ammonium fluoride (NH4F), and 

hydrofluoric acid (HF) in glycerol at 40V, 60V, and 90 V. (b) FESEM image of the 

 a 

 b  c 
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sample anodized for 30 minutes. (c) FESEM image of the sample anodized for one hour 

in the same electrolyte. 

 

 Figure 4.9a shows the current-time behavior during the anodization. The current–

time behavior shows a well-behaved response quite unlike that seen for the anodization 

of aluminum21 or titanium.22 In the case of pore formation in alumina and titania there is 

an increase in the current amplitude after a significant current drop representing localized 

dissolution that leads to pore formation.23 In contrast, Figure 4.9a shows a smooth 

behavior indicating a gradual and slow dissolution process leading to pore formation, 

with the rate of current drop an indication of the rate of oxidation. From FESEM images 

the average pore size is measured to be approximately 50 nm at 40 V, 100 nm at 60 V, 

and 150 nm at 90 V. A pore depth of ~500 nm and a barrier layer thickness of about 600 

nm were obtained at 90 V anodized for 2 hours at 10°C. The morphology of samples 

anodized at 40V for 30 minutes is shown in Figure 4.9b, while Figure 4.9c shows the 

morphology of a sample anodized at the same voltage for 1 hour. The surface showed an 

oxide layer without any pore formation below 25 V and nodular morphology up to 40V. 

Anodizing the samples beyond two hours shows a particulate layer without pores. 

Samples anodized at 0°C and 5°C, even after anodization periods of several hours, did 

not exhibit pore formation. Samples anodized at higher temperatures, 15°C and 20°C, 

gave rise to only a particulate morphology similar to Figure 4.9c. 

Concentration of NH4F was found to be the primary component, controlling the 

reaction rate. Table 4-3 shows the resultant nature of the film and pore size for two 
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different concentration of NH4F for two different temperatures. We see from the table 

that at 4oC, the temperature at which 0.3 wt % NH4F did not exhibit pore formation, 

doubling the concentration of NH4F from 0.3 wt % to 0.6 wt % in the bath containing 1 

% HF and 0.2 vol % HNO3 in glycerol, the rate of oxidation and field assisted dissolution 

increases enabling well defined pore formation. Figure 4.10 shows the morphology of 

samples anodized in a solution containing 0.6 wt NH4F, 1% HF and 0.2% HNO3 in 

glycerol. The average pore diameter was measured to be 100 nm, 150 nm and 250 nm 

from the samples anodized at 40 V, 60 V, and 90 V, respectively. As mentioned earlier 

pore formation was not observed for temperatures 15oC, 20oC and room temperature 

anodization. The effect of temperature for the same concentration of NH4F as presented 

in Table 4-3 agrees with the fact that field assisted dissolution is a thermal assisted 

process.21 

The oxide thickness was greatly dependent on the amount of HF and HNO3 added. 

For example, in an electrolyte containing 0.3 wt % NH4F and 1% HF, increasing the 

concentration of 0.1 M HNO3 from 0.05% to 0.2% increased the oxide thickness from 

400 nm to 1 micron at 90 V, 10°C.  
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Figure 4.10:  FESEM image showing the morphology of the sample anodized in

electrolyte containing 0.6 wt % NH4F + 1% HF + 0.2 % HNO3 in glycerol at 40V, (b) 

 

 c 
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 Table 4-3 

       0.3  wt %  0.6  wt %                   NH4F  

Temperature      40 V    60 V     90 V     40 V    60 V    90 V 

5oC Nodular pores   100 nm   150 nm  250 nm 

10oC   50 nm  100 nm  150 nm Particulate film 

4.4.2    Anodization in ethylene glycol based electrolyte 

 Highly ordered nanoporous structure has been obtained, with clearly defined 

channels similar to those seen in nanoporous alumina 1 by potentiostatic anodization of 

iron in the solution containing NH4F in ethylene glycol (EG).  In our studies ethylene 

glycol has proven to be the most effective electrolytic medium in rapid synthesis of iron 

(III) oxide nanoporous structure in potentiostatic anodization of iron.  The anodization 

current behavior in Figure 4.11 indicates that the rate of oxidation and dissolution is 

60V, (c) 90V. The image shows the effect of increasing NH4F concentration on the pore 

size corresponding to the data in Table 4-3. 

 

Table 4-3:  Summary of the resultant average pore size, as a function of applied potential, 

temperature and concentration of NH4F in electrolytic bath containing 1 % HF and 0.2 %

HNO3 in glycerol 
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much faster when compared to the reaction rate in glycerol electrolyte. Figure 4.12a 

shows the morphology of the sample anodized in electrolyte containing 0.3 wt % NH4F 

in ethylene glycol at 40 V, 10oC.  We observed that the samples anodized for 15 min, 30 

min and one hour showed similar surface morphology (Figure 4.12a). The surface 

remained nanoporous up to ~ 70 min of anodization corresponding to point P in Figure 

4.12a, beyond which the surface exhibited etched cone-like morphology as shown in 

Figure 4.12b.  The depth of the nanochannel array was found to be around 2.5 µm in 15 

min and ~ 3 µm in one hour with 180 nm thick barrier oxide layer underneath the 

nanochannel array. Figure 4.12b shows morphology of sample anodized in 0.3 wt % 

NH4F and ethylene glycol at 40 V, 10oC for two hours. The samples anodized at 10oC 

were subjected to ultrasonic cleaning in propanol for two minutes to remove the organic 

debris blocking the pores. Room temperature anodization in the same electrolyte 

exhibited similar nanochannel array with channel depth of about ~ 2 µm in 10 minutes 

and 2.2 µm in 15 minutes with the pore structure collapsing after 30 minutes or longer. 

This further supports the fact that the increase in temperature expedites the dissolution 

process. Room temperature anodization also had negligible debris on the surface. Figure 

4.12c shows a high magnification image of the pores dissolved to form cones upon 

extended anodization. We note that the as-anodized samples were reddish brown in color. 

   

 



84 

   

 

 
Figure 4.11:  Current-time behavior during potentiostatic anodization of pure iron foil in

an electrolyte with ammonium fluoride (NH4F) in ethylene glycol at 40 V, 10oC. 
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Figure 4.12:  FESEM image of sample anodized in 0.3 wt % NH4F in ethylene glycol at 

40 V (a) at 10oC for 30 minutes (b) at 10 oC for two hours (c) high magnification image 

of image (b). 
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Image in Figure 4.13 shows the cross sectional and top view of the sample anodized in 

0.5 wt % NH4F and ethylene glycol at 40 V, room temperature.  

 

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.13: A FESEM image of the anodized sample showing the angled view (a) ,

bottom (b) and cross–sectional view (c) and (d) of a sample anodized at room

temperature in an electrolyte containing 0.5 wt % NH4F  in ethylene glycol. 

a b 

c  d 
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Independent of the anodization bath temperature, the resulting pore diameters are ≈30 nm 

at 40 V and ≈60 nm at 60 V as shown in Figure 4.14. 

 For a total film thickness of ~2.5 µm the barrier layer was measured to be ~ 180 

microns. Figure 4.15 shows a FESEM image of the cross section of a sample (a) and (b) 

high magnification image of the thickness of its barrier layer.  

  

 

 

 

 

Figure 4.14:  FESEM images of the nanoporous top surface showing the pore size as ~ 30

nm and ~ 60 nm for the samples anodized at (a) 40 V and (b) 60 V respectively in an

electrolyte containing 0.5 wt % NH4F in ethylene glycol. 
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Figure 4.15: A FESEM image of a room temperature anodized sample showing its cross-

sectional view (a) and high magnification image showing the thickness of its barrier layer

(b). 

~ 180 

a 

b 
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4.5  Tubular pores 

Samples anodized at room temperature in an aged electrolyte containing NH4F in 

EG exhibited the formation of three layered structure. The top layer was porous from the 

debris and hence not self-aligned (Figure 4.16a), middle layer consisted of nearly tubular 

structure (Figure 4.16b), and bottom layer consisted of self-organized porous structure 

(Figure 4.16c). Such layered morphology have also been observed in the anodization of

alumina in aged sulfuric acid electrolyte.24 It is understood that the formation of 

nanotubes requires unique cleavage of self-aligned porous layer, which is achieved by 

chemical etching more than field assisted etching. Huang and co-workers suggest that the 

aging of the sulfuric acid increases the chemical etching and hence results in a three layer 

structure in alumina starting from more chemically etched surface to the self-aligned 

pores being the bottom most layers. Image in Figure 4 17 clearly shows the oxide 

dissolution dominated by chemical etching proceeding from the surface, resulting in a 

layered morphology. The image of the sample in Figure 4.17 was cleaned to remove the 

debris in an attempt to characterize the nanotubular surface. The absence of an 

unambiguous nanotubular array on the top layer, which appears to be somewhat over 

etched nanotubular array suggests, that the reaction rate is high. 

 

Since the growth rate in ethylene glycol based electrolyte is enormous, ~2.5 µm in 

10 minutes at 10oC, sustained chemical etching required to obtain self-organized 

nanotubes were not feasible. Room temperature anodized samples exhibited clearly
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separated tubes randomly distributed on some cleavage points. Figure 4.17 shows the 

FESEM image of separated iron (III) oxide nanotubes amidst nanoporous structure. In

contrast Figure 4.18 shows a high magnification image of nanochannels of a self-aligned 

porous structure synthesized from the anodization of iron foil at 10oC in 0.5 % NH4F in 

ethylene glycol. 
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Figure 4.16:  FESEM image of (a) debris layer (b) nearly tubular layer (c) self aligned

nanochannel array 

c 

a b 
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Figure 4.17:  A cross sectional FESEM image of an as-anodized iron (III) oxide sample 

showing two layers of the three layered morphology with self aligned tubular middle 

layer and a nanoporous/nanochanneled bottom layer. The top layer (Figure 4.16a) has

been removed for imaging purpose. 

Nanoporous 
Layer 

 

Nanotubular 
Layer 
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Figure 4.18: FESEM images of separated nanotubes amidst nanoporous structure 

resulting from the anodization of iron foil in room temperature in an electrolyte

containing 0.5 wt % NH4F in ethylene glycol.  
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 In conclusion it seems that the formation of nanoporous or nanotubular structure 

in electrochemical oxidation is highly a material property, which is not well understood 

yet. This is further proven by the fact that even after more than 50 years of research in the 

synthesis of alumina membrane, a single step anodization of aluminum to form self-

aligned nanotubular array similar to titania nanotubular array has not been developed yet. 

Anodization of iron in EG based electrolyte results in nanoporous structure while the 

 
 
 

 
 
 

 

 

Figure 4.19: A cross sectional FESEM image of the self-aligned iron (III) oxide 

nanochannels. 
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anodization of titanium in ammonium fluoride containing EG electrolyte results in a 

highly self-aligned hexagonal closed packed nanotubes ranging from few micron to 1mm. 

(The comparison is not for the same anodization parameters). The anodization of titanium 

metal in EG containing electrolyte in discussed, in detail in Chapter 6. 
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Chapter 5 
 

Ethylene glycol as a solvent in electrochemical oxidation of 
titanium 

5.1  History of titania nanotube synthesis 

Porous oxide growth has been achieved in variety of metals including alumina1, 

titanium2, hafnium3, zirconium,4, 5 niobium,6 tungsten7, 8 and tantalum.9, 10 The self-

organized pore growth in a metal is understood to be governed by three simultaneously 

occurring processes, namely the field assisted oxidation of metal ion to form metal oxide, the 

field assisted dissolution of metal ions in the electrolyte and the chemical dissolution of the 

metal ion and its oxide
 
due to etching which is substantially enhanced by the presence of 

fluoride and H
+ 

ions.2, 11 With respect to the nanotubular structure in metals, Gong and co-

workers12 pioneered the synthesis of the metal oxide nanotubular array by 

electrochemical oxidation of titanium. They reported the growth of titania nanotube-

arrays up to 500 nm in length using an aqueous HF based electrolyte in potentiostatic 

anodization. It was concluded that in dilute HF based electrolyte for a voltage range 

between 10 – 40 V, dependent on the HF concentration, with relatively higher voltages 

needed to achieve the nanotube structure in more dilute HF solutions, the length of the 

nanotube remained constant irrespective of the anodization time.12 It was suggested that 

since in highly acidic aqueous electrolytes (pH ≤ 1) wherein the etching action of fluoride 

ions was very aggressive, chemical dissolution process limited the overall length of the 
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nanotubes. Cai and co-workers13 adjusted the pH of both KF and NaF aqueous 

electrolytes (pH>5) to reduce the chemical dissolution of the oxide, increasing the 

nanotube length to over six microns with a growth rate of approximately 0.25 µm/hour. 

  

Various polar organic electrolytes including formamide14-16, dimethylsulfoxide15-

18 have demonstrated the growth of nanotube arrays of greatly extended length, i.e. 

several tens of microns. In Chapter 4 we saw that, ethylene glycol as an electrolytic 

medium resulted in a rapid growth of self-aligned nanoporous structure in the 

electrochemical oxidation of iron. Subsequent anodization of titanium in ethylene glycol 

containing electrolyte appeared to be a meaningful extension of the utilization of the 

exceptional properties of ethylene glycol as an electrolytic solvent. The anodization of 

titanium foil resulted in an extremely self-aligned growth rate of titania nanotubes 

ranging from few microns to about a 1 mm in length15, 16, 19-21 with a growth rate of 

15µm/hr proving to be a significant advancement in the synthesis of self-aligned 

nanostructures by electrochemical oxidation of  metals.  

5.2  Electrochemical oxidation of titanium in EG based 

electrolyte 

Synthesis of titania nanotube using EG as an electrolytic medium was studied in 

detail with respect to several anodization parameters. In addition to standard parameters 

of electrochemical oxidation, including electrolyte composition, anodization duration, 
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and applied field, the length and the quality of the resulting nanotubes are dependent 

upon the previous usage of the ethylene glycol solution (the “used solution effect”), that 

is the number of times and duration it had been previously used for anodizing samples 

under similar conditions. Owing to the anhydrous nature of the ethylene glycol, we used 

the solvent in controlled ambient and added specific amounts of deionized water as an 

additional electrolyte component to precisely study the effect of water. We varied the 

electrolyte concentration of NH4F from 0.1 to 0.5 wt %, and H2O concentration from 1% 

to 4%, examining the effects on the resulting nanotube arrays. 

 

Table 5-1 summarizes our observations for NH4F concentrations ranging from 

0.25 wt % to 0.5 wt %, and H2O concentrations from 1 vol % to 3 vol % for a 17 hour 

anodization at 60 V, as dependent upon it being a new solution (fresh, un-used), or a one-

time previously used solution (used under the same conditions, 17 hr at 60 V). We find 

that:  

1. For a given concentration of water the length increases with increasing NH4F up to 

0.3 wt %. 

2.  For NH4F concentrations up to 0.3 % wt the nanotube length increases with 

increasing H2O concentration up to 2 vol %. 

3.  In the regime of 0.1 – 0.3 wt % NH4F and 1-2 vol % H2O the used solution, in 

comparison to use of a fresh solution, exhibited an increase in nanotube length 

ranging from 15 µm – 70 µm for the same applied potential and duration. While used 

solutions result in sharply higher growth rates for anodization potentials 60 V and 
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above, at lower anodization potentials (20-40 V) both the fresh and used solutions 

result in similar growth rates.   

Table 5-1  

 

We anodized samples at potentials ranging from 20 V to 80 V; the resulting 

nanotube array lengths were found to exhibit a power law dependence on the applied 

voltage from 20 V to 60 V for the same anodization duration.  As we can see from the 

Table 5-2, for a 17 hr anodization the length obtained at 20, 40, 50, 60 and 65 V in a fresh 

electrolyte mixture of 0.3 wt % NH4F and 2 vol % H2O in ethylene glycol was, 

respectively, 5 µm, 30 µm, 45 µm, 165 µm and 106 µm.  At 80 V potential at 22°C, 

across a variety of electrolyte combinations, the Ti foil sample simply corroded. 

Table 5-1: :  Summary of nanotube length in µm obtained by varying the concentration of 

H2O from 1.0 – 3.0 vol % and NH4F from 0.1 – 0.50 wt % in ethylene glycol (anhydrous) 

with respect to fresh and used solution. 

 
 



 103

 

Table 5-2  

 

FESEM images in Figure 5.1 depict the self alignment exhibited by the nanotube 

arrays, in bottom (Figure 5.1a), top (Figure 5.1b) and side (Figure 5.1c and Figure 5.1d) 

views of an illustrative sample anodized in 0.3 wt % NH4F and 2% H2O in ethylene 

glycol for 17 hrs. 

  

Table 5-2:  Summary of the nanotube inner diameter, outer diameter, and length obtained 

at different voltages for a 17 hour anodization in a fresh, un-used ethylene glycol 

electrolyte containing 0.3 wt % NH4F and 2 vol % H2O. 
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Figure 5.1: Illustrative FESEM images showing topology of a Ti sample anodized in an 

electrolyte comprised of 0.3 wt % NH4F and 2 vol % H2O in ethylene glycol at (a-c) 

60 V, and (d) 65 V.   

a b 

d 

100 nm 100 nm

100 nm

c 

100 nm 
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Figure 5.2a shows the current-time behavior during potentiostatic anodization of 

Ti samples in fresh 0.3 wt % NH4F, 2 vol % H2O ethylene glycol electrolytes as a 

function of potential; Figure 5.2b examines the anodic current transients during the first 

30 minutes of the anodization process.  

 

The current plots are broadly similar in that they all exhibit a brief initial region of 

stable or near stable anodization current followed by a region of falling current of larger 

slope and then a region where the current reaches a well-defined plateau and continues to 

decrease albeit with a smaller slope. The anodization current remains relatively constant 

in the first several minutes with this region extending for a longer period of time at lower 

anodization potentials. During the initial period of high current, gas evolution at the 

anode is observable. Since gas evolution requires electronic charge transfer, this is 

indicative of electronic conduction dominating in the early part of the process. Due to the 

initial formation of an insulating oxide layer, the current drops steeply thereafter. In this 

region, electronic conduction decreases due to the blocking action of the formed oxide, 

and ionic conduction through the TiO2 increases. Once the oxide layer is completely 

formed over the entire exposed surface of the anode, electronic conduction through the 

TiO2 barrier layer becomes negligible and ionic conduction dominates the mechanistic 

behavior. 
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Figure 5.2: (a) Voltage dependent current – time behavior during anodization of Ti 

samples in an electrolyte comprised of 0.3 wt % NH4F, and 2 vol % H2O in ethylene 

glycol.  (b) Magnified view of  (a) showing the first thirty minutes of anodization. 

 

a 

b 
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The rate of reaction was studied by anodizing titanium foil samples at 60 V, in a 

fresh (un-used) solution of 0.3 % wt NH4F and 2 vol % H2O in ethylene glycol for 

different durations. The samples anodized for 4 hr, 17 hrs, 21 hrs, 48 hrs and 96 hrs 

exhibited a length of ~ 58 µm, 160 µm, 188 µm, 289 µm and 360 µm respectively. The 

lengths obtained at various intervals up to 21 hours are proportional to the charge passed 

during those time intervals indicating the current efficiency to be a constant. After 

accounting for the porosity of the structure and the titanium dioxide dissolved during the 

formation of the nanotubular structure, the effective current efficiency for TiO2 formation 

is close to 100 % indicating almost no side-reactions during the anodization and 

negligible bulk chemical dissolution of formed TiO2 nanotube arrays. The proportionality 

between the charge passed and the length of formed TiO2 nanotubes, when adjusted for 

their respective porosity factors, was also found to hold for anodization potentials lower 

than 60 V. Above 60 V the current efficiency decreased. Figure 5.3 shows cross sectional 

FESEM images of the resulting samples. 

 

The as-anodized samples show surface debris, which is easily removed by 

ultrasonic cleaning in D.I water for 15 – 30 seconds. Figure 5.4 shows the surface of an 

as-anodized sample before and after ultrasonic cleaning. Extended ultrasonic cleaning, of 

approximately 1 minute duration, resulted in the nanotubular film separating from the 

underlying Ti substrate, resulting in a self-standing membrane comprised of a close-

packed array of vertically oriented titania nanotubes. The details of fabrication of robust 

self-standing nanotubular membrane will be discussed in detail in Section 5.3. 
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Figure 5.3: Cross sectional FESEM images indicating length of titania nanotube arrays

achieved as a function of anodization duration (60 V, ethylene glycol containing 0.3 wt %
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NH4F and 2 vol % H2O). 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.4:  FESEM images of a sample anodized in an electrolyte comprised of 0.25 wt

% NH4F + 1 % H2O in ethylene glycol at 60 V for 6 hours showing: (a) Cross-section 

and surface of the as-anodized sample, (b) cross sectional and surface view after

ultrasonic cleaning, (c) top surface view after ultrasonic cleaning revealing self organized

structure, with insert showing high magnification image of the nanotube array top

surface. 

 

 a 

 c 

 b 
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Figure 5.5 shows back-side FESEM images of self-standing nanotube array membranes 

synthesized in 0.3% wt NH4F and 2 vol % H2O ethylene glycol, 60 V, with outer tube 

diameter of 165 nm. The nanotubes of 360 µm length, 165 nm outer diameters, have an 

aspect ratio of approximately 2200. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.5: FESEM images of different magnification showing the bottom and partial

cross-section of a self-standing nanotube array film, synthesized by 60 V potentiostatic 

100 nm 100 nm

   1 µm 

4 
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Figure  5.6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

anodization of a Ti sample in an ethylene glycol electrolyte containing 0.3 wt % NH4F 

and 2 vol % H2O. 
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 During a double-sided anodization process, where both sides of the starting 

titanium foil are exposed to the anodizing electrolyte, the 250 µm thick Ti foil is 

eventually fully anodized to form a 720 µm thick nanotubular film shown in Figure 5.6a.  

Figure 5.6b shows an image of a sample anodized for 91 hours where a ~ 2 µm thick Ti 

metal layer is still present between the two growing nanotube arrays. When the Ti metal 

is fully consumed, electrical contact to the nanotubes is no longer present and the 

anodization current drops to zero. 

 

 From Table 5-1 and subsequent discussion, we see that ethylene glycol (EG) 

electrolytes a maximum nanotube growth rate and the complete utilization of 0.25 mm 

foil were obtained at 60 V. Hence the anodization of 0.25 mm, 0.5 mm, and 1.0 mm thick 

Ti foils in electrolytes containing different concentrations of NH4F and H2O in EG were 

studied at 60 V. The optimum concentration of water for achieving the highest growth 

rates for different NH4F concentrations follows a general trend (black line) indicated in 

Figure 5.7. In the given range of NH4F and H2O concentrations the anodic dissolution 

Figure 5.6: FESEM images of a) 720 µm thick membrane synthesized by 60 V 

potentiostatic double sided and complete anodization of a Ti sample after 96 hours, and

b) & c) Interfacial region of membrane after 91 hours showing < 2 µm remnant Ti metal 

layer.  Electrolyte used was ethylene glycol containing 0.3 wt % NH4F and 2 vol % H2O 
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due to the increased wt % of NH4F is compensated by the increase in H2O concentration 

and results in greater growth rates and corresponding longer nanotube lengths.  

The horizontal bars of Figure. 5.7 show the range of H2O and NH4F 

concentrations for which complete anodization (utilization) of the Ti foil samples are 

achieved. From 0.1 wt % - 0.5 wt % NH4F with 2 % water, 0.25 mm foil samples could 

be completely anodized resulting in two 320 µm to 360 µm nanotube arrays separated by 

a thin barrier layer.  Nanotubes of 360 µm length were obtained from a 0.25 mm Ti foil 

anodized in a solution containing 0.3 wt % NH4F and 2 % H2O in EG for 96 hours. 

 

 
 

Figure 5.7: Ratio of wt % NH4F to vol % H2O for obtaining maximum growth rate in an 

ethylene glycol electrolyte. The horizontal bars show the range of wt% NH4F in which 

complete anodization of starting 0.25 mm, 0.5 mm, and 1 mm thick Ti foil can be 

achieved for a given concentration of water. 
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Anodizing 0.5 mm foil in an identical electrolyte for 168 hours (7 days), the maximum 

individual nanotube array length obtained was ~ 380 µm, suggesting complete utilization 

of the active electrolyte species. In contrast complete anodization of a 0.5 mm foil could 

be achieved in EG electrolytes containing 0.4 - 0.6 % NH4F and 2.5 % H2O. Anodizing a 

0.5 mm foil at 60 V for 168 hours in 0.4 wt % NH4F and 2.5 % water in EG resulted in 

complete transformation of the Ti metal into two (oppositely oriented) titania nanotube 

arrays each of 538 µm length. A 1.0 mm thick Ti film could be completely anodized in 

EG electrolytes containing 0.6 - 0.7 % NH4F and 3.5 % H2O. As shown in Figure. 5.8, a 

maximum individual nanotube array length of over 1000 µm was obtained upon 

anodizing 1.0 mm thick Ti foil at 60 V for 216 hours (9 days) in 0.6 wt % NH4F and 3.5 

% water in EG, forming a titania nanotube film over 2000 µm thick. 
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Figure 5.8:  Cross sectional view of self-standing titania membrane over 2 mm in 

thickness, mechanically fractured for imaging, achieved by anodizing both sides of a 

1.0 mm thick Ti foil sample at 60 V for 216 hours in 0.6 wt % NH4F and 3.5 % water in 

ethylene glycol. The membrane consists of two, back to back nanotube arrays no less

than 1000 µm in length. 
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5.3  Free standing nanotube membranes 

Previously it was mentioned that extended ultrasonic cleaning of the anodized 

samples resulted in separation of the anodized nanotubular oxide layer from the substrate 

forming a free-standing membrane. The individual nanotubes on the membrane has the 

morphology like that of a test-tube, a chemical etching step was used to open the closed 

bottom end of the tube to yield a nano-pipe or conduit open at both ends. The resulting 

membrane in our work only remained flat when wet, dramatically cracking, fracturing  

and curling into many small pieces upon air drying.  The curling of the membrane due to 

surface tensional forces during drying was a significant problem, limiting the membranes 

to only ‘concept’ demonstrations. The compressive stress developed at the barrier layer 

promotes membrane curling, which is particularly severe for thin membranes. We 

discovered that this could be solved and stable flat membranes could be fabricated by 

critical point drying, a technique commonly used to dry biological specimens. After this 

step we obtained flat, mechanically robust membranes consisting of strongly 

interconnected vertically aligned nanotubes having continuous channels (pores) from one 

side of the membrane to the other. 

 An alternative but less successful drying route is by the repeated washing and 

drying of the membrane in low surface tension liquids like hexamethyldisilizane. We 

crystallized the membranes, in anatase phase, using low temperature thermal annealing 

without damage to the membrane architecture. The photocatlytic polycrystalline TiO2 

membranes enable the prospect of self-cleaning filters. 
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5.3.1  Membrane preparation by critical point drying 

The as-anodized nanotube array samples were dipped in ethyl alcohol and 

subjected to ultrasonic agitation until the nanotube array film was separated from the 

underlying Ti substrate. The compressive stress at the barrier layer-metal interface 

facilitates detachment from the substrate. For membranes with only a thin residual metal 

layer remaining after anodization selective chemical etching can be used for separation, 

while thin membranes (≈ 6µm) were also separated from the underlying Ti substrate 

using electric field assisted stripping.  Cylindrical membranes were made by complete 

anodization of (hollow) Ti tubing.  Figure 5.9a is an illustrative FESEM top surface 

image of an ethylene glycol fabricated nanotube array film, while Figure 5.9b shows the 

back or barrier layer side. Figure 5.9c is a cross-sectional image of a mechanically 

fractured sample, with Figure 5.10d showing the open tubes of a mechanically fractured 

sample. 

 To open the closed end of the tubes, i.e. remove the barrier layer as shown 

in Figure 5.9b, a dilute hydrofluoric acid/sulfuric acid solution was applied to the barrier 

layer side of the membrane, etching the oxide, then rinsed with ethyl alcohol.  
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Figure 5.10 shows the opening of the backside layer; the acid rinse is repeated 

until the pores are completely opened as seen in Figure 5.10c.  

  

     

     

 

Figure 5.9:  FESEM images of: (a) Top side of nanotube array film.  (b) Back-side or 

barrier layer side of nanotube array film. (c,d) Cross sectional image of mechanically

fractured nanotube array film showing its tubular nature. 

 
 

d c 

b a 
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It was observed that the planar membranes, perfectly flat while wet, fractured and 

then curled significantly (often into small tight rings) due to surface tensional forces after 

they were removed from the liquid and dried in air (Figure 5.11), posing a significant 

problem for use in filtering applications. However the membrane flatness is preserved 

when dried in a critical point dryer (Bal-Tec CPD-030) with carbon dioxide; critical point 

drying is a well-known technique used to prepare biological specimens for scanning 

electron microscopy studies.22   

  

 
 
 

Figure 5.10: FESEM image shows: (a,b) bottom of the nanotube array partially opened

by chemical etch at different levels of magnification; (c) fully opened array bottom. 
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Figure 5.11: After ≈ 24 hours of drying in air, the titania nanotube array membrane

removed from the Ti foils samples in the foreground mechanically fracture into the

shards seen in the upper right; the diameter of Petri dish is 90 mm.   

 
 

   
Figure 5.12: A completely stable, mechanically robust nanotube array membrane after

critical point drying.  The 200 µm thick membrane, 120 pore diameters, is approximately 

2.5 cm x 4.5 cm.   
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Figure 5.12 shows a 4.5 cm x 2.5 cm 200 µm thick nanotube array membrane 

obtained after critical point drying. The planar dimensions of our membranes are 

currently limited by the capacity of the CO2 critical point drying instrument; in principle 

the technique can be readily used to fabricate much larger area membranes. Membranes 

40 µm thick or thicker were found robust enough for easy handling, while membranes as 

thin as 4.4 µm have been successfully fabricated and (carefully) used. To promote facile 

handling of the membranes we have made membranes within a Ti metal window, as seen 

in Figure 5.13.  

 

 

  
 
 

Figure 5.13:  Membranes of significantly greater handling strength can be made by 

double-sided anodization of a region within a Ti metal frame. The inner light-colored 

window is the titania membrane, which is surrounded by Ti metal; the outer yellow film

is protective tape. 
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As shown in Figure 5.14 we note the fabrication of cylindrical nanotube array 

membranes by the complete anodization of hollow Ti tubing. Like their flat membrane 

counter-parts, the cylindrical membranes fared best when dried via critical point drying. 

5.4 Mechanism of electrochemical oxidation in EG 

A distinctive feature of the anodization process in ethylene glycol is the extremely 

rapid nanotube growth rate of up to 15 µm/min, (Table 5-1), which is nearly five times 

the maximum rate of nanotube formation in amide based electrolytes and orders of 

magnitude greater than the growth rate in aqueous solutions. Furthermore, the rapid 

growth rate does not degrade the porous structure of the nanotubes in any way. In fact, 

the nanotubes formed in ethylene glycol exhibit long range order manifested in hexagonal 

close-packing and very high aspect ratios (~2200). The rapid formation rate while 

    
 
 
 

Figure 5.14: Cylindrical titania nanotube membrane, immersed in alcohol, made by

double-side anodization of a Ti pipe.   
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simultaneously preserving porosity and long range order bears resemblance to the “hard 

anodization” approach employed by Lee and co-workers23 to obtain porous alumina with 

growth rates 2500-3500% faster than conventional anodization processes. Another 

similarity is that the anodic current transients exhibit a near-exponential decrease with 

time (Figure 5.2a). There are also significant differences. Apart from the obvious 

differences in substrate and solvent, there is the difference in voltage regimes. Hard 

anodization of alumina is conducted potentiostatically in aqueous media at voltages of 

100-150 V with initial anodic current densities of 200-300 mA/cm2. In contrast, 

anodization of titanium in ethylene glycol based electrolytes was conducted at voltages 

from 20-65 V with the initial anodic current density never exceeding 50 mA/cm2.   

 

 Enhanced chemical etching at the pore bottom occurs due to self-induced local 

acidification because of the oxidation and hydrolysis of elemental titanium.11 However, 

chemical dissolution of oxide at the pore bottom does not contribute to the anodization 

current. In electrolyte systems where chemical etching of TiO2 in the bulk of the solution 

is significant the final film thickness, corresponding to the nanotube length, is ultimately 

determined by the dynamic equilibrium between growth and dissolution processes.   

 

For alumina obtained by hard anodization, the gradual decrease of the ionic 

current with time was attributed to the diffusion controlled mass-transport of oxygen 

containing anionic species from the bulk reservoir to the oxide/metal interface.23  Macak 

et al24  claimed that diffusion of the reactants from the pore-tip or of reaction products 

away from the pore tip was the dominant growth limiting factor in the anodic formation 
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of TiO2 nanotubes in viscous electrolytes. A problem with the mass transport explanation 

is the strong dependence we observe of the nanotube growth rate on anodization voltage. 

Furthermore, mass transport theory does not account for the higher growth rate in used 

solutions. Oxygen bearing anionic species consumed during the formation of TiO2 are 

depleted in the used electrolyte. The conductivity of the used solution was 60 µS cm-1 

lower than that of the fresh solution, and the viscosity of the used solution (13.73 cP) was 

almost the same as fresh solution (13.4 cP) indicating reactant diffusion to be similar or 

lower in the used electrolyte. Shankar and co-workers14 observed that the higher viscosity 

solutions of bulkier cations such as tetrabutylammonium exhibited higher nanotube 

growth rates compared to lower viscosity solutions of smaller cations such as ammonium 

and sodium. Also, when the concentration of tetrabutylammonium fluoride was increased 

no new sources of oxygen bearing anionic species were added to the electrolyte; the 

viscosity of the solution increased and the growth rate increased as well. Finally, we 

observed that a piece of Ti foil 250 µm thick with an area of 4 cm2 was completely 

consumed and converted into TiO2 after anodization for 4 days. Thus any mass-transport 

effects, even if significant are likely to occur much later in the anodization process while 

a potential dependent process dominates earlier in the process. 

 

For voltage controlled processes, the growth rate depends on whether the rate 

limiting step is solid state transport of ions through the oxide barrier layer or the 

availability of ionic species at the oxide-electrolyte interface. Hypotheses assuming that 

the film growth rate is limited by migration of ionic species through the film under the 

effect of a high electric field constitute the High Field Model (HFM). When a potential 
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dependent interface reaction is assumed to be rate determining, the Interface Model 

(IFM) results. The movement of the Ti-TiO2 interface into the Ti metal involves ion 

transport under the influence of an electric field, either by transport of (i) metal cations in 

the direction of the solution, or (ii) oxygen ions (and probably some incorporated anions) 

in the direction of the metal. For valve metals, under the high field approximation, the 

ionic current i is related to the anodization potential and the thickness of the barrier layer 

by an equation of the form.25, 26 

 5-1  

   

Where ∆U is the potential drop across the oxide layer, Xbarrier is the thickness of 

the barrier layer and A and β are constants. 

 Zhang and co-workers have proposed diagnostic criteria to distinguish 

between different film growth regimes27. For conditions with dissolution under a constant 

polarization, the HFM was shown to give the relation: 
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where i is the anodization current, δ is the dissolution current, which is the steady 

state current and A is the high field pre-exponent from equation (1); k is given by 

1 ox
hf

V RT
nF sUα  where n is the valence, F is Faraday’s constant, Vox is the oxide molar 

volume, R is the ideal gas constant, T is the temperature, U is the applied potential, s is 

the high field half-jump distance and αhf is the high field symmetry factor.28 The 

dissolution current δ is itself a function of the Ti thickness and is hence not constant but 

varies sufficiently slowly with time that it is considered a constant during the anodization 

period of thirty hours and is taken to be the anodization current at the end of thirty hours 

of anodization. Eq 5-2 results in a linear relationship with a positive slope when the 

function ( , )
( )

di
dtf i i

i i δ

−

′ =
−

  is plotted against ln i. 

For interfacial kinetics, where a potential dependent interface reaction is assumed 

to be the rate determining step, the corresponding equation is: 

 5-3  

        

Where E is the electric field in the barrier layer and α is a fit parameter for 

interfacial kinetics. The right hand side of Eq.5-3 is a constant. Therefore, a horizontal 
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line results when ( , )

di
dtf i i
i

−

′ = is plotted against ln i. Thus, plotting f (i, i′) versus ln i 

provides a diagnostic tool to identify the rate limiting step; the results are shown in 

Figure 5.15.  The dashed colored lines represent the values of f(i, i′) while the solid black 

lines are linear fits to the same.  At constant potential, in the current decay phase, the 

points in the f(i, i′) vs. ln i fall close to a straight line and indicate the high field model to 

be applicable.   

 

 

 

 

 

Figure 5.15:  f(i,i′) versus ln i for potentiostatic anodization of Ti in ethylene glycol 

based electrolyte.  The current values were taken from Figure 5.2. 
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At higher potentials, the slope is much smaller than at lower potentials. Since the 

slopes in the f(i,i’) vs ln (i) plot equate to half-jump distances in the high field model.27, 28 

and since anionic incorporation can cause the half-jump distance to vary by a factor of 

two, the slope in Figure 5.15 maybe expected to vary by a factor of two.29 However, in 

our case, the slope is clearly varying by a factor of three with a consistent trend of lower 

slopes at higher anodization potentials indicating the interfacial reactions to become more 

significant. However, it is the faster ionic transport at higher potentials, (given by the 

exponentially dependence on potential per Eq. 5-1) that allows the interface reaction to 

become rate-determining. The interface reactions are still not solely rate-determining 

during the first 30 hours of the anodization process, considering the presence of a clear 

positive slope even at 60V and 65 V. However, as the Ti film becomes thinner and 

thinner, the Ti3+ ions will find themselves pulled in opposite directions under the action 

of the prevailing electric field and diffusive transport of the ions inside the barrier layer 

may become the rate limiting step. A change with time of the governing mechanism as 

the overall reaction rate decreases is likely.  

 

Water is usually the source of oxygen in anodizing solutions.30 While the exact 

mechanism by which water contributes oxygen to an anodic oxide film is not well-

understood, strong evidence has been found for hydroxyl ion injection30, 31 from the 

electrolyte into the anodic oxide film during anodization. When more water is present, 

hydroxyl ions are injected into the body of the oxide layer and affect the structure 
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sufficiently to impede ion transport32 though the barrier layer, which is necessary for 

further movement of the metal-oxide interface into the metal. When less water is present, 

the difficulty in extracting oxygen and/or hydroxyl ions from the solution limits the rate 

of growth of the overall oxide film. Also, the barrier oxide layer exhibits increased ionic 

conductivity caused by the non-stoichiometry induced by the reduced hydroxyl ion 

availability to the oxide.33 Thus optimum water content exists that allows for the 

maximum growth rate of nanotubes. A small amount of water is absorbed by the 

electrolyte from the ambient due to the hygroscopic nature of ethylene glycol. At 

ammonium fluoride concentrations lower than 0.3 wt % the reaction rate is small and the 

water absorbed from the ambient is sufficient to meet the demand for oxygen arising 

from the TiO2 nanotube formation, NH4F concentrations higher than 0.3 wt % without 

any water resulted in corrosion of the foil. However, increase in the length at all 

concentration of NH4F (0.1 % - 0.5 % wt) as well as a sustained reaction rate over higher 

concentration of NH4F (> 0.3 % - 0.5 % wt) was obtained by adding D.I water as 

component in the mixture containing NH4F and EG. For ethylene glycol solutions 

containing 0.3 wt % NH4F, the optimum water content for a fast growth rate is 2 % as 

shown in Table 5-1. The amount of hydroxyl ion injection is dependent on the solvent 

structure. In formamide, chain structure and ring-dimer structure are combined with 

hydrogen bonding to form three dimensional networks.33 In NMF, linear but short chain 

structures predominate while ethylene glycol has a clearly pronounced spatial net of 

hydrogen bonds.34 We suggest that it is no coincidence that the organic solvents where 

high growth rates of nanotubular TiO2 films have been obtained,16, 20 namely formamide 

(~2 µm/hr), N-methylformamide(~3 µm/min) and ethylene glycol (~15 µm/hr) possess a 
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high degree of structuring.35 In DMSO,18, 20 which is not as structured, final nanotube 

lengths as large as 100 µm are obtained but the growth rates are much slower (<1.5 µm / 

hr). For similar electrolytic compositions, the growth rates are also much smaller in 

Dimethylformamide (DMF), which is unstructured. When the solvent structure provides 

an environment in which titanium ions in the surface of the oxide bond to oxygen bearing 

ions at the oxide surface, minimal hydroxyl ion injection occurs and ionic transport 

through the barrier layer is relatively rapid.29 

 

The conductivity of the electrolytes also plays a role in controlling nanotube array 

growth. Ethylene glycol containing 2% water and 0.35 % wt NH4F was found to have a 

conductivity of 460 µS cm-1 which is much lower than the conductivity of the formamide 

based electrolytes (>2000 µS cm-1). The total applied anodization voltage is the sum of 

the potential difference at the metal-oxide interface, the potential drop across the oxide, 

the potential difference at the oxide-electrolyte interface, and the potential drop across the 

electrolyte, which is non-negligible for the ethylene glycol based electrolytes. Since the 

anodization current decreases monotonically with time, the potential drop across the 

solution, given by IRs where I is the anodization current and Rs is the solution resistance, 

also drops with time. Assuming the interface potential remains the same, this results in 

potential across the oxide layer increasing with time and serves to counteract the decrease 

in electric field in the oxide layer due to thickening of the barrier layer, thus extending 

the time-window where rapid nanotube growth occurs. 
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Differences in the reaction rate in used, i.e. ‘aged,’ sulphuric acid electrolyte 

solutions36, 37 have also been reported in the synthesis of nanoporous alumina. Chu and 

co-workers36 suggest that the breakdown potential increases with the aging of the 

solution. This hypothesis supports our observation that at room temperature, a 134 µm 

long self-ordered nanotube array is obtained at 60 V from a previously used, 0.3 wt % 

NH4F ethylene glycol electrolyte16, 19 while the same fresh (un-used) electrolyte resulted 

in sample corrosion. However, this is not the only effect pertaining to the use of used 

solutions. In comparison to results obtained using fresh solutions, the nanotube growth 

rate as well as final length achieved are consistently higher for solutions once used; by 

once used, we mean a solution that has been used to perform anodization for ~ 17 hours. 

However, anodization in a solution used twice forms a passive oxide film with no 

nanotubular structure. We also observed the nanotube formation in the twice used 

solution restarts upon addition of NH4F and ethylene glycol, strongly suggesting that 

depletion of H+ and F- species in the twice used solution renders it unable to produce 

sufficient local acidification at the pore bottom to limit the barrier layer thickness. 

5.5 Structural and photoelectrochemical properties  

The titania nanotubular array of ~ 24 µm were fabricated from anodizing titanium 

foil in electrolyte containing 0.25 wt % NH4F + 1 % H2O in ethylene glycol for 6 hours at 

60 V for photoelectrochemical studies. 

 The samples were readily crystallized to anatase phase by annealing them at 

280oC for one hour. In agreement with previous findings,38-40 glancing angle x-ray 
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diffraction revealed that the as-anodized nanotube array samples were amorphous, and 

that the nanotube walls of the crystallized samples were anatase. For improved 

crystallization the samples were annealed at 625°C, 580°C, and 525°C for 1 hour prior to 

the photoelectrochemical measurements. 

Figure 5.16 shows the GAXRD pattern of the titania nanotube membrane 

annealed at 280oC for one hour (Figure 5.16a) and 24 µm long nanotube sample annealed 

at 580°C for 4 hrs (Figure 5.16b) exhibiting anatase peaks. Clearly, the samples annealed 

at 580oC shows improved crytallinity with intense anatase peaks. While the barrier layer 

underlying the nanotube array remains rutile,39 no rutile can be seen in the spectra since 

the tubes are of such great length.   
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Figure 5.16: GAXRD pattern of a sample anodized in NH4F containing ethylene glycol 

annealed in oxygen at (a) 280°C for 1 hr and (b) 580oC for 4 hrs. 

a 

b 
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Figure 5.17 shows the TEM image of a crystallized nanotube obtained from a 

mechanically fractured membrane, with the inset diffraction pattern confirming the 

presence of anatase. 

  

  

 Photocurrent measurements were performed under UV radiation source 

(Section 3.8). Figure 5.18b shows the measured photocurrent density of 24 µm long 

nanotube array samples fabricated in an ethylene glycol electrolyte, 0.25 wt % NH4F and 

1% H2O at 60 V for 6 hours. The ~ 24 µm long nanotubes had an inner pore and outer 

diameter of 110 nm and 165 nm respectively. The samples were annealed in oxygen in 

 

 
 

 Figure 5.17: TEM image of nanotube from mechanically fractured titania membrane

annealed at 280°C; inset shows selected area diffraction pattern indicating anatase phase.
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three different temperatures prior to measurement. The Photoconversion efficiency ‘η’, 

that is the light energy to chemical energy conversion efficiency, is calculated as:  

5-4  

 

where jp is the photocurrent density (mW/cm2), jp*E0
rev the total power output, jp|Eapp| the 

electrical power input and I0 the power density of incident light (mW/cm2). E0
rev is the 

standard reversible potential of 1.23V/NHE. The applied potential Eapp = Emeas-Eaoc 

where Emeas is the electrode potential (Vs Ag/AgCl) of the working electrode at which 

photocurrent was measured under illumination. Eaoc is the electrode potential (Vs 

Ag/AgCl) of the same working electrode at open circuit conditions under same 

illumination and in the same electrolyte; the voltage at which the photocurrent becomes 

zero was taken as Eaoc. Figure 5.18 b shows the corresponding photoconversion 

efficiency of the samples. 
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 Figure 5.18: (a) Photocurrent density and (b) corresponding photoconversion efficiency 

of nanotube array samples fabricated in an ethylene glycol electrolyte, 0.25 wt % NH4F 

and 1% H2O at 60 V for 6 hours. The samples were annealed at indicated temperatures 

for 1 hour in oxygen prior to measurement. The resulting nanotube array samples were 

approximately 24 µm in length, with an inner pore diameter of 110 nm and outer 

diameter of 160 nm.  
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Higher annealing temperatures increase the thickness of the barrier layer and the 

rutile content in the barrier layer, properties that interfere with charge transfer to the back 

contact, but also improve the crystallinity of the nanotube walls. When the nanotube 

length exceeds ten micrometers the great majority of the charge carriers are 

photogenerated in the nanotube walls hence the photoelectrochemical properties of the 

nanotubes are significantly improved by the increased crystallinity of the nanotube 

walls.41 In the temperature regime 500-620°C, a trend is observed whereby higher 

photoconversion efficiencies are obtained for nanotubes annealed at higher temperatures. 

However, the temperature of annealing cannot be increased indefinitely since oxide 

growth below the nanotube layer during a high temperature anneal eventually distorts and 

finally destroys the nanotube array layer.39 
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Chapter 6 
 

Structural, optical and photoelectrochemical properties of the 
anodized iron (III) oxide nanostructures 

6.1  Crystallization of anodized iron (III) oxide structures 

Properties and hence potential applications of a material depend on the 

crystallinity and the isomorph present at the desired operating conditions. In a 

semiconducting metal oxide photoelectrode, the crystalline nature of the structure, 

stability of the desired crystalline phase and the stability of the structure itself are the key 

factors to be examined.  The as-anodized structures were amorphous in nature and were 

subjected to thermal annealing for crystallization. The crystallinity and the morphology 

of the synthesized iron (III) nanostructures varied dramatically with annealing 

parameters. 

6.1.1    Formation of thermally induced structures during 

annealing 

The iron oxide nanostructures synthesized from the anodization of iron foil were 

amorphous in nature and were subjected to thermal annealing for crystallization. The as-

anodized samples when thermally annealed in air or oxygen ambient showed structural 

destruction or were completely enveloped by thermally grown iron oxide structures 

irrespective of the electrochemically synthesized starting structure (pillar, pore or 
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platelet). This agrees with the reported fact that iron forms platelets, rods, wires and 

ribbons during thermal oxidation.1, 2 

 

Unlike TiO2, WO3 and SiO2, where oxide growth occurs at the interface of the 

substrate and oxide, the thermal growth of iron oxide takes place at the surface of the 

oxide resulting in the growth of platelets, rods and wires depending upon the temperature. 

For temperatures below 600oC growth of flakes, ribbons or rods (Figure 6.1a) were 

observed while for temperatures above 600oC growth of wires was observed (Figure 

6.1b). Wen and co-workers observed a similar trend in the thermal oxidation of iron. It is 

suggested that during thermal treatment, iron tends to diffuse towards the surface through 

defects and grain boundaries. As the density of the structures increases, the tip has more 

access to the oxygen and hence the growth of structures is in the order of flakes, rods, and 

wires with the increase in temperature.2  
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Figure 6.1: FESEM image showing morphology of an iron foil anodized in electrolyte 

containing KF+HNO3 in oxalic acid to form nanopillars and annealed at (a) 400oC (b) 

600oC in oxygen for three hours. 

 a 

 b 
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 6.1.2     Formation of magnetite during thermal annealing  

 The next challenge in the crystallization of iron oxide nanostructures was to 

obtain the required hematite phase. When the samples were annealed in nitrogen ambient 

for a longer duration at a higher temperature, the structures were still enveloped by 

thermally grown oxide. The growth of wires, rods and ribbons were suppressed by the 

absence of oxygen. However, the thermal treatment enhanced the conversion of hematite 

to magnetite due to the supply of iron from the foil substrate. Figure 6.2 shows an 

FESEM image of a starting nanoporous structure annealed in nitrogen for three hours at 

600oC with a ramp rate of 2oC/min with a thermally grown oxide morphology exhibiting 

magnetite phase in XRD analysis.  The XRD pattern of the corresponding sample is not 

shown here.  

 

   
 

Figure 6.2: FESEM image of a nanoporous sample annealed in nitrogen at 600oC for 3 

hours at a ramp rate of 2oC/min. 
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Such samples were metallic grey in appearance and did not exhibit absorbance in 

the UV-Vis spectrum. This supports the fact that the conversion of hematite to magnetite 

is enhanced either by the supply of iron from the substrate3 (Eq.6-1) or non-redox 

transformation under hydrothermal conditions ( Eq. 6-2).4 

 

 6-1  

  6-2  

6.1.3   Optimal annealing conditions for crystallization 

Anodized structures were crystallized to form hematite without any structural 

destruction when annealed at temperatures below 500oC in nitrogen ambient at a ramp 

rate of 1 – 5oC/min in a quartz tube furnace.   Figure 6.3 shows an image of the pillar and 

pore morphology obtained by anodizing an iron foil in 5% 0.1M HNO3 and 2 % 1M KF 

in 0.3 M oxalic acid at room temperature and annealed at 425oC for 2 hours at a ramp rate 

of 1oC / min to form hematite. The samples with platelet structure were annealed at 

different ramp rates and were found to be structurally stable for annealing ramp rates 

between 2°C/min to 5°C/min. Hence the platelet samples were annealed at 500°C in 

                          4Fe + Fe2O3 =  2Fe3O4                      (Eq. 6-1) 

                       Fe2O3  + Fe2+ + H2O = Fe3O4 + 2H+         (Eq. 6-2) 
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nitrogen at a ramp rate of 3oC/min for four hours, to form hematite phase with an average 

thickness of 25 nm – 50 nm as shown in Figure 6.4 on a thin oxide layer (<100 nm). 

 

 

 

 

 

 

  
  

Figure 6.3: FESEM image of an Iron (III) Oxide nanopillar - nanoporous structure after 

thermal annealing in nitrogen ambient at 425°C for 2 hrs at a ramp rate of 1oC/min. 
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The self-aligned nanoporous porous structure obtained by anodizing iron foil in 

aqueous electrolytes based on glycerol and ethylene glycol were annealed in nitrogen 

ambient at 400oC for 30 minutes at a ramp rate of 10oC /min. Figure 6.5a shows an image 

of surface morphology of a sample anodized at 90 V, 10oC in an electrolyte containing 

0.3 wt % NH4F + 1% HF + 0.2% HNO3 in glycerol and annealed at 400oC for 30 minutes 

in nitrogen. Figure 6.5b shows a cross sectional view with a  pore depth of ~ 400 nm and 

a barrier layer thickness of ~ 600 nm after crystallizing to form hematite. Figure 6.6 

shows a sample anodized in 0.5 wt % NH4F in EG at 10oC and annealed at 400oC in 

nitrogen for 30 minutes. 

        
 

Figure 6.4:   FESEM image of an Iron (III) Oxide nanoplatelet structure after thermal 

annealing in nitrogen ambient at 500°C for 4 hrs at a ramp rate of 1oC/min. 
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6.1.4   Loss of aspect ratio and porosity in annealing 

Increasing the annealing duration from 30 minutes to even 45 minutes resulted in 

a significant loss of aspect ratio. Figure 6.6 shows the comparison of the surface 

morphology between samples annealed for 30 minutes (Figure 6.6 a) and 45 minutes 

(Figure 6.6 b)  at 400oC both having been synthesized at 90V in glycerol containing 0.3 

wt % NH4F + 1% HF + 0.2% HNO3. The image shows a clear loss of aspect ratio in the 

 

      
   
 Figure 6.5:   FESEM images of a glycerol based electrolyte derived sample annealed at

400°C for 30 minutes showing: (a) the uniformity of the pore formation across the

sample (insert shows the pore diameter after annealing); (b) cross sectional image

showing the pore depth as 383 nm, pore diameter as about 100 nm, and the barrier oxide

thickness as approximately 600 nm. 

 

a b
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sample annealed for 45 minutes.  The image also shows a pore size reduction from as-

synthesized 150 nm (Table 4.3) to annealed ~ 110 nm diameter.   

 

    

 

Apart from increase in the barrier layer, the nanochannel/nanoporous array 

synthesized by anodizing iron foil in ethylene glycol containing NH4F electrolyte 

displayed growth of oxide inside the pores upon annealing treatment and hence resulted 

in the decrease of the sample porosity. This reduction in porosity and increase in the 

barrier layer thickness increased with increase in temperature or annealing duration and 

eventually led to complete pore filling. FESEM image in Figure 6.7 shows a cross 

sectional view of the sample annealed at 400oC in nitrogen for 30 minutes at a ramp rate 

 

    
  

 Figure 6.6:  FESEM images of a nanoporous sample annealed at 400°C for (a) 30

minutes (b) 45 minutes showing loss of aspect ratio in the sample annealed for 45

minutes. 

a b
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of 10oC/min. The image in Figure 6.7 shows the oxide growth inside the pores reducing 

the porosity while the insert shows an image of smooth pore walls of an as-anodized 

sample 

  

 
            
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
          

 Figure 6.7: FESEM image of sample anodized in 0.5 wt% NH4F in ethylene glycol at 

40V, 10oC for 15 minutes. (a) (insert) high magnification image  showing smooth walls

of an as-anodized sample (b)   image  showing growth of oxide in the nanochannels after

annealing for 30 minutes in nitrogen at 400oC  

a 

b 
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6.2  Structural and compositional analysis of iron (III) oxide 
nanostructures 

6.2.1  Compositional analysis using X-ray photoelectron 
spectroscopy 

Elemental compositional analysis of the as-anodized and annealed nanoporous 

iron (III) oxide samples derived from the glycerol based electrolyte was performed using 

x-ray photoelectron spectroscopy.  XPS reveals that the as-anodized nanoporous structure 

contains, apart from iron and oxygen, a considerable amount of fluorine, shown in 

Table 6.1. The atomic concentration of fluorine is a function of applied voltage, which 

indicates the role of the F- ion in field assisted etching. The samples anodized at 60 V 

exhibited 5% more fluorine than the samples anodized at 40 V in the same electrolyte. 

After annealing the atomic concentration of fluorine dropped down to less than 2%. XPS 

also indicates the ratio of iron to oxygen in an annealed sample as essentially 2:3 

irrespective of the anodization potential. The Fe2p peak was observed at the binding 

energy of 711.4 eV, which can clearly be assigned to α-Fe2O3. 

 

 

 

 

 

 

 

 



 155

Table 6-1  

 

6.2.2   Structural analysis using XRD 

The XRD characterization performed on the as-anodized aqueous electrolyte 

derived nanopillar, nanoporous and nanoplatelet structures and glycerol based electrolyte 

derived nanoporous structure indicated that the samples were amorphous in nature, 

whereas the as-anodized nanochannel/nanoporous structure derived from EG based 

electrolyte exhibited weak peaks of mixed iron oxide phases. Figure 6.8 shows XRD 

pattern of as-anodized nanoporous structure obtained from anodization of iron foil in an 

electrolyte containing 0.5 wt % NH4F in EG showing mixed iron oxide phases. 

Table 6-1:  XPS determined chemical composition of nanoporous structure prepared via

potentiostatic anodization in a solution containing 1% HF, 0.3 wt% NH4F and 0.2 % 

0.1M HNO3 in glycerol. 

                                       
               
 



 156

    

The nanostructures were crystallized to hematite upon annealing under optimized 

condition given in the previous section. Figure 6.9 shows XRD pattern of nanoporous, 

nanopillar and nanoplatelet structures synthesized from aqueous electrolyte while Figure 

6.10 shows the XRD pattern of the nanoporous structure obtained from glycerol based 

electrolyte. The crystallographic orientation of the hematite peaks were identified as 

(012), (104), (110), (113) and (024).5  

  

 Figure 6.8: XRD pattern of sample anodized in electrolyte containing NH4F in ethylene 

glycol.  

Two-theta (deg)  

              Hematite 
                  Magnetite 
    Goethite 
                 Akaganeite 

Intensity 
   (a.u) 
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However, the self-aligned nanoporous/nanochannel array obtained from anodizing 

iron foil in NH4F in EG exhibited poor crystallinity upon annealing to retain the structure. 

Figure 6.11 shows the XRD pattern of the sample synthesized from EG based electrolyte 

and annealed at 400oC for 30 minutes at a ramp rate of 10oC. 
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Figure 6.9: XRD pattern of the annealed (a) Nanopillar (b) Nanoporous and (c)

Nanoplatelet structures (H- Hematite, M- Magnetite, Fe- Iron). 
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Figure 6.10: X-ray diffraction pattern of a sample anodized in electrolyte containing

HF+HNO3 in glycerol and annealed at 400oC for 30 minutes showing crystalline peaks of 

Iron (III) Oxide (H- Hematite, M- Magnetite, Fe- Iron). 
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6.3  Optical characterization of iron (III) oxide nanostructures 

In agreement with the results obtained in the XRD analysis the as-anodized 

structures including nanopillar, nanoporous and nanoplatelets obtained from the aqueous 

electrolyte and the self-aligned nanoporous structure obtained from the glycerol based 

 

 Figure 6.11: X-ray diffraction pattern of a sample anodized in electrolyte containing

NH4F ethylene glycol and annealed at 400oC showing low intensity crystalline peaks of 

Iron (III) Oxide (H- Hematite, M- Magnetite). 
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electrolyte were amorphous in nature and did not exhibit any absorbance. Such structures 

upon annealing under optimized conditions (Section 6.1.3) displayed strong absorbance 

in the visible region with a corresponding bandgap of ~2.2 eV.  Figure 6.13 shows the 

UV-Visible absorbance spectrum of a sample anodized in glycerol containing 0.3 wt % 

NH4F + 1% HF + 0.2% HNO3  and annealed to form hematite phase.. The differential 

reflectance (dR/dλ) was plotted as a function of bandgap energy and energy 

corresponding to the peak was extrapolated as the bandgap of the material.6 Thus the 

bandgap was measured to be 2.2 eV, which is in agreement with the bandgap energy of 

α-Fe2O3 (Iron (III) Oxide).7 In contrast, the as-synthesized self-aligned 

nanoporous/nanochannel array obtained from anodizing iron foil in EG based electrolyte 

exhibited strong absorbance in the visible region. However, after subjecting them to 

annealing treatment the samples displayed much lower absorbance compared to their as-

synthesized counter parts, rendering them not useful for photoelectrochemical 

applications. Figure 6.14 shows a comparative absorbance spectrum of as-synthesized 

and annealed samples obtained from anodizing iron foil in EG based electrolyte. 
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 Figure 6.12: Optical absorption spectra of the Iron (III) Oxide photoanode obtained by 

diffuse reflectance measurement. The insert shows differential reflectance plotted as a

function of energy. The dR/dλ peak value corresponds to a bandgap energy of 2.2 eV. 
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6.4  Photoelectrochemical characterization 

In the photoelectrochemical measurements, the unanodized part of the iron foil 

underneath the nanoporous array and the barrier layer serves as the conducting substrate 

to transport the photogenerated electrons. A schematic representation of the anodized 

device structure is shown in the Figure 6.14.  The photoelectrochemical properties of 

hematite nanostructures were measured under AM 1.5 Sun simulated illumination. 

Figure 6.15 shows the current-potential response of an illustrative annealed 90 V sample, 

              

 
  
 
 
 
 Figure 6.13: UV- Vis spectrum comparing the absorbance of as-anodized and annealed 

nanoporous/nanochannel structure obtained from NH4F in Ethylene glycol.  
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115 nm pore diameter, 400 nm pore depth, with potential measured relative to Ag/AgCl 

standard electrode under dark and 1.5 A.M simulated solar illumination.  The sample was 

anodized in a HNO3, HF, and NH4F bath at 10°C.  Figure 6.15a shows the 

photoelectrochemical response in an electrolyte containing 1M NaOH; the onset potential 

is ≈ 0.24 mV. The dark current increases from zero at 0.46 V to 0.020 mA at 0.6 V, 

beyond which it rapidly shoots up to several hundred mA.  The photocurrent at 0.6V is 

0.26mA, exhibiting an increasing trend beyond 0.6 V.  
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After the Figure 6.15a measurement, the sample was rinsed in DI water then 

measured in an electrolyte containing 0.5 M H2O2 (50%) and 1 M NaOH (50%), with the 

photoresponse plot given in Figure 6.15 b.  The onset potential is –0.37 mV, several 

 

 
 

Figure 6.14:  Schematic representation of the Iron  (III) Oxide nanoporous array structure 

obtained via potentiostatic anodization of iron 
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hundred mV more negative than in the 1 M NaOH solution.  A similar negative shift in 

the flat band potential due to the addition of H2O2 has been reported earlier.8  The 

addition of H2O2 enhances the reaction kinetics, as the photo oxidation rate of H2O2 is 

much larger than that of water.6, 9 Thus by introducing 50% of 0.5 M H2O2 the 

nanoporous structure demonstrated a photocurrent of 0.51 mA at 0.6 V Vs Ag/AgCl.  

Figure 6.15   

 

 
 
 



 166

 

The photocurrent efficiency was determined from the Eq. 5-4 and is shown in the 

Figure 6.16. 

  

 

 

 

  

 

 

 
 

 Figure 6.15:  Photocurrent as a function of measured potential for the Iron (III) Oxide

photoanode (anodized in 0.2 % 0.1M HNO3, 1%HF, and 0.5 % wt NH4F in glycerol 90V, 

10°C) recorded in: (a) 1M NaOH solution, and (b) 0.5 M H2O2 + 1M NaOH solution 

under 1.5 A.M simulated solar illumination. 
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The photocurrent response in 0.5 M H2O2 (50%) and 1 M NaOH (50%), of sample 

anodized in 0.3 wt % NH4F + 1% HF + 0.2% HNO3 in glycerol at 40V, 10oC for two 

hours and annealed in nitrogen at 400oC for 30 minutes is shown is Figure 6.17a and its 

corresponding overall conversion efficiency is given in Figure 6.17b. The overall 

conversion efficiency corresponding to the photoresponse of a sample anodized at 90V in 

Figure 6.15b was calculated to be 0.27% (Figure 6.17) compared to the 0.73 % (Figure 

6.18 b) conversion efficiency of a sample anodized at 40 V. The thickness of the barrier 

layer for the sample anodized at 40 V and 90 V is ~180 nm and ~ 610 nm respectively. 

 

      
  

Figure 6.16: Overall conversion efficiency corresponding to the photocurrent in the 

Figure 6.15 b. 
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The higher efficiency of 40V sample compared to the 90 V sample is attributed to the 

lower barrier layer thickness of the samples anodized at 40V. The electron suffers from 

higher bulk recombination loss in a thicker barrier layer resulting in a lower efficiency in 

90 V sample. 

 

Figure 6.17 

 

                          

a 
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Figure 6.18 shows the comparative photoresponse behavior of the nanopillar, 

nanoporous and nanoplatelet structures synthesized in aqueous electrolyte and annealed 

at the respective optimum conditions explained in the Section 6.1.3. 

  

 

 

 

  

     
 Figure 6.17: (a) Photoresponse of a nanoporous sample anodized in glycerol based 

electrolyte at 40 V and photocurrent measured in 0.5 M H2O2 + 1M NaOH solution under 

1.5 A.M simulated solar illumination (b) corresponding photocurrent efficiency. Prior to

the photocurrent measurements, the sample was annealed in nitrogen for 30 minutes. 

 

b 
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The pillar structures showed the highest photoresponse of 0.97 mA/cm2 at 0.7 V 

potential. The photocurrent density for the nanopores and nanoplatelets was, respectively, 

0.63 mA/cm2 and 0.43 mA/cm2 at 0.7 V potential. As discusses in Chapter 4 the pillars 

are crystals formed by the spontaneous reaction of iron with the electrolyte. Thus, pillars 

being crystals themselves minimize the recombination losses and improve the charge 

transport properties resulting in highest photocurrent among the aqueous electrolyte 

derived structures.  

 

                         

0

0.2

0.4

0.6

0.8

1

0.1 0.2 0.3 0.4 0.5 0.6 0.7

Nanoporous
Nanoplatelet

Nanopillared

Ph
ot

oc
ur

re
nt

(m
A

/c
m

2 )

Potential (V) vs Ag/AgCl

(a)

(b)

(c)

 
  

Figure 6.18:  Photocurrent less dark current generated from: (a) nanopillar (b) nanopore,

and (c) nanoplatelet samples in 1M NaOH  + 0.5M H2O2  under simulated 1.5 AM Sun, 

with an equivalent illumination intensity of 100 mW. 
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Chapter 7 
 

Ti-Fe-O nanotube array for water photoelectrolysis 

7.1  Fabrication of Ti-Fe-O nanostructures for photoanode  

In an effort to obtain, a material architecture suitable for highly efficient visible 

spectrum water photoelectrolysis, a material with the combination of charge transport 

property of TiO2 and the light absorption capability of α-Fe2O3 has been studied in detail 

for its performance as photoanode under visible spectrum. As discussed in the preceding 

chapters both Ti and Fe can be anodized in a fluoride ion containing ethylene glycol 

electrolyte to form self-organized nanotubular and nanoporous structures. Hence 

synthesis of highly ordered, vertically oriented Ti-Fe oxide nanotube arrays was 

realizable from the anodization of Ti-Fe metal films in the ethylene glycol based 

electrolyte. This chapter details on the fabrication and characterization of such 

architecture with respect to the varying concentration of Fe and Ti in the starting Ti-Fe 

thin film.  

7.1.1    Sputtering of Ti-Fe film on FTO 

Ti-Fe metal films were deposited on fluorine doped tin oxide (FTO) coated glass 

substrates by simultaneous co-sputtering from titanium and iron targets. The substrate 
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temperature was maintained at 350°C–400°C. Details of sputtering conditions, the 

resulting thickness of the Ti-Fe metal films and their crystallinity are given in Table 7.1 

Table 7-1  

The metal films of high titanium or high iron concentration were crystalline, with 

the former a hexagonal titanium lattice and the latter a cubic iron lattice. Films with 

moderate levels of iron were amorphous. Irrespective of the crystallinity of the starting 

film the anodized films were amorphous with a very thin residual metal layer underneath. 

Distinct nanotube arrays were formed from samples having iron concentrations less than 

about 60%. Films of higher Fe content, up to 100% Fe, were fabricated and 

characterized, however since they showed significantly diminished photo-

Table 7-1:  Assigned sample name, iron and titanium target powers and

corresponding sputter rates, substrate temperature, thickness of resulting Ti-Fe film, Ti-Fe 

film composition. 
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electrochemical properties they are not considered herein. Ti:Fe metal films in the ratio 

31:69, 56:44, 63:37, 74:26, 80:20, 93.4:6.6, and 96.5:3.5 as determined from the relative 

sputtering rates, with identifying sample numbers given by the Fe content are considered. 

A Tencor profilometer was used to determine sputtered film thickness.  

7.1.2    Electrochemical oxidation of Ti-Fe film 

Anodization of the Ti-Fe films was performed at a constant voltage of 30 V in 

ethylene glycol containing 0.3 wt % NH4F and 2.0 vol % de-ionized water. The 

amorphous as-anodized samples were crystallized by oxygen annealing at 500°C for two 

hours. Figure 7.1 compares the real time constant voltage anodization behavior of the Ti-

Fe films, with the samples identified by their iron content, anodized at 30 V in EG + 0.3 

wt % NH4F + 2.0 % de-ionized water; a systematic variation in anodization behavior is 

seen with decreasing Fe content. The sharp drop in the anodization current in the first 

100 s is due to the formation of an initial electrically insulating oxide layer, followed by 

an increase in the current due to oxide pitting by the fluoride ions. The current then 

gradually decreases to plateau at a steady state value corresponding to maximum 

nanotube length. Illustrative top, cross-sectional and bottom-side FESEM images of 

Samples 44, 20 and 3.5 are shown in Figure 7.2.  
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Figure 7.1: Current-time behavior during anodization of Ti-Fe films, see Table 7.1, at 

30 V in an ethylene glycol electrolyte containing 0.3 wt % NH4F and 2.0 vol % de-

ionized water.   
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Figure 7.2:  Illustrative FESEM images of Ti-Fe-O nanotube array samples. Sample 44, 

top surface and lateral view are seen in (a) and (b).  Sample 20, image of tube bottom (c) 

and lateral view (d).  Sample 3.5, image of tube bottom (e) and lateral view (f).   

 

c d 

e  f 

a b 
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TiO2 nanotube array formation by anodization in aqueous electrolytes is purely a 

subtractive process; one starts with a titanium film of thickness X and achieves a 

nanotube array of thickness less than X.1, 2  In contrast, as discussed in Chapter 5 using an 

ethylene glycol electrolyte one can begin with a Ti film of thickness X and achieve a 

nanotube array of thickness greater than X, with material removed from the pores going 

into wall formation.  Nanotube arrays obtained from constant voltage anodization of Ti 

foil in ethylene glycol containing 0.3 wt % NH4F and 2.0 vol % de-ionized water, have 

shown lengths up to 3.5x greater than the starting Ti foil thickness.3, 4  A similar effect is 

seen for anodization of the Ti-Fe films of higher Ti content. The nanotube lengths 

obtained from Sample 44 films are close to the starting film thickness, whereas for 

Sample 3.5 the resulting nanotubes are nearly twice the length of the starting metal film 

thickness.  

7.2 Ti-Fe-O film structure 

7.2.1   Structural Analysis using X-Ray Diffraction studies 

As-anodized Ti-Fe-O nanotube films are amorphous, partially crystallized by 

annealing in oxygen atmosphere at 500°C for two hours with a ramp up and ramp down 

rate of 1°C /min.  GAXRD patterns of the annealed films are shown in Figure 7.3. All 

studies on TiO2 nanotube array films made by anodization have indicated the tubes to be 

anatase, fixed atop a rutile base.5, 6  
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Figure 7.3: GAXRD patterns of Ti-Fe-O nanotube array samples. Standard 

patterns for anatase, rutile, pseudobrookite, α-Fe2O3 (hematite), tin oxide 

(substrate) are shown for phase identification. All samples were annealed at 

500°C in dry oxygen ambient for 2 hr. 
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The Ti-Fe-O samples with low iron concentrations show the presence of anatase 

phase; Sample 3.5 is largely anatase with a dominant (110) plane, and a small amount of 

rutile. The anatase phase disappears at higher iron concentrations (patterns of Samples 20 

and 37). The presence of the rutile peak is evident in Samples 6.6 and 20, which is 

consistent with the fact that low amounts of iron in titania aid rutile formation.6-8  The 

predominant (104) plane of α-Fe2O3 coincides with the second intense plane of FTO, 

used as the conductive layer on the glass substrate, and its subsequent two less intense 

planes, (110) and (116), appear at 2θ = 35.6 and 2θ = 54.1 respectively. The XRD pattern 

of Sample 26 is omitted from Figure 7.3 because of its relatively weak peaks. In Sample 

37 the proportion of rutile increases slightly, and anatase is almost negligible. Samples 20 

and 37 showed poor crystallinity, Sample 44 showed pseudobrookite phase, while 

Sample 69 showed hematite phase. In general, it appears that the presence of iron inside 

the TiO2 matrix degrades the crystallization process since the proportion of rutile does 

not increase with decreasing amounts of anatase, an outcome possibly due to the fixed 

500°C annealing temperature. However higher annealing temperatures spoil the FTO - 

TiFeO interface, resulting in samples of high series resistance demonstrating essentially 

nil photoelectrochemical properties. 
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7.2.2  Structural analysis using Transmission Electron   

Microscope  

The crystalline nature of the nanotube walls is critical to applications involving 

light absorption, electrical carrier generation, and carrier transport therefore the 

crystalline nature of the nanotube walls were studied using HRTEM.  Sample 20, with 

moderate iron doping was used for the study. TEM studies confirmed the relatively poor 

crystallinity of samples annealed at 500°C, hence further studies were conducted on a 

Sample 20 annealed at 600°C for 2 hrs in oxygen. As described in literature on TiO2 

nanotube arrays formed in HF aqueous electrolytes,1, 2 the nanotube morphology appears 

as a column of stacked torus (doughnut) shaped shown in the TEM image of Figure. 7.4a. 

A selected area electron diffraction (SAED) pattern from the corresponding region is 

shown in Figure. 7.4b.  

 
 
  
 

  100 nm 
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Although the pattern shows mainly rutile phase, reflections from hematite phase 

also can be seen.  Figure 7.5a shows a HRTEM image of a nanotube wall, with the 

polycrystalline nature evident from the figure. The crystallites have a wide size 

distribution. The crystallite marked R has a rutile structure, the lattice image of which is 

given in the upper left inset. A Fast Fourier Transform (FFT) of regions R and H are 

given in Figure. 7.5b and Figure 7.5c indicating the presence of rutile and hematite 

phases in the respective regions.  

  

 

Figure 7.4: (a) TEM image of Sample 20 annealed at 600°C, and (b) selected area

diffraction pattern (H –hematite and R-rutile). 

 

  

 Figure 7.5: (a) HRTEM image of a nanotube wall (Sample 20 annealed at 600°C)
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To find the distribution of iron within the nanotube walls an energy dispersive x-

ray spectroscopy (EDS) line scan was performed via scanning transmission electron 

microscopy (STEM) (Figure 7. 6). The intensity of both the TiKα and FeKα lines are 

maximum at the center of the wall due to its torus shape. Despite the presence of isolated 

hematite crystallites, a more or less uniform distribution of iron relative to the titanium 

can be seen across the wall.  

 

showing rutile (region R) and hematite (region H) crystallites with the lattice image of

region R given in the upper-left inset; (b) FFT of region R showing a predominate 110

plane, and (c) FFT of region H showing a predominate 104  plane. 

 

 

 

Figure 7.6:  EDS line scan profile across nanotube wall (from region similar to that
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STEM line scans were performed across a number of walls, and while the average 

relative intensity of the TiKα and FeKα lines varied from wall to wall the relative 

distribution across a single wall remained uniform. It appears that some of the iron goes 

into the titanium lattice substituting titanium ions, and the rest either forms hematite 

crystallites or remains in the amorphous state. 

Crystallization of the as-anodized amorphous nanotubes takes place through 

nucleation and growth.5 Hence, a sufficiently high temperature and appropriate duration 

are needed for the complete transformation of the amorphous phase into crystalline. The 

removal of the amorphous phase is critical for effective device application, however even 

after annealing at 600°C Sample 20 showed the presence of amorphous phase.   

  

shown in Figure 7.5a) 

 

 

 

Figure 7.7:  HRTEM image of a Sample 20 region showing a rutile crystallite 

surrounded by amorphous phase 
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Figure 7.7 shows the HRTEM image of one such amorphous phase region with a rutile 

crystallite seen at the center. The figure indicates that rutile and hematite phases are 

formed in separate events depending upon the temperature and nature of the nucleation 

sites. In general, the nanotubes of moderate iron concentration consist mainly of rutile 

phase with hematite crystallites randomly distributed.  

 

7.2.3 Compositional analysis using X-ray Photoelectron          

Spectroscopy  

XPS survey spectra reveal the Ti – Fe oxide films to contain Ti, O, Fe and C. The 

photoelectron peaks for Ti 2p appear clearly at a binding energy (Eb) of 458 eV, O 1s at 

Eb = 530 eV, and Fe 2p at Eb = 711 eV. The XPS peak for C 1s at Eb = 285eV was 

observed due to adventitious carbon from sample fabrication and/or the XPS instruments 

itself. Figure 7.8a is high-resolution Ti 2p region spectra taken on the surface of Samples 

44, 26 and 3.5 showing the presence of the main doublet composed of two symmetrical 

peaks at Eb(Ti 2p3/2) = 458.8 eV and Eb(Ti 2p1/2) = 464.5 eV, assigned to Ti4+ in the 

spectrum of Ti – Fe oxide film.9  A high-resolution spectrum of the Fe 2p region for 

Samples 44, 26, and 3.5 are shown in Figure 7. 8b. The spectrum indicates the existence 

of doublet Fe 2p3/2 and Fe 2p1/2 and their corresponding satellites that are characteristic of 

Fe2O3.9-13 The intensity of these satellite features diminishes significantly in Sample 3.5. 
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No component related to zero valent Fe and Ti can be extracted. It is not appropriate to 

determine the Ti/Fe atomic ratio using XPS since the surface morphology of film is 

nanotubular, or porous, and iron-based compounds are difficult to accurately predict 

using XPS.11 

 

                               

                               
    
 

Figure 7.8:  High resolution XPS spectra from the surface of annealed Sample 44,

  a 

  b 
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 Figure 7.9a is a photograph showing the color variation in the samples as a 

function of iron content.  Figure 7.9b shows the absorbance of the annealed samples; as 

expected the absorbance edge shows a red shift with increasing Fe content.  

 

Figure 7.9 

Sample 26, and Sample 3.5: (a) Ti 2p and (b) Fe 2p. 

 

 
 
 
 
 
 

 a 
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7.3  Photoelectrochemical properties 

Figure 7.10 shows a typical current versus voltage characteristics for the 

nanotubular Ti-Fe-O electrodes under dark and simulated sunlight in 1.0 M NaOH. The 

electrodes show n-type behavior, i.e. positive photocurrents at anodic potentials. The 

dark current in each case is negligible up to 0.65 V (vs Ag/AgCl) beyond which the dark 

                
 
      
Figure 7.9: (a) From left, a 1.5 µm α-Fe2O3 film, Sample 44, Sample 20, Sample 6.6a, 

Sample 3.5.  (b) Absorbance spectra of 500°C annealed Ti-Fe-O nanotube array films, 

The sample identification details are given in Table 7-1.   

 

 b 



 189

currents for water oxidation dominate, therefore no photocurrent saturation is observed. 

A metal-coated glass substrate was placed adjacent to translucent Sample 6.6b, reflecting 

the transmitted light back into the sample. This method increased the photocurrent from 

1.50 mA/cm2 to 2.0 mA/cm2 at 0.65 V (vs Ag/AgCl). For comparison the photocurrent of 

a pure nanoporous α-Fe2O3 film 1.5 µm thick on FTO glass is also shown in Figure 7.10, 

prepared by anodic oxidation of an iron film at 30V in ethylene glycol containing 0.3 

wt% NH4F and 0.5% de-ionized water.  

 

       
 
 

Figure 7.10:  Photocurrent density versus potential in 1 M NaOH solution for annealed

Ti-Fe-O nanotube array samples, and α-Fe2O3 nanoporous film, under AM 1.5 

(100 mW/cm2) illumination. Dark currents are also shown for each sample.   
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Even though nanoporous pure hematite film strongly absorbs visible light the 

poor electron mobility results in a maximum photocurrent of 20-25 µA/cm2 at 0.4V (vs 

Ag/AgCl).  The highest photocurrent is exhibited by Sample 6.6, while the lowest 

photocurrent is demonstrated by Sample 3.5. It appears that minimal levels of Fe3+ ions 

act as trap sites, while significant amounts of Fe3+ ions increase the recombination rate of 

the photogenerated electron-hole pairs. We note Sample 44 does not comply with this 

trend, possibly due to the presence of the pseudobrookite phase, FeTiO5.  

In order to determine the photoconversion efficiency, we performed two 

electrodes measurement. The efficiency (η), which is the light energy to chemical energy 

conversion efficiency, is calculated as: 

 7-1  

 

where jp is the photocurrent density (mA/cm2), I0 is the intensity of incident light 

(mW/cm2) and V is the applied potential across anode (Ti-Fe-O sample) and cathode 

(platinum). The efficiency of mirror-backed Sample 6.6a was determined to be 1.2%. 

Hydrogen generation experiments were done at constant voltage bias (1 M KOH 

solution), at an applied bias of 0.7 V. Under AM 1.5 100 mW/cm2 illumination, Sample 

6.6b demonstrated a sustained, time-energy normalized hydrogen evolution rate by water 

splitting of 7.1 mL/W•hr under AM 1.5.  The water splitting reaction was confirmed by 

the 2:1 ratio of evolved hydrogen to oxygen as confirmed by a gas chromatograph (SRI, 

                                   η(%) = jp [(1.23 - V) / I0] × 100                    (Eq. 7-1)
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model 8610C).  No degradation in sample performance was observed under illumination 

over a course of several days.   

Steady-state wavelength-specific photocurrents were measured for the Ti-Fe-O 

films in a two-electrode arrangement at different applied voltages. Incident photon-to-

current efficiencies (IPCE) are calculated using Eq .7-2. 

 7-2  

 

Dividing the IPCE by the fraction of incident photons absorbed at each 

wavelength gives the absorbed photon-to-current efficiency (APCE).14  Since 

determination of APCE considers the absorbance ‘A’, it includes the properties of the 

samples such as nanotube length and Fe composition. Thus, APCE values serve as an 

absolute scale of comparison of the light harvesting capabilities of Ti-Fe-O structure with 

respect to varying Fe content. 

 7-3  

 

Figure 7.11(a,b) shows APCE values corresponding to two applied voltages, 0.5V 

and 0.7V; APCE values are appreciable only in the visible range, from 400 nm to 

600 nm. 
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Figure 7.11:  Absorbed-photon-to-current-efficiency (APCE) of Ti-Fe-O nanotube array 

samples at: (a) 0.5 V bias, and (b) 0.7 V bias. 

 a 

 b 
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Energy level band diagrams indicate electrons photogenerated in α-Fe2O3 cannot 

transfer to the titania conduction band without an applied bias.  Since the redox potential 

for the H2O/•OH reaction for oxygen evolution is above the valence band of α-Fe2O3 in 

1M NaOH electrolyte (pH = 14), and the thickness of the α-Fe2O3 crystallites is 

comparable to the hole diffusion length, application of a small positive bias can be used 

to separate the photogenerated electrons and holes.  As shown in Figure 7.11, APCE 

values of the films decrease as we move below 400 nm towards the UV region, possibly 

due to the Fe3+ ions of the α-Fe2O3 and iron incorporated TiO2 crystallites becoming Fe2+ 

as associated with oxygen vacancy defects. Because of this the position of valence band 

at solid-electrolyte shifts upward, crossing the redox potential of the H2O/•OH reaction 

inhibiting hole transfer and leading to increased recombination.  

7.4  Mott-Schottky analysis 

We employed electrochemical impedance spectroscopy technique to evaluate the 

semiconducting properties of the thermal oxide layers. In order to construct the Mott–

Schottky curves, impedance measurements were performed at potentials between -1.25 to 

1V. As discussed in detail in Chapter-2, the space charge layer capacitance is inversely 

proportional to the width of the depletion layer in the semiconductor.  As the depletion 

layer reaches zero the capacitance approaches infinity, hence Csc
-2 will be zero at the flat 

band potential.  Thus the linear region of 1/Csc2 Vs V plot extrapolated to the applied 

potential gives the flat band potential Vfb.  In order to study the effect of iron content in 

the flat band potential of the photoanode, Mott-Schottky plots were obtained for the pure 

TiO2, Sample 6.6, Sample, 26 and Sample 37. The interface capacitance was measured 
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for difference frequencies ranging from 100Hz – 10KHz. However, the Vfb values were 

deducted from high frequency Mott-Schottky plot to eliminate the contribution of 

capacitance from the surface states15 and  Helmholtz layer. Figure 7.12 shows the Mott-

Schottky plots for (a) Pure TiO2 nanotubes (b), Sample 6.6 (c), Sample 26 and (d) Sample 

37. The shape and the dispersion are qualitatively similar in all the Fe concentration in 

Ti-Fe-O and the slopes indicate n-type behavior. The intercept with the x-axis yields the 

flat band voltage and the gradient yields the carrier density.  Mott-Schottky plot for 

different frequency in Figure 7.13 shows that the flat band potential is not frequency 

dependent. The  point of convergence from the linear fit for frequency range from 100 Hz 

to 10 kHz vary within 0.09 V, which could be very much within the measurement error 

range. This suggest homogeneous career distribution in the film.16  
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Figure 7.12: Mott- Schottky plots from electrochemical impedance measurements for TiO2

and Ti-Fe-O films in 1M KOH at 5K frequency  (a) Pure TiO2 film (b) Sample 6.6 (c) 

Sample 26 and (d) Sample 37. 
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Figure 7.13:   Mott- Schottky plots from electrochemical impedance measurements for

TiO2 and Ti-Fe-O films in 1M KOH at 100 Hz, 500 Hz, 1 kHz, 5 kHz and 10 kHz

frequency. 
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Figure 7.14 shows the Vfb extracted at 5K measurement frequency for all the four 

samples.  

 From the above plot we see that the Vfb shifts towards positive potential 

Vs SCE with the increase in the iron concentration showing Vfb of -0.8 V, -0.72 V, -

0.39V, 0.058 V for Pure TiO2, Sample 6.6, Sample 26, and Sample 37 respectively. It has 

to be noted that the method of extracting the device-related parameters, using specific 

single-frequency C-V data and incorporating the aforementioned Mott-Schottky 

equations, could be  incorrect at least for the following possible reasons15, 17 

 

 
 

Figure 7.14: Vfb as a function of % of Fe in Ti-Fe-O extracted from Mott-Schottky plots. 

The insert showing the energy levels of water photolysis with respect to  SCE 
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1. The metal or electrolyte and the bulk semiconductor resistances are in series with 

the barrier capacitance; if one of these resistances is not negligible, the 

capacitance in Eq. 2.16 must be taken as the series capacitance Cs. It will be 

assumed that the contribution of the metal or (concentrated) electrolyte and of the 

bulk semiconductor to the total series capacitance may be neglected. 

2. Imperfectly blocking properties lead to a finite resistance in parallel to the barrier 

capacitance, so that in this case, the parallel capacitance Cp, must be used in Eq. 

2.16 . 

3. The presence of surface states interacting with the free charge carriers of the 

semiconductor gives rise, in the simplest case, to a series connection of a 

frequency independent capacitance and resistance being in parallel to the space-

charge layer capacitance. In the voltage range in which surface states participate 

to the impedance, the measured capacitance, Cs or Cp, will not obey to relationship 

Eq.2.16 

4. the forward-bias barrier height is not strictly constant; the forward-bias barrier 

does not continuously provide an effect of the electrical field drop (in the 

forward-bias barrier region) and is thereby unlikely to achieve a flatband 

situation;  

5. trapping states within the depletion layers contribute to the terminal parallel 

capacitance (at quasi-equilibrium condition) so their contribution is not 

completely eliminated;  

6. possible leakage of the trapped charges (i.e., destruction of the trap sites) at any 

instant (i.e., slow or ultra-slow time-dependent processes under ac/dc biasing at a 
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given temperature) which contributes to the conduction processes affecting 

terminal parallel capacitance.  

A frequency-independent Mott-Schottky representation requires achieving the 

maximum slope of the straight line. This implies achieving the minimum value of the 

capacitance that is due only to the net/total geometric capacitance. Moreover conductivity 

based on the thickness and surface roughness of the samples has significant effect on the 

measured Vfb and hence does not prove to be a completely reliable technique by itself. 

The error in extracting device-related parameters can easily exceed 100% depending on 

the device-type and an analysis using classical or modified Mott-Schottky equation using 

single-frequency C-V data.   
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Chapter 8 
 

Conclusions 

  

This dissertation was aimed at developing an efficient, photocorrosion stable light 

harvesting photoanode via electrochemical oxidation for use in hydrogen generation 

through water photoelectrolysis. Electrochemical oxidation was chosen for its ease of 

fabrication and precise control over the synthesized nanostructures through the 

anodization parameters such as applied potential, electrolyte composition and 

temperature. One of our primary objectives was to develop nanotubular/nanoporous 

structures of iron (III) oxide with the wall thickness comparable to minority carrier 

diffusion length. Iron (III) oxide was the subject of our interest for its bandgap in visible 

region, low cost and relative abundance. Both aqueous and non-aqueous based 

electrochemistry was used to synthesize a variety of nanostructures. For the first time the 

fabrication of hematite films were achieved by potentiostatic anodization in ethylene 

glycol containing electrolyte, demonstrating a highly-ordered nanoporous topology 

similar to that of alumina. Depending upon the anodization conditions, including 

potential and bath chemistry, the pores range from 30 nm to 250 nm in diameter, and 

300-600 nm in length. Dependence of the length of clearly delineated channel like pore 

morphology with respect to the applied potential was established. In a similar fashion the 

synthesis of nanopillar, and nanoplatelet surface topologies were synthesized in aqueous 

based electrolyte. The synthesized iron (III) oxide nanostructures were crystallized via 
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thermal annealing in nitrogen to avoid hematite to magnetite conversion and to retain the 

as-synthesized structures. The annealed nanoporous structures demonstrated reduction in 

the aspect ratio during crystallization as iron diffuses from the underlying foil moving 

towards the oxide-atmosphere interface. Though the pore walls provide a minimal 

distance for the photogenerated holes to reach the solution, the electron transport to the 

iron foil underneath suffers from recombination losses due to increased barrier layer 

thickness, and non-ideal material crystallization. Moreover thermal treatments result in an 

increase in the barrier layer thickness, which in turn hinders transport of photogenerated 

electrons to the substrate. The nanoporous hematite film derived from glycerol based 

electrolyte demonstrated a maximum overall three-electrode photoconversion efficiency 

of 0.73 % for a sample anodized at 40 V due to the minimum barrier layer of ~ 180 nm 

compared to 0.27 % for a sample anodized at 90 V with ~ 600 nm.  

 

The ethylene glycol electrolyte chemistry when extended to the electrochemical 

oxidation of titanium demonstrated an unprecedented growth of extremely self-ordered, 

hexagonal closed packed ultra long nanotube array up to 1 mm in length. The 

potentiostatic anodization of titanium in an ethylene glycol, NH4F, and water electrolyte 

dramatically increases the rate of nanotube array growth to approximately 15 µm/h, 

representing a growth rate 750-6000% greater than that seen, respectively, in other polar 

organic or aqueous based electrolytes previously used to form TiO2 nanotube arrays. 

Effects of electrolyte composition, applied potential, and anodization duration on the 

length and diameter of the resulting nanotubes have been considered in terms of a growth 

rate model, with results suggesting that reduced hydroxyl ion injection from the 
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electrolyte responsible for the high nanotube growth rates achieved.  The exceptional 

growth rate highly favors the High Field Model (HFM) over other candidates of 

mechanism considered to explain the formation behavior.  

 

The complete anodization of the starting titanium foil ranging in thickness from 

250 µm to 1mm resulted in two back to back independent titania nanotube array 

membrane separated by a thin compact oxide layer. The individual nanotubes in each 

array were up to 2000 µm in length and have an aspect ratio of up to 10000. A process to 

transform such free standing nanotubular membrane of thickness ranging from 50 µm – 

1mm into flat or cylindrical, mechanically robust, polycrystalline TiO2 membranes of 

precisely controlled nanoscale porosity has been demonstrated. Photoelectrochemical 

properties of EG derived TiO2 nanotubes have been studied. Nanotube array of length ~ 

24 µm demonstrated an efficiency of 15.3% under simulated UV illumination. 

 

The anodization properties of titanium and iron starting material in ethylene glycol 

was further extended in combining the charge transport and photocorrosion properties of 

the TiO2 nanotubes with the bandgap of α-Fe2O3 in one material architecture. Films 

comprised of vertically oriented Ti-Fe-O nanotube arrays on FTO coated glass substrates 

were synthesized by anodic oxidation of Ti-Fe metal films in an ethylene glycol + NH4F 

solvent. Annealing of the initially amorphous films resulted in some of the iron 

substituting for titanium ions in the titanium lattice, and the rest either forming α-Fe2O3 

crystallites or remaining in the amorphous state. Low Fe content samples demonstrated 

anatase phase with annealing, moving to rutile phase as the Fe content in the samples 
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increased. Over the various sample compositions the wall thickness of the Ti-Fe-O 

nanotubes held constant at ≈ 22 nm independently of anodization bath temperature (0°C 

to 50°C).  Depending upon the Fe content the bandgap of the resulting films varied from 

about 3.26 to 2.17 eV. The Ti-Fe oxide nanotube array films are utilized in solar spectrum 

water photoelectrolysis, demonstrating 2 mA/cm2 under AM 1.5 illumination with 1.2% 

(two-electrode) photoconversion efficiency with a sustained, time-energy normalized 

hydrogen evolution rate by water splitting of 7.1 mL/W•hr in a 1 M KOH solution with a 

platinum counter electrode under an applied bias of 0.7V. The Ti-Fe-O material 

architecture demonstrates properties useful for hydrogen generation by water 

photoelectrolysis and, more importantly, this dissertation has demonstrated that the 

general nanotube-array synthesis technique can be extended to other ternary oxide 

compositions of interest for water photoelectrolysis and other applications. 
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