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“On the arid lands there will spring up industrial colonies without smoke 
and without smokestacks; forests of glass tubes will extend over the plains 
and glass buildings will rise everywhere; inside of these will take place the 
photochemical processes that hitherto have been the guarded secret of the 
plants, but that will have been mastered by human industry which will know 
how to make them bear even more abundant fruit than nature, for nature is 
not in a hurry and mankind is. And if in a distant future the supply of coal 
becomes completely exhausted, civilization will not be checked by that, for 
life and civilization will continue as long as the sun shines!” 
 
Giacomo Ciamician in The photochemistry of the future (1912) 
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Abstract 

The link between TiO2 and photocatalysis was recognized a long time ago. However, there 
was originally no scientific knowledge relating to the process of photocatalysis. Given this, 
it is impressive that the most significant advances in the properties of TiO2 in 
photocatalytic processes have been made since the first reports of the so-called Honda-
Fujishima effect, roughly 50 years ago.  

Fast-developing technological progress over the last two hundred years is taking a heavy 
toll in many areas, including in environmental pollution issues. Although the problem of 
pollution is very complex and requires a comprehensive and unified approach, the use of 
TiO2 can partly contribute to the solution. The most favourable properties of TiO2 are its 
non-toxicity, inertness, and high availability. It also has very interesting optical properties 
under UV illumination, which enable the use of TiO2 in photocatalytically based processes, 
such as the decomposition of persistent organic pollutants in wastewater and air. The final 
products of the process are mostly CO2 and H2O in the case of complete mineralization.  

When TiO2 is illuminated by UV light, electron-hole pairs are formed, which are 
consequently present in the formation of reactive oxygen species. However, there may be 
up to 90% loss of these pairs due to their rapid recombination. This recombination yield is 
lower in one-dimensional structures of TiO2, such as in TiO2 nanotubes. These can be 
produced by various synthesis methods. However, electrochemical oxidation or anodic 
oxidation is the most promising process. Anodic oxidation is a highly controllable process 
influenced by the composition of the electrolyte, its age, the applied voltage, the time of 
the process and the choice of the initial substrate. In this process, rigidly attached TiO2 
nanotubes are formed on the titanium metal substrate. Titanium of various shapes and 
purities can be used for the substrate. 

The present thesis discusses three aspects of TiO2 nanotubes: their synthesis, their 
optical properties under UV and their photocatalytic efficiency in the degradation of a 
model organic compound. Each chapter of the thesis is dedicated to one of the above-stated 
aspects. First, it is shown that the roughness of the titanium surface significantly impacts 
on the final surface area of photocatalytically active TiO2 nanotube layers. Namely, we 
showed that titanium substrate pre-treatment, such as electropolishing, influences the TiO2 
nanotubes' growth and photocatalytic activity. Next, by studying the influence of the 
titanium substrate’s thickness from 30 to 600 µm, we successfully determined which 
thickness resulted in nanotube layers that are rigidly attached and can thus be bent without 
risk of losing the material. And finally, we also focused on investigating repetitive 
anodization and change in electrolyte composition. In this aspect, it was concluded that 
fresh electrolyte results in uniform nanotube morphology and consequently better 
photocatalytic activity.   

Systematic investigations of the relevant parameters were performed to gain knowledge 
about the material’s preparation, the importance of understanding the behaviour of 
nanotube growth and to determine the properties of an ideal photocatalyst in the 
remediation of organic pollutants. The knowledge described in those sections can also be 
easily applied at the practical industry level.  
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Povzetek 

Doktorska disertacija se osredotoča na sintezo in lastnosti anodno oksidiranih plasti na 
titanovi podlagi za uporabo v fotokatalizi. Povezava med TiO2 in fotokatalizo je bila 
prepoznana že relativno zgodaj v zgodovini človeštva, vendar o procesu fotokatalize ni bilo 
nobenih znanstvenih spoznanj. Glede na to je impresivno, da so bile najpomembnejše 
lastnosti materiala TiO2 v fotokatalitskih procesih prepoznane v zadnjih petdesetih letih, 
od prelomne točke tako imenovanega učinka Honda-Fujishima. 

Hitro razvijajoči se tehnološki napredek v zadnjih dveh stoletjih terja visok davek na 
številnih področjih življenja. Pri tem je potrebno izpostaviti problem onesnaževanja, ki je 
kompleksen in zahteva celovit in enoten pristop. Del rešitve pri tem predstavlja uporaba 
TiO2 pri razgradnji onesnaževal. Najbolj ugodne lastnosti TiO2 so njegova nestrupenost, 
inertnost in visoka razpoložljivost. Ima tudi zelo zanimive optične lastnosti pod UV-
osvetlitvijo, ki omogočajo uporabo TiO2 v fotokatalitsko zasnovanih procesih, kot je 
razgradnja obstojnih organskih onesnaževal v odpadni vodi in zraku. Končna produkta 
procesa sta v primeru popolne mineralizacije večinoma CO2 in H2O. 

Ko TiO2 osvetlimo z UV-svetlobo, nastanejo pari elektron-luknja, ki so posledično 
prisotni pri tvorbi reaktivnih kisikovih spojin. Vendar pa lahko zaradi njihove hitre 
rekombinacije pride do 90-% izgube teh parov. Ta rekombinacijski izkoristek je nižji v 
enodimenzionalnih strukturah, kot so nanocevke TiO2. Te je mogoče proizvesti z različnimi 
metodami sinteze. Optimalen postopek je elektrokemična oksidacija ali anodna oksidacija, 
ki je visoko obvladljiv proces, na katerega vplivajo sestava elektrolita, njegova starost, 
uporabljena napetost, čas procesa in izbira začetnega substrata. V tem procesu se na 
kovinskem substratu iz titana oblikujejo togo pritrjene nanocevke TiO2. Za podlago lahko 
uporabimo titan različnih oblik in čistosti. 

Pričujoče doktorsko delo obravnava tri vidike TiO2 nanocevk: njihovo sintezo, njihove 
optične lastnosti pod UV-žarki in njihovo fotokatalitično učinkovitost pri razgradnji 
modelne organske spojine. Vsako poglavje doktorske naloge je posvečeno enemu od zgoraj 
navedenih vidikov. Prikazano je, da hrapavost površine titana pomembno vpliva na končno 
površino fotokatalitsko aktivnih plasti nanocevk TiO2. Pokazali smo namreč, da 
predobdelava titanovega substrata, kot je elektropoliranje, vpliva na rast in fotokatalitično 
aktivnost TiO2 nanocevk. Nato smo s preučevanjem vpliva debeline titanovega substrata 
od 30 do 600 µm uspešno ugotovili, katera debelina je povzročila plasti nanocevk, ki so 
togo pritrjene in jih je tako mogoče upogniti brez tveganja izgube materiala. Osredotočili 
pa smo se tudi na raziskovanje ponavljajoče se anodizacije in spremembe v sestavi 
elektrolita. S tega vidika je bilo ugotovljeno, da sveži elektroliti povzročijo enotno 
morfologijo nanocevk in posledično boljšo fotokatalitično aktivnost. 

Izvedena je bila sistematična raziskava relevantnih parametrov, da bi pridobili znanje 
o pripravi materiala in pomenu razumevanja obnašanja rasti nanocevk ter določili lastnosti 
idealnega fotokatalizatorja pri sanaciji organskih onesnaževal. Znanje, opisano v teh 
razdelkih, je mogoče zlahka uporabiti tudi na praktični ravni industrije. 
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Chapter 1 

1 Introduction 

The world of materials is a unique and spectacular marvel, complementing biodiversity 
and making things run smoothly. It is dazzling in its variety and richness, and in these 
billions of pieces, titanium dioxide (TiO2) is only a minor feature, yet so interesting for 
exploration.  

History has provided us with a basic understanding of TiO2’s behaviour, its 
nanoparticulate forms, and the vast range of research applications, such as photocatalysis. 
Nevertheless, so many aspects need deeper investigation. There is still a long way to fully 
understand all the TiO2 nanotube (NT) growth mechanisms and the parameters 
contributing to photocatalysis' actual conditions. And although our research covered only 
a small proportion of TiO2’s uniqueness, it is nonetheless a significant contribution, since 
it integrated both basic and applied science to understand and improve the photocatalytic 
properties of TiO2 nanotube (NT) arrays obtained by anodic oxidation.  

This thesis investigates the influence of titanium’s surface properties on the growth of 
photocatalytically active TiO2 NTs. A systematic investigation of the relevant parameters, 
such as chemical composition, surface roughness, grain size and crystal orientation, foil 
thickness, electrolyte age, and photocatalytic activity, would allow us to control the active 
area of rigidly attached NTs. Using different shapes and sizes of the catalyst would extend 
its use as an ideal photocatalyst in pollutant remediation.  

The study's main outcome was to gain knowledge about the material’s preparation by 
tuning the properties and the importance of understanding the behaviour of NTs’ growth 
that can be used in practical photocatalytic applications. 

The thesis comprises several chapters that provide an overview of TiO2 nanotubular 
layers. The insight will begin with the historical background to TiO2 research in Section 
1.1. The introduction will then continue with the fundamental concepts of TiO2 NTs, the 
growth mechanism of anodic oxidation, and the principles of photocatalytic degradation 
for organic compounds in Section 1.2. Following this, Section 1.3 will focus on our research 
motivation and the objectives of the thesis. The chapter will then close with a general 
outline and the methods used in the study.  

The thesis is designed as a three-layered paper, meaning that the common backgrounds 
of TiO2 NTs are interconnected throughout. However, three major tipping points of 
efficient catalysts are presented as individual chapters. Chapter 2 is dedicated to the 
influence of the surface treatment of metal titanium (Ti) foil on the photocatalytic 
properties of TiO2 nanotubular layers grown with anodic oxidation. Highlighted are the 
results from the published manuscript and additional unpublished results that contributed 
to the choice of the material and its preparation for the work in Chapter 3, where the 
investigation led towards a flexible and efficient TiO2 photocatalyst. Several thicknesses of 
titanium-foil substrate were chosen in this experimental setup. Lastly, the third point will 
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focus on the joint research in Chapter 4, where the influence of the anodisation electrolyte 
and its ageing on the photocatalytic activity of TiO2 nanotubular layers will be discussed. 
The presented work will finish with conclusions and dissemination, and with a future 
exploitation chapter. 

1.1 Starting Point 

Titanium dioxide (TiO2), also called Ti(IV) oxide or titania was discovered as a natural 
compound in 1791 by William Gregor. However, it was not until 100 years later that it 
was first produced commercially [1]. At the time, its popularity escalated, and it was mainly 
used as a pigment since it has many unique characteristics (e.g., non-toxicity and high 
refractive index). Moreover, it can be found in abundance [2]. The use of TiO2 further 
revealed additional beneficial features. Durability and chemical stability paved the way in 
other industrial areas, from plastics, paper, ceramics, cosmetics, and pharmaceuticals to 
the food industry [1]. The most important milestones in the history of TiO2 are presented 
in Figure 1.1a and b. 

The sun’s energy is among the most abundant and underexploited natural sources. The 
received energy has a direct impact and is responsible for numerous processes such as 
photosynthesis, the generation of fossil fuels and various technologies that exploit solar 
energy and convert it into heat, light, and electricity. The sun’s power is immense – in an 
hour, the Earth’s atmosphere receives enough sunlight to power the population's electricity 
needs for a year [3]. Exploring this solar body began in the 17th century [4]. Over the 
following years, scientists like Descartes, Newton, Huygens, Young, and Maxwell studied 
the concept of light. Finally, in the 19th century, an important milestone was set. A 
consensus on the wave-particle duality of light was published [5], which is still used 
nowadays to explain light’s behaviour. 

After that, different scientific directions took place, like the discovery of the 
photovoltaic effect by Becquerel [6] or the first description of the process of photocatalysis 
in the late 1910s [7]. In an excellent perspective written by Serpone et al. [8], the essential 
concepts and origins of photocatalysis were presented between 1910 and the 1980s. 
However, key events are presented below to understand the complexity of TiO2 better. 

At the beginning of the 20th century, there were two significant concepts defined. The 
first defined solar energy as the “fuel of the future” and set the foundation of photo/green 
chemistry. The movements’ founder was Giacomo Ciamician, shown in Figure 1.1c in the 
middle of the experiment with his colleague Paul Silber. And the second concept 
determined the photoactivity of TiO2, which is (even nowadays) a crucial characteristic of 
a TiO2 catalyst, previously called photosensitiser [9]. 

A definition by Goodeve and Kitchener [10] states that "Photosensitisers are generally 
considered to be substances which absorb light and cause a photochemical change, but 
appear more or less unchanged at the end of the reaction… Of the mechanisms proposed to 
account for the action of photosensitisers only two have wide application. In some cases 
the absorption of a light quantum by a molecule leaves this molecule with an electron in an 
excited state, the energy subsequently being transferred on collision to a second molecule 
by some physical process. In other cases the photosensitiser, on absorption of a quantum, 
is dissociated into atoms or free radicals, which act as catalysts or chain carriers for the 
main reaction, later recombining to form the photosensitiser. The energy transfer in both 
of these types of process is a result of molecular diffusion". Goodeve and Kitchener were 
among the first to try TiO2 as a bleaching agent in the 1930s. The reaction occurred due 
to the presence of oxygen and ultraviolet (UV) absorption that combined to produce 
reactive oxygen species (ROS) [11]. Other reports from the scientific community from that 
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time include basic research [12]–[26] of the degradation/oxidation/synthesis mechanisms 
[27]–[40], new materials, hydrogen reactions, water splitting, and oxygen transfer. Although 
the material resulted in promising findings, the scientific interest was limited, and the 
progress was slow. By typing keywords like "TiO2 photosensitiser", "TiO2 photocatalyst", 
and "TiO2 catalyst", we get only a fraction of today's hits.  
 

 

Figure 1.1: (a) Significant milestones in the history of the TiO2 and (b) the development 
of photocatalysis, adapted from [41], [42]. (c) The founder of photochemistry (sun 
radiation) exploration, Giacomo Ciamician, with his colleague Paul Silber in the middle 
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of an experiment on the roof of the university. Courtesy of Department of Chemistry 
“Giacomo Ciamician” – Alma Mater Studiorum - Università di Bologna.  

However, the band theory of semiconductors did not appear until the 1960s. The event 
coincided with an economic crisis, so the scientific interest in the possibilities and solutions 
offered by TiO2 greatly increased. The most important milestone that put photocatalysis 
on the scientific map was in 1972, with the discovery by Honda and Fujishima, marking 
the start of modern photocatalysis. They published a breakthrough study [43] describing 
water (H2O) photolysis, light-induced H2O splitting into hydrogen (H2) and oxygen (O2) 
on TiO2 surfaces. The phenomenon is now known as the "Honda-Fujishima effect".  

Although many research studies were made on the purification of wastewater and 
polluted air, it took a few years to develop photocatalysis on an industrial level. In the 
beginning, the research focused only on powdered TiO2 [44]. But slowly, in the late 1980s, 
immobilized TiO2 was also introduced [9]. Unfortunately, UV light presents only a small 
fraction of visible light, leading to poor absorption. Therefore, the use of a TiO2 catalyst 
for energy acquisition was pointless. However, in 1977, the oxidation power of TiO2 for the 
degradation of pollutants was known [45]. In the following years, the topic gained 
popularity since it did not require any additional energy source and because both processes, 
oxidation and reduction, took place simultaneously. The issues they were facing during the 
scale-up were (1) low energy conversion [46]–[48], (2) inability to treat the vast amount of 
water/air [49]–[51], and (3) poor absorption of light on the catalyst [52], [53] – obstacles 
that are still present nowadays. 

The evolution of laboratory equipment enabled detailed observations of photocatalysis 
and other processes on the TiO2 surface. It was discovered that illuminated TiO2 has self-
cleaning properties [54], [55] and that its hydrophilic characteristic makes it an ideal 
candidate for anti-fogging applications [56] – a process that is effective only if the number 
of incident photons is greater than the number of molecules at the TiO2 surface at a given 
time [57], [58].  

Next, the 1990s brought knowledge of TiO2’s antibacterial characteristics [55], [59]–[61] 
when illuminated with UV light [62], [63]. As a consequence of the antimicrobial and 
biomedical properties, the TiO2 material was introduced even in medicine [64]–[68].  

Furthermore, the unique properties of the material were used in 1988 for the creation 
of a dye-sensitized solar cell (also known as a Grätzel cell), more commonly known as the 
DSSC solar cell [69], [70]. Although the system’s configuration represents a simple photo-
electro-chemical mechanism where a semiconductor is formed between the photo-sensitized 
anode and an electrolyte [71], it took the inventors several years to develop an efficient 
dye-sensitized solar cell [72].  

Finally, intensive research took us to 1999, when Zwilling et al. reported the self-
formation of TiO2 NTs, grown with the electrochemical method of anodic oxidation [73]. 
Suddenly a new era of research began, and NTs became promising material for various 
applications. NT production was relatively cheap compared to other methods [74], and 
their morphology and properties were easily manipulated [75] – the details will be presented 
in the following sections of the thesis. The progress followed the so-called Zwilling’s’ first-
generation NTs [73], [76] and continued with the second generation of larger NTs up to a 
few microns and with smooth walls [76]. Further research led to the third generation NTs 
[74], [77], [78] that elucidated a new understanding of the growth mechanism of TiO2 NTs 
with improved optical and electrical characteristics. The focus of this work is set on these 
last TiO2 NTs, used in the process of photocatalysis for the degradation of organic 
pollutants.  
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1.2 General Concepts 

1.2.1 Titanium Dioxide Nanotubes 

1.2.1.1 Why Nanotubes? 

TiO2 NTs possess many unique physical, optical, and electrical properties. Among those, 
non-toxicity, high resistance to corrosion, and biological/chemical inertness [79] have most 
significantly contributed to the increasing popularity of TiO2 in recent years. In this 
chapter, the structural and morphological characteristics of NTs are presented in more 
detail. 

For efficient catalytic reactions, the specific surface area of the catalyst must be 
maximized. Until the discovery of electrochemically self-organized TiO2 NTs, the 
nanoparticulate form of TiO2 was the most widely used. P25 Degussa [80], the gold 
standard in photocatalytic reactions, is still popular today. It is a mixture of anatase and 
rutile particles with different ratios (e.g., 70:30, 80:20, etc.) resulting in a large active 
surface area (35 - 65 m² g-1) and high activity in photocatalytic reactions [80], [81]. 
Although their growth can be easily manipulated, nanoparticles tend to form agglomerates. 
The key to high photocatalytic activity is that the formed agglomerates break down and 
enable single anatase and rutile particles to contact the pollutant [81]. 

One-dimensional (1D) oxides are stable nanostructures with unique properties [82], [83]. 
Their growth and morphology can be easily controlled through many synthesis routes [84]. 
For example, NTs grown with anodic oxidation are rigidly attached structures. Therefore, 
they cannot be released into the environment during the process of pollutant removal as 
easily as the nanoparticulate TiO2 [50]. This characteristic is essential for use in purification 
reactors where the stability and longevity of a catalyst are crucial. Other significant factors 
that contribute to NT efficiency are the control of the degradation process [85], optimized 
geometry for shorter carrier-diffusion paths, and a lower recombination rate [86], [87]. 
Another important characteristic is the generation of ROS and the presence of oxygen 
vacancies [89].  

1.2.1.2 Crystalline Polymorphs TiO2 

The characteristics of TiO2 nanostructures are directly connected to the material’s 
crystallinity. Therefore, any changes directly impact the dangling bonds and the lattice 
structure, and thus influence the total surface area and status of the surface OH [88]. As 
synthesized NTs with anodic oxidation are, as a rule, amorphous, annealing under specific 
conditions changes them into one of the most stable polymorphs. For example, brookite 
could be transformed to rutile at elevated temperatures, directly or via anatase, depending 
on the crystallite size, size distribution, and contact area [89].  

Zhu and Gao [90] investigated the formation and stability of different TiO2 polymorphs 
formed under added pressure (e.g., rutile, anatase, brookite, columbite, baddeleyite, 
cotunnite, pyrite, and fluorite). Tetragonal rutile, anatase, and orthorhombic brookite [91] 
are the three most common TiO2 crystalline forms. The choice of a suitable TiO2 polymorph 
is critical for determining the application and its effectiveness. A basic TiO2 structure 
represents a Ti4+ surrounded by the O2- anions [88] and is mainly presented with TiO6 
octahedron building blocks, as shown in Figure 1.2.  
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Figure 1.2: The crystal structures and crystallographic facets of the three most common 
TiO2 crystalline polymorphs – (a) anatase, (b) rutile and (c) brookite. Adapted from [92] 
and [91], Journal of Physics: Condensed Matter, Landmann et al., The electronic 
structure and optical response of rutile, anatase and brookite TiO2, 24, 19, 195503, 2012, 
© IOP Publishing. Reproduced with permission. All rights reserved. 

 
The transformation to anatase and rutile from an amorphous film is thermodynamically 

the most favourable. The concentration of lattice and surface defects, particle size, and 
synergetic activity between the reaction parameters (e.g., pressure lowers the temperature 
needed for the transformation) influence the conversion. Since both polymorphs are stable 
at room temperature, the transformation does not occur naturally but at higher 
temperatures or additional pressures [93].  

Prasai et al. [94] studied the optical, electronic, and structural properties of an 
amorphous film. By combining the experimental results with modelling data, they 
concluded that the amorphous film is similar to the anatase phase in terms of electronic 
structure and optical properties. Although the rutile is the most stable polymorph [89], 
anatase is the most actively researched and used material. Compared to rutile, it has a 
slightly higher bandgap, by about 0.2 eV [95], a wider optical absorption gap, and higher 
mobility for the charge carriers [96].  

The detailed crystal structure data of anatase, rutile, and brookite are presented in 
Table 1.1. The most significant difference in the electronic parameters can be seen in the 
bandgap values [97]. The bandgap of amorphous phase is 2.22 eV [94], but once crystallized, 
it is above 3 eV - rutile phase 3 eV, anatase 3.2 eV [95], and brookite up to 3.5 eV. Brookite 
is special since it has a broad absorption edge extending into visible light [98]. Overall, all 
three TiO2 polymorphs are photoactive in the UV region of the electromagnetic light 
spectrum and usually transparent in visible light [57]. Because only this small percentage 
of the light spectrum is available, the appropriate illumination and the direction of the 
incoming photons significantly impact on photoactive applications [99]. Other key factors 
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in the photocatalytic activity are the crystallographic orientations and the NTs’ layer 
thickness [96].  

 
 

Table 1.1: Crystal structure data of TiO2 [91], [93], [95], [97], [98], [100]. 

 Rutile Anatase Brookite 

Lattice constraints (Å) a = 4.5936 a = 3.784 a = 9.184 

  

c = 2.9587 

 

c = 9.515 

b = 5.447 

c = 5.145 

Volume /Molecule (Å3) 31.2160 34.061 32.172 

Density (g/cm3) 4.13 3.79 3.99 

Ti–O bond length (Å)  1.949 (4) 1.937 (4) 1.87 ~ 2.04 

 1.980 (2) 1.965 (2)  

O–Ti–O bond angle 81.2° 77.7° 77.0°~ 105° 

 90.0° 92.6°  

Crystal structure tetragonal tetragonal orthorhombic 

Refractive index 2.9 2.6 2.8 

Band gap 3 3.2 ~ 3.5 

    
 

1.2.2 Anodic Oxidation of Titanium 

The electrochemical method of anodic oxidation is used to grow TiO2 NTs in a specific set 
of conditions on a Ti metal substrate. The grown layer of NTs provides a highly defined 
and ordered geometry with a high surface area [101]. Although external conditions can 
guide the process, it is still self-organized, resulting in a homogenous distribution and a 
maximum density of grown NTs. The length of the NT is the result of the competition 
between the steady-state growth and the dissolution of the formed oxide. The dissolution 
is controlled by fluoride ions (F-), which also influence the acidity of the NTs and the 
electrolyte. The NT morphology and optoelectrical properties are easily controlled by 
changing the anodisation parameters and substrate surface morphology [102]. Both affect 
the formation of the passive oxide layer, NT growth and final morphology. These 
parameters will be explained in more detail in the following subsections. Furthermore, the 
size and distribution of the grains may influence the uniformity of the grown NTs. The 
substrate surface must be free of impurities before the anodisation. Only a 1–10-nm-thin 
and dense oxide layer is always present on the air-exposed Ti substrate surface and acts as 
an anti-corrosive [103]. 

1.2.2.1 From Titanium Substrate to the Anatase TiO2 Nanotubes 

The anodic oxidation of Ti is based on the knowledge gained during the anodic oxidation 
of alumina. The most important outcomes include (1) the origin of a NT on the surface 
and the beneficial aspects of the two-step anodisation [104], (2) knowledge that anodisation 
is a spontaneous process controlled by anodisation parameters, (3) information that 
dimples act as the starting point for nanoporous growth [105], [106], and (4) documentation 
that the so-called flow mechanism of growth is responsible for additional lengthening of 
the NTs [107].  



8  

It was already mentioned that Zwilling et al. [108] started with the anodic oxidation of 
Ti and its alloys. Their research work covers the anodisation of pure Ti and Ti6Al4V in 
chromic acid with or without hydrofluoric acid (HF). They compared the morphological 
characteristics of both anodised layers. They showed that the overall size of the pores was 
smaller when pure titanium was used. Moreover, that a larger anodisation voltage resulted 
in more prominent pores and finally, that the incorporation of F- into NTs from the 
electrolyte is possible. The research set a solid foundation for further investigation on the 
importance of forming NT starting pits, the choice of substrate, electrolyte composition, 
anodisation parameters, presence of a starting hydrolysed TiO2 oxide, detection of fluorine 
and the presence of other elements.  

Many NT growth theories evolved over the years, (1) the viscous flow model, (2) the 
growth model of two currents, and (3) field-assisted dissolution. The latter is also the most 
widely used in the scientific world [109]–[111] and is known as the self-organization of 
titania into TiO2 NTs. In fluoride-containing electrolytes, the NTs form as a result of the 
oxidation of Ti metal and the formation of oxide, following the dissolution of Ti metal ions 
in the electrolyte, and finally, the chemical dissolution of Ti and TiO2 due to etching with 
F- ions [77].  

Anodic oxidation usually occurs when a constant voltage is applied in an 
electrochemical cell between the anode and the cathode. The anodisation process is 
monitored by recording the current-vs-time since it directly indicates the applied voltage 
(or current if a constant current drives the process) with porous oxide formation. Using 
that information we can predict the final morphology of the TiO2 NTs [112], as 
schematically presented in Figure 1.3a. Ti foil anodised in the fluoride-type of electrolyte 
always results in nanotubular oxide film [113]. The simplified step-by-step formation of 
NTs is shown in the SEM micrographs in Figure 1.3b. The NT growth steps are:   

 
• Local dissolution of Ti substrate creates small pits, which function as starting 

points for NT growth. 
• The formation of a compact oxide as a chemical dissolution and 

electrochemical etching coincides, creating a thin barrier layer between the 
substrate and electrolyte. 

• The continuation of the growth of pores is due to the electric field and their 
rearrangement.  

• Etching of the oxide layer by F- increases the current density. Chemical 
dissolution then removes the top shallow oxide surface layer, and NTs start to 
form.  

• In the last step, the NTs are grown to the length where dissolution and etching 
are in equilibrium. At this point, a slight drop can be observed in current and 
the growth goes into steady state [111], [114].  

 
A constant voltage is needed for the reaction to begin. At this instant, the electrical 

field is perpendicular to the Ti metal surface. The NTs start to grow in this direction [115]. 
The value of anodic potential significantly impacts the NT diameters and lengths. For 
example, different impurities such as nitrogen (N) can be found in the commercial Ti foil. 
They often act as an additional protective barrier for the corrosion to overcome; therefore, 
higher starting anodisation potentials are necessary [116]. Seong et al. [117] suggested that 
the local electric field during the anodisation is critical for enhancing the degree of preferred 
orientation of the NTs because it affects the thickness of the oxide layer and the ribs' 
formation.  

Macak et al. [118] observed a linear increase of layer thickness up to 20 V. Higher 
voltages resulted in continuous growth due to chemical dissolution and significant thinning 
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of the NT walls [119]. Interestingly, the chemical composition of NTs also changes with a 
lower or higher anodisation voltage. Lower voltages result in a smaller amount of oxygen 
than higher voltages (for example, 40.56 at. % of titanium and 59.44 at. % of oxygen at 20 
V if compared to 30.86 at. % of titanium and 69.14 at. % of oxygen at 60 V). Looking at 
the elemental distribution and amounts in the TiO2 NT structure at different voltages, 
Durdu et al. observed a homogeneous distribution of titanium and oxygen elements over 
the surface [120].  

The final structure of the oxide is primarily defined by electrolyte composition. If the 
content of F- is low, a compact oxide layer is formed, and if the F- content is high, 
electropolishing (EP) or corrosion of the Ti occurs. Due to the titanium’s high corrosion 
resistivity, F- ions are added to the electrolyte, and they corrode through the amorphous 
oxide protective layer [109]. H2O added to the electrolyte accelerates the dissolution of the 
NT layer compared to non-aqueous electrolytes. Chemical dissolution is slowed down if 
higher F- concentrations are present and if the hydrolysis of the Ti ions increases. Slowing 
down the chemical dissolution prolongs the equilibrium state, which results in the 
formation of longer NTs. Consequently, Cai et al. [111] determined that the best pH for 
optimal NTs growth is between 3 and 5. 
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Figure 1.3: (a) Detailed presentation of NT formation by anodic oxidation of Ti substrate 
and the growth of NTs in the presence/absence of F- ions. The formation of compact 
and nanotubular oxide layers can be monitored as current over time, with typical growth 
stages presented schematically. Adapted from [109], [110], [121]. (b) The step-by-step 
growth of NTs, top and cross-section view after (1) 0 min, (2) 3 min, (3) 10 min, (4) 30 
min, and (5) 1 h. Reprinted from [118], Journal of Electroanalytical Chemistry, 621, 
Macak et al., Mechanistic aspects and growth of large diameter self-organized TiO2 
nanotubes, 254-266, Copyright (2008), with permission from Elsevier.  

 
In the first step is formed a thicker compact oxide layer at the Ti substrate surface 

with the Ti dissolution into Ti4+ and the reaction with O2- from H2O in the electrolyte (Eq. 
1.1 – 1.3). Simultaneously, a hydrogen-evolution reaction occurs at the cathode (Eq. 1.4). 
Due to the volume expansion in the oxide layer, internal energy increases, and stress needs 
to be reduced by increasing the surface area [109]. With the synergetic action of F- etching, 
cracks start to appear, and the current starts to rise again. Cracks in the oxide layer present 
active sites for the development of corrosion pits, which grow upwards with time. F- and 
oxygen ions compete in migration to reach the TiO2 bottom oxide. Because they are 
smaller, F- ions migrate at twice the rate. That leads to a tubular shape, showing an F- 
rich layer between the substrate and the oxide. Unfortunately, the fluoride-rich layer also 
increases the probability of NT layer detachment from the substrate [122].  

Fluorides can either react with Ti4+ at the oxide-electrolyte interface (Eq. 1.5) or with 
the formed oxide layer (Eq. 1.6). In both cases, the fluoride-water-soluble species [TiF6 ]2- 
are created, which are important for the pore formation [123]. However, in our experiments 
(𝑁𝐻4)2𝑇𝑖𝐹6 were formed because of ammonium fluoride (NH4F) that was a source of F- 
ions (Eq. 1.7).  

When the interpore begins to form, the chemical dissolution of Ti foil further enhances 
the growth of the NTs. The growth of NTs continues inwards into the substrate until the 
current reaches a steady state. At that point, the walls of the NTs come in close contact 
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and thus stop growing in the horizontal direction, as stated by Lu et al. [115]. Meanwhile, 
the reactions at the bottom of the NTs continue, and the NTs grow in the vertical direction. 
The conductivity of the electrolytes changes during the anodisation process. Therefore, 
caution with a longer anodisation time is needed as it can lead to undesired etching of the 
top of a nanotube [109].  

 
Ti dissolution and oxide formation 

 

 𝑇𝑖 → 𝑇𝑖4+ + 4𝑒− (1.1) 

 2𝑇𝑖 +  4𝐻2𝑂 →  2𝑇𝑖𝑂2  +  8𝐻+ + 8𝑒− (1.2a) 

 𝑇𝑖4+ + 4𝐻2𝑂 →  𝑇𝑖(𝑂𝐻)4  +  4𝐻+ (1.3b) 

 2𝑇𝑖(𝑂𝐻)4  →  2𝑇𝑖𝑂2  +  4𝐻2𝑂 (1.3) 

 
Hydrogen evolution reaction on a cathode 

2𝐻2𝑂 +  2𝑒−  → 𝐻2  ↑  + 2𝑂𝐻− 

 
 

(1.4) 

 
Presence of F- ions 

𝑇𝑖4+  +  6𝐹−  → [𝑇𝑖𝐹6]
2− 

 
 

(1.5) 

 𝑇𝑖𝑂2  +  6𝐻𝐹 → 𝐻2[𝑇𝑖𝐹6]  +  2𝐻2𝑂 (1.6) 

 𝑇𝑖𝑂2 +  6𝑁𝐻4𝐹 → (𝑁𝐻4)2𝑇𝑖𝐹6  +  2𝐻2𝑂 +  4𝑁𝐻3 (1.7) 

The oxide thickness can be measured directly in a cross-section view using scanning 
electron microscopy (SEM) or indirectly with several mathematical calculations. The first 
one states that the measured current is dropping while the oxide is growing. When the 
system enters the steady state, the field-effect is lost, and the thickness of such a layer can 
be measured via equation 𝑑 = 𝑓 × 𝑈 , where f is called the growth factor of the oxide [124], 
[125], [126]. For TiO2, that factor is 2-2.5 nm/V [118]. The second equation takes into 
consideration that the NT diameter (d) and barrier layer thickness (t) are dependent on 
the applied voltage and can therefore be calculated as 𝑑 ≈ 5 × 𝑈  and 𝑡 ≈  2.2 × 𝑈  [118]. 
And thirdly, the thickness of TiO2 can be mathematically determined by calculating the 
Pilling-Bedworth ratio (PBR). The PBR represents the volume ratio of metal oxide and 
metal from which the oxide was grown. The importance of this balance was presented by 
Zhang et al. [127]. The group investigated the volume expansion by modifying the F- 

concentrations and current densities and observing their effect on the mechanism of the 
TiO2 NT growth. Surprisingly, they found that the volume of the NT array depended only 
on anodising current. 

Adjustment of the dissolution rate of the oxide by the electrolyte composition is the 
key to the high ratio growth of the longer NTs. According to Fu and Mo [73], diffusion 
and pH affect the hydrolysis of the Ti ions, influencing the electrochemical etching and 
chemical dissolution. If the pH values go up, the hydrolysis rate increases and slows down 
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the dissolution, resulting in longer NTs. Sulka et al. [114] observed that a decrease in the 
pH at the bottoms of the pores accelerates the local dissolution of the oxide. As a result, 
the pH and layer thickness decrease, and the measured current increases. Because diffusion 
balances acidification of the electrolyte (and with that, the NTs), a more viscous electrolyte 
is better for easier process regulation. However, suppose the temperature of the electrolyte 
is too high. In that case, the viscosity decreases, and the acidification increases, resulting 
in an increased rate of oxide formation. Interestingly the change of rate growth is only 
observed at a specific temperature of approx. 20 °C [114], [128]. These processes are 
presented in Figure 1.4. 
 

 

Figure 1.4: Electrochemical conditions along TiO2 NT. (a) Dissolution reaction, oxidation 
and hydrolysis are among the main reasons for changes in pH profile, (b) pH at the 
bottom of the NT is around 2 and at the top around 5, (c) the dissolution rate profile is 
depending on the pH value. Adapted from [123]. 

 
It depends on the chosen electrolyte whether the grown nanotubes are single- or double-

walled. Electrolytes based on dimethyl sulfoxide (DMSO) result in single-wall morphology 
(such NTs are composed of only the outer wall). Meanwhile, double-walled NTs are grown 
in electrolytes with ethylene glycol. Because the electrolyte in our experiments was based 
on ethylene glycol, further explanations will be based on a double-walled morphology. After 
the anodisation, such NTs consist of an outer and inner tube wall. The overall thicknesses 
of the two parts are changing along the tube wall. Furthermore, while the inner wall 
changes significantly from bottom to top, the outer wall remains more or less constant. All 
the structures are shown in Figure 1.5a. 

Grown NTs are amorphous and, as such, not useful in photocatalytic reactions. The 
process of annealing is needed to transform them into crystalline polymorphs. With that, 
specific electrical, optical, and chemical properties are obtained. Ghikov et al. [129] reported 
that the transformation of amorphous TiO2 to the anatase phase begins at 280 °C. Macak 
and his group [101] reported that after annealing at 450 °C for 3 hours, the NTs transform 
to smooth and round single-phase anatase NTs. HRTEM measurements and XRD pattern 
confirmed their findings. Moreover, a detailed analysis showed that the NTs are composed 
of randomly oriented TiO2 crystallites below 50 nm and with a preferred (101) plane 
orientation. Albu et al. [130] studied the effect of annealing on the double-wall morphology. 
While a slower heating rate leads to double-walled structure morphology loss, a more rapid 
heating rate leads to fusion into a porous membrane. Therefore, the correct heating rate is 
necessary for keeping a stable double-walled morphology. Moreover, they identified a 15-
nm-thick fluoride-rich layer (Figure 1.5a) at the NT bottom and Ti substrate interface. 
They also performed a complete chemical characterization across the TiO2 nanotubes, as 
shown in Figure 1.5b. The NT is composed of different ratios of Ti and O species; however, 
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a significant amount of F- and carbon (C) species can also be present and are attributed 
to the residuals from the electrolyte that are incorporated into the inner wall. A double-
walled NT is usually thinner in the tube top due to prolonged etching and, therefore, fewer 
F- and C species can be found there. The effect of annealing on the NTs’ chemistry is 
presented in Figure 1.5c.  

However, the annealing process does change the crystallinity and the morphology of the 
NTs. The change is drastic as the inner and outer layers are separated – the outer layer 
remains compact while the inner becomes porous. That happens due to the evaporation of 
high C and a reduction of F- concentration by evaporation as HF or F2 gas species (other 
detected gases can be TiF, TiF2, TiF3, TiOF, and TiOF2 [103]). Fluorine species that could 
otherwise introduce undesired electronic states into the material [130], [131]. Finally, a 
subsequent heat treatment is necessary to “solidify” the flexible amorphous nanotubular 
layer [101]. Few reports can be found where leftover rutile was identified under or 
sometimes in between the anatase layer [132]. 

 

 

Figure 1.5: (a) Schematic of a formed TiO2 NT in an organic electrolyte, consisting of 
two regions: outer and inner shells. (b) X-Ray Photoelectron Spectroscopy (XPS) depth 
profile measurement and the differences in/outward migration rates of the anodic species 
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such as carbon, oxygen, fluorine and titanium species and (c) Energy-Dispersive X-Ray 
Spectroscopy (EDS) measurements over the bottom, middle, and top of NTs before/after 
annealing. Adapted and taken from [109], Copyright © 2011 WILEY-VCH Verlag GmbH 
& Co. KGaA, Weinheim and reproduced with permission from Ref. [130], Copyright © 
2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 

 
However, not all grown NTs have smooth walls. An observed rare phenomenon is the 

occurrence of ripples/ribs on the NT walls. They result from the competition between NT 
formation and dissolution. They can be seen on a graph monitoring current as periodic 
current fluctuations [114]. The formation of ribs is schematically presented in Figure 1.6. 
It results from several sequential steps where the dissolution of the outer wall F- rich layer 
occurs faster than the field-assisted dissolution of the inner layer. This happens at higher 
H2O contents and the high solubility of a fluoride-rich layer [117]. The physical cause of 
their formation is the high H2O concentration in the electrolyte and the generation of 
oxygen at the anode during the anodisation process. Both parameters were investigated by 
Valota et al. [131]. They manipulated the H2O concentrations and concluded that a H2O 
content above 10 % resulted in significantly higher current densities, when compared with 
lower concentrations. The result was ribs, approximately 5 nm thick and separated by 5–
30 nm. The after-effect of their formation was the reduced length of the NTs. 
 

 

Figure 1.6: (a) SEM imaging of ribs’ phenomena. Reused with permission from Ref. [133] 
under the License CC BY. (b) The schematic diagram of ribs’ occurrence. Rib formation 
is a process in which cations and anions transverse during NT growth, following (1) 
dissolution of the F- rich layer and the oxide while the main tube grows and (2) formation 
of a bridge from TiO2 between two neighbouring NTs. The rib is formed because of 
excessive dissolution from the previous step and continuing oxide growth. Another rib is 
formed (3) when the electrolyte further dissolves the NT oxide. Adapted from [131].  

 
On the other hand, Huang et al. [134] investigated the formation of split NTs and 

oxygen evolution during anodisation under breakdown conditions over a short period (15 
min) of previously formed NTs with the conventional method. In principle, the approach 
“separates” the electronic and ionic current from the total current. When an electronic 
current reaches its minimum, it starts to increase continuously. That change accelerates 
the oxygen evolution and splits the NTs, similar to NT cleaving. Such growth cannot be 
explained with previously mentioned classical theories, but with the so-called oxygen bubble 
mould theory [134]. 
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1.2.2.2 Choice of the Substrate 

The choice of Ti substrate depends on the result the researcher wants to achieve for the 
TiO2 NTs layers. To understand the effect of surface morphology of the starting Ti 
substrate on the TiO2 NT formation, the properties of the substrate should be carefully 
considered since crystallographic defects and impurities are common and influence the 
physical, chemical, and electrochemical characteristics of titanium. The size and 
distribution of the grains may affect the uniformity of the grown NTs. However, the key 
advantage is that any form of Ti (e.g., sheet, foil, coil) can be treated with anodic oxidation. 

This thesis is based on work with a commercially pure Ti foil. Such a foil is usually 
polycrystalline with a hexagonal close-packed (hcp) structure and grains of different 
crystallographic orientations and sizes, schematically presented in Figure 1.7a [135]. 
Properties of the hexagonal unit cell such as surface area, number of atoms per surface 
plane and atomic surface density are presented in Figure 1.7b. Commercial Ti is produced 
as a foil with the process of cold rolling. The most common crystallographic texture that 
results after the rolling is such that the [0 0 0 1] axis is perpendicular to the sheet plane 
[136]. Because of the nature of the generation of commercial Ti foil, the surfaces can be 
uneven. The relationship between the Ti substrate grain orientation and the 
electrochemical process of anodic oxidation was researched by several authors.  
 

 

Figure 1.7: (a) Hexagonal unit cell for polycrystalline commercially pure Ti with 
indicated (0001), (1010̅) and (211̅0̅) planes and (b) properties of the hexagonal unit cell 
such as surface area, number of atoms per surface plane and atomic surface density. 
Adapted from [137], [138].  
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Lu et al. [115] linked surface curvature and electrical field – if the surface was curved, 
so was the electrical field. Consequently, the grown NTs are tilted across the Ti surface in 
the electrical field direction. Smaller NTs can be found underneath the convex surface, 
while prominent, more expanded NTs can be observed underneath the concave surface. 
Additional research included as-received Ti foil, chemically polished, mechanically polished 
and electropolished (EP) Ti foil. After anodisation, the NTs grown on the as-received 
substrate appeared non-uniform, compared with other polishing treatments. 

Meanwhile, Seong et al. [117] focused on Ti surface roughness as a critical factor for 
controlling the degree of the preferred orientation of anatase NTs. They investigated 2-
mm-thick Ti foil, untreated (UT) or mechanically polished. By calculating the root-mean-
square roughness (𝑅𝑞) of the Ti surface and comparing the data with the nanotube growth 

and their crystallinity, they concluded that lower roughness numbers resulted in a higher 
degree of preferred orientation. Moreover, the uniformity of the NTs improved if anodic 
oxidation was performed on flatter (less rough) surfaces, since the grain boundaries in 
polycrystalline structures can also function as charge-trapping centres. The effect of surface 
topography on the NT growth is presented in Figure 1.8a. 
 

 

Figure 1.8: (a) Influence of substrate surface on NTs growth. Dependency of root-mean-
square roughness values on the degree of preferred orientation to the (004) plane of the 
anatase [117]. Reprinted with permission from Journal of Physical Chemistry C, 19, 23,  
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Seong et al., Roughness of Ti substrates for control of the preferred orientation of TiO2 
nanotube arrays as a new orientation factor. Copyright (2015) American Chemical 
Society. (b) SEM and AFM images of UT (1), chemically (2), mechanically (3) polished 
and electropolished (EP), (4) Ti substrates and (c) their NTs [115]. Reprinted from 
Electrochimica Acta, 56 /17, Lu et al., Polishing effect on anodic titania nanotube 
formation, 7, Copyright (2011), with permission from Elsevier. 

 
Among different polishing procedures (Figure 1.8b-c), EP significantly influences the 

electrochemistry. Therefore, it is not uncommon that the most homogenous layer of NTs 
results from EP Ti foil [115]. The process of EP is a three-step reaction in which Ti4+ 

cations diffuse in the electrolyte after the applied voltage between Ti anode and cathode 
(Eq. 1.8). At the same time, oxygen evolution occurs (Eq. 1.9), and active dissolution 
results in the polishing process [139].  

 

 𝑇𝑖 → 𝑇𝑖4+ + 4𝑒− (1.8) 

 4𝑂𝐻− → 𝑂2 + 2𝐻2𝑂 + 4𝑒− (1.9) 

 𝑇𝑖 + 4𝑂𝐻− → 𝑇𝑖𝑂2 + 2𝐻2𝑂 + 4𝑒− (1.10) 

Consequently, the Ti surface becomes unstable, and a passive oxide film is formed (Eq. 
1.10). If the voltage during the formation of the anodic film increases, pitting of the Ti 
surface occurs [140], [141]. The passive oxide film covering the Ti foil plays a vital role, 
because it limits the ions’ migration towards the anode and thus prevents extensive or 
uneven surface etching [142]. The final surface topography can be tailored by controlling 
the EP parameters, such as the electrolyte's composition and temperature, the polishing 
time, and the applied voltage. The proper selection of EP parameters is crucial for 
controlled titanium-surface preparation. For example, high applied voltages result in the 
production of excess hydrogen gas. They can cause ‘burned spots’ on the Ti surface. On 
the other hand, low voltages result in the absence of an oxide film during the polishing, 
which leads to greater roughness [139]. Furthermore, EP residues act as nucleation sites 
for NT growth, which could simultaneously lead to a poor arrangement if present in excess 
numbers [143].  

Apart from the polishing, the surface roughness can be reduced by repetitive 
anodisation. Repetitive anodisation is a process when the NT layer from the first 
anodisation is removed from the substrate directly after anodic oxidation. What remains 
on the Ti surface are dimples (presented in Figure 1.9) that act as initiation sites for the 
NTs' growth through the hexagonal ordering from the previous NTs. After the removal, 
another anodisation follows, resulting in NTs with smaller diameters, more uniformity, and 
a smoother NT wall. This is important because the smoother the surface, the fewer defects 
are present, and NT layers form without cracks, variations in local thickness, etc. [144], 
[145]. Zhang et al. [146] performed various repeated anodisations. Afterwards, they 
suggested additional steps of (1) substrate annealing to release residual stress or (2) 
choosing a Ti substrate with larger grains before any anodisation to eliminate defects at 
the grain boundaries. Both options result in an ordered structure with enhanced 
photocatalytic activity (the ordered form is usually more active than the disordered tubular 
structure). 
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Figure 1.9: SEM images of Ti substrate dimples (a) after the first anodisation and (b) 
after the second [146]. Reprinted from Electrochemistry Communications, 9 /12, Zhang 
et al., Highly ordered nanoporous TiO2 and its photocatalytic properties, 5, Copyright 
(2007), with permission from Elsevier. 

 
While one direction of research was focused on investigating the effect of different Ti 

surfaces on the anodisation process and NT morphology, the other studied the substrate 
microstructure. For example, Macak et al. [147] observed the microstructure related to 
polished/untreated Ti substrates and their influence on the anodic growth of self-organized 
TiO2 NT layers in ethylene glycol electrolytes. The preferred grain orientation for growth-
promoting NT growth was when the [0001] axis was perpendicular to the surface of the 
polished samples. In contrast, no specific orientation was found to significantly promote or 
retard the NT growth in an unpolished Ti substrate. Furthermore, Davepon et al. [138], 
[148] suggested that the density of the surface atoms determines the formation of oxide 
films. The oxide growth is constant on the low packed planes and smaller for tightly packed 
planes (0001). Moreover, twins can have a much higher activity than grains in some cases. 
The (0001) plane (Φ = 0°) has an atomic density of 1.8, and is 1.6 times larger than the 
plane (211̅0̅) and (1010̅) (Φ = 90°). However, if 𝜑2 = 0°/ 30°, the atomic densities are 
similar. Because (0001) has a higher atomic density, electron (𝑒−) transfer reactions like 
oxygen evolution are favoured over reactions like oxide growth and dissolution. Therefore, 
there is no breaking point for NT growth to occur [137]. 

The electrochemical reactivity depends on the thermodynamic properties of the 
substrate and the oxide film, ionic conductivity, and electronic properties. Further research 
on this topic [149], [150] includes electron-backscatter diffraction (EBSD) studies of starting 
Ti surface. The NTs start to form randomly and without order on the UT surface. However, 
the grown oxide showed interdependence on EP titanium to the grain structure and 
orientation. Leonardi et al. [150] investigated whether the NT length can be correlated 
with the crystallographic parameters of the Ti substrate. They confirmed the dependency 
on the atomic density of different planes. The growth rate increased with a decreasing 
planar atomic density of the substrate, as shown in Figure 1.10a. For further clarification 
on the topic, the electrochemical behaviour towards oxide formation is presented in Figure 
1.10b. 
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Figure 1.10: (a) Investigation of Ti microstructure and its influence on NT growth and 
electrochemical behaviour towards oxide formation. The length of grown NTs regarding 
the crystallographic orientation of Ti substrate [150]. Reprinted with permission from 
ACS Applied Materials and Interfaces, 7 /3, Leonardi et al., TiO2 nanotubes: 
Interdependence of substrate grain orientation and growth rate, 1662–1668, Copyright 
2015 American Chemical Society. (b) Electrochemical behaviour of current densities and 
relation to oxide formation on the specific Euler angle [138]. Reprinted from 
Electrochimica Acta, 47 /1-2, König and Davepon, Microstructure of polycrystalline Ti 
and its microelectrochemical properties by means of electron-backscattering diffraction 
(EBSD), 12, Copyright (2001), with permission from Elsevier. 

1.2.2.3 Choice of the Electrolyte 

At the beginning of TiO2 NT research, it was established that ethylene glycol-based 
electrolytes need to be aged before their first use when preparing NTs that are ordered 
[108]. The chemical composition of the electrolytes naturally changes with each use since 
it reacts with the chosen Ti substrate. At the end of each anodisation cycle, the electrolyte 
is aged for one generation. Nowadays, most studies on electrolytes are based on freshly 
prepared electrolytes. However, the ageing of electrolytes is an important phenomenon 
influencing the NT morphology and photo-efficiency [109]. 

Sopha et al. [151] confirmed that the electrolyte’s age significantly influences the NT 
length and diameter. When fresh electrolyte was used, the NTs with a high aspect ratio 
were grown and with a low aspect ratio when the electrolyte was aged. The most significant 
conclusion of their study was that the electrolyte could be used several times, without any 
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critical issues with regards to lowering the quality of the NTs. In contrast, Raja et al. [152] 
observed that ordered NT arrays are formed only after the third electrolyte use. They 
performed a series of anodisations with an electrolyte containing ethylene glycol, 0.2 wt% 
NH4F and different amounts, i.e., 0–1.0 wt%, of H2O. They concluded that a minimum 
quantity of 0.18 wt% of H2O is needed to form ordered NT arrays.  

Controlling the growth rate through F- ion diffusion inwards and [TiF6]2- diffusion 
outwards suggests that the anodic oxidation of NTs is a highly controllable process where 
electrolyte composition plays a crucial part [118], [153]. The review by Fu and Mo [73] 
identified that the electrolytes for NT anodisation were divided into the following 
generations that evolved over years of research according to their chemical composition:  

 
• HF-based aqueous electrolytes,  
• buffered electrolytes,  
• polar organic electrolytes and  
• non-fluoride-based electrolytes. 
 
The first investigations were based on the anodisation of Ti substrates in aqueous 

electrolytes with HF. Such anodisation usually results in a high density and uniform TiO2 
areas [154], [155] where the NTs’ diameter increases with the voltage [156].  

Continuing with the new findings, the focus was on buffered electrolytes that were still 
based on F- sources, such as sodium fluoride (NaF) and potassium fluoride (KF), as the 
prime factor for NT growth. During that time, the significance of pH during the anodisation 
process was determined [111]. By adjusting the pH level with sulfuric acid (H2SO4), sodium 
hydroxide (NaOH), sodium hydrogen sulphate (NaHSO4) and citric acid (C6H8O7) to 
approximately 4.5, Cai et al. [111] were able to grow longer NTs. The most significant 
conclusion from their work was that the alkaline electrolytes are not appropriate for NT 
growth, due to the unwanted debris on top of the NTs. In addition, Macak et al. [157] 
found that NT growth is limited when NTs reach a certain thickness.  

Recently, most experimental work has involved using polar organic electrolytes where 
the primary sources of fluorides are NH4F, KF, and/or NaF. The significant difference from 
previous studies is that H2O is added in small quantities into different polar organic 
compounds, glycerol [76], [118], DMSO, formamide, N-methyl formamide [77], [158], [159], 
and ethylene glycol [78], [114] which was also used in our studies. In an aqueous solution, 
the electrochemical oxidation of ethylene glycol undergoes a reaction to carbon dioxide 
(CO2) over glycol-aldehyde, glyoxal, glyoxylic acid, and oxalic acid. However, the number 
of anodisations is too small for the ethylene glycol to undergo a reaction to CO2. The most 
crucial role of ethylene glycol is providing H+ ions and oxygen in the NT growth [152], 
[160]. 

The common findings of extensive research on polar organic electrolytes with added 
NH4F and H2O are, (1) grown NTs are ordered and homogeneous, (2) less H2O content in 
the electrolyte results in longer NTs, (3) the cation choice (e.g., H+, NH4

+, Na+) influences 
the NTs’ growth rate and length so that the NTs’ length increases with increasing cation 
size [161], and (4) oxide thickness increases when the temperature of the electrolyte 
increases [77], [158], [159]. For instance, Lee et al. [162] extensively investigated the 
formation of TiO2 NTs in fluoride-containing electrolytes, their crystallinity and chemical 
composition. They assumed that the HF-based electrolytes are not that successful because 
the NTs grow up to 500 nm due to the oxide's fast dissolution and slow formation. Another 
reason for using NH4F instead of HF is the reduced acidity and the slower dissolution rate 
[161]. 

Due to the toxicity of the F- ions and their loading in the environment [163], the future 
of research is heading into greener solutions, with the substitution of non-fluoride-based 



1.2. General Concepts 21 

electrolytes such as hydrochloric acid (HCl), hydrogen peroxide (H2O2), perchloric acid 
(HClO4) solutions and their mixtures [73], [164], [165], [166], [167], [168].  

Interestingly, the mechanism of growth in fluoride-free electrolytes is slightly different, 
as the NTs are grown with so-called rapid-breakdown anodisation [168]. Cheong et al. [168] 
defined rapid-breakdown anodisation as a process at which the anodisation voltage is high 
enough to create local breakdown on the Ti surface substrate. Those breakdown points 
then act as starting sites for NT growth to occur. Although the NTs were not uniform and 
organized, the photoconversion efficiencies could be easily compared with the efficiency of 
those in F- electrolytes. The mechanism of rapid-breakdown anodisation is schematically 
presented in Figure 1.11. Macak et al. [110] observed that rapid-breakdown anodisation in 
electrolytes containing chloride leads to the formation of NTs bundles. Although the 
process is less homogeneous, chloride (Cl-) ions were a good substitute for the F- ions. The 
mechanism of growth is similar to the one when F- ions are used [164], [165], [166]. The 
oxide layer is formed after the applied potential, Cl- ions randomly attack and pits are 
formed. Cl- and OH- rush towards the Ti and OH- are responsible for oxide and Cl- for 
etching, as seen in Eq. (1.11) below. The entire process is not homogeneous. NTs are grown 
inside and along with those pits [164].  

 𝑇𝑖𝑂2  +  4𝐻+ +  6𝐶𝑙− →  𝑇𝑖𝐶𝑙6
2−  + 2𝐻2𝑂 (1.11) 

 

 

Figure 1.11: Formation of bundles via rapid-breakdown anodisation in chloride-
containing electrolytes. Schematic of the process and SEM imaging of NTs bundles [168]. 
Adapted by permission from Springer, Journal of Porous Materials, Fabrication of 
titanium dioxide nanotubes in fluoride-free electrolyte via rapid breakdown anodization, 
Cheong et al., COPYRIGHT (2015). 

1.2.3 The Process of Photocatalysis 

The sun's energy is among the most promising energy sources since it is abundant, clean, 
and safe. Additionally, it is sustainable and economically available. The broad light 
spectrum can be used as an energy source for many photocatalytic reactions. It is also used 
to bridge the bandgap in TiO2 catalysts to decompose unwanted organic compounds. 
However, a significant drawback of TiO2 is its characteristic of being photoactive only in 
UV light, which represents a tiny fraction of the whole EM spectrum. However, there are 
other means (e.g., doping) to decrease the bandgap and make the photocatalyst active in 
visible light as well.  

Photocatalysis emerged as a versatile technology from environmental remediation to 
energy harvesting in the last decade. In photocatalysis, irradiating a semiconductor that 
works as a catalyst accelerates the chemical reaction that is thermodynamically favourable, 
but otherwise kinetically slow. In environmental applications, the degradation of organic 
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compounds is targeted, and the pollutant is mineralised into CO2 and H2O. Meanwhile, the 
catalyst can be regenerated at the end of the degradation cycle and reused for another 
cycle.  

1.2.3.1 Heterogeneous over Homogeneous Photocatalysis 

The main difference between homogeneous and heterogeneous catalysis is in the 
photocatalyst phase and the reaction medium. Heterogeneous photocatalysis is a complex 
phenomenon that originates from photochemistry, catalysis, spectroscopy, and surface 
materials science [7]. It is based on a fundamental principle of oxidation, which derives 
from the transfer of one or more electrons from an electron donor to the electron acceptor. 
The transfer from the reductant to an oxidant is necessary for the reaction to occur [169]. 
Statistically, the most probable pathways for the degradation of organic pollutants are 
degradation with (1) the help of free radicals, (2) surface-bound radicals and (3) with 
direct hole (ℎ+) oxidation [170], [171].  

Semiconductor photocatalysis deals with aerobic photooxidation reactions, i.e., with the 
degradation of pollutants present in the air and H2O [171]. The process as such is fast (up 
to femtosecond) [172] and can be direct with a strong adsorption of the pollutant when 
free radicals are acting as surface-trapped holes (Eq. 1.11 and 1.12) or indirect with weak 
adsorption and oxidation at the surface or after deposition with the means of free radicals 
(Eq. 1.13 – 1.15). The process of photocatalysis usually occurs on the photocatalyst surface 
or in its proximity [173]. A simplified version of the reduction and oxidation power of 
electron-hole (e-/h+) pairs is presented in the following equations: 

 𝑃ℎ𝑜𝑡𝑜𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 → 𝑒𝐶𝐵
− + ℎ𝑉𝐵

+  (1.11) 

 ℎ𝑉𝐵
+ + 𝑃𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡𝑠 →  𝑃𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡𝑠• (1.12) 

 ℎ𝑉𝐵
+ + 𝑂𝐻𝑠 → 𝑂𝐻𝑠

• (1.13) 

 𝑂𝐻𝑠 + 𝑃𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡 → 𝑂𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠 (1.14) 

 𝑂𝐻𝑠
•⟹ 𝑂𝐻𝑓

•+𝑃𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡 → 𝑂𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠 (1.15) 

TiO2 is an n-type, indirect semiconductor and has narrower absorption coefficients than 
direct semiconductors (e.g., zinc oxide). The energy difference between the conduction band 
(CB) and the valence band (VB) is known as bandgap. It represents the minimum energy 
needed for the excitation. In anatase, the bandgap value is 3.2 eV, which means that only 
light wavelengths (λ) shorter than 390 nm are absorbed and thus used for excitation. 
However, TiO2 catalysts usually have surface states (localized electronic states) within the 
bandgap (occupied or unoccupied), originating from the solvent or absorbent at the TiO2 
surface [171]. Generated carriers undergo trapping, recombination, and interfacial transfer 
and slow down the degradation process [172].  

The general scheme of the process of photocatalysis is presented in Figure 1.12 as a 
simplified version of a catalyst, a light-harvesting system in which nanoparticle play the 
role of sensitizer and the source of photoelectrons and holes [7]. The photocatalysis process 
starts with the absorption of light photons by the photocatalyst and finishes with chemical 
transformations of pollutants molecules. It is an inefficient process where up to 90% of the 
photogenerated e-/h+ pairs can recombine and are lost. According to Schneider [44] and 
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Henderson [88], the basic steps in the process are (1) absorption of photons, (2) formation 
of charge carriers, (3) e-/h+ trapping, (4) charge-carrier recombination, (5) adsorption of 
pollutants, and (6) oxidative and reductive reactions to yield mineralization products. 
Mineralization is a complete degradation of the organic material to the end products, CO2, 
H2O, and inorganic ions. Therefore, it is of great concern if the degradation is incomplete 
since different intermediates and by-products could be more toxic than the pollutant itself. 
Therefore, knowing the complete degradation pathway and intermediates concentrations is 
essential [169].  
 

 

Figure 1.12: (a) Schematic of photocatalysis process in a semiconductor TiO2. Basic steps 
of the process include (1) absorption of photons, (2) formation of charge carriers, (3) e-

/h+ trapping, (4) charge carrier recombination, (5) adsorption of pollutants, and (6) 
oxidative and reductive reactions. (b) Next is presented photoinduced charge carriers’ 
generation, their trapping, recombination and interfacial transfer reactions. Adapted 
from [44], [88], [170], [171], [170].  

 
The process is activated when the photocatalyst is illuminated with the light of an 

appropriate energy, equal, or larger than, the material’s bandgap (Eq. 1.16) [169]. Due to 
the nature of a photocatalyst, we must consider the absorption and scattering of the light 
[7]. The photon absorption is a subsurface rather than bulk process due to the differences 
in electronic structures between bulk and surface and the significance of the overall photon 
absorption capacity at the surface [88]. Absorption of light is the direct transfer of photon 
energy transformed into the energy of electronic excitations (e-/h+ pair generation,  excitons 
generation). Quantities used to evaluate incident photons and photocatalytic activity are 
absorbance, reflectance, and transmittance. Among those, light’s intrinsic and extrinsic 
absorption is the most important. While the intrinsic is caused by light absorption and 
electronic transitions between states, the extrinsic is caused by defect states. Intrinsic 
structural point defects are typical for metal-oxide specimens/cation-anion vacancies. 
Oxygen vacancies are also called F-type centres with one or two trapped electrons [7]. 
Oxygen vacancies can improve the photocatalysis by trapping e- or h+ and inhibiting 
recombination by changing the local atomic structure, electronic structure, intrinsic 
chemical and physical properties [174].  
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𝐴𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑎𝑛𝑑 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑐ℎ𝑎𝑟𝑔𝑒 𝑐𝑎𝑟𝑟𝑖𝑒𝑟𝑠  

ℎ𝜈1  ≥  𝐸𝐺 (1.16) 

𝑇𝑖𝑂2 + ℎ𝑣 → 𝑇𝑖𝑂2(𝑒𝐶𝐵
− + ℎ𝑉𝐵

+ ) [172] (1.17) 

𝑒𝐶𝐵
− + 𝑂2 → 𝑂2

− (1.18) 

𝑂2
− + 𝐻+ → 𝐻𝑂2

•  (1.19) 

ℎ+ + 𝐻2𝑂 →  𝑂𝐻• +𝐻+ (1.20) 

ℎ+ + 𝑂2
− → 2𝑂• (1.21) 

Once the TiO2 is photoactivated, the bandgap excitation should result in separated 
charge carriers, as shown in Eq. 1.17. Afterwards, the electrons migrate towards the bulk 
and holes to the surface [169]. Interestingly, the excitonic energy does not transfer to an 
adsorbate or supported material; instead, the energy is transferred across the TiO2. Charge 
separation can be enhanced/promoted artificially by heterojunction (interfacial) with 
modifier (usually nanoparticles of Au, Ag, etc.) or by dopant (bulk) [88]. In some cases, 
the presence of defects in the TiO2 lattice can cause interference in photon absorption and 
consequently generate excited defects in the form of bound or self-trapped excitons [169]. 
The critical factor that Fujishima et al. [9] pointed out is that the reduction (Eq. 1.18 and 
1.19) and oxidation (Eq. 1.20 and 1.21) sites are located on the TiO2 surface. More 
specifically, oxidizing holes and active oxygen species are formed, which both contribute to 
the decomposition reactions [9].  

The trapping of electrons lowers their energy. After the excitation, the e- and h+ can be 
trapped either on the surface or in the bulk TiO2 (Eq. 1.22 – 1.24), which leads to a negative 
outcome only if the trapping leads to recombination. It was shown that electron traps could 
be localized in the TiO2 lattice as Ti3+ sites [88]. However, Ti3+ states, one of the primary 
intrinsic defects, also allow the transfer of electrons to adsorbed O2 to form O2

- and O2
2- 

species. The superoxide form is less favourable and less energetically stable [175].  

𝐶ℎ𝑎𝑟𝑔𝑒 𝑐𝑎𝑟𝑟𝑖𝑒𝑟 𝑡𝑟𝑎𝑝𝑝𝑖𝑛𝑔  

𝑒𝐶𝐵
− +> 𝑇𝑖𝐼𝑉 𝑂𝐻 → {> 𝑇𝑖𝐼𝐼𝐼𝑂𝐻}(𝑠ℎ𝑎𝑙𝑙𝑜𝑤 𝑡𝑟𝑎𝑝𝑝𝑖𝑛𝑔) [172] (1.22) 

𝑒𝐶𝐵
− +> 𝑇𝑖𝐼𝑉 →> 𝑇𝑖𝐼𝐼𝐼 (𝑑𝑒𝑒𝑝 𝑡𝑟𝑎𝑝𝑝𝑖𝑛𝑔) [168] (1.23) 

ℎ𝑉𝐵
+ +> 𝑇𝑖𝐼𝑉 𝑂𝐻 → {> 𝑇𝑖𝐼𝑉 𝑂𝐻}+ (ℎ𝑉𝐵

+ ) [168] (1.24) 

Immediately after the illumination and e-/h+ pair generation, the generated free 
electrons can reach the surface; the rest are trapped in the bulk (shallow or deep traps) 
[176]. Bulk and subsurface trapping are favoured over surface trapping [44]. And because 
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both species of electrons are similar and close to the CB, they can migrate between the 
surface trap and shallow bulk trap site (500 ps period). Once they go too deep, the mobility 
is difficult and the recombination is slow [176]. Several authors [88], [177], [178] suggested 
that excited electrons are preferentially trapped at the surface hydroxyl (OH) groups that 
are present there due to UV irradiation. In contrast, trapped holes are localized at surface 
sites but delocalized over the surface region at room temperature. The holes are trapped 
at the bridging O2- or are transferred to surface-bound OH- anions which result in O•- 
or/and OH• centres [44]. 

Electron transfer is a process between a surface and an adsorbed species [88]. The most 
common outcome of the generation of e-/h+ pairs is recombination (Eq. 1.25 – 1.27), which 
can be direct (free electrons) or indirect (defects as recombination centres) [7]. Moreover, 
it can be radiative (e.g., photoluminescence, PL) or non-radiative (e.g., heat generation). 
The most common types of e- transfer are from donor to the CB, h+ transfer from VB to 
h+ acceptor, e- transfer from the CB to acceptor and h+ transfer from donor to VB [88].  

 𝐶ℎ𝑎𝑟𝑔𝑒 𝑐𝑎𝑟𝑟𝑖𝑒𝑟 𝑟𝑒𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛  

 𝑒𝐶𝐵
− + 𝑇𝑖𝐼𝑉 𝑂𝐻 +→ 𝑇𝑖𝐼𝑉 𝑂𝐻 [168] (1.25) 

 ℎ𝑉𝐵
+ + {> 𝑇𝑖𝐼𝐼𝐼𝑂𝐻}+→ 𝑇𝑖𝐼𝑉 𝑂𝐻 [168] (1.26) 

 ℎ𝑉𝐵
+ + 𝑇𝑖𝐼𝐼𝐼  → 𝑇𝑖𝐼𝑉  [168] (1.27) 

The site that the pollutant uses for binding on a substrate is critical. The TiO2 particle, 
in general, has a specific electronic characteristic and many adsorption sites for the 
pollutant (or its part) to adsorb onto [170]. The foremost important ROS species that 
contribute to the photocatalytic activity in TiO2 NTs are superoxide radicals (O2

•-), H2O2, 
singlet oxygen (1O2) and most importantly, the hydroxy radical (OH•). They are generated 
from surrounding oxygen molecules, H2O or OH groups that are attached to the TiO2 
surface [179]. It was already shown in the above equations that the oxidation of H2O can 
produce the OH• at the TiO2 surface by photogenerated holes. The mechanism is also 
schematically presented in Figure 1.13. The OH group can be either terminal or bridge-like 
bound to the TiO2 surface. Both groups are in equilibrium with the H+ release at the 
aqueous interface. However, the terminal OH might be blocked due to the excess of the 
positive charge of the Ti atom, which prevents the hole from attacking the Ti-O bond. In 
contrast, the O in the bridge-like OH has a negative charge, which is more favourable for 
attacking the positive hole. Sometimes, surface-trapped holes can be regarded as adsorbed 
OH• [180]. 
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Figure 1.13: (a) Illustration of photocatalysis on anatase by OH•, OHs

• meaning reaction 
on the surface and OHf

• in liquid. Possible reaction pathways at the (b) bridge OH of 
anatase (solid) or rutile (dotted) TiO2 and (c) terminal OH site of TiO2. Adapted from 
[180]. 

 
Extensive structural and chemical characterization of the catalyst material is essential 

using different analysis techniques since impurities and contaminations in the material 
affect the process of photocatalysis [181]. Macak et al. [182] compared the photocatalytic 
properties of TiO2 nanotubular layers with nanoparticulate P25 Degussa layers. To achieve 
the maximum decomposition efficiency, it is necessary for the catalysts to have a large 
catalyst area, appropriate band-edge positions, and rapid charge separation. Interestingly, 
the photocatalytic nature of the catalyst changes with its size, meaning that smaller 
particles (nanoparticles) can shift the absorption threshold.  

Apart from size, the material's crystallinity is directly correlated with the 
photocatalytic activity. It was determined that the activity improves after annealing 
because annealing eliminates charge-trapping and/or recombination sites, as dangling 
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bonds and distorted lattice structures. However, the adverse effects of crystallinity are a 
loss of surface OH groups and a reduction in the total surface area [88]. An important fact 
is that the illuminated total surface area is not equal to the total of photocatalyst active 
centres. Meaning that the illumination reaches only a fraction of the exposed centres; the 
others remain inactive due to the specifics in catalyst morphology, which remain hidden 
for light activation [181]. Liu et al. [183] concluded that the enhanced photocatalytic 
response could be correlated with the presence of a more significant concentration of lattice 
defects and a lower degree of crystallinity near the NT surface. Additionally, they showed 
that annealing in an O2 atmosphere reduces the local surface defects and enhances the local 
structure and crystallinity. 

1.2.3.2 Kinetics of the Reactions 

Any reaction's kinetics follows a series of consecutive steps where the overall reaction rate 
depends on the slowest, determining step. However, this general rule cannot be applied due 
to the nature of the generation of e-/h+ pairs in photocatalysis. The process is thus 
presented in parallel series (as is schematically illustrated in Figure 1.14a-b) rather than a 
series of consecutive steps. This assumption is needed to determine the overall reaction 
rate [184].  
 

 

Figure 1.14: (a) Scheme of rate-determining step as a general model of reaction 
determination step where ΔG is the excitation energy and Ex-y are the activation energies. 
(b) Reaction of photocatalysis is shown as a series of reactions. Adapted from [184]. (c) 
Schematic presentation of Langmuir-Hinshelwood reaction kinetics. Adapted from [169]. 

 
The reaction rate of photocatalysis can be measured with different analytical methods 

(e.g., photochemistry, photoluminescence) or can be calculated. The reaction rate is a 
product of the absorbed photon flux (Ia) and quantum yield (Φ). Although the photon flux 
depends on the light intensity, the quantum yield is independent and can be used to 
compare the efficiency of different reactions. For a more straightforward calculation, the 
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absorbed photon flux is replaced with the incident flux (I0) because the photons arriving 
at the catalyst are more easily measured. For that reason, photonic efficiency is not used 
for a comparison because the light intensity, scattering and reflection have too large an 
impact on the measurements [171]. 

The Langmuir–Hinshelwood (LH) model is one of the main mechanisms of the surface 
chemical reaction and is presented in Figure 1.14c [169]. The mechanism assumes “that the 
interaction takes place between pre-adsorbed reagent molecules and surface species (either 
pre-adsorbed molecules or surface-active centres)” [7]. The LH-mechanism promotes surface 
chemical processes, where adsorbed molecules connect directly with the surface charge 
carriers and excitons. The exchange between the surface and the bulk happens by diffusion 
or drift. Adopted from (Eq. 1.28) Choo et al. [185], the LH-mechanism equation is: 

 𝑟 =
𝑑𝐶

𝑑𝑡
= − 

𝑘0𝐾𝐶

1 + 𝐾𝐶
 (1.28) 

where C is the reactant concentration, t is the reaction time, k0 is the reaction-rate 
constant, and K is the adsorption coefficient of the reactant on the catalysts. The last two 
parameters can be estimated using lineralization and determination of the linear regression 
coefficient. Suppose the KC is smaller than 1 (when the adsorption coefficient and reactant 
concentration are small). In that case, the LH equation can be simplified to: 

 𝑙𝑛
𝐶𝑡

𝐶0

= −𝑘1𝑡 (1.29) 

where Ct and C0 are the reactant concentrations at time t and 0 [185]. The reaction 
undergoes a pseudo-first-order reaction, which is typical for TiO2 photocatalytic reactions 
in wastewater treatment [186]. 
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1.3 Motivation and Thesis Objectives 

TiO2 NTs represent an attractive solution for environmental pollution. It is a widely used 
material due to its wide bandgap; it is not toxic, has a low price, is photostable and 
chemically inert [187]. The critical element for the degradation of pollutants is a 
photoactive catalyst with a high chemical reactivity, photoactive surface area, stability, 
and the ability to regenerate and produce reactive oxygen species, which later decompose 
organic compounds into H2O and CO2.  

Although there are many synthesis routes to obtain TiO2 NTs, the process of anodic 
oxidation is one of the most widely used methods. It yields NTs that are rigidly attached 
to the Ti substrate with a length in the micrometre range [188]. Anodically grown NTs 
show good mechanical strength [50], enable direct charge transfer and have a short electron 
diffusion path [109], [110]. In contrast to a TiO2 nanoparticulate catalyst, the NTs are 
firmly attached to the substrate and not released into the environment during the 
photocatalytic reaction.  

Parameters like electrolyte composition (e.g., F- concentration, pH), the addition of 
H2O, temperature, anodisation conditions (e.g., time, voltage, temperature) and choice of 
Ti substrate (e.g., shape, size, pre-treatment) affect the formation and properties of TiO2 
NT arrays [136], [147], [189]. Among these, the choice of the starting material is crucial 
because (1) surface topology [115], [190] influences the top surface of TiO2 NTs [126], [136], 
and (2) an amorphous and chemically stable oxide layer with a thickness of approximately 
10 nm protects the substrate from corrosion [191], (3) impurities present in the 
commercially available Ti substrate act as an additional layer for overcoming corrosion 
[116]. However, F- ions in the electrolyte can overcome the protective barrier and help 
format a nanotubular layer [113].  

Despite these results and extended studies on the topic, it is still unclear how the 
fundamental processes work and what happens at the atomic level for anodic oxidation, 
catalysis and photocatalysis. A systematic approach to the main categories (substrate, 
anodisation, photocatalysis) is needed to understand the complete system. At the moment, 
different research groups around the world focus on one aspect of the process. However, 
rarely are those aspects integrated with each other. 

This thesis aims to overcome one aspect of the barrier, with a detailed investigation 
into the importance of the choice of the substrate. Especially if it is not the ideal laboratory 
sample but a commercially available Ti foil with different structural and chemical 
impurities. The focus of the work is on determining the ideal surface on which 
morphologically active photoactive NTs will grow, emphasizing the influence of the 
substrate surface. Parameters like roughness, chemical composition, grain size, orientation, 
twinning, foil thickness, electrolyte age and photocatalytic activity could answer the 
question of how to control the active area of anodic NTs. 

 
The thesis is a three-fold study of the main factors, i.e., Ti foil, anodisation, and 

NTs, with the central aspect of the influence of starting material and electrolyte age on 
NTs growth and the photocatalytic activity.  

One part of our research encompassed an investigation of Ti foil from two different 
suppliers that were used as UT or EP. A series of analyses were performed before and after 
anodisation to know the properties of the foil and the characteristics of the NTs. After the 
final determination of photocatalytic activity, we were able to choose the best 
photocatalytic activity sample and understand the path that leads towards it. In the next 
step, we purchased a series of foils of different thicknesses from the selected supplier. The 
foils were produced with cold rolling from the thickest foil, which hugely influenced their 
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crystallographic orientation and the size of grains. In this part of the thesis, our goal was 
to determine how the Ti foil thickness affects the NT growth and properties. Moreover, we 
aimed to finish the research with a flexible TiO2 catalyst that would be photostable and 
have the possibility for OH• production. In the last, and third, part of the study, we 
observed the effect of electrolyte age and its change of chemical composition on NT growth 
and photocatalytic activity.  

To conclude, the thesis is based on a systematic study that integrates both basic and 
applied science and could be used on an industrial scale, keeping in mind that the focus on 
material preparation is crucial for understanding the behaviour and tuning to gain 
properties that make the material useful in photocatalytic applications. The main 
objectives are:   

 
1. To investigate the relevant morphological and structural parameters of the starting 

Ti metal foil.  
2. To study the effect of Ti foil thickness on TiO2 NTs growth and the rigidity of their 

attachment.  
3. To observe the influence of electrolyte ageing on TiO2 NTs growth and 

photocatalytic activity. 
 
Meanwhile, the central work hypothesis arises from a knowledge of fine-tuning and 

influencing the NT growth and final photocatalytic activity. We expect to show the 
difference in NT growth and photocatalytic activity by changing the Ti foil and the 
electrolyte’s age parameters. Furthermore, we expect to show how to improve the intrinsic 
properties of the anode by modifying the surface of the Ti foil. The particular focus was 
set to the following points: 

 
1. Substrate pre-treatment influences the TiO2 NT growth and their photocatalytic 

activity. 
2. Substrate surface roughness significantly impacts the final surface area of the 

photocatalytically active TiO2 NT layers. 
3. High NTs density, shorter NTs, and fewer cracks result in better adhesion of the 

TiO2 NT layer to the Ti substrate.  
4. Higher grain-boundary surface density represents more nucleation sites for the NT 

growth.  
5. Higher surface roughness of the TiO2 NTs equals larger active surface area and 

thus resulting in higher photocatalytic activity in the degradation test.  
6. Repetitive anodisation changes the electrolyte’s chemical composition, thus 

influencing the NT growth and final photocatalytic activity.  
7. Anodisation of Ti foil with fresh electrolytes results in NTs with a uniform 

morphology. 
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1.4 Materials and Methods 

1.4.1 Materials 

The investigated material in this thesis is commercially available titanium foil purchased 
from two different suppliers. Titanium foil from the Chinese Baoji Lyne Metals Co., Ltd is 
in the experimental part denoted as Supplier 1. Meanwhile, the titanium foil from the 
English provider, Advent Research Materials Ltd, is denoted as Supplier 2. The chemical 
purity of the titanium foil from Supplier 1 is 99.9 %, and from Supplier 2, 99.7 %. As stated 
in Chapters 2-4, the foils were used in different modifications as a substrate for TiO2 NTs 
growth. Characterisation and evaluation of the physio-chemical properties of the researched 
samples are summarised in the following subchapters. 

1.4.2 Methods 

Procedures for sample preparation and the methods used for their characterisation are 
presented in detail in Chapters 2-4. The methods used can be subdivided into the following 
subsections. 

1.4.2.1 Ti foil sample preparation and microstructure characterization  

Ti foils were prepared with a standard electropolishing procedure on LectroPol-5 (Struers, 
USA). In the next step, they were observed under the light stereomicroscope, Discovery 
V8 (Carl Zeiss Microscopy, Germany). Various electropolishing conditions (temperature, 
voltage, and time) were applied to reduce the surface roughness and achieve a mirror-like 
surface finish. Ti foils without visible scratches and damaged surfaces were selected for 
further analysis in the FSEM 7600 equipped with EDXS (JEOL, Japan). 

To assess the texture, crystallographic orientation, grain size distribution, and 
misorientation angle of the Ti foils, EBSD (Hikari Super, EDAX) was used. The material’s 
crystallographic structure and identification of the crystalline phases were determined using 
an X-ray diffractometer (XRD) with Cu-Kα1 radiation (X'Pert PRO, Malvern Panalytical 
Ltd., UK and D5000 Bruker AXS, US). The grain size distribution was additionally 
determined under light microscope, Axio Imager Z1-m (Carl Zeiss Microscopy, Germany), 
after the polished samples were etched with concentrated HCl and the grain boundaries 
were exposed. Further statistical analyses were performed with the ImageJ programme 
(1.53e, NIH). 

1.4.2.2 Surface roughness measurements 

The surface roughness of the polished and untreated titanium foils was mapped and 
determined with a stylus profiler with a 2-µm tip on the DektakXT apparatus (Bruker, 
USA). Parameters such as the average arithmetical roughness, root-mean-square roughness 
and peak-to-valley roughness were calculated. 

1.4.2.3 Determination of Ti foil chemical composition 

The chemical composition of the titanium foils was measured with inductively coupled 
plasma optical emission spectrometry (ICP-OES, Varian 715-ES) in a semiquantitative 
mode. Before the measurement, the foils were digested on a hot plate using concentrated 
HCl and slowly heated in a covered beaker for 5 h, three times over several days. Next, 
the commercial Ti foil’s oxide layer and chemical impurities were analysed with the X-ray 
photoelectron spectroscopy (XPS, PHI–TFA, USA) equipped with an Al monochromatic 
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X-ray source. Additionally, XPS depth profile analyses were performed to follow depth 
distribution of elements in thin surface layer of thickness 10 nm. A removal of the material 
during XPS depth profiling was performed by ion sputtering with Ar+ ions with 4-keV 
energy. The sputtering rate was about 1.5 nm/min. XPS method can provide data on 
chemical composition in at.%. The method is not sensitive for hydrogen detection. 

1.4.2.4 Monitoring of anodic oxidation 

Electrochemical oxidation of the Ti foil was performed for 3 h at 60 V, powered by a direct 
current (DC) power supply (Toellner Electronic Instrumente, Germany). The electrical 
current was measured with a data acquisition/logger (Agilent, USA).  

The conductivity and pH of the electrolyte were measured with the conductivity meter 
(ProLine Plus M330) and pH meter (Mettler Toledo). Additionally, we determined the 
electrolyte chemical composition with potentiometric measurements of F- (Metrohm model 
906 Titrando and Thermo Orion, model 9609), ammonia (Iskra pH−meter MA 5740 and 
HACH DR/2010 spectrophotometer) and the H2O content (Karl Fischer titration using a 
double platinum electrode by ISKRA HEP 0701).  

1.4.2.5 TiO2 NTs characterization 

The grown TiO2 NTs were first examined in FSEM-EDXS. The researched parameters 
were the TiO2 NTs morphology, NTs’ length, the porosity of the film, and the area of 
cracks in the NTs’ thin film. Acquired imaging data were further analysed with the ImageJ 
programme. A three-dimensional (3D) interference optical profiler, ZeGage™ Pro HR 
(Zygo Corporation, USA), was used to evaluate the average surface roughness. 

A cross-section of TiO2 NTs on the substrate was also observed in the FSEM-EDXS. 
The samples were first embedded in resin. Grinding and polishing were performed on the 
metallographic specimen-preparation device LaboPol (Struers, USA).  

The chemical composition of the TiO2 NTs was determined with XPS measurements as 
described above for Ti foil. Additionally, time-of-flight secondary ion mass spectrometry 
(ToF-SIMS) was applied to analyses surface-composition and to perform depth-profile 
analyses  for thicker layers, like 250 nm thick layer. Positive and negative secondary ions 
emitted from surface were measured with a SIMS spectrometer (model TOF-SIMS 5, ION 
TOF, Germany) using a Bi+ ion beam of 30 keV for the secondary ion excitation and the 
Cs+ ion beam at 2 keV for ion sputtering during the depth-profile analyses. Sputtering rate 
was about 0.2 nm/s. Unfortunately, the ToF-SIMS method is not quantitative, so only the 
relative comparison of the ion signals can be applied among the samples. 

 XRD measurements were performed on a diffractometer with Cu-Kα1 radiation 
between 2° and 100° 2θ (X’Celerator detector), using a mask diameter of 5 and 10 mm 
over the sample.  

The adhesion of rigidly attached TiO2 NTs was tested with a Scotch-tape test, following 
the ASTM D3359 standard. The area of NTs loss around the cut in the test was determined 
under an optical microscope, and a final statistical analysis was made with the ImageJ 
programme. 

1.4.2.6 Photocatalytic activity 

The photocatalytic activity was determined using electron paramagnetic resonance (EPR) 
for the concentration measurements of the OH• radicals and identification of e-/h+ 
recombination by photoluminescence. The formed OH• radicals’ were measured under the 
illumination of TiO2 NTs with 365-nm light. A drop of 0.5-M DEPMPO spin-trapper (5-
(Diethoxyphosphoryl)-5-methyl-1-pyrroline-N-oxide) and 30 % ethanol was illuminated. 
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After 3 min, the solution was drawn into a 1-mm-wide capillary and inserted into a 5-mm-
wide tube for measurement. An EPR spectrophotometer (ELEXSYS, Bruker) was used at 
room temperature, 1-Gauss modulation amplitude, 100-kHz modulation frequency, 1.28-
ms time constant, 0.20-mW microwave power, and 100-G sweep width with the centre field 
positioned at 3320 G. In the meantime, photoluminescence measurements were performed 
with a photoluminescence spectrofluorometer (Quanta-Master 8000, Horiba-PTI) with a 
low-noise photomultiplier (Hamamatsu R2658). The analysis of e-/h+-pair recombination, 
oxygen vacancies and defects on the TiO2 surface was identified for samples excited at 370 
nm (with emission spectra between 400 and 750 nm).  

For the photocatalytic activity measurements, the degradation of the organic pollutant 
was measured. Caffeine was used as a model compound, and its concentration was 
measured periodically over several hours using a UV-Vis-IR Spectrophotometer (Lambda 
950, PerkinElmer Inc., USA). Samples were illuminated with different UV-light spectra 
(280 to 410 nm). Additionally, photocatalytic efficiency by measuring the caffeine 
degradation was also performed using high-performance liquid chromatography (HPLC, 
Agilent, HP1100).  
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1.5 Thesis Outline 

The thesis was set as a three-fold study of (1) the starting Ti foil properties, (2) the anodic 
oxidation process, and (3) electrolyte age with the central aspect to determine the influence 
of starting Ti and electrolyte age on NTs’ growth and their subsequent photocatalytic 
activity. Although all three topics are correlated, they are addressed in three published 
articles. The 1st article, with the title “The Influence of a Surface Treatment of Metallic 
Titanium on the Photocatalytic Properties of TiO2 NTs Grown by Anodic Oxidation”, is 
dedicated to the structural and chemical characterization of the starting Ti foil. From it, 
the key results emerged that enabled a more complex understanding of the anodisation 
process of flexible thin foils. These results were published in the 2nd article, entitled “Toward 
a Flexible and Efficient TiO2 Photocatalyst Immobilized on a Titanium Foil”. The 
importance of the thickness of the starting substrate and its influence on the photocatalytic 
activity is presented in detail. The thesis is rounded off with the study of electrolyte ageing 
in the 3rd manuscript with the title “Influence of Anodization-Electrolyte Aging on the 
Photocatalytic Activity of TiO2 Nanotube Arrays”, where changes in the electrolyte’s 
composition and the influence on the NT growth are studied.
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Chapter 2 

2 The Influence of a Surface Treatment 

of Metallic Titanium on the 

Photocatalytic Properties of TiO2 

Nanotubes Grown by Anodic 

Oxidation 

This chapter addresses the thesis objective to investigate the relevant morphological and 
structural parameters of the starting Ti metal foil with the following working hypotheses:  

 
1. Substrate pre-treatment influences the TiO2 NTs’ growth and their photocatalytic 

activity. 
2. Substrate surface roughness significantly impacts the final surface area of the 

photocatalytically active TiO2 NT layers. 
 
As such, the chapter presents a paper entitled “The influence of a surface treatment 

of metallic titanium on the photocatalytic properties of TiO2 NTs grown by anodic 
oxidation”, written by Živa Marinko, Luka Suhadolnik, Zoran Samardžija, Janez Kovač 
and Miran Čeh. The article appeared in the Catalysts journal, Vol. 10, No. 803 in 2020. 
The results from the work were also presented at several conferences. The list is given in 
the Bibliography section. 

After the publication of the article, some new results that were not included in the 
article were obtained that additionally clarify the surface effect on the influence of Ti 
substrate surface on NT growth. Characterization results were used to define the best TiO2 
sample in terms of photocatalytic activity. Titanium foil from the chosen supplier was also 
used in the experimental work described in Chapters 3 and 4.  
 

This chapter describes the experimental procedures to investigate the differences in the 
surface structure and chemical composition between two Ti foils provided by two different 
suppliers after the surface treatment. Different electropolishing conditions with varying 
temperatures (15, 20, 25 °C), time (5, 10, 20, 30, 60 s) and voltage (10, 30, 35, 40, 45 V) 
were determined and used for titanium foils from both suppliers. An additional surface 
treatment of Ti foils also included Ar+ ion etching, thermal annealing and plasma 
treatment. Since these techniques have not significantly influenced the NTs’ growth, this 
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chapter does not include these results. Among the assortment of prepared Ti substrates, 
we chose an untreated (UT) sample and a few electropolished (EP) samples with a 
minimum of scratches and other surface markings for further anodisation experiments. 
Preliminary testing of the EP samples was then reduced to just one sample per supplier. 
On selected specimens, surface characterization was performed using FSEM with 
backscatter imaging to determine the surface topology, followed by surface-roughness 
measurements with the stylus profilometry. Then, the surface of the Ti foils was etched 
with HCl to reveal the grains in the foil. Using a light microscope, a statistical analysis of 
the microstructures was performed to measure the grain size and size distribution for each 
supplier. In parallel, XRD and EBSD analyses were also performed. Since the EDS did not 
show any differences in the chemical composition between the samples, a more sensitive 
depth-profiling XPS method was used together with the ToF-SIMS analysis. 

After the complete characterisation of the Ti foil and the designated differences, the Ti 
foils were anodised simultaneously under identical experimental conditions and electrolyte 
composition (ethylene glycol, H2O and NH4F) for 3 h at 60 V. The current was monitored 
from the start to the end of the anodisation. The samples were further annealed for 1 h at 
450 °C to transform them from amorphous to the crystalline anatase phase. The formation 
of anatase was confirmed with the XRD patterns. TiO2 NTs layers were then analysed in 
the SEM to observe the NT morphology, porosity, and the cracking area. The sample slabs 
were analysed for cross-section viewing of the NTs’ length. A cross-section view was also 
used when the samples were side cut, polished and seen under the SEM. The chemical 
composition of the NTs was determined with XPS and ToF-SIMS. 

The caffeine-degradation test showed that all anodised and annealed samples have the 
ability to degrade pollutants photocatalytically. Caffeine was chosen as a model compound 
because it is abundant as a pollutant in wastewaters. It is easy to handle and can be 
detected in UV-Vis spectrophotometry. The degradation of caffeine was monitored over 
several hours. The samples were periodically collected from the caffeine solution to 
determine the caffeine concentration. 

After the manuscript was published, additional experiments were made on the 
previously investigated samples. The photocatalytic activity of each sample was tested 
under various illumination wavelengths, i.e., 365, 395, 405 nm, and under a wide range of 
UV-Vis wavelengths in the sterilizer. 

Next, we performed a detailed chemical analysis of the Ti foil and TiO2 NTs for both 
suppliers with the ToF-SIMS method. We were able to specify the thickness of the 
amorphous oxide, the purity of the Ti foil, and finally, the F- distribution in the top few 
nm layers of the TiO2 oxide. Finally, the texture and grain size distribution were 
investigated with an EBSD analysis. 
 
Regarding my contribution: I performed the EP of the Ti foils and their 
characterization to choose the best samples. Further, my work included the chemical and 
microstructure characterization of the Ti foils (topography – surface roughness with stylus 
profiler, grain size distribution, optical microscopy). Next, I performed the anodisation of 
all the chosen samples and their annealing. Regarding the NTs’ characterization, the work 
included SEM and light microscopy (OM) and a determination of the NTs’ lengths, 
porosity, the area of cracks, and surface roughness of the TiO2 NTs. Finally, I measured 
the photocatalytic activity of the anodised samples using caffeine as a model compound. I 
wrote the first draft of the manuscript and then completed it with my co-authors. 
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2.1 Appendix to the Paper 

2.1.1 UV-Vis Light Comparison Photocatalytic Activity 

The caffeine degradation was initially measured in a UV-Vis sterilizer with a wide range 
of light wavelengths (UVA from 315 to 400 nm and UVB from 280 to 315 nm). The most 
appropriate wavelength for the TiO2 anatase photocatalysis is equal to, or higher than, 387 
nm (approximately 3.2 eV). Additionally, the photocatalytic efficiency of the NT samples 
was also tested at wavelengths of 365, 395 and 405 nm, respectively. The experimental 
setup for those experiments is presented in Figure 2.1, together with a setup for the 
experiments performed in a sterilizer (and measured in a spectrophotometer).  
 

 
Figure 2.1: (a) Setup for catalyst-efficiency measurements at 365, 395 and 405 nm 
wavelengths and (b) setup for sterilizer measurements. 

 
Caffeine was chosen as a model degradation compound since its degradation can be 

easily followed with a UV-VIS spectrophotometer and caffeine by-products do not absorb 
in the same range as caffeine. The literature shows that caffeine degradation occurs via the 
in-situ generation of free OH• as the main reactive species [192]. Under UV illumination, 
OH• radicals begin to form on the TiO2 NT array, which decomposes the aqueous solution 
of caffeine [193]. Caffeine oxidation begins with the OH• attack on C8 and results in 1,3,7-
trimethyluric acid as the final product [194]. From the literature [195], the peak in the 
absorption spectra of caffeine in H2O is around 274 nm (whole spectra ranges between 243 
and 302 nm, as is presented in Figure 2.2f) at room temperature [196]. The following was 
also confirmed in our samples (Figure 2.2a-d).  

A blank sample was also used to exclude any potential light interference. The results 
are presented in Figure 2.2e. No degradation was measured using blank samples (Ti foil) 
in the 3 h experiment. The activity of the anodised samples was analysed under various 
light intensities. The UT sample from Supplier 1 exhibited the highest degradation among 
EP sample from Supplier 1 and the UT and EP samples from Supplier 2. The latter 
performed best when illuminated with 365 nm. The results for the EP sample from Supplier 
1 are comparable under the spectrophotometer and 365 nm light. The other two 
wavelengths, 395 and 405 nm, yield significantly worse activity. Unfortunately, caffeine 
degradation is not the same as complete mineralisation, which is usually not rapid. When 
caffeine is consumed into persistent organic intermediates, the mineralization into CO2, 
H2O, and NH3 is slow [192]. The degradation of caffeine is seen on the absorbance-
measurements spectra as a lowering of the intensity of the measured signal between 240 
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and 300 nm. However, the intermediates cannot be measured in a similar way, but with 
more sensitive and precise methods such as HPLC. 
 

 
Figure 2.2: Absorbance measurements of caffeine at different wavelengths (365 nm, 395 
nm, 405 nm and Vis) in 3 h measurements for (a) EP and (b) UT anodised samples from 
Supplier 1, (c) EP and (d) UT anodised samples from Supplier 2, (e) a blank sample of 
Ti foil and (f) a reference number from literature [195], Copyright © 2015 Showkat 
Ahmad Bhawani et al.  

 
The NTs’ morphology has an enormous impact on photocatalytic activity. Nakata and 

Fujishima [197] showed that a porous structure is better for photocatalytic activity. 
According to the authors, the NTs’ formation is superior for photocatalytic degradation 
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since it enables the diffusion of organic pollutants into the TiO2 NTs. Another structural 
characteristic is thin walls, reducing the recombination of hVB

+  and eCB
−  (due to the carrier 

diffusion length in TiO2 after photo-absorption). Moreover, it was stated [198] that the 
nanotubular morphology showed maximum photocatalytic efficiency due to the 
considerable number of active sites generated by the oxygen vacancies. These vacancies 
then promote the generation of ROS (by O2). Hydroxyl groups can accept photogenerated 
holes and thus yield more OH• radicals [199].  

2.1.2 ToF-SIMS analyses of Titanium Foil and TiO2 Nanotubes Surface 

ToF-SIMS depth profiling was applied to evaluate the Ti foil samples’ surface composition, 
as seen in Figures 2.3 (Ti+, TiO+, Ca+, Na+, K+, Al, Mg+, Si+, Fe+, etc.). The analysed area 
was 100 × 100 µm2, and the sputtering area was 400 × 400 µm2. Sputtering rate was about 
2 nm/s. Among investigated secondary ions, Ti+ represents the amount of titanium (purity 
of titanium foil) and TiO+ represents an amorphous oxide on top of the surface. Other 
identified secondary ions are indicators of chemical impurity of titanium foil. Some of those 
impurities were already confirmed with the XPS method. From the measured SIMS depth 
profiles shown in Figure 2.3a, we can observe that the EP sample from Supplier 1 contains 
minor impurities like Na+, K+, Ca+, Al+, and Si+ ions. These impurities are present also in 
other samples, together with Mg+. Overall, the UT samples contain higher concentration 
of impurities in the surface area than the EP samples. ToF-SIMS depth profiling showed 
that the EP sample from Supplier 1 has the thickest oxide layer; the following ones are UT 
from Supplier 1 and EP from Supplier 2. Interestingly, the oxide layer was the thinnest on 
the EP sample from Supplier 2. Those findings align with our previous XPS results, which 
showed that the amorphous oxide layer among samples is 4–6 nm thick. 

A similar approach of the SIMS depth profile analyses was applied to TiO2 NTs. Any 
possible impurities in the TiO2 lattice could contribute to the differences in photocatalytic 
activity. Figure 2.4 presents the identified negative secondary ions, such as F-, TiO-, O2

-, 
and OH- as a function of depth. 

To compare surface composition from SIMS depth profiles we integrated the SIMS 
signals from the surface to depth of 250 nm for all samples, what is shown in Figure 2.4e. 
We can observe in SIMS depth profiles in Figures 2.4 a-d that the chemical groups, such 
as TiO-, OH- and O2

-, are related to the oxide layer and the F- signal to the electrolyte 
residues in the NTs. A high F- signal can be found in all the samples; however, the values 
decreased faster in the EP samples. Surprisingly, the F- ions were not present at the surface, 
but beneath the oxide surface. The difference was more significant in the UT samples, 
which can be attributed to the thicker oxide layer (Figure 2.5). 
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Figure 2.3: ToF-SIMS depth profiles of selected signals measured on Ti foil (a) EP and 
(b) UT samples from Supplier 1 and (c) EP and (d) UT samples from Supplier 2. 
 

We confirmed that the NTs grow inwards to the Ti foil and that the surface roughness 
of the NTs follows the initial roughness of the Ti foil. A few nanometres (nm) at the top 
of the oxide layer contain no traces of the F-, as it evaporates during the annealing. 
However, after those few nm, the concentration of F- is among the largest detected, and it 
is constant in the case of UT samples and slowly decreasing in the EP samples. The primary 
function of F- is shaping the NTs; therefore, the more F- there is, the more precise the NTs’ 
shape is. One theory suggests that OH- can eliminate the fluorine ions adsorbed at the 
oxygen vacancies and the Ti atoms. That removal then increases the number of surface 
oxygen vacancies. Surface F- and oxygen vacancies affect the terminal and bridging 
hydroxyl and thus influence the surface acidity [200]. If compared with F-, the measured 
OH- directly influences the photocatalytic activity. 
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Figure 2.4: ToF-SIMS measurements of TiO2 NTs (a) EP and (b) UT samples from 
Supplier 1 and (c) EP and (d) UT samples from Supplier 2, and (e) integrals of SIMS 
signals over a depth of 250 nm for all the samples. 
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Figure 2.5: Cross-section SEM micrographs of Ti foils and TiO2 NTs; (a) EP and (b) UT 
samples from Supplier 1 and (c) EP and (d) UT samples from Supplier 2. Individual 
NTs are shown magnified. Blue and violet arrows mark the NTs’ layer thickness. (e) The 
metal-oxide border is marked; the NTs’ layer is thinner at the edge. It is clear that the 
NTs grow into the substrate. 

2.1.3 EBSD Analysis of Titanium Foils from Both Suppliers 

Figure 2.6 shows the orientation maps (IPF-Z-colour coded), inverse pole figures and pole 
figure plots of the grain orientation in titanium foils from both suppliers. The EBSD data 
revealed a significant difference in grain size between the Ti foil provided by both suppliers. 
It was already mentioned that the properties of the substrate influence the physical, 
chemical, and electrochemical characteristics of titanium and, consequently also, the 
growth and uniformity of the NTs. As such, the information on the texture and grain size 
distribution, a preliminary guess can be made for the behaviour of grown TiO2 NTs in the 
photocatalysis process. First, smaller grains equal higher grain-boundary surface density, 
which means more nucleation sites for NT growth, as it is not uncommon that the grain 
boundaries function as charge-trapping centres. That means that the active surface area of 
NTs will be higher and photocatalytic activity will be more prone to the degradation of 
organic pollutants. However, the higher density of grain boundaries means more stress was 
incorporated into the material during production. And that could lead to uneven growth 
of NTs and, consequently, to worsened electron transfer. Secondly, Leonardi et al. [150] 
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confirmed that the atomic density of different planes significantly influences oxide growth. 
It was concluded that a decreasing planar atomic density increase the growth rate and that 
low-packed planes are more suitable for constant oxide growth.  
 

 
Figure 2.6: Orientation maps (IPF-Z-colour coded) and inverse pole figure (IPF) plots 
of grain orientation obtained from polished samples of (a) Supplier 1 (a) and Supplier 2 
(b). 
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Chapter 3 

3 Toward a Flexible and Efficient TiO2 

Photocatalyst Immobilized on a 

Titanium Foil 

The previous chapter investigated Ti foils from two different suppliers in terms of the 
starting morphology, their chemical composition and the growth of NTs. Because the UT 
Ti foil from Supplier 1 yielded the most photoactive NTs, it was decided to continue 
experimenting with this Ti foil. Additional Ti foils with different thicknesses of 30, 50 and 
100 and 200 µm were purchased in order to investigate which anodised Ti foil would 
withstand the bending after annealing and/or if bent Ti foils would produce photoactive 
NTs during the anodisation.  

This chapter addresses the thesis objective of how Ti foil thickness affects TiO2 NTs’ 
growth and the rigidity of their attachment to the Ti substrate with the following working 
hypotheses: 

 
3. High NTs density, shorter NTs, and fewer cracks result in better adhesion of the 

TiO2 NT layer to the Ti substrate.  
4. Higher grain-boundary surface density represents more nucleation sites for NT 

growth.  
5. Higher surface roughness of TiO2 NTs equals larger active surface area and thus 

higher photocatalytic activity in the degradation test. 
 
The chapter presents an article with the title “Toward a Flexible and Efficient TiO2 

Photocatalyst Immobilized on a Titanium Foil” (Živa Marinko, Luka Suhadolnik, 
Barbara Šetina Batič, Vid Simon Šelih, Boris Majaron, Janez Kovač and Miran Čeh) that 
was published in the ACS Omega journal, Vol. 6 in 2021. The ACS Omega journal issue 
where the article was published used our proposed image for the issue’s cover. The results 
of this work were also successfully presented at conferences listed in the Bibliography 
section. 

 
This part of my research was dedicated to defining the thickness and morphology of Ti 

foils that would be useful as flexible and/or flat photocatalysts considering the firmness of 
the attachment of the NTs to the Ti substrate and the ability to degrade organic pollutants. 
In the Appendix of this Chapter, some additional (and not yet published) results contribute 
to the understanding of the already published results. 
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Three major demands for efficient photocatalytic reactors for purification applications 
are (1) effective photocatalyst, (2) maximized illumination and (3) smart reactor design. 
So far, the photocatalyst that was most used in purification reactors was in the form of 
nanoparticles, as it can be attached to various substrates of more complex shapes (e.g., 
honeycomb-shaped photocatalyst). However, purifying reactors with nanoparticulate 
catalysts are not upscaled in industry because of the high probability of the catalyst being 
released into the environment during the degradation process. In that aspect, NTs grown 
with anodic oxidation are a better solution because they are rigidly attached to the Ti 
substrate. However, they lack diversity in catalyst design (more complex shapes tend to 
fail due to the incorporated stress). Therefore, our idea was to overcome this obstacle and 
research a flexible photocatalyst grown on an otherwise flat Ti substrate. 

The first step was to identify the main differences in grain size and crystallographic 
orientation between the foils depending on their thickness. Then, the foils were anodised 
and grown TiO2 NTs annealed with the same protocol as was used in Chapter 2. The 
reaction-rate constants were calculated, and most importantly, the adhesion of the NTs 
was determined with the Scotch Tape test in order to identify the Ti foil thickness that is 
suitable for bending without the NTs being detached and delaminated from the Ti 
substrate. The efficiency was assessed by caffeine degradation and photoluminescence 
measurements. 

After the manuscript was published, we performed additional experiments presented in 
the Appendix section. These included the EPR measurements in determining the hydroxy 
radical’s concentration to clarify the differences in photocatalytic activity of the samples 
and anodization of the Ti foils using differently aged electrolytes. The NTs’ growth was 
monitored during each electrolyte generation, and the photocatalytic activity was measured 
after each anodisation. 

 
Regarding my contribution: I examined the Ti foil surface under FEG-SEM and 
measured the surface-roughness factors using stylus profilometry. Next, I anodised selected 
samples and annealed them. Regarding the NT characterization, I determined the NTs’ 
length, NTs’ film porosity, the area of cracks, the surface roughness of the TiO2 NT surface 
layers and the adhesion of TiO2 NTs to the Ti substrate. Finally, my contribution was to 
perform photocatalytic activity measurements on the anodised samples and evaluate the 
EPR measurements. I wrote the first draft of the paper and then finished the manuscript 
with the co-authors before submitting it for publication. 
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3.1 Appendix to the Paper 

3.1.1 EPR Measurements 

The existence of OH• species is vital for caffeine degradation or any organic compound 
during the process of photocatalysis. Therefore, EPR measurements were performed to 
determine the presence of OH• radicals during the photocatalytic decomposition of the 
caffeine by using a DEPMPO (C9H18NO4P) spin-trapper in an absolute-ethanol solution. 
DEPMPO is a spin-trapper used in low concentrations with a high affinity to binding with 
OH• radicals [201]. Following the procedure by Koklic et al. [202], the solution of spin-
trapper was dissolved on the anodised Ti sheet placed in a Petri dish. At the beginning of 
the measurements, Tempol was used as a standard. Samples that were not irradiated were 
used as a control. After the designated illumination time, the solution was sucked into glass 
capillaries, placed into an EPR spectrometer (Bruker Elexsys) and analysed with the Xrpr 
programme. The measurements were performed at room temperature using a 1-Gauss 
modulation amplitude, 100-kHz modulation frequency, 1.28-ms time constant, 0.20-mW 
microwave power, and 100-G sweep width with the centre field positioned at 3320 G. A 
drop of 0.5-M DEPMPO (5-(Diethoxyphosphoryl)-5-methyl-1-pyrroline-N-oxide) spin trap 
and 30 % ethanol was formed on the TiO2 NT surface and illuminated with a 365 nm UV 
light. After 3 min, the solution was drawn into a 1-mm-wide capillary, inserted into a 5-
mm-wide tube (both quartz), and transferred into the EPR spectrophotometer (ELEXSYS, 
Bruker). The spectrum in Figure 3.1 shows the results for DEPMPO-OH• measurements 
for TiO2 NT samples with (bold lines) and without (red lines) UV illumination. Due to the 
binding of OH• and spin-trapper, the signal is a quadruplet. The obtained signal is low 
since we used ethanol as the solvent, known as a OH• quencher. From that data we can 
conclude that all the samples showed the possibility of producing radicals when illuminated 
with UV light. Peak-to-peak intensity analyses showed only minor differences in radical 
production between the samples (the signal is somewhat larger for 100 µm sample; however, 
the statistical significance cannot be confirmed).   

 
Figure 3.1: EPR spectra of OH• concentration measurements for all four samples. At the 
beginning of the measures, Tempol was used as a standard. Not irradiated samples were 
used as a control sample (thin red lines) for UV illuminated samples (bold colour lines). 
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3.1.2 Ageing of Electrolyte 

The age of the anodisation electrolyte significantly influences the anodisation process and 
the photocatalytic activity of the TiO2 NT arrays, which will be addressed in the next 
chapter.  

Nevertheless, as part of this work, we investigated the growth of NTs using differently 
aged electrolytes. Ti substrates with different thicknesses (30, 50, 100, and 200 µm) were 
ultrasonically cleaned to remove the processing impurities. All four samples were anodised 
simultaneously under identical conditions of 60 V for 3 h using the electrolyte with the 
composition: ethylene glycol, 2 vol % H2O, 0.3 wt% NH4F. 

Figure 3.2 shows the measured caffeine degradation for each Ti starting thickness 
depends on the electrolyte age.  

 

 
Figure 3.2: The degradation of caffeine measured with a UV-Vis-IR Spectrophotometer 
after 30, 60, 120 and 180 min of photocatalytical treatment. Caffeine degradation test 
was done for (a) 30, (b) 50, (c) 100, (d) and 200 µm samples. The inset shows a current 
measurement in time over 3 repetitive anodisation during preparation of the TiO2 NT 
array, each performed on a new substrate. Black lines show 1st generation (GEN1), blue 
the 2nd (GEN2) and the light grey line the 3rd (GEN3) anodisation.  
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It was concluded that fresh electrolytes (e.g., GEN1 as 1st generation anodisation) for 

anodization resulted in more photoactive NTs. In the inset of each caffeine degradation 
graph, an anodization current vs time of anodization graph is shown for the first 100 min 
of the anodization process. At the beginning of the anodization, the starting currents were 
significantly higher when fresh electrolyte was used and dropped considerably with the age 
of the electrolyte. 

 

 

 
Figure 3.3: SEM imaging of crystallized TiO2 NT layers for fresh, (a) 30, (b) 50, (c) 100, 
and (d) 200 µm samples. The left image shows a larger area, and the right a magnified 
part. The NTs thickness is measured and presented above the figures in the middle of 
each image. 
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Annealed TiO2 NTs were investigated with SEM imaging, focusing on NTs length, 

porosity, and cracked area. Mentioned parameters are shown in Figure 3.3, from the 
thinnest, 30 µm sample (a), to the thickest, 200 µm, sample (d). The left-hand figure shows 
NTs grown with fresh electrolyte, the 1st generation, the middle figure in the 2nd, and the 
right figure where NTs are grown in the aged electrolyte (3rd anodization of electrolyte). 

It was confirmed that the electrolyte’s age had a significantly detrimental effect on the 
length of the grown NTs. The reduction was from approximately 21 µm to 9 µm. However, 
the NTs’ length was not the only morphological change. A noticeable difference was the 
thickening of the nanotube wall and the amount of debris on top of the layer. With 
electrolyte ageing, the nanotube wall became thicker; more debris was seen on top of the 
NTs, meaning that the NTs were less open and with reduced uniformity. Consequently, 
that significantly contributed to the reduced area of active surface, which influenced the 
reduced photocatalytic activity in the aged electrolyte, as caffeine degradation was 
incomplete in all the samples. Interestingly, fresh electrolyte did not guarantee complete 
degradation. The results presented in Figure 3.2 show that the thinnest (30 µm) sample is 
the only one that completely degraded the caffeine. Following this was a 100 µm foil with 
99.4 %, 200 µm with 99.1 % and 50 µm sample with 97.5 % efficiency. After the 2nd 
anodization, the efficiency dropped by approximately 2 % and after the 3rd anodization by 
roughly an additional 2 %.  
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Chapter 4 

4 Influence of Anodization-Electrolyte 

Aging on the Photocatalytic Activity 

of TiO2 Nanotube Arrays 

This chapter addresses the thesis objective of how the electrolyte ageing influences TiO2 
NTs’ growth and subsequent photocatalytic activity based on the following working 
hypotheses: 
 

6. Repetitive anodisation changes the electrolyte’s chemical composition, thus 
influencing the NT's growth and final photocatalytic activity. 

7. Anodisation of Ti foil with fresh electrolytes results in NTs with uniform 
morphology. 
 
The present chapter presents a paper with the title “Influence of Anodization-Electrolyte 
Aging on the Photocatalytic Activity of TiO2 Nanotube Arrays” (Luka Suhadolnik, Živa 
Marinko, Maja Ponikvar-Svet, Gašper Tavčar, Janez Kovač and Miran Čeh) that was 
published in The Journal of Physical Chemistry C, Vol. 124 in 2020. 
 
The importance of the electrolyte’s composition has been discussed in detail in previous 
chapters. However, this work aimed to clarify the NTs’ growth after the continuous use of 
the same electrolyte for many subsequent anodisation, i.e., using an ageing electrolyte. 
Starting Ti foil and electrolyte composition were the same as used in previous studies; 
however, the experiments were performed on larger substrates. The electrolyte was used in 
the anodization for 6 hours, thus presenting one generation of electrolyte. Each additional 
cycle is therefore aged by those 6 hours (e.g., Sample 1 represents fresh electrolyte, Sample 
2 is aged for 6 hours, Sample 3 for 12 hours, Sample 5 for 24 hours, Sample 20 for 114 
hours, and so on). The anodisation electrolyte was characterized by conductivity, pH and 
temperature. H2O, F- and [TiF6]2- concentrations were determined periodically after the 1st, 
5th, 13th and 20th cycles of anodisation with potentiometric determination, titration and 
spectrophotometrically. Caffeine degradation was measured using HPLC. 

 
After many subsequent anodisation cycles, the concentration of H2O in the electrolyte 

increased, while the concentration of F- decreased. The SEM investigation of the first 
anodized Ti foils exhibited the usual NTs morphology and the thin NTs film formed 
throughout the substrate surface. However, with each additional anodised cycle, the 
continuous NTs thin film broke, and non-anodized areas appeared, revealing the Ti 
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substrate with no NTs. Finally, only the islands of anodized regions (NTs) on the substrate 
could be observed with clear boundaries between the NTs and the substrate surface. 
Moreover, on these so-called not-anodised parts (with only oxide present), individual 
islands of exploded oxide with observed nanotubes were identified, closely reminding of 
“breakdown anodisation”. The decreased area of active NTs on the substrate also 
significantly decreased the caffeine degradation. To revitalize the electrolyte after 
subsequent anodisation, NH4F was added to the aged electrolyte for its regeneration and 
to increase the NTs’ growth. 

As expected, the previously observed morphological phenomena improved. The 
electrolyte composition was also advanced in terms of conductivity and fluoride 
concentration; moreover, the caffeine degradation improved. Although the regeneration 
was successful, the system did not return to the old and best result of the fresher 
electrolytes. The results after the regeneration were not published. However, they are 
presented as a continuation of the already-known results. The reader should refer to the 
Appendix section of this chapter. 

 
Regarding my contribution: This work was my entrance into the anodisation process 
of Ti, the synthesis of photoactive TiO2 nanotubes and photocatalysis in general. With this 
work I started to learn about the process. With that I contributed to the anodisation of Ti 
foils. Furthermore, my contribution included the graphical work and part of the statistical 
analysis in the presented manuscript. 
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4.1 Appendix to the Paper 

The anodic oxidation of Ti foil is an electrochemical process that results in self-organized 
TiO2 NT layers. Under optimized experimental conditions, an ordered TiO2 nanotube layer 
is formed on the Ti substrate. However, after several anodisations using the same 
electrolyte, the ratio between the F-, H2O and NH4

+ concentrations are altered since the 
composition of the electrolyte changes due to the NTs’ growth mechanism. As a result, a 
disordered and disconnected nanotubular layer is formed on the substrate, sometimes only 
a porous oxide without the NTs (Figure 4.1.).  
 

 
Figure 4.1: SEM imaging of the annealed anodised film was prepared in the 20th 
anodisation. A central image shows the anodised titanium foil’s magnified part after the 
electrolyte regeneration. Blue marking (right) is dedicated to the individual anodised 
burst over the titanium foil, dedicated only to the oxide, and orange marking (left) is 
dedicated to the anodised film. Below each image, a magnified view is shown. 

 
The electrolyte regeneration was achieved by adding the consumed amount of NH4F into 
the aged electrolyte. The addition of NH4F somewhat improved the growth of NTs; 
however, the NT growth was still retarded, and the caffeine degradation worse compared 
to the NTs grown in a fresh electrolyte.  

The concentrations of the major electrolyte constituents after performing 23 
anodisations are shown in Table 4.1. Additionally, also results of electrolyte composition 
and characterization of grown TiO2 NTs of Sample 1 (fresh electrolyte) and Sample 23 
(regenerated electrolyte) are presented.   
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Table 4.1: Regeneration of the electrolyte data.  

  
SAMPLE 1 SAMPLE 23 

 

  Electrolyte 
 

Composition 

F- [%] 0.149 ± 0.001 0.153 ± 0.001  

NH4
+ [mg L-1] 0.127 ± 0.003 0.128 ± N/D  

H2O [%] 1.98 ± 0.06* 2.82 ± 0.06  

Conductivity  

[S cm-1] 

 
~ 670 ~ 560 

 

AO current 

density  

[mA cm-2] 

 

~ 125 ~ 70 

 

  TiO2 NTs 
 

Length  

[m] 

 
~ 40 ~ 19 

 

Ti/O ratio 

(XPS) 

 
2.31 2.40  

Integral 

intensites over 

250 nm [a.u.] 

(ToF-SIMS) 

OH- 0.8 × 107 0.3 × 107  

O2
- 0.7 × 107 0.3 × 107  

TiO- 2.0 × 107 0.9 × 107  

F- 1.0 1.5  

  Photocatalysis 
 

Photonic 

efficiency [%] 

 
0.43 0.18 

 

Initial reaction 

rate [mol L-1 s-1] 

 
0.014 × 106 0.006 × 106 

 

Caffeine 

degradation 

efficiency 

 

~ 60 % ~ 25 % 

 

*fresh electrolyte 
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Figure 4.2: SEM images of the annealed anodised layer that was prepared during the 
23rd anodisation. Presented is a (a) whole anodised disk, (b) length of the NT film in the 
cross-section and (c and d) magnified view of the nanotubular surface. The Figure shows 
the surface of anodised Ti after the 23rd anodisation and added NH4F. The NT growth 
improved significantly, but the non-anodised surface area decreased. 

 
We observed that the electrolyte regeneration was not as successful as expected, despite 
the fact that the measured F- concentration in the aged electrolyte was comparable to the 
starting concentration in the fresh electrolyte. High F- concentration within the NTs also 
decreased their length which resulted in poor photocatalytic activity. Furthermore, adding 
the NH4F salt for regeneration of the electrolyte increased the H2O concentration to almost 
1.5-times higher value compared to the initial concentration of H2O in starting electrolyte. 
The results presented in this chapter suggest that the addition of NH4F salt is not 
appropriate for electrolyte regeneration.  
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Chapter 5 

5 Conclusions 

5.1 The Influence of a Surface Treatment of Metallic 

Titanium on the Photocatalytic Properties of TiO2 

Nanotubes Grown by Anodic Oxidation 

The experimental work investigated the morphological and structural parameters as well 
as the chemical composition of the starting Ti metal foil prior to the anodic oxidation 
process. The work focused on investigating two different titanium foils with different 
chemical compositions and surface roughnesses. The working hypotheses were (1) substrate 
pre-treatment influences the TiO2 NT growth and their photocatalytic activity, and (2) 
substrate surface roughness significantly impacts the final surface area of the 
photocatalytically active TiO2 NT layers.  

The main takeaway message from this work confirmed our hypotheses, shown by the 
original experimental work in the published manuscript. We reduced the surface roughness 
of the starting foils by electropolishing them. Nevertheless, the differences in the properties 
between the titanium foils of the two suppliers remained substantial. By performing the 
anodic oxidation on all the selected samples, the differences were observed in the nanotube 
growth as well as in their morphology. The main finding was that the flatter surfaces result 
in a thicker TiO2 nanotube array with a more ordered structure. The additional analysis 
confirmed the primary speculations that titanium purity is essential.  

The published results additionally show that all the NT samples could form reactive 
species and contribute to the degradation mechanism. With the additional results, we 
confirmed that the photocatalytic activity was the best when 365-nm light illumination or 
a broad spectrum from the Sterilizer was used as an illumination source. 

We concluded from the results that the best photoactive NTs grew on the titanium foil 
from Supplier 1 (UT). Despite the thinnest NT array, the active surface area was the 
largest due to the high measured surface roughness. We proposed that the surface 
roughness of the NTs’ film is a deciding factor for the high photocatalytic activity for the 
complete degradation of the model compound caffeine. 

5.2 Toward a Flexible and Efficient TiO2 Photocatalyst 

Immobilized on a Titanium Foil 

This work aimed to study the effect of Ti foil thickness on TiO2 NTs growth and their 
adhesion to the titanium substrate. For this study, we selected titanium foils from Supplier 
1 with thicknesses of 30, 50, 100 and 200 µm. These thicknesses of titanium foils can also 
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be easily bent into a flexible photocatalyst. The hypotheses for this work were (1) high NT 
density, shorter NTs, and fewer cracks result in better adhesion of the TiO2 NT layer to 
the Ti substrate, (2) higher grain-boundary surface density represents more nucleation sites 
for NT growth and (3) higher surface roughness of TiO2 NTs equals larger active surface 
area and thus in higher photocatalytic activity in the degradation test. 

The experimental work confirmed our hypotheses. After anodization and thermal 
treatment of the initial titanium foils with different thicknesses, we found that the most 
rigidly attached NTs were the ones on the 100-µm-thick titanium foil. The same sample 
exhibited the most prominent surface roughness and the thinnest layer of grown NTs 
nanotubes. It was concluded that the thinner NTs’ layer and smaller nanotubes contribute 
significantly to the layer adhesion in this foil. 

The 100-µm sample showed promising results for further exploitation as a flexible 
photocatalyst grown on an otherwise flat Ti substrate due to the excellent adhesion of the 
NTs with the titanium substrate. Using bent photocatalysts with a large active area is a 
significant advantage, since it enables the design of light reactors with better illumination 
of the active surfaces.  

5.3 Influence of Anodization-Electrolyte Aging on the 

Photocatalytic Activity of TiO2 Nanotube Arrays 

This work was focused on the influence of electrolyte ageing on the NTs’ growth and their 
subsequent photocatalytic activity. The work hypotheses were (1) repetitive anodisation 
changes the electrolyte's chemical composition, thus influencing the NT growth and final 
photocatalytic activity, and (2) anodisation of Ti foil with fresh electrolytes results in NTs 
with uniform morphology. 

The experiments on electrolyte ageing were performed on surface-untreated titanium 
foils from Supplier 1. However, the surfaces of the used titanium substrates and the 
electrolyte volume were significantly larger (up to 20 times). The observed changes in the 
NTs’ growth after each anodisation using the same electrolyte were the following:  

- The water content in the electrolyte increased after each anodisation.  
-  The concentration of F- decreased after each anodisation, resulting in a reduced 

conductivity of the electrolyte. 
Other changes were the observed slower nanotube growth and the decreased 

photocatalytic activity after each anodisation. Consequently, the electrolyte regeneration 
was performed by adding excess NH4F to the electrolyte. With the addition of F- to the 
electrolyte, the nanotube growth improved; however, it was still worse than when using 
the fresh electrolyte.  

This work confirmed our hypotheses, shown by the experimental work in the published 
manuscript and additional testing after the publication.  
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Chapter 6 

6 Dissemination and Future 

Exploitation 

The conclusions and findings, specified in the previous chapters, can be implemented 
directly into applications when designing reactors to degrade organic pollutants in 
wastewater and/or air. The design of purification reactors has some crucial requirements 
that must be fulfilled, as already mentioned in the thesis. These are (1) an effective 
photocatalyst, (2) maximised illumination and (3) a smart reactor design. Within the scope 
of the thesis, we provided an insight into effective photocatalysts. 

 
1. We learned the basics and pivot points regarding titanium-substrate purity and 

surface roughness (Chapter 2). Moreover, we explored the flexibility of titanium foil to 
produce a stable and flexible photocatalyst based on TiO2 NTs (Chapter 3). Last, we 
studied the electrolyte ageing after multiple anodisations using the same electrolyte in the 
batch experiments (Chapter 4).  

2. It is vital to successfully implement the illumination, because the photocatalyst 
must receive as many photons as possible. With the technology we know, a considerable 
percentage of e-/h+ pairs are recombined, i.e., lost in the generation of reactive oxygen 
species.  

3. Smart and innovative reactor design can either enhance the degradation of 
pollutants or reduce them. Simple trial and error can improve the design. Better yet, those 
data can upgrade the kinetics modelling and help implement artificial intelligence into the 
design process. 

Since there are numerous possibilities for reactor design, we propose to use 3D 
technology for printing titanium electrodes. In this way, we could avoid the most crucial 
obstacle, the loss of a poorly adhered catalyst during the catalytic reaction. One could also 
innovate a reactor of various shapes and practically any size. Next, different elements could 
be added to the 3D-printing powder to adjust the bandgap of the catalyst and make it 
useful in visible light. Once anodised and annealed, 3D electrodes could be used in any 
proposed reactor design. With such a photocatalyst, it would be possible to attain optimum 
illumination of active surface area.  

Secondly, to overcome the recombination of e-/h+ pairs during photocatalysis, the 
electrocatalysis component could be added to the process. Because it retains the 
recombination of the e-/h+ pair, the degradation process would be increased.  

Finally, in the following Appendix, the abstracts of three manuscripts are shown, to 
which I have contributed as a co-author. I invite the reader to take time and read them. 
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Appendix 

In the following sub-sections, additional published manuscripts are shown with my 
contribution. They are not explained in detail because the content of the manuscripts is 
not directly related to the aim of this thesis. However, due to their high impact and novelty, 
I believe they show the broad spectrum of possibilities that TiO2 NTs exhibit in the photo-
electro-catalytic area. 
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A.1 Increasing the Oxygen-Evolution Reaction Performance 

of Nanotubular Titanium Oxynitride-Supported Ir 

Nanoparticles by a Strong Metal−Support Interaction 

 

 
 

 



121 

A.2 Effect of the Morphology of the High-Surface-Area 

Support on the Performance of the Oxygen-Evolution 

Reaction for Iridium Nanoparticles 
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A.3 Photocatalytic, Electrocatalytic and 

Photoelectrocatalytic Degradation of Pharmaceuticals in 

Aqueous Media: Analytical Methods, Mechanisms, 

Simulations, Catalysts and Reactors 
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