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Abstract 

TiO2 is one of the most studied compound in the world. Owing to its unique properties, it 

is used in photoelectrochemical systems, for instance, in photocatalysis and dye-

synthesized solar cells. It can be obtained using chemical and physical methods, including 

sol-gel, hydrothermal, electrochemical, or chemical vapor deposition. However, many of 

them result in a product in the form of slurry, and further separation of the titanium 

dioxide from by-products and purification are required. Optimized electrochemical 

anodization of titanium allows the growth of highly ordered arrays of TiO2 nanotubes 

already on the stable and conducting substrate. The geometric features of the nanotubes 

can be precisely tailored by the processing parameters such as electrolyte composition, 

voltage, or time. Moreover, anodization as a galvanic process can be realized on 

a technological scale in a cost and energy-efficient way. However, the wide band gap and 

indirect nature of dominating transition limit the commercial application of titania 

nanotubes in photoelectrochemical devices. One promising way of improving the 

electronic properties of TiO2 nanotubes is defect introduction which can provide additional 

carriers for photon absorption. Another way is the formation of heterojunction. The 

resulting potential bias at the interface can facilitate the separation of excitons. The 

deposited species can also incorporate into titania, provide additional states deep within 

the band gap and contribute to the absorption of visible light. Nevertheless, to take an 

advantage of anodization as a fabrication process, any further modifications should be 

designed to make the technological scale easy to achieve. Taking into account the 

limitations of titanium dioxide and the challenges that it has to face to be widely applied 

in photoelectrochemical systems, the aim of this work is the elaboration and optimization 

of easily scalable methods improving the optical and electronic properties of TiO2 

nanotubes. 

The basis of this doctoral dissertation is a series of four articles published in 

journals indexed in the Journal Citation Reports list in the field of mechanical engineering. 

The first part of the thesis presents a scalable method for pulsed laser-induced 

structure modulation of TiO2 nanotubes towards superior photoresponse. Controlled 

degradation of the crystal structure along with beam energy fluence leading up to a 1.45-

fold increase in photoresponse was found. The novel approach concerns the optimization 

of the laser processing parameters in the system equipped with a beam homogenizer and 

motorized table which allows for modification of both precisely selected as well as any 

large area without the need for liquid media. These advances will hopefully enrich a state-

of-the-art in the field of production engineering and bridge the gap between research and 
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successful industrial application of laser technology for the modifications of functional 

materials. 

The second part of the thesis reports a study of the optical and electronic 

properties of TiO2 nanotubes combined with thin films of chromium, molybdenum, and 

tungsten oxides using magnetron sputtering technology followed by thermal annealing. 

Because of the contradiction in the literature reports regarding the transition types 

occurring in the investigated metal oxides, a precise systematized method allowing for 

the determination of the Tauc exponent and corresponding transition types was 

elaborated. In particular, Taylor series expansion was applied to the logarithmic version 

of the Tauc equation, which after solving, allowed for determining the Tauc exponent 

directly from the experimental absorption data without any assumptions regarding the 

investigated material, such as band gap width. A further study showed an unambiguous 

correlation between the estimated transition types and sample photoresponse. The 

obtained results demonstrate that the transition type estimated based on the Tauc 

exponent is a crucial predictor for sample photoresponse, even better than the optical 

band gap width. This framework may help for a more precise determination of the optical 

band gap. The above considerations were supported by a theoretical study. 

According to the gathered results, it was shown that optimized laser modification 

of titania nanotubes in a system equipped with a beam homogenizer and motorized table, 

as well as the formation of heterojunction with chromium oxides using magnetron 

sputtering technology, allow for the fabrication of materials exhibiting superior 

photoresponse compared to bare TiO2 nanotubes. Moreover, the elaborated method for 

determining the Tauc exponent and corresponding transition type (or transition types) 

can be widely used in the detailed analysis of optical and photoelectrochemical properties 

of functional materials. 
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Streszczenie 

TiO2 jest jednym z najszerzej przebadanych związków na świecie. Dzięki 

unikalnym właściwościom znajduje zastosowanie w układach fotoelektrochemicznych, na 

przykład w fotokatalizie oraz barwnikowych ogniwach słonecznych. Ditlenek tytanu można 

otrzymać metodami chemicznymi oraz fizycznymi, w tym zol-żel, hydrotermalną, 

elektrochemiczną, lub osadzania z fazy gazowej. Jednakże, wiele z nich daje produkt 

w postaci zawiesiny, który wymaga oczyszczenia oraz oddzielenia ditlenku tytanu od 

produktów ubocznych. Zoptymalizowana elektrochemiczna anodyzacja tytanu pozwala 

wytworzyć wysoce uporządkowane nanorurki TiO2 od razu na stabilnym i przewodzącym 

podłożu. Cechy geometryczne nanorurek można precyzyjnie dostosować za pomocą 

parametrów procesowych takich jak: skład elektrolitu, napięcie, czy czas. Ponadto, 

anodyzacja, jako proces galwaniczny może być realizowana na skalę technologiczną 

w sposób efektywny kosztowo i energetycznie. Jednakże, szeroka przerwa energetyczna 

oraz skośne przejście ditlenku tytanu limitują komercyjne wykorzystanie nanorurek 

w układach fotoelektrochemicznych. Jedną z metod mogącą przyczynić się do poprawy 

właściwości elektronowych jest wprowadzenie defektów strukturalnych. Mogą one 

stanowić źródło dodatkowych nośników ładunku, które będą brały udział w procesie 

absorpcji światła. Inną metodą jest utworzenie heterozłącza. Powstały potencjał na 

granicy faz może poprawić separację ekscytonów. Ponadto, osadzone związki mogą 

wbudować się w strukturę ditlenku tytanu oraz przyczynić do powstania dodatkowych 

stanów głębiej wewnątrz przerwy wzbronionej, które umożliwią absorpcję światła 

w zakresie długości fal odpowiadającym światłu widzialnemu. Niemniej, aby w pełni 

wykorzystać potencjał anodyzacji jako proces produkcji, późniejsze modyfikacje powinny 

być prowadzone w taki sposób, aby skala technologiczna była łatwa do osiągnięcia. Biorąc 

pod uwagę ograniczenia ditlenku tytanu oraz wyzwania jakie są mu postawione, by został 

powszechnie wykorzystany w układach fotoelektrochemicznych, celem tej rozprawy jest 

opracowanie i optymalizacja łatwo skalowalnych metod poprawiających właściwości 

optycznych i elektronowych nanorurek TiO2. 

Podstawą niniejszej rozprawy doktorskiej jest cykl czterech artykułów 

opublikowanych w czasopismach z listy filadelfijskiej w dyscyplinie inżynierii 

mechanicznej. 

Pierwsza część rozprawy doktorskiej prezentuje skalowalną metodę modyfikacji 

struktury krystalicznej nanorurek TiO2 prowadzącą do wzrostu fotoaktywności przy użyciu 

impulsowej wiązki promieniowania laserowego. Wyniki badań wykazały kontrolowaną 

degradację struktury wraz ze wzrostem fluencji wiązki, prowadzącą do wzrostu 

fotoaktywności nanorurek o 45 %. Nowe podejście dotyczy optymalizacji obróbki 
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laserowej w układzie z homogenizatorem oraz zmotoryzowanym stolikiem przesuwnym 

umożliwiającym modyfikację zarówno ściśle określonej, jak i dowolniej dużej powierzchni 

bez konieczności stosowania ciekłych mediów. Uważa się, że zaproponowane rozwiązania 

wzbogacą stan wiedzy w dziedzinie inżynierii produkcji i wypełnią lukę między badaniami 

podstawowymi oraz przemysłowym zastosowaniem technologii laserowej do modyfikacji 

materiałów funkcjonalnych. 

W drugiej części rozprawy przedstawiano wyniki badań właściwości optyczne i 

elektronowe nanorurek TiO2 wraz z osadzonymi cienkimi warstwami tlenków chromu, 

molibdenu oraz wolframu, z wykorzystaniem technologii rozpylania magnetronowego, 

poddanych następnie obróbce termicznej. Ze względu na sprzeczne doniesienia 

literaturowe dotyczące rodzaju przejść elektronowych w rozważanych tlenkach metali, 

opracowano usystematyzowaną, precyzyjną metodę, pozwalającą wyznaczyć wykładnik 

w równaniu Tauca oraz odpowiadające mu przejścia elektronowe. W szczególności, 

zlogarytmowane równanie Tauca rozwinięto w szereg Taylora, co po rozwiązaniu pozwoliło 

wyznaczyć wykładnik w oparciu o eksperymentalne dane absorpcyjne bez konieczności 

stosowania dodatkowych założeń odnośnie badanego materiału takich jak szerokość 

pasma wzbronionego. Dalsze badania wykazały jednoznaczną korelację pomiędzy 

generacją fotoprądu badanych elektrod, a wyznaczonymi rodzajami przejść 

elektronowych. Uzyskane wyniki wykazały, że rodzaj przejścia elektronowego 

wyznaczony w oparciu o równanie Tauca stanowi istotny parametr diagnostyczny 

w ocenie fotoaktywności materiałów, lepszy niż szerokość optycznej przerwy 

wzbronionej. Ponadto, opracowana metoda może pozwolić na bardziej precyzyjne 

wyznaczenie optycznej przerwy wzbronionej. Powyższe rozważania zostały uzupełnione 

badaniami teoretycznymi. 

Zgodnie z uzyskanymi wynikami wykazano, że zoptymalizowana obróbka 

laserowa nanorurek TiO2 w układzie z homogenizatorem wiązki oraz zmotoryzowanym 

stolikiem przesuwnym, a także utworzenie heterozłącza z tlenkami chromu wykorzystując 

technologię rozpylania magnetronowego, pozwalają na otrzymanie materiału 

charakteryzującego się wyższą fotoaktywnością w porównaniu do niemodyfikowanych 

nanorurek TiO2. Ponadto, opracowana metoda wyznaczania wykładnika Tauca oraz 

odpowiadającego mu przejścia elektronowego (lub przejść elektronowych) może znaleźć 

szerokie zastosowanie w szczegółowej analizie właściwości optycznych i fotoelektro-

chemicznych materiałów funkcjonalnych. 
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Abbreviations 

1D — one-dimensional  

3D — three-dimensional 

|𝑎⟩ — a discrete state 

𝐴    depending on the context: 

— Tauc slope 

— surface area 

AM — air mass 

|𝑏⟩ — a discrete state 

𝐶 — capacitance 

CA — chronoamperometry 

CE — counter electrode 

CV — cyclic voltammetry 

DFT — density functional theory 

𝑑 — dipole operator 

𝑒 — elementary charge 

𝐸 — potential 

𝐸௔ — energy of a state |𝑎⟩ 

𝐸௕ — energy of a state |𝑏⟩ 

𝐸௕௜௡ — binding energy 

𝐸஼ — energy of a conduction band 

∆𝐸஼ — energy difference between conduction bands of two different 

semiconductors 

𝐸ி — energy of a Fermi level 

𝐸௙௕ — energy of a flat-band potential 

𝐸ீ — energy of a band gap 

𝐸௚(ଵ) — anatase Raman active mode 

𝐸௞ — kinetic energy 

𝐸௏ — energy of a valence band 

∆𝐸௏ — energy difference between valence bands of two different 

semiconductors 

EIS — electrochemical impedance spectroscopy 

𝑓(𝑅) — Kubelka-Munk function 

𝐺 — global 
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ℎ — Planck constant 

ħ — reduced Planck constant 

𝐼௢     depending on the context: 

— intensity of the incident light 

— amplitude of the current response 

𝐼    depending on the context: 

— current 

— intensity of the light which passed through the sample 

IF — Impact Factor 

𝑗 — spin-orbit splitting value 

𝑘 — wave vector 

𝑘஻ — Boltzmann constant 

𝐾 — Kubelka-Munk absorption coefficient 

𝑙 — azimuthal quantum number 

LSV — linear sweep voltammetry 

𝑀 — a high-symmetry point in the First Brillouin Zone 

𝑛ሬ⃗  — unit vector of an electric field 

𝑛    depending on the context: 

— semiconducting properties with electrons as majority charge carriers 

— Tauc exponent 

— principal quantum number 

𝑁 — a high-symmetry point in the First Brillouin Zone 

𝑁஽ — donor density 

Nd:YAG — neodymium-doped yttrium aluminum garnet 

𝑝    depending on context: 

— semiconducting properties with holes as majority charge carriers 

— momentum 

𝑃 — a high-symmetry point in the First Brillouin Zone 

𝑃௔ ← ௕(𝑡) — probability for transition from |𝑏⟩ to |𝑎⟩ as a function of time 

𝑃(𝑣) — probability amplitude as a function of frequency 

𝑞 — charge 

R — reflectance 

RE — reference electrode 

s    depending on context: 

— scattering coefficient 

— spin quantum number 
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— orbital 

S — Kubelka-Munk scattering coefficient 

SEM — scanning electron microscopy 

𝑇 — temperature 

UV — ultraviolet 

𝑣 — frequency 

𝑣௕௔  — frequency associated with a transition from |𝑎⟩ and |𝑏⟩ 

𝑉଴ — amplitude of the voltage signal 

𝑉 — voltage 

𝑉஽ — diffusion voltage 

vis — visible 

WE — working electrode 

XPS — X-ray photoluminescence spectroscopy 

XRD — X-ray diffraction 

𝑍଴ — magnitude of the impedance 

𝑍 — impedance 

𝛼 — absorption coefficient 

𝜆 — wavelength 

𝜀 — dielectric constant 

𝜀଴ — vacuum permittivity 

ϕ    depending on the context: 

— work function 

— phase shift 

χ — electron affinity 

𝜓 — electric potential 

𝜔 — laser harmonic 
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Chapter 1. Outline 

1.1 Renewable energy resources 

Nowadays, decreasing number of fossil fuels forces demands for the use of renewable 

resources. The mainstream technologies for green energy production involve bioenergy, 

hydropower, as well as geothermal, ocean, solar, and wind energies. The development of 

each of these technologies is relevant for sustainable energy production due to the 

different environmental conditions in different parts of the world. Their contribution to 

total electricity generation is visualized in Figure 1 a. 

 Among various renewable resources, the use of solar energy for the generation 

of electricity increases exponentially (see Figure 1 b). It is used worldwide and can be 

harnessed directly from the Sun, even during cloudy weather. Semiconductors, due to 

their unique electronic properties, such as band gap, have been tremendously studied for 

the conversion of solar energy to electricity. In general, the electrons excited from the 

valence band to the conduction band through the band gap can be collected in an external 

circuit and generate current. Efficient conversion of solar energy to electricity demands, 

however, specific properties of materials including a proper optical band gap width or 

direct transition for photon absorption. Nevertheless, not only the performance but also 

a feedstock availability and fabrication technology are crucial for sustainable 

development. Therefore, a certain interest should be paid both to the properties of the 

material and the technology of its fabrication. 

 

Figure 1. Electricity generation from (a) renewable energy resources in 2019, 

(b) from solar photovoltaics during the last decade [1]. 
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1.2. Anodic TiO2 nanotubes 

Among various candidates for materials for photoelectrochemical devices, TiO2 

nanotubes, as a 1D structure exhibit high surface area [2], unique electronic properties 

[3], and very high mechanical strength [4]. There are various methods allowing for the 

fabrication of TiO2 nanotubes, such as sol-gel [5], hydrothermal [6], template-assisted 

methods [7], or anodization [8]. In contrast to other methods, the anodization results in 

the formation of the highly ordered arrays of the nanotubes with direct contact with the 

metal support (see Figure 2). The principle of anodization is to apply an anodic bias 

voltage to the titanium substrate immersed in a fluorine ion-containing electrolyte, and 

maintain it for a certain time [8]. It allows for precise control of the nanotubes’ geometric 

features including length, spacing, or wall-thickness through manipulation of processing 

parameters such as voltage, electrolyte composition, or time [8]. Taking that into 

account, and that the electrochemical processes are, in general, widely used in the 

industry (e.g. electroplating plants), the anodic TiO2 nanotubes can be also distinguished 

by low-cost production and scalability. As proof for large-scale production one can find an 

example provided by Xiang et al. [9] who produced uniform titania nanotube arrays at 

the inner surface of a 1 m long and 1 cm in diameter titanium tube. 

 The as-obtained nanotubes are amorphous and exhibit poor photon-to-electron 

conversion efficiency [8], and due to that, usually, they are annealed at elevated 

temperatures to reach crystal structure and enhance photoresponse [10]. However, the 

limitations of TiO2 nanotubes are related to the large band gap of TiO2 (e.g. anatase, 

𝐸ீ  = 3.2 eV; rutile, 𝐸ீ = 3.0 eV) and the indirect nature of dominating transition, which 

are described in the following two subsections. 
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Figure 2. The electrochemical anodization process 

and the self-organized TiO2 nanotubes. 

1.2.1. Optical band gap 

A band gap is a minimum energy between the valence band maximum and the conduction 

band minimum. The transition between these two states is possible, however, it must be 

triggered by something to take a place. In fact, the electron occupying an eigenstate 

(such as a valence band) without any perturbation stays there forever [11]. Essentially, 

photons carrying the energy corresponding to the band gap can excite electrons from the 

valence to the conduction band. This interaction can be explained by the time-dependent 

perturbation theory. Probability amplitude as a function of time for the transition between 

two discrete states triggered by an interaction between atoms and light through a dipole 

interaction is given by [11]: 

 𝑃௔ ← ௕(𝑡) =
4 ቚ൫𝑑 ∙ 𝑛ሬ⃗ ൯

௔௕
ቚ

ଶ

ℏଶ

sinଶ ቀ
𝑣௕௔ − 𝑣

2
𝑡ቁ

(𝑣௕௔ − 𝑣)ଶ
 (1) 

where 𝑑 is a dipole operator, and 𝑛ሬ⃗  is a unit vector of an electric field, ℏ is a reduced 

Planck constant, 𝑣 is a frequency of the external light, and 𝑣௔௕ is a frequency associated 

with a transition from |𝑏⟩ to |𝑎⟩: 𝑣௔௕ = (𝐸௕ − 𝐸௔)/ℏ. Based on Equation 1, one can relate the 

probability amplitude for the transition to the frequency of the incident light (see Figure 

3 a). Here, it can be seen that only a photon with a frequency corresponding to the energy 
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difference between these two states (𝑣௔௕) contributes to the highest probability amplitude, 

and triggers the transition the most. Therefore, the ideal semiconductor should exhibit 

a band gap equal to the energy corresponding to the maximum intensity of the solar 

spectrum for the efficient photon-to-electron conversion. Based on the data presented in 

Figure 3 b, one can see that the maximum intensity is at about 500 nm. Hence the ideal 

band gap falls at about 2.48 eV. The optical band gap is therefore crucial not only for 

material characterization but also for its further modifications with light, for example, for 

crystallization [12] or defect introduction induced by laser radiation [13]. 

 Determination of the band gap concerns both experimental and theoretical 

considerations. Experimentalists, usually determine band gap based on the 

Tauc equation: 

 (𝛼ℎ𝜈)ଵ/௡ = 𝐴(ℎ𝜈 − 𝐸ீ) (2) 

where 𝛼 is the absorption coefficient being a function of wavelength 𝛼(𝜆), ℎ is a Planck 

constant, 𝜈 is a frequency, 𝑛 is a Tauc exponent, 𝐴 is the proportionality constant, and 

𝐸ீ is an optical band gap. The method is to plot (𝛼ℎ𝜈)ଵ/௡ vs. ℎ𝜈 and extrapolate the linear 

range beyond the absorption edge yielding the value of the band gap on the abscissa 

axis. However, to do so, the value of the Tauc exponent, hence the nature of the transition 

must be known. Typically, the Tauc exponent is chosen as one of four values: 1/2, 3/2, 

2, and 3 corresponding to the direct (allowed), direct (forbidden), indirect (allowed), and 

indirect (forbidden) transitions, respectively [14]. In the case of TiO2 nanotubes, the 

experimentalists consistently choose 𝑛 = 2 corresponding to indirect (allowed) transition 

[15] which is in line with theoretical predictions that pure anatase TiO2 exhibits indirect 

nature of the transition between the valence band maximum and conduction band 

minimum [16]. It is worth noticing that, for the construction of the Tauc plot, both 

absorption and photocurrent data can be taken [17]. 

 According to Tauc plots [8], bare TiO2 nanotubes fabricated in ethylene glycol 

exhibit a 2.85 eV wide band gap. In turn, the calculated band gap for anatase using 

a relatively accurate method involving density of functional theory with Hubbard U and 

Hund’s J corrections is 3.5 eV. The calculated values are higher compared to experimental 

ones because they concern non-defected materials, and therefore, sub-band levels are 

not seen and the values are higher. Efficient utilization of solar energy for electricity 

production using TiO2 nanotubes would therefore require further modifications resulting 

in considerable band gap narrowing, ideally to 2.48 eV which corresponds to the 

maximum intensity of solar light.  
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Figure 3. (a) Probability amplitude for a photon absorption through an electric dipole 

interaction with an electromagnetic wave as a function of the frequency [11]. 

(b) The spectrum of AM 1.5 Global [18]. 

1.2.2. Transition type 

In general, there are two types of transition related to the direction in crystal, namely 

direct and indirect, and each of them can be allowed or forbidden. The difference between 

direct and indirect transition can be understood by studying band structure diagrams (see 

Figure 4). In the case of indirect transition, the valence band maximum and the 

conduction band minimum have different wave vectors (see arrow I). From de Broglie’s 

relation, one can relate wave vector to momentum as 𝑝 = ℏ𝑘, and see that the creation 

of hole-electron pair through such as indirect transition is not allowed by momentum-

conservation considerations. It can only take place if a phonon of a corresponding wave 

vector is created or destroyed. Hence, the probability of such a transition is very low 

compared to the direct transition (see arrow II) for which the wave vector of the electron 

remains essentially constant [19]. 

Both direct and indirect transitions can be forbidden or allowed by the selection 

rules depending on the probability amplitude for the transition is zero or not (see Equation 

1). Forbidden transitions exhibit zero probability amplitude and zero transition rate due 

to the zero dipole matrix elements [20]. In other words, such transitions do not take place 

because no dipole moment is being induced, and there is no trigger for the transitions. In 

fact, in quantum mechanics, an electron occupying an eigenstate without any 

perturbation stays there forever [20]. Nevertheless, in real systems, such transitions will 

eventually take place either by collisions, or multiphoton absorption, however, the rates 

of these processes are orders of magnitude lower compared to the allowed electric dipole 
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transitions [20]. Therefore, another crucial, however, often underestimated aspect 

regarding optical absorption is the nature of the transition. 

The literature in most cases assumes an indirect band gap of TiO2 with allowed 

transition, for instance [21]. Since the rate of an indirect transition is many orders of 

magnitude lower compared to a direct transition [19], it is undesirable for electricity 

production from solar energy. Because of that, TiO2 nanotubes were first sensitized by 

dyes to develop visible-light response, and then, intensively utilized in dye-sensitized 

solar cells [22]. However, dyes suffer from degradation [23] whereas a photovoltaic cell 

with TiO2 nanotubes in their pristine form exhibits an efficiency of only about 5 % [24]. 

To enable their practical applications in the pristine form, one must elaborate strategies 

for band gap engineering. Since the biggest advantage of the TiO2 nanotubes lies in the 

potential for low-cost large-scale production, any further modification should also involve 

techniques that can be easily commercialized. 

 

Figure 4. The band structure of anatase TiO2 calculated using density functional theory 

with Hubbard U correction [25]. Arrows I and II indicate  

indirect and direct transitions, respectively. 
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1.3 Strategies toward improved electronic properties of anodic 

TiO2 nanotubes 

1.3.1 Defect introduction by laser treatment 

Crystal structures of TiO2 exhibit rather large band gaps (3.2 eV anatase and 3.0 eV rutile) 

limiting their absorption mainly to the UV which covers a minority of the solar spectrum 

(see Figure 3 b). However, significant visible activity can be enabled in TiO2 by the 

formation of defects [26]. Extensive studies on black TiO2 have shown that not solely the 

presence of defects, but rather the interplay of different factors like defect concentration, 

defect location, and anatase-to-rutile ratio play a key role in the photoactivity of defective 

TiO2 [27]. Various methods have been studied for the defect introduction in TiO2 including 

hydrogenation, metal reduction, plasma-assisted process, microwave radiation, laser 

ablation, electrochemical reduction, etc. [27]. In general, hydrogenation remains the 

most studied route, however, recently fast and more eco-friendly methods such as laser 

modification are getting more and more attention [27]. 

 During the last decade, laser modification has been utilized for the introduction of 

defects in TiO2 in different forms including thin films [28], and nanoparticles [29], 

however, pioneering work on the laser modification of TiO2 nanotubes was reported in 

2017 by Xu et al. [13]. The authors demonstrated that pulsed UV laser treatment of 

anatase TiO2 nanotubes can significantly modify their electronic properties improving their 

photoresponse under solar illumination. XRD patterns of the laser-treated samples 

confirmed the degradation of the crystal structure. SEM images revealed increasing 

melting of the top of the nanotubes along with applied energy fluence of the laser beam. 

The analysis of Mott-Schottky plots for the sample under optimized processing 

parameters regarding photoresponse showed both a shift of flat band potential and an 

increase in donor density. It is not clear, however, if the authors calculated capacitance 

data using geometric or active surface area. Therefore, an increase in donor density could 

be related to a change in sample surface area. Nevertheless, the shift of the flat band 

potential (hence the Fermi level) strongly evidences the different electronic properties of 

the modified layer. In turn, the capacitance measurements suggested that the additional 

laser-induced states are rather shallow. Therefore, the authors assigned improved 

photoresponse to the additional intraband shallow states originating from disordered 

crystal structure within the melted layer. Nevertheless, during the irradiation, the samples 

were placed in a Petri dish filled with 15 ml of deionized water. Such a system can be 

successfully used for modifications in laboratory scale but can be problematic on a large 

scale. Owing to the low-cost and scalable production potential of anodic TiO2 nanotubes, 
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it is convenient to design further modifications with the same potential. In the present 

dissertation, a scalable method utilizing a beam homogenizer and motorized table for 

laser modification of TiO2 nanotubes was elaborated and developed and is described in 

Paper 1. Detailed literature revision regarding the interaction between titania and laser 

radiation is in turn presented in Paper 2. 

1.3.2 Heterojunction 

Combination with other metal oxides is a prominent strategy for alleviating issues related 

to the band gap of TiO2 nanotubes. Their incorporation into titania can narrow the band 

gap through the formation of mid-gap states [30] and contribute to better efficiencies. 

Also, at the heterojunction, a space charge region with a high electric potential gradient 

can facilitate electron-hole separation and charge transport. Nevertheless, the band 

bending at the heterojunction depends on the work functions of the separated 

semiconductors [31], and not always facilitate electron transfer in the conduction band. 

Exemplar energy diagrams for two uncharged 𝑛-type semiconductors before and after 

heterojunction formation are displayed in Figure 5 a and b, respectively. Once they are 

brought into contact, an electron flow from semiconductor 1 into semiconductor 2 occurs 

until the equilibrium (constant Fermi level) is reached (Figure 5 b) [31]. The driving force 

for this process is the difference in work functions [31]. In the equilibrium, the conduction 

and valence bands are bent and a diffusion voltage is created [31]. Note that a potential 

barrier is different from left to right and right to left but it is always present in the 𝑛-𝑛 

heterojunction regardless of the direction. A facile charge transfer without a potential 

barrier in the conduction band is possible for a 𝑝-𝑛 heterojunction, however, only when 

a work function of a 𝑝-type semiconductor is greater than the 𝑛-type (see Figure 5 c) 

[32]. It is also worth noting that work function depends on the size of the material, 

especially in the case of a nanoscale [33]. Therefore, the estimation of a potential bias at 

the heterojunction based on the literature values, even if similar compounds are joined, 

should be done carefully. 
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Figure 5. (a-b) Energy diagrams for two uncharged n-type semiconductors 

(a) separated, (b) brought into contact (adapted from [31]). 

(c) Energy diagram for Ge-GaAs n-p heterojunction (adapted from [32]). 

 Metal oxides of the 6th main group of the periodic table are in general considered 

as wide, about 3 eV band gap semiconductors [34–36]. Based on the literature [35,37], 

tungsten and molybdenum oxides are 𝑛-type semiconductors. In turn, the semiconducting 

properties of chromium oxides depend on the oxidation state – Cr2O3 is a 𝑝-type whereas 

CrO2 is an 𝑛-type [38]. Therefore, a heterojunction between TiO2 nanotubes and Cr2O3 

would be particularly interesting because of the possibility of a facile electron transfer. In 

the case of the transition type, the literature is not consistent. For instance, for the Tauc 

plot construction for Cr2O3, one authors choose 𝑛 = 1/2 [39] whereas others 𝑛 = 2 [40] 

corresponding to direct and indirect (allowed) transitions, respectively. Furthermore, it 

has been observed that in many cases the authors choose the Tauc exponent from other 

articles in which the transition type is not justified, e.g. [41] and [42]. As it was 

mentioned, transition types can be anticipated from theoretical considerations, however, 

they are usually calculated for non-defected materials, hence are not valid for modified 

structures. It is also unclear which transition type should be assumed in a multi-

component material in which each component exhibits a different transition. Therefore, a 

systematic procedure for determining the transition type, for instance, directly from 

measured data would be crucial not only for the precise determination of optical band gap 
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but also for predicting the transition rate (note that different transition types exhibit 

different transition rates). Such a method was first proposed by Sangiorgi et al. [43]. The 

principle of the method is to estimate the Tauc exponent from the Tauc equation (see 

Equation 2) using experimentally measured UV-vis spectroscopy data. To do so, the 

authors proposed to take both sides logarithm of the Tauc equation, which multiplied by 

𝑛 yields: 

 ln(𝛼ℎ𝑣) = 𝑛 ln(ℎ𝑣 − 𝐸ீ) + 𝑐𝑜𝑛𝑠𝑡. (3) 

and estimated 𝑛 from the linear dependence of ln(𝛼ℎ𝑣) on ln(ℎ𝑣 − 𝐸ீ): 

 𝑛 =
𝜕 ln(𝛼ℎ𝑣)

𝜕 ln(ℎ𝑣 − 𝐸ீ)
 (4) 

To estimate the Tauc exponent using this method, one must assume the 𝐸ீ value. 

Because the result depends on the assumed band gap value, the method cannot be 

recognized as precise.  

 In general, optical properties and photoresponse of the heterojunctions based on 

the TiO2 and chromium, molybdenum, and tungsten oxides have already been reported 

in the literature [44–46]. Nevertheless, they have not been thoroughly investigated. 

Especially, the nature of optical transitions and their contribution to photoresponse. 

Therefore, in the present dissertation (Paper 3), an improved method allowing for the 

determination of the Tauc exponent without any assumption regarding the investigated 

material such as band gap was elaborated. It is particularly essential not only for precise 

optical band gap determination, but also for determining the transition type occurring in 

the investigated material. In the subsequent work (Paper 4), a correlation between the 

estimated transition types and the photoresponse was presented. 

  



 

— 28 — 

Chapter 2. Objective and scope of the thesis 

Fabrication of TiO2 nanotubes via anodization of titanium has a high production potential 

on an industrial scale. However, anodic TiO2 nanotubes in the bare form exhibit 

undesirable optical and electronic properties for efficient solar energy to electricity 

conversion. Therefore, the main objective of this dissertation was the elaboration of 

methods for large-scale modification of TiO2 nanotubes towards improved photoresponse 

as well as the characterization of the obtained materials using solid-state physics and 

photoelectrochemical methods. It was realized by the introduction of defects via laser 

annealing in a system equipped with a beam homogenizer and motorized table as well as 

by the formation of heterojunction with chromium, molybdenum, and tungsten oxides 

using magnetron sputtering technology.  

The scope of the dissertation covered: 

 Selection of optimum parameters of the laser beam towards a scalable 

modification of TiO2 nanotubes surface, 

 Examination of the impact of the laser modification on the morphology, crystal 

structure, optical and electronic properties, and photoresponse of the TiO2 

nanotubes, 

 Literature revision regarding laser-induced modifications of TiO2, 

 Elaboration of a method allowing for the determination of Tauc exponent and 

corresponding transition types in TiO2 nanotubes combined with chromium, 

molybdenum, and tungsten oxides, 

 Investigation of the optical properties, band structure, and photoresponse of the 

TiO2 nanotubes combined with chromium, molybdenum, and tungsten oxides, 

 Design and construction of the experimental setup for photoelectrochemical tests. 

The results of the conducted research have been published in articles indexed in the JCR 

list which are presented later on in Chapter 5. 
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Chapter 3. Experimental 

3.1. Substrates 

Titanium foil (Strem, 99.7 %) was used as a substrate for anodization. Prior to the 

process, it was cleaned in three solvents in a sequence in acetone, ethanol, and water for 

10 minutes in each in an ultrasonic bath. To reduce waste and ensure solvent access to 

both sides of the foil, a container for substrates was designed and 3D printed in fused 

filament fabrication technology (see Figure 6). The inside was designed to separate the 

adjacent foils and allow for bilateral solvent access. Polyamide filament was chosen due 

to its resistance to acetone. The geometric features and application of the litter box are 

proprietary by a utility model [47]. 

 

Figure 6. Titanium foil cleaning litter box 3D model (left)  

and a photo of the 3D printed element (right). 

3.2. Fabrication procedures 

3.2.1. Anodization of titanium foil 

Anodization was realized in a two-electrode system where titanium foil served as 

an anode and platinum mesh as a cathode in a glycol ethylene-based electrolyte with 

10 g L-1 of NH4F and 15 % of H2O. The temperature was set to 23 °C and it was controlled 

by a thermostat. During the process, 40 V was maintained for 15 minutes with a voltage 

ramp-up and ramp-down times of 6.66 minutes. Because the as-obtained TiO2 nanotubes 

are amorphous and exhibit poor photon-to-electron conversion efficiency [8], after the 

anodization they were thermally annealed at 450 °C for 2 hours to reach crystal structure. 

A representation of the fabrication route of TiO2 nanotubes is given in Scheme 1. 
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Scheme 1. Schematic diagram illustrating fabrication process of bare TiO2 nanotubes. 

3.2.2. Laser treatment of TiO2 nanotubes 

Typically, laser modification is realized in a static conditions [48]. However, to take 

advantage of the industrial potential of anodic TiO2 nanotubes any further modifications 

should account for a large scale. Therefore, in the present dissertation, a new scalable 

system equipped with a beam homogenizer ensuring a square beam spot and a motorized 

table was developed and elaborated. Such a system allows to modify precisely selected 

as well as any large area. A schematic diagram displaying the experimental setup for 

laser modification along with a photo showing an exemplar laser trace is presented in 

Figure 7. 

 In particular, laser treatment was realized using Nd:YAG laser with 6 ns pulse 

duration. Due to the large band gap of TiO2 nanotubes, the 3rd harmonics (355 nm) was 

chosen. It is worth noticing that, the wavelength corresponding to the band gap of 

a semiconductor contributes to the highest absorption probability (see Figure 3 a). The 

samples were placed in a vacuum chamber and under 5×10-5 mbar pressure during the 

illumination was maintained. Nevertheless, in the preliminary tests, different wavelengths 

and atmospheres (air and vacuum) were also applied to verify how they affect the 

structure and surface morphology of nanotubes. The repetition rate was set to 2 Hz 

whereas the speed of the motorized table to 4 mm min-1. Essentially, these two 

parameters can be easily scaled up without influencing other processing parameters, 

namely, the modification should remain the same if the speed of the motorized table and 

repetition rate were increased by the same factor. Beam energy fluence was set up to 

50 mJ cm-2. A representation of the fabrication route of UV-laser-treated TiO2 nanotubes 

is shown in Scheme 2. 
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Figure 7. (a) Schematic diagram showing the experimental setup for laser modification. 

(b) A photo of a sample after laser irradiation with a corresponding image. 

 

Scheme 2. Schematic diagram illustrating the fabrication process of  

UV-laser-treated TiO2 nanotubes. 

  



 

— 32 — 

3.2.3. Deposition of Cr, Mo, and W oxides onto TiO2 nanotubes 

A combination of TiO2 nanotubes with metal oxides from the 6th main group of the periodic 

table – chromium, molybdenum, and tungsten oxides was realized using magnetron 

sputtering technology. The method is to apply a high negative potential to the target and  

to knock the atoms out of it by the bombardment of positive ions from an electrical 

discharge in a gas. Specifically, the electrons are released from the target and are 

suspended in the magnetic field. Collisions between the electrons and gas atoms result in 

ionization. Then, the ionized gas atoms are accelerated toward the negatively charged 

target by the electric field. Finally, collisions between ionized gas atoms and the target 

lead to the detachment of the target material and allows for the deposition. In such 

a system, low pressure is required to maintain high ion energies and to prevent too many 

atom-gas collisions after the ejection of the target [49]. Compared to other methods such 

as atomic layer deposition [50], it allows coating of the nanotubes with a low sputtering 

depth (only about 200 nm from the top of the nanotubes [51,52]). Nevertheless, it is 

a process widely used by industry, for instance, for the fabrication of ITO coatings [53]. 

Therefore, it is a suitable coating method to follow the simplicity and low-cost production 

of anodic TiO2 nanotubes.  

 The deposition was realized using metallic disks under a 5×10-3 mbar argon 

atmosphere. During the process, a sputtering current of 120 mA was maintained whereas 

termination thickness was set to 15 nm, and it was controlled by a quartz microbalance. 

A schematic diagram showing an experimental setup for magnetron sputtering is 

presented in Figure 8. The preliminary tests [54], however, revealed that the deposition 

of metal results in deteriorated photoresponse. Therefore, after the sputtering, the 

samples were thermally annealed both to crystallize and oxidize the deposited materials 

(see Scheme 3). 



 

— 33 — 

 

Figure 8. A schematic diagram showing the experimental setup 

for magnetron-sputtering. 

 

Scheme 3. Schematic diagram illustrating the fabrication process of TiO2 nanotubes 

combined with Cr, Mo, and W oxides using magnetron-sputtering technology. 
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3.3. Characterization methods 

3.3.1. Scanning electron microscopy 

Scanning electron microscopy (SEM) is a technique allowing for surface imagining with 

a high resolution. During the measurement, a beam of electrons is bombarding the 

sample, scanning it line by line. A small part of electrons penetrate to a small depth and 

are backscattered; the majority of them are, however, preserved within the sample and 

give a contribution to the emission of secondary electrons, Auger electrons, X-radiation, 

and light. 

SEM was performed to study the resultant morphology, distribution, and length 

of the TiO2 nanotubes, the impact of the laser treatment on the melting of the nanotubes 

as well as morphology and distribution of the metal oxides onto the TiO2 nanotubes after 

magnetron sputtering and subsequent calcination. SEM was performed by dr hab. inż. 

Jakub Karczewski, at Gdańsk University of Technology. The author of the present 

dissertation was responsible for the analysis of the obtained images. 

3.3.2. Raman spectroscopy 

During Raman spectroscopy measurement, the sample is illuminated with a laser beam 

and the scattered beam is registered. The principle of the method is that most of the 

scattered light is at the same wavelength as the source (Rayleigh component), however, 

a small amount is scattered at different wavelengths (Stokes and anti-Stokes 

components) which depend on the chemical structure of the sample. The scattered 

radiation can be therefore divided into three components: 

— Rayleigh – when a molecule initially occupying the ground states returns to the 

ground state and the scattered photon exhibits the same energy. 

— Stokes – when a molecule initially occupying the ground state returns to a higher 

vibrational energy state and the scattered photon exhibits lower energy. 

— anti-Stokes – when a molecule is initially at an excited vibrational state returns 

to the ground state and the scattered photon exhibits higher energy.  

Raman spectroscopy was performed to investigate the crystal structure of the 

TiO2 nanotubes. In particular, based on the position of the main signal corresponding to 

the anatase active mode (Eg(1)), the degradation of the crystal structure after laser 

treatment was estimated. Raman spectroscopy measurements were performed using 

inVia™ confocal Raman microscope at the Institute of Fluid-Flow Machinery Polish 

Academy of Sciences. The author of the present dissertation was solely responsible for 

performing the measurements and the analysis of the obtained spectra. 
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3.3.3. X-ray diffraction measurements 

X-ray diffraction (XRD) works on the principle of Bragg’s equation: 

 𝑛𝜆 = 2𝑑 sin 𝜃 (5) 

where 𝑛 is any integer, 𝜆 is the wavelength of the beam, 𝑑 is the distance between 

successive layers of atoms, and 𝜃 is the incident angle. During the measurement, the 

sample is illuminated with the monochromatic beam at different incident angles. Reflected 

waves from different atomic planes will add constructively only in directions where path-

the length difference (2𝑑 sin 𝜃) is equal to the integer multiple of the wavelength. Based 

on the peak positions and their intensity one can determine the structure and phase 

composition of the sample, respectively. 

XRD measurements were performed to investigate the crystal structure of the 

TiO2 nanotubes combined with Cr, Mo, and W oxides. However, it was not possible to 

detect peaks from the metal oxides due to the high propagation depth of the incident X-

rays and the low signal-to-noise ratio. XRD measurements were performed by dr hab. 

inż. Jakub Karczewski at Gdańsk University of Technology. The author of the present 

dissertation was responsible for the analysis of the obtained diffractograms. 

3.3.4. X-ray photoluminescence spectroscopy 

X-ray photoluminescence spectroscopy (XPS) is a surface-sensitive quantitative 

technique that allows the identification of the elements existing in the surface of the 

sample as well as their chemical state. During the measurement, the sample is illuminated 

with electromagnetic radiation with energy from 100 eV to 500 keV (X-rays), and due to 

the photoelectric effect, core electrons are ejected. The detectors count the electrons and 

measure their kinetic energy (𝐸௞). Knowing the energy of the incident radiation (usually 

Al Kα with 1486.6 eV or Mg Kα with 1253.6 eV sources are utilized) and the kinetic energy 

one can calculate binding energy (𝐸௕௜௡): 

 ℎ𝑣 = 𝐸௕௜௡ + 𝐸௞ (6) 

Core levels in XPS use the nomenclature 𝑛𝑙௝ where 𝑛 is a principal quantum number, 𝑙 is 

an azimuthal quantum number, and 𝑗 = 𝑙 + 𝑠 where 𝑠 is a spin quantum number and can 

be ±
ଵ

ଶ
. Therefore, all orbital levels except the s levels give a rise to a doublet with two 

possible states having different binding energies which are known as spin-orbit coupling 

[55] (see Table 1). 
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Table 1. Spin-orbit splitting 𝑗 values. 

Subshell 𝑗 value 

s 1
2ൗ  

p 1
2ൗ  and 3 2ൗ  

d 3
2ൗ  and 5 2ൗ  

f 5
2ൗ  and 7 2ൗ  

High-resolution XPS measurements were carried out to study the resultant 

chemical composition. In particular, to verify the presence of oxygen vacancy in TiO2 

nanotubes after laser treatment and to reveal the chemical composition of the Cr, Mo, 

and W onto the TiO2 nanotubes after magnetron sputtering followed by the calcination. 

XPS measurements along with fitting of the obtained spectra were performed by dr hab. 

inż. Jacek Ryl at Gdańsk University of Technology. The author of the present dissertation 

was responsible for the interpretation of the obtained results. 

3.3.5. UV-visible spectroscopy 

UV-vis spectroscopy is a quantitative technique used to study the optical properties of 

materials. The method is based on the phenomena of transmission, absorption, and 

scattering of light by matter. Absorption spectroscopy is used for diluted solutions and 

semitransparent thin films. During the absorption measurement, the intensities of the 

beams that have passed through the sample (𝐼଴) and the incident (𝐼) are measured 

yielding the formula for absorbance: 

 𝐴 = log ൬
𝐼଴

𝐼
൰ (7) 

In turn, for opaque materials, diffuse reflectance spectroscopy is used. During the 

reflectance measurement, the reflectance with respect to the standard is directly 

registered.  

The investigated materials were studied in reflectance due to the opacity of the 

substrate (titanium foil). The registered data was then used to extract a quantity 

proportional to the absorption coefficient using a Kubelka-Munk model: 

 𝑓(𝑅) =
𝐾

𝑆
=

(1 − 𝑅)ଶ

𝑅ଶ
 (8) 

where R stays for reflectance, whereas K and S for the Kubelka-Munk coefficients. 
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The Kubelka-Munk coefficients are, in turn, proportional to the absorption (𝛼) and 

reflection (𝑠) coefficients: 

 
𝐾

𝑆
∝

𝛼

𝑠
 (9) 

This particular model was used due to its frequent use in other literature reports. The 

obtained data allowed to estimate the absorption range and optical band gap of the 

investigated materials which are essential regarding further analysis of the photocurrent 

generation from the electrodes exposed to the light. The measurements were performed 

using PerkinElmer Lambda 35 spectrometer at Institute of Fluid-Flow Machinery Polish 

Academy of Sciences. The author of the present dissertation was solely responsible for 

performing the measurements and took a part in the analysis of the obtained results. 

3.3.6. Density functional theory calculation 

Density functional theory (DFT) is nowadays one of the most commonly used approaches 

to studying electronic structures of solids. It is based on the concept that the energy of 

electrons in atoms or molecules is a functional of density. 

In the present work, the DFT was used to calculate band structures and absorption 

spectra of the TiO2 after combination with Cr2O3, MoO3, and WO3. The calculations and 

analysis of the obtained results were solely realized by mgr. inż. Adrian Olejnik at the 

Institute of Fluid-Flow Machinery Polish Academy of Sciences. 

3.3.7. Electrochemical tests 

All the electrochemical tests were performed in a well-estimated three-electrode system 

with an Ag|AgCl|3 M KCl reference electrode and a Pt mesh as a counter electrode in 

a 0.5 M Na2SO4 solution. The pH of the electrolytes was chosen based on the Atlas of 

Electrochemical Equilibria in Aqueous Solutions by Marcel Pourbaix [56]. Before the 

measurements, each electrolyte was deaerated with argon 5.0, and during the testing, 

a continuous flow of Ar above the solution was kept. All the tests were performed using 

Autolab (PGSTAT302N) at Institute of Fluid-Flow Machinery Polish Academy of Sciences. 

The author of the present dissertation was responsible for performing the measurements 

and the analysis of the registered data. 

3.3.7.1. Polarization methods 

Polarization methods are in general, used to the study kinetics and mechanisms of the 

electrode processes. In the present thesis, three different polarization methods were 
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used, namely cyclic voltammetry (CV), linear sweep voltammetry (LSV), and 

chronoamperometry (CA). 

— In a CV, the working electrode potential is changed linearly vs. time, and the 

resultant current is recorded. Once the set potential is being reached, the working 

electrode potential is ramped in the opposite direction to return to the initial 

potential. 

— In a LSV, the potential of working electrode is changed linearly with time, and the 

current is registered. Unlike in the CV, the electrode is polarized only towards the 

anodic or cathodic direction, and is not reversed. 

— In a CA, the potential of the working electrode is held at a given value and the 

current is recorded as a function of time. 

CV was carried out prior to other electrochemical tests to verify the stability of 

electrodes in a contact with an aqueous electrolyte and determine the working potential 

range. Additionally, the registered data allowed the identification of oxidation and 

reduction reactions taking place at the electrode’s surface. In turn, LSV and CA were 

carried out under light-chopped illumination to study sample photoresponse (for the 

description, please see 3.3.8. section) 

3.3.7.2. Electrochemical Impedance Spectroscopy 

Electrochemical impedance spectroscopy (EIS) is an alternating current method. During 

the measurement, a small sinusoidal voltage signal is applied to the working electrode 

and a current response is measured. The principle of the impedance (𝑍) is linearity so the 

current response is shifted in phase and exhibits different amplitude, hence it can be 

defined as: 

 𝑍 =
𝑉଴ sin(𝜔𝑡)

𝐼଴ sin(𝜔𝑡 + 𝜙)
= 𝑍଴ exp(𝑖𝜙) = 𝑍଴[cos(𝜙) + 𝑖 sin(𝜙)] (10) 

where 𝑉଴ and 𝐼଴ are amplitudes of the voltage signal and current response, respectively, 

𝜔 is frequency, 𝑡 is time, 𝜙 is phase shift, and 𝑍଴ is the magnitude of impedance. The 

impedance can be, therefore, expressed as a vector with real and imaginary parts. The 

obtained data were used for the analysis with an electric circuit (equivalent circuit) with 

resistors, capacitors, etc. to reveal electrical properties such as resistance of solution, 

double-layer capacitance, or charge transfer resistance. 

In this work, EIS tests were performed to estimate the capacitance of the 

electrodes which was further used to determine a flat-band potential (𝐸௙௕) and effective 

donor density (𝑁஽) based on the Mott-Schottky relationship [57]: 
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 𝐶ିଶ = ൬
2

𝜀𝜀଴𝑒𝑁஽𝐴ଶ
൰ ൬𝐸 − 𝐸௙௕ −

𝑘஻𝑇

𝑒
൰ (11) 

where: 𝜀 is the dielectric constant of the semiconductor, and 𝐴 is the surface area. On the 

basis of this relationship, 𝐸௙௕ was determined from the point of intersection of 

a 𝐶ିଶ vs 𝐸 plot with the abscissa axis while 𝑁஽ was calculated from the slope using a 

geometric surface area and assuming 𝜀 = 38 for anatase TiO2 [58]. 

3.3.8. Photoelectrochemical tests 

To study sample photoresponse, LSV and CA tests were performed under the light-

chopped illumination from the solar light simulator (LOT Quantum Design, Series LS0500 

equipped with an automatic light shutter). LSV allowed studying charge recombination 

processes upon light on and off cycles as well as photocurrent saturation which is a crucial 

factor affecting the photoresponse of 1D materials. CA tests revealed the stability of 

electrodes upon illumination. A principle of current evolution during the LSV and CA tests 

under light-chopped illumination is visualized in Figure 9. 

Nevertheless, to study photoelectrochemical performances of the investigated 

materials, the author of the present dissertation had to design and assemble an 

experimental setup for the tests. There were several requirements regarding the 

construction of the cell and its location with respect to the light source: 

 cell must contain pins for three electrodes and scrubber, gas outlet, and opening 

for quartz glass window; 

 front of the cell must be equipped with a quartz glass window allowing for sample 

illumination. The joint must allow for disassembly for cleaning purposes; it must 

be opposite to the light source at the fixed height and distance. 

 sample must be placed in the axis of the cell facing the light source; the assembly 

of the sample must be relatively simple and repetitive. 

To meet the requirements, the author of the present dissertation designed and completed 

the experimental setup which is shown in Figure 10. It consists of an electrochemical cell, 

clamp, quartz glass window, stand, and port for the sample holder. The top of the 

electrochemical cell contains three side grinding holes for the reference electrode, counter 

electrode, and scrubber, one middle grinding hole for a port for sample holder, and  

a u-tube for the gas outlet. Precise and repetitive sample replacement is achieved by 

a port for a sample holder with a side screw locking the sample holder in the axis of the 

cell. The cell is locked in a proper position by a stand which contained a hole in the front 

part blocking the position of the cell in front of the light source. The quartz glass window 
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joint is a three-element clamp that was designed and 3D printed in fused filament 

fabrication technology from the polylactic acid filament. The clamp contains recesses for 

1 mm thick gaskets. The front and rear elements of the clamp are connected by 

screw joints. 

 

Figure 9. A schematic diagram showing a time-dependent (a-d) evolution of current 

during electrochemical tests under light-chopped illumination programmed for  

5 seconds. 
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Figure 10. (a) A photo of the experimental setup. (b-c) 3D models of the clamp 

connecting a quartz glass window and electrochemical cell (b) before and (c) after the 

assembly: 1 – the front part of the clamp, 2 – gasket, 3 – round quartz glass,  

4 – the back part of the clamp, 5 – screw, 6 – nut. (d) 3D models showing the 

electrochemical cell, stand, and port for the sample holder. 
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Chapter 4. Guide to papers 

The basis of this work is a series of the four publications listed below. The first 

two papers study laser modification of TiO2 nanotubes, in particular, the scalable setup 

equipped with a beam homogenizer and motorized table presented in Paper 1. The next 

two papers investigate the optical, electronic, and photoelectrochemical properties of TiO2 

after combination with other metal oxides using magnetron sputtering technology 

followed by calcination. 

Paper 1 Łukasz Haryński, Katarzyna Grochowska, Jakub Karczewski, Jacek Ryl, 

Katarzyna Siuzdak, Scalable route toward superior photoresponse of UV-

laser-treated TiO2 nanotubes, ACS Applied Materials & Interfaces 2020, 12, 

3225-3235, doi:10.1021/acsami.9b19206. 

(IF2020 = 9.229; MEiN = 200 pts) 

Paper 2 Katarzyna Siuzdak, Łukasz Haryński, Jakub Wawrzyniak, Katarzyna 

Grochowska, Review on robust laser light interaction with titania – 

Patterning, crystallization and ablation processes, Progress in Solid State 

Chemistry 2021, 62, 100297, doi:10.1016/j.progsolidstchem.2020.100297. 

(IF2021 = 8.389; MEiN = 200 pts) 

Paper 3 Łukasz Haryński, Adrian Olejnik, Katarzyna Grochowska, Katarzyna 

Siuzdak, A facile method for Tauc exponent and corresponding electronic 

transitions determination in semiconductors directly from UV–vis 

spectroscopy data, Optical Materials 2022, 127, 112205, 

doi:10.1016/j.optmat.2022.112205. 

(IF2021 = 3.754; MEiN = 70 pts) 

Paper 4 Łukasz Haryński, Adrian Olejnik, Katarzyna Grochowska, Katarzyna 

Siuzdak, Linking optical and electronic properties to photoresponse of 

heterojunctions based on titania nanotubes and chromium, molybdenum, 

and tungsten oxides, Optical Materials 2022, 134, 113183, 

doi: 10.1016/j.optmat.2022.113183. 

(IF2021 = 3.754; MEiN = 70 pts) 
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Chapter 5. Papers 

5.1. Paper 1: Scalable Route toward Superior Photoresponse of 

UV-Laser-Treated TiO2 Nanotubes 

In 2017, Xu et al. [13] demonstrated that pulsed UV laser treatment of TiO2 nanotube 

arrays can increase the disorder of the crystal structure and enhance photocurrent 

generation by increasing the number of states (called shallow donors) and reducing the 

density of deep trap states. However, during the irradiation, the samples were immersed 

in deionized water in a Petri dish. Such an approach could be problematic regarding the 

modification of larger surfaces. Motivated by this and many other works in the literature 

(detailed literature revision regarding laser modifications of titania nanotubes is presented 

in Paper 2), in the present work, a scalable method for laser modification resulting in 

superior photoresponse is presented. For this purpose, a pulsed UV laser (6 ns) equipped 

with 3rd harmonics (355 nm) was utilized. The harmonic was chosen taking into account 

the optical band gap of the aligned TiO2 nanotubes fabricated in the glycol-based 

electrolyte (2.85 eV – 432 nm) [8]. The optical system was equipped with a beam 

homogenizer ensuring a square beam spot. During the irradiation, the samples were 

mounted onto a moving motorized table. The repetition rate and speed of the table were 

set to 2 Hz and 4 mm min-1, respectively. It is worth noticing that, by increasing both of 

these parameters proportionally, the modification should essentially remain the same. 

Therefore, the entire elaborated method can be easily scaled up. The variable processing 

parameter was beam energy fluence. Based on the preliminary investigations [59], 

10, 20, 30, 40, and 50 mJ cm-2 were chosen. 

 SEM images in the top view and cross-section (see Figure 2 in the paper) revealed 

melting of the top of the nanotubes along with the increasing beam energy fluence. The 

melted layer was estimated to be about 200 nm in height. Raman spectra (see Figure 3 

in the paper) showed a red shift of the signal corresponding to the main active anatase 

mode from 144.6 to 147.5 cm-1 for 10 and 50 mJ cm-2 which suggests degradation of 

crystal structure. High-resolution XPS spectra (see Figure 4 in the paper) revealed that 

titanium is solely in the +4 oxidation state while oxygen in the form of lattice oxygen and 

adsorbed surface hydroxyl species. No oxygen vacancy has been found. In turn, UV-vis 

spectra and Tauc plots (see Figure 5 in the paper) indicated a decrease in UV absorption 

and band gap narrowing from 3.10 to 2.24 eV along with the increasing beam energy 

fluence. Reconsidering these results, it is anticipated that they could be affected by an 

increase in surface reflection which decreases the signal-to-noise ratio in diffuse 

reflectance spectroscopy [14,17]. Cyclic voltammograms (see Figure 6 in the paper) 
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confirmed the stability of the electrodes both in neutral and alkaline solutions. Linear 

sweep voltammograms measured under AM 1.5 G, 100 mW cm-2 illumination (see Figures 

7 a and 8 a in the paper) demonstrated superior up to 1.45-fold photoresponse of the 

laser-treated samples compared to bare TiO2 nanotubes. The optimum beam energy 

fluence of 40 mJ cm-2 regarding the photoresponse has been identified. The registered 

chronoamperograms (see Figures 7 c and 8 c in the paper) suggest the stability and 

photocorrosion resistance of the obtained samples. Linear voltammograms registered 

under the visible part of the solar spectrum (see Figures 7 b and 8 b) revealed no 

significant increase in photoresponse compared to the bare TiO2 nanotubes, hence the 

states are rather shallow than deep in the band gap which is in line with Xu et al. [13]. 

 The analysis of Mott-Schottky plots (see Figure 9 in the paper) revealed 

a significant over an order of magnitude increase in donor density from 2.2 ×1019 to 

14.1 ×1020 and +0.74 V shift of flat band potential compared to the bare TiO2 nanotubes. 

For 𝑛-type semiconductors, the position of flat band potential is equal to the position of 

the Fermi level [60]. The modification resulted, therefore, in the occupation of additional 

states. An increase in donor density in turn can contribute to better absorption since the 

process is governed by the probability (the higher number of carriers the higher 

probability for absorption – see Equation 1). 

 In conclusion, processing parameters regarding the photoresponse of TiO2 

nanotubes in the scalable system equipped with a beam homogenizer and motorized table 

have been established. Comparable performances with the pioneering work [13] using 

the static system for the laser modification of TiO2 nanotubes have been achieved. Thus, 

the elaborated method can be successfully used for large-scale modification of 

TiO2 nanotubes. 
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5.2. Paper 2: Review on robust laser light interaction with titania 

– Patterning, crystallization and ablation processes 

TiO2 can be found in the amorphous phase as well as in different polymorphs. The 

amorphous phase exhibits poor incident photon-to-current conversion efficiency (IPCE). 

This is because of the disordered structure exhibiting a high number of recombination 

centers for photogenerated carriers. Practical applications of TiO2 in photoelectrochemical 

systems require therefore phase transformation from amorphous to crystalline. The most 

common crystal forms in this regard are rutile and anatase. Among them, rutile is more 

a thermodynamically stable phase with a band gap of about 3.0 eV while anatase is 

metastable and exhibits a 3.2 eV band gap. Among them, anatase, despite a larger band 

gap, exhibits superior IPCE compared to rutile. Nevertheless, the highest performances 

are reached for a mixed phase, which, as demonstrated by Li et al. [61], is clearly related 

to the improved charge separation at the anatase-rutile junction. 

Traditionally, the phase transformation from amorphous to crystalline is realized 

in furnaces at elevated temperatures (450°C and 750-850°C for anatase and rutile, 

respectively). Taking into account heating and cooling down periods, the whole process 

can take over 10 hours. Moreover, most furnaces utilize resistive heating, hence it is 

associated with high energy losses. Different alternative methods have been proposed 

including water immersion or flame annealing, however, they are also limited to the whole 

volume of the sample. In this regard, laser technology can not only shorten the process 

and reduce energy consumption but can also allow for modification of selected area 

instead of the whole volume. This can be particularly advantageous in the case of multi-

component materials in which one of the components is not resistant to high 

temperatures, for example for flexible solar cells made on plastic substrates.  

The presented work describes the literature revision of patterning, ablation, and 

change in the crystal structure of TiO2. The author of the present thesis was solely 

responsible for the preparation of section 5 entitled Laser-induced phase transformation 

where the literature regarding the phase transformation of TiO2 was reviewed. The 

chapter was divided into two sections dedicated to continuous and pulsed lasers, which 

in turn, was additionally split into three subdivisions according to the different pulse 

durations: nano-, pico-, and femtosecond. Detailed revision showed that despite the use 

of various lasers including continuous and pulsed in nano and picosecond regimes, it was 

not possible to crystalline TiO2 nanotubes over the entire volume. This is because the 

radiation is absorbed only within the laser spot by the top of the nanotubes while the 

crystallization outside the spot and alongside the nanotubes is a result of the heat 

transport (see Fig. 15 b-c and 16 a-b in the paper, respectively). Promising results have 
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been obtained for laser-induced defect in crystalline forms of TiO2 including anodic 

nanotubes and powder. In the case of nanotubes, optimum beam energy fluence allowed 

the introduction of shallow defects providing additional charge carriers for photon 

absorption which was revealed by the analysis of Mott-Schottky plots both in static and 

scalable systems (see Fig. 16 f and g). In the case of the powder, far more higher beam 

energy fluence could be applied resulting in significant degradation of crystal structure 

giving a rise to highly defective, so-called black TiO2 (see Fig. 16 h), which allowed to 

overcome limitations of pristine TiO2 through enhanced visible light absorption. In 

addition to that, different features affecting laser-induced phase transformation including 

laser mode, wavelength, optical path, sample holding system, environment, beam 

intensity, and irradiation period were indicated. In particular, aspects during the 

modification with a motorized table including beam profile and adjacent lines overlap 

during modification were discussed. 

 Based on the literature revision, it is concluded that the application potential of 

laser technology is limited in the matter of crystallization from the amorphous phase, 

however, it is a promising tool for the introduction of defects in titania substrates. 



Paper 2 

— 60 — 

 

  



Paper 2 

— 61 — 

 



Paper 2 

— 62 — 

 



Paper 2 

— 63 — 

 



Paper 2 

— 64 — 

 



Paper 2 

— 65 — 

 



Paper 2 

— 66 — 

 



Paper 2 

— 67 — 

 



Paper 2 

— 68 — 

 



Paper 2 

— 69 — 

 



Paper 2 

— 70 — 

 



Paper 2 

— 71 — 

 



Paper 2 

— 72 — 

 



Paper 2 

— 73 — 

 



Paper 2 

— 74 — 

 



Paper 2 

— 75 — 

 



Paper 2 

— 76 — 

 



Paper 2 

— 77 — 

 



Paper 2 

— 78 — 

 



Paper 2 

— 79 — 

 

 



 

— 80 — 

5.3. Paper 3: A Facile Method for Tauc Exponent and 

Corresponding Electronic Transitions Determination in 

Semiconductors directly from UV-Vis Spectroscopy Data 

The Tauc equation is a widely used approach for the determination of the optical band 

gap of semiconducting materials. However, to do so, information regarding optical 

transition must be known. Studying the literature, it has been observed that in most cases 

the authors choose the transition type from other articles without any justification. For 

instance, in the literature dedicated to Cr2O3, one can find that different authors choose 

different Tauc exponents [36,40] (hence assuming different transition types). It is also 

unclear which transition should be considered for example for multicomponent materials, 

in which each one exhibits a different transition type. The nature of dominating transition 

can be explained through the analysis of electronic band structure. However, band 

structures result from theoretical considerations, and usually, do not concern many 

essential physical properties such as morphology or structural defects which are crucial. 

Therefore, a systematic procedure for the determination of the Tauc exponent directly 

from the experimentally measured data would be a key to the correct estimation of the 

optical band gap. A pioneering work of a spectroscopic method allowing for the 

determination of the Tauc exponent from the experimentally measured UV-vis 

spectroscopy data was reported by Sangiorgi et al. [43]. The principle of the method is 

to take both side logarithm of the Tauc equation (see Equation 2) which allows estimating 

the Tauc exponent from the linear slope on the ln(𝛼ℎ𝑣) vs. ln(ℎ𝑣 − 𝐸ீ) plot. However, this 

approach requires knowledge of the band gap, hence the method does not solve the 

problem. 

 This work presents an improved method allowing for the determination of the 

Tauc exponent directly from the measured UV-vis spectroscopy data. It was applied to 

the TiO2 nanotubes combined with Cr, Mo, and W oxides, deposited using magnetron 

sputtering technology (see Scheme 3). On contrary to the work reported by Sangiorgi et 

al. [43], the Tauc exponent can be estimated without any assumptions regarding the 

investigated material such as band gap width. It is possible thanks to the Taylor expansion 

of the logarithmic version of the Tauc equation. Specifically, the Tauc exponent can be 

obtained from the linear range (or ranges) from the log(𝛼ℎ𝑣) vs. ℎ𝑣 dependence. The 

procedure involves: the calculation of the registered data to the absorption coefficient 

and photon energy, plotting log(𝛼ℎ𝑣) vs. ℎ𝑣, fitting the obtained data beyond the 

absorption edge with linear or quadratic functions which allows for estimating the Tauc 

exponent from the slope factor (see Fig. 1 in the paper). Then, a corresponding transition 

type (or types) can be assigned based on the commonly used values: 1/2, 2, 3/2, and 3 
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corresponding to direct (allowed), indirect (allowed), direct (forbidden), and indirect 

(forbidden) transitions, respectively. 

 For the bare TiO2 nanotubes (see Figure 3 in the paper) two linear ranges outside 

the absorption edge were found. The first (𝑛 = 1.9) corresponds to well estimated indirect 

(allowed) transition whereas the second (𝑛 = 1.1) to direct (allowed) and others. Indeed, 

more than one transition is possible as it is proven by calculated band diagrams (see 

Figure 6 in the paper). In the case of the TiO2 nanotubes decorated with Cr oxides, a single 

linear range (𝑛 = 1.0) assigned to direct (allowed) and other transitions was found. The 

TiO2 nanotubes decorated with Mo and W oxides also exhibit a single linear range 

(𝑛 = 1.5) which corresponds to the direct (forbidden) transition. 

 It is believed that the elaborated method will help to determine the transition 

types as well as for a more precise determination of optical band gap occurring in other 

nano-sized or multicomponent semiconducting materials. The obtained results are also 

the basis for further work which verifies a correlation between the estimated transition 

types and the photoresponse of the investigated sample. 
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5.4. Paper 4: Linking Optical and Electronic Properties to 

Photoresponse of Heterojunctions Based on Titania Nanotubes 

and Chromium, Molybdenum, and Tungsten Oxides. 

In the previous work (paper 3) a precise method for the determination of Tauc exponent 

for the TiO2 nanotubes combined with Cr, Mo, and W oxides, deposited using magnetron 

sputtering technology was presented. On the basis of the obtained values, each sample 

was assigned with an electronic transition type: TNT to indirect (allowed), Cr2O3|TNT to 

direct (allowed) and others, while MoO3|TNT and WO3|TNT to direct (forbidden). This work 

focuses on the investigation of the optical properties and band structure of the 

investigated samples. In particular, the correlation between the estimated transition 

types and the photocurrent generation is considered. 

 SEM images (see Fig. S2 in the supporting information) revealed that after 

magnetron sputtering of metals, the deposited species are located around the top of the 

nanotubes while the subsequent thermal treatment results in the formation of aggregates 

of nanoparticles (see Fig. 1 in the paper). The deconvolution of the high-resolution XPS 

spectra revealed that TiO2 is in the +4 oxidation state, however, a weak signal from 

the +3 oxidation state suggesting the presence of oxygen vacancy was also found. 

Spectra registered from the TiO2 nanotubes after magnetron sputtering of metals followed 

by the calcination showed that chromium forms different oxides Cr2O3, CrO2, CrO3, and 

CrOOH, molybdenum non-stoichiometric MoO3 whereas tungsten is solely in the WO3 

state. The linear sweep voltammograms registered under AM 1.5 G, 100 mW cm-2 

illumination (see Fig. 7 a in the paper) demonstrated that the Cr2O3|TNT exhibits 

1.65-fold superior photoresponse compared to the bare TiO2 nanotubes. UV-vis and 

photocurrent spectra (see Fig. 3 and Fig. 4 in the paper, respectively) revealed an Urbach 

tail which indicates sub-band gap absorption. LSV tests registered with an installed UV 

filter (see Fig. 7 b in the paper 4) revealed over 17-fold increased photoresponse of 

Cr2O3|TNT compared to bare TiO2 nanotubes and confirmed enabled visible light 

absorption. The analysis of Mott-Schottky plots (see Figure S6 in supporting information), 

in turn, showed a positive shift of flat band potential. Therefore, the obtained results 

clearly indicate that magnetron sputtering of Cr followed by calcination results in the 

formation of additional states deep within the band gap which contribute to the absorption 

of visible light. The opposite tendency namely deteriorated photoresponse (see Fig. 7 a in 

the paper), was, however, found for the MoO3|TNT and WO3|TNT. No distinct difference 

between the absorption spectra, optical band gaps, and flat-band potentials compared to 

the bare TiO2 nanotubes has been found. Nevertheless, the estimated Tauc exponents for 
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these materials (𝑛 =  1.4) suggest the forbidden nature of the transitions (see Fig. 5 

in the paper) which was found to be responsible for deteriorated photoresponse. The 

above-described considerations were supported by theoretical study. The projected local 

density of states for the heterojunctions demonstrated that mid-gap states at the 

TiO2|Cr2O3 are the most densely populated which correlates with the experimental data. 

Summarizing, chromium, molybdenum, and tungsten oxides were applied to TiO2 

nanotubes using magnetron sputtering technology. It was demonstrated that the 

deposition of chromium oxides can significantly enhance the visible photoresponse of the 

TiO2 nanotubes which is crucial for further applications in photoelectrochemical devices. 

Moreover, based on the obtained results for all the considered heterojunctions, it is 

anticipated that the estimation of the transition type based on the Tauc exponent is 

a crucial diagnostic parameter for sample photoresponse, even better than the optical 

band gap. 
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Chapter 6. Summary and conclusions  

The presented dissertation shows a new scalable method for structure modulation of TiO2 

nanotubes towards superior photoresponse using pulsed UV laser treatment as well as 

a study of the optical and electronic properties of the TiO2 nanotubes combined with 

Cr, Mo, and W oxides using magnetron sputtering technology. 

 The first part of the thesis (Papers 1-2), presents a study on the laser treatment 

of TiO2 nanotubes. The literature revision revealed that pulsed UV laser treatment of TiO2 

nanotubes can improve their electronic properties towards superior photoresponse by 

defect introduction resulting in an increase in donor density. However, typically it was 

realized in a static mode. To take advantage of the industrial potential of anodic TiO2 

nanotubes, any further modifications should account large-scale production. Therefore, 

a new scalable method for laser modification of TiO2 nanotubes was developed and 

elaborated. In particular, the optical system was equipped with a beam homogenizer 

ensuring a square beam profile and a sample holding system with a motorized table. In 

such a system both precisely selected as well as any large area can be modified. 

Moreover, processing parameters such as frequency and speed of the motorized table can 

be easily scaled up, as they scale proportionally. Raman spectra of the laser-treated 

samples showed controlled modulation of a crystal structure along with the beam energy 

fluence. Optimum conditions regarding superior photocurrent up to 1.45-fold for 

40 mJ cm−2 compared to the bare TiO2 nanotubes have been captured. The analysis of 

Mott-Schottky plots showed a significant shift of flat band potential of the laser-treated 

TiO2 nanotubes which suggests an increase in the number of occupied states. Taking into 

account no distinct photocurrent under the illumination with visible light, the additional 

states are located rather shallow than deep within the band gap. These advances will 

hopefully bring laser technology to wider commercialization for modifications of functional 

materials. 

 The second part of the thesis (Papers 3-4), studies the optical and electronic 

properties of TiO2 nanotubes combined with metal oxides of the 6th group of the periodic 

table. The metals were deposited using magnetron sputtering followed by calcination. In 

the preliminary tests, it has been observed that the combination with chromium oxides 

results in superior photoresponse both under the illumination with AM 1.5 G, 

100 mW cm−2 as well as the visible part of the spectrum. The opposite tendency was 

found for molybdenum and tungsten oxides. To explain this, an attempt was made to 

determine optical band gaps through the Tauc equation. However, to do so, information 

regarding the transition type to substitute a correct exponent is required. Studying the 

literature it has been observed that different authors assume different transitions and, in 
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general, it is done without any justification. Therefore, in the present dissertation, a new 

systematized method allowing the determination of the transition type based on the 

measured absorption data was elaborated and validated. Taylor series expansion of the 

logarithmic version of the Tauc equation allowed for independent absorption data on the 

optical band gap. Because of that, the Tauc exponent can be obtained directly from the 

experimentally measured absorption data without any assumptions regarding the 

investigated material. The estimated Tauc exponents for the TiO2 in the form of thin film 

and nanotubes were equal to 2.0 and 1.9, respectively, which corresponds to the widely 

estimated indirect (allowed) transition occurring in titania and validates the method. The 

obtained Tauc exponents for the TiO2 nanotubes combined with the investigated metal 

oxides allowed for the determination of optical band gap values, and then, band 

structures. The obtained results for the TiO2 nanotubes with chromium oxides showed 

sub-band gap absorption which is responsible for an increase in photoresponse. However, 

band gap values and band structures were not sufficient enough to explain the 

deteriorated photoresponse after the deposition of molybdenum and tungsten oxides, as 

they remain unchanged compared to the bare TiO2 nanotubes. Nevertheless, the obtained 

Tauc exponents for the TiO2 nanotubes with molybdenum and tungsten oxides correspond 

to direct (forbidden) transition, which based on the transition probability, is very unlikely 

to occur. Therefore, the elaborated method is crucial not only for more precise 

determination of optical band gap but also can be used for the estimation of optical 

transition which can be used as a predictor for sample photoresponse. The above-

described findings provide a solid base to implement laser and magnetron sputtering 

technologies for large-scale modifications of anodic titania nanotubes. 
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The conducted research and obtained results allowed to draw the following 

general conclusions: 

1. Controlled degradation of the crystal structure of the TiO2 nanotubes resulting in 

the superior photoresponse by pulsed UV laser treatment can be achieved in the 

scalable system with a beam homogenizer and motorized table without any 

liquid media, 

2. Tauc exponent can be estimated from the experimental data, in particular, from 

the log(𝛼ℎ𝑣) vs. ℎ𝑣 dependence without any assumptions regarding the 

investigated material such as band gap width, 

3. Transition types anticipated based on the experimentally estimated Tauc 

exponent can be crucial predictor for sample photoresponse, even better than 

optical band gap. 

The main scientific achievements of the present dissertation include: 

 Selection of optimum laser beam parameters in the scalable system equipped 

with a beam homogenizer and motorized table towards superior photoresponse 

of TiO2 nanotubes (Paper 1), 

 Expansion of the absorption range of the TiO2 nanotubes by the visible light after 

combination with Cr oxides (Papers 3-4), 

 Elaboration of a systematic method for determination of Tauc exponent and 

corresponding transition types based on the experimental data (Paper 3). 

 Design and 3D printing of a container for cleaning titanium substrates  

(Papers 1, 3, and 4), 

 Design and assembly of an experimental setup for photoelectrochemical tests 

(Papers 1 and 4). 
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