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Abstract 

The following dissertation contains a comprehensive study of the synthesis steps 

necessary to create electrodes for water electrolysis based on titania nanotubes using 

scalable processing and modification techniques. The presented work is divided into three 

chapters, each outlining one of the crucial steps of the process. The first chapter delves 

into the mechanism of the formation of titania nanotubes, as well as the analysis 

of parameters critical for their growth. It further analyzes the size-dependent effects 

of the nanotubes based on the experimental data. Chapter two discusses the interactions 

of the pulsed nanosecond laser with the matter, and consequently, with the titania 

nanotubes. The impact of three different laser wavelengths is analyzed and the physical 

changes in the material are noted. Moreover, the novel method for creating titania 

capsules from the nanotubes is described. The final chapter discusses the basis 

of electrochemical water-splitting and the requirements for the electrode materials. 

The obtained, laser-treated electrodes covered with transition metal species are evaluated 

for hydrogen- and oxygen evolution reactions. Moreover, the theory encompassing 

the role of the particular metal species as well as the effects of the laser treatment 

is derived from the experimental results and literature data. The findings of this 

dissertation can be used to design and produce more efficient electrodes while utilizing 

commonly available technologies.  
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Abstrakt 

Poniższa rozprawa zawiera kompleksowy opis procesu wytwarzania wydajnej elektrody 

do rozkładu wody bazując na modyfikowanym metalami przejściowymi tlenku tytanu 

z użyciem impulsowej wiązki laserowej. Ze względu na szerokość poruszanych 

zagadnień, praca została podzielona na trzy rozdziały, z których każdy opisuje konkretny 

etap wytwarzania. W pierwszym rozdziale opisany został mechanizm anodyzacji folii 

tytanowej i wyznaczone zostały najistotniejsze parametry wpływające na jej przebieg. 

Bazując na danych eksperymentalnych, opisany został wpływ geometrii otrzymanych 

nanostruktur na ich właściwości fizyczne i chemiczne. Drugi rozdział skupia się na 

oddziaływaniach nanosekundowego lasera z podłożem z warstwą uporządkowanych 

nanorurek tlenku tytanu. Porównane jest oddziaływanie trzech różnych długości fali na 

podstawie zmian w geometrii modyfikowanych nanostruktur, jak również różnicy we 

właściwościach fizycznych i chemicznych materiału. Ponadto, po raz pierwszy została 

opracowana metoda laserowego zamykania nanorurek. Ostatni rozdział opisuje 

wymagania, które musi spełnić materiał, aby możliwy był efektywny rozkład wody. 

Wytworzone elektrody, które zostały zmodyfikowane metalami przejściowymi 

i wiązką laserową zostały poddane ewaluacji pod kątem zdolności do wytwarzania tlenu 

jak i wodoru. Ponadto, bazując na literaturze oraz wynikach eksperymentalnych 

zaproponowano mechanizm przeniesienia ładunku oparty na teorii złącza p-n, 

uwzględniający  zarówno funkcję lasera jak i różnice wynikające z zastosowania różnych 

metali przejściowych. Sumarycznie, oddziaływania opisane w rozprawie mogą mieć 

zastosowanie w projektowaniu coraz wydajniejszych elektrod do rozkładu wody. 
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Aims and objectives 

Due to the rising worldwide demands for clean and affordable devices for hydrogen 

production, the primary aim of the research undertaken in the following dissertation was 

to create an electrode material for efficient water splitting. The work described herein 

tackles the subject by following the three main objectives: 

• Preparation of the substrate material consisting of the free-standing titania 

nanotubes and evaluation of their properties, 

• Optimization of the processing parameters of the pulsed nanosecond laser for 

modification of the titania substrates, 

• Introduction of the sputtered transition metals from the 4th period to the surface 

of the electrodes and their evaluation for water electrolysis. 

The secondary goal of the thesis was to fill the gaps of knowledge in fundamental research 

related to the topics involved in the dissertation. These include: exploring the dependence 

between anodization parameters and properties of the grown titania nanotubes, 

investigating pulsed laser interactions with titania nanotubes, and analyzing 

the mechanism of water splitting on the metal-oxide electrodes. 
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Chapter one 

Anodization and oxide growth 

Titanium dioxide or TiO2 is a common mineral that, despite having multiple polymorphs, 

is most commonly used in its crystalline phase called anatase, due to its stability in normal 

conditions. Because of the naturally forming oxygen vacancies in its crystal lattice, the 

anatase TiO2 is an intrinsic n-type semiconductor with a bandgap of 3.2 eV in the bulk 

material [1]. It is mostly known for its good corrosion resistance [2], biocompatibility [3], 

and photoactivity in UV light [4]. However, one of the most interesting properties 

of titania is its ability to form hollow cylindrical shapes when created through the 

oxidation of titanium. Although they were first created nearly four decades ago by 

Assefpour-Dezfuly et al. [5], the titania nanotubes fascinate scientists to this day, finding 

applications in, for example, water treatment [6], dye-sensitized solar cells [7], 

and implants [8]. Although there are few other ways to synthesize titania nanotubes 

(TiO2NTs) [5,9], the anodization of the titanium foil remains the most common method 

nowadays as it allows for relatively simple control over the final geometry of the 

nanotubes. The process itself relies on the forced current flow between two electrodes 

through the conducting medium, where the cathode typically consists of platinum and the 

titanium foil positioned as an anode is being oxidized (Figure 1). 
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Figure 1: Scheme of a typical two-electrode system used in anodization of titania 

The exact mechanism of nanotube formation, however, to this day remains a point 

of contention among researchers. The most common theory suggests a state of 

equilibrium between the formation of the oxide layer and its dissolution, where the tubular 

forms are created through random cracks. Here, the applied electric field facilitates the 

movement of the Ti4+/O2- ions through the oxide, especially in places where the cavities 

are formed. Later in the process, the field-assisted oxidation within the nanotubes should 

equalize with their dissolution rate. However, the formation of randomly dispersed 

crevices does not align with the even distribution of the nanotubes or the formation of 

spaces between individual nanostructures [10]. Furthermore, the alternative route of the 

formation of the nanotubes has been supported by recent discoveries [11–14]. 



11 

In the so-called “bubble mold” model, three stages of growth of the nanotubes can 

be distinguished (Figure 2). In the first phase, the rapidly decaying anodization current 

can be attributed to the flow of Ti4+ and O2- ions that create the barrier oxide layer [15], 

thus self-limiting their diffusion rate. The oxide is shown to grow both in the direction of 

the titanium substrate and the electrolyte, however, the part grown closer to the solution 

becomes contaminated with fluoride and hydroxide anions. As the process enters stage 

two, the oxygen evolution between barrier oxide and anion contaminated layer (ACL) 

gives rise to the proto-bubbles which, when expanding, deform neighboring oxides. This 

corresponds to the rise of the electronic current and the release of the bubbles breaking 

through the overlying oxide layer. The electrolyte then fills the pits, creating more anion-

contaminated layer at its bottom. In the last stage, consecutive oxide bubbles evolving 

at the bottom of the cavities still exert pressure when growing, creating a stress-induced 

plastic flow of the oxide, which forms the walls of the nanotubes. 
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Figure 2: Stages of the titanium dioxide nanotube growth on the anodized titanium sheet 

(A). Mechanism of the nanotube formation (B). 

The balance between ionic and electronic current responsible for oxide growth and 

oxygen evolution respectively is heavily reliant on the composition of the electrolyte, 

which is reflected in the different morphologies of the four so-called “generations” of the 

nanotubes [16,17]. The 1st one relied on the aqueous hydrogen fluoride solution which, 

due to its aggressive dissolution of the oxide layer and large water content, yielded NTs 

only up to 500 nm long. The 2nd generation solution utilized inorganic fluoride salts 
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(such as NH4F) instead of HF to reduce acidity and slow the breakdown of the nanotubes. 

Although it allowed the synthesis of the structures up to 5 μm long, they suffered from 

the same rippled structure as the 1st, which came from the oxygen bubbles forming on the 

anode during anodization. In the following 3rd generation, the water content in the solution 

was therefore significantly limited. Instead, organic electrolytes such as ethylene glycol 

served as a primary medium, with the amount of fluoride ions and water being variables 

controlling the geometry. Careful adjustment of the electrolyte content and anodization 

parameters can result in smooth structures as tall as 1 mm [18]. The 4th generation 

pathways of the nanotube synthesis encase novel, sometimes entirely different ways. 

This includes waterless anodization, rapid breakdown anodization in fluoride-free 

solution, and microwave-assisted [9,19,20]. Although some of these methods can be 

much quicker than the first three generations, they also suffer from a much higher 

variance of the obtained geometry. Nonetheless, the 4th generation synthesis is used both 

as a way to create nanotube powders and well-organized membranes (Figure 3). 

Furthermore, due to the scalability of the anodization process, it can be performed just 

as easily on a large-scale, regardless of the generation of the electrolyte used [21]. 
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Figure 3: SEM images of the titania nanotubes formed in four generations of electrolytes 

[20,22–24].  
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Work one: The geometry of free-standing titania nanotubes as a critical 

factor controlling their optical and photoelectrochemical performance 

Manipulation and fine-tuning of the nanotubes’ geometry is an interesting and complex 

topic. However, as the physical properties of the nanomaterials are heavily dependent 

on the size of their features, very few works investigated in detail the relation between 

the two [25]. Those that do, however, are very difficult to interpret because of the 

differences between electrolytes and anodizing conditions, as the effects of some 

parameters are intertwined. For example, when comparing the effects of HF vs NH4F, 

one should note that the HF solution is aqueous, therefore, in reality, such a comparison 

is made between NH4F and HF with H2O. Furthermore, the water content affects the total 

length of the nanotubes but, to a varying degree, so does time and ambient pressure 

[15,26–28]. Therefore, the initial analysis comprised of the determination of the effects 

of the seven most important parameters to the nanotube growth, as well as their 

boundaries for feasible growth of nanotubes. The influence of the amount of water, HF, 

and NH4F, set potential, time, temperature, pressure, and electrolyte media was therefore 

evaluated. 

The goal of the first work was to prepare the substrate material for further studies. 

To allow the modification of the outer walls of the nanotubes, diethylene glycol was 

chosen as an electrolyte media, as its viscosity allows the creation of a distinct spacing 

between them. The remaining parameters were chosen based on the multi-criteria analysis 

of the literature data, as well as preliminary experiments. As a result, the electrolyte was 

composed (by weight percent) of 7% water, 0.5% HF, and 0.3% NH4F in diethylene 

glycol, whereas the temperature was set to 40°C, and the synthesis was done at ambient 

pressure. Because the applied voltage affects the scale of the grown structures (so, their 

length, diameter, and spacing) for the purpose of this study it was considered a variable. 
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Therefore, the investigation of the structures grown in the first work was done in the 

potential range of 20 – 60 V. Moreover, two times of anodization (2 and 5h) were 

investigated to see whether prolonged anodization has a meaningful impact on the 

performance of the obtained samples (see Attachment 1). 

The investigation of the obtained substrates reveals no significant difference 

in nanotubes’ morphology between investigated anodization times. The anodization 

voltage, however, greatly affects the geometrical features of the obtained substrates and 

thus, their physical properties. The NTs synthesized at higher voltages were taller, more 

separated, and exhibited a lower energy bandgap. Interestingly though, while the changes 

in the 20 – 40 V range show a linear dependence on potential, they are much smaller past 

the 40 V mark. This phenomenon can be associated with the effect of quantum 

confinement, which is especially pronounced for nanostructures with very small 

geometrical features – the nanotube walls in this case. As the anodization voltage rises, 

so does the wall thickness and thus its impact is lower. Nevertheless, the sample anodized 

at 40 V has shown the highest photocurrent density and thus was chosen 

for further electrochemical studies. 
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Chapter two 

Laser interactions with matter 

When propagating light encounters an interface between two media, it can be either 

reflected or can continue its propagation through the new media. Depending on the 

permittivity of the medium, it can also be absorbed through the interactions with the 

matter it passes. The primary factors determining light interactions with the material are: 

wavelength, fluence, and the time of interaction. The wavelength determines if and how 

the light is absorbed, as the response of the different compounds varies, depending 

on their surface and molecular composition. On the other hand, fluence and time 

of irradiation along with the thermal conductivity determine the magnitude of the 

light-induced interactions [29]. 

In principle, valence electrons interact with incident photons absorbing them. Depending 

on the amount of energy transferred, the electron can either move to the excited state, 

get launched further into the crystal lattice as a hot electron, or be ejected from the surface 

in a photoelectric effect. Naturally, the added energy creates a non-equilibrium state, 

therefore after some time excited electron recombines creating a photon (radiative 

recombination) or dissipating into heat via phonons (non-radiative recombination) [30]. 

Typically, the relaxation in semiconductors occurs between the 10-12 and 10-10 s of the 

excitement [31,32], so depending on the laser type and pulse duration, the excited carriers 

may or may not be able to thermalize obtained energy. Within the constraints of this work, 

only the nanosecond pulsed laser radiation (10-9 s) is considered, which allows repeated 

excitation and thermalization of the surface electrons during a single pulse. Therefore, the 

thermal equilibrium between electrons and phonons can be assumed and only the thermal 
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effects of the laser radiation are taken into the account [29,32]. These include heating, 

melting, and ablation from the surface. Because of the highly localized heating provided 

by the nanosecond laser radiation, they are commonly used in, for example, cutting, 

welding, and surface treatment [32,33].  
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Work two: Formation of the hollow nanopillar arrays through the laser-

induced transformation of TiO2 nanotubes 

Although pulsed lasers are commonly used on titania, it is usually done to ablate, melt, 

or structure titania layers and powders [34–37]. The effects of laser irradiation on the 

titania nanotubes were, however, investigated only briefly in the attempts to crystallize 

amorphous TiO2 and boost their photoactivity. Although partial crystallization was 

achieved through the use of pulsed lasers, the continuous heat sources provided a much 

more reliable phase transformation, while preserving the original tubular morphology 

[38,39]. The investigation into the effects of laser treatment on the photoelectrochemical 

performance of the densely packed, crystalline titania nanotubes revealed that it can have 

beneficial effects on the photocurrent densities under simulated solar radiation [40,41]. 

Interestingly though, the effects were exactly opposite in the case of spaced NTs, chosen 

as a substrate for modification (Figure 4).  
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Figure 4: Linear voltamperograms of the spaced titania nanotubes treated with three 

different wavelengths of the pulsed laser in the 0 – 50 mJ/cm2 fluence range. 

The investigation was done with chopped AM 1.5 illumination in 0.5 M Na2SO4. 

The investigation of the effects of different laser wavelengths on the geometry and 

properties of the nanotubes conducted in a work two revealed significant differences 

between the wavelengths and energies used (see Attachment 2). Most notably, within the 

investigated fluence range (0 – 50 mJ/cm2) irradiation with photons of energy lower than 

the materials bandgap did not affect its physical properties. After the modification with 

the wavelengths from the UV range (266, 355 nm), however, the substrates displayed 

a varying degree of melting and some alteration of their physical properties. The UV-vis 

spectra reveal the presence of the interference fringes created 

by the reflection of the light from the sealed caps [42] and significantly lower UV 

absorption which suggests the possible creation of oxygen vacancies [6]. The profile 

of the deconvoluted photoluminescence spectra revealed a slight shift of emission from 
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blue to green light, which hints at the increased presence of trapped holes (so, the oxygen 

vacancies in the case of TiO2) [43].  

However, the most interesting finding of the work reveals that the use of 355 nm 

wavelength at the fluence of 30 mJ/cm2, results in an elegant encapsulation of the 

nanotubes without their excessive melting or merging with neighboring structures. 

The structure itself is especially intriguing, as the tight seal over the nanotube completely 

isolates its interior. The unique geometry of the nanopillars allows the possibility 

of embedding different compounds inside them before encapsulation. This could lead to 

the creation of interesting titania-based nanocapsules or photonic structures.
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Chapter three 

Electrochemical water-splitting 

Production, storage, and utilization of energy are undoubtedly one of our civilization's 

greatest challenges, as most aspects of everyday life depend on one of its forms. 

As society develops, it requires more electricity to illuminate homes, fuel to drive cars, 

and gas to cook food. Unfortunately, however, most of the energy sources we utilize come 

from non-renewable fossil fuels, which use emits the equivalent of around 50 billion tons 

of CO2 annually [44]. As a result of the continually increasing emission of greenhouse 

gases, we now face progressing destabilization of the natural environment, in the form 

of natural disasters, acidification of oceans, and weather anomalies. Therefore, much 

effort has been made to find and develop more efficient ways of harvesting energy from 

alternative sources. One of the most promising renewable energy sources is the Sun, 

which by itself could provide more than enough energy to sustain the steady growth 

of our civilization. However, aside from the cheap production of electricity, the means of 

its efficient storage are needed. One of the commonly discussed candidates is hydrogen, 

which when obtained through water electrolysis, is as emission-free as the electricity 

made to create it.  

In principle, electrolysis requires two electrodes with the potential difference of 1.23 V 

submerged in water. In reality, though, many more requirements must be met to be able 

to split water efficiently [45]. First, the conductivity of pure water is too low for the 

reaction to occur. Secondly, the materials of both cathode and the anode need to be chosen 

carefully to allow for efficient charge transfer [46]. Thirdly, the theoretical minimum 
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potential assumes ideal process efficiency and no losses, which is unattainable 

in real-world conditions.  

Typically, the first obstacle is bypassed by carrying out electrolysis in water-based 

electrolytes. Because the electrolyte should not compete with the splitting of water, 

the half-reaction of cations ought to have a lower standard electrode potential than the 

reduction of H+, while the anions should have it higher than the oxidation of OH-. 

The compounds such as Na2SO4 or NaOH are therefore the most widely used due to their 

low cost and good performance. To overcome the second issue, the materials with the 

right electron structure need to be selected. If the potential of the valence band of the 

anode is higher than the oxidizing potential of water, it will oxidize instead of water. 

Similarly, if the lowest level of the conducting band of the cathode is below the reduction 

potential of hydrogen, it will reduce itself. For this reason, the alloys of the platinum 

group metal species, such as ruthenium or iridium oxides (RuO2 / IrO2) are used 

as anodes, whereas platinum or carbon are the primary materials for cathodes. Although 

they currently serve as a benchmark for efficient water splitting, their cost adds to the 

overall price of produced gases. The final obstacle in designing efficient electrodes for 

water electrolysis ties to the search for new, cheaper, and more feasible electrode 

materials. The theoretical minimum potential of 1.23 V does not include losses on the 

activation energy, diffusion, resistance, adsorption, bubble detachment, and more. 

Therefore, in search of novel, cheap and efficient electrodes, the overpotential values 

often dictate the feasibility of the obtained structures.  
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Work three: Spectacular Oxygen Evolution Reaction Enhancement 

through Laser Processing of the Nickel‐Decorated Titania Nanotubes 

Due to their vast availability, the non-noble transition metal oxides pose an interesting 

alternative to the platinum-group metal species. Many novel works are dedicated to the 

Mo, Fe, Co, and Ni-containing compounds and their respective oxides and sulfides, 

producing electrodes with promising properties towards bifunctional water-splitting 

electrodes [47–55]. Because the developed surface plays a crucial role in the electrolysis, 

the deposition of one of those transition metals on the electrode comprised of titania 

nanotubes could lead to significant improvements in the rate at which the oxygen 

is generated. Furthermore, as the structural defects are known to improve the catalytic 

performance of both titania and transition metal oxides, laser irradiation can be employed 

to facilitate their generation [56–58]. 

Work three provides detailed physicochemical characteristics of the nickel-coated anatase 

titania nanotubes after irradiation with a pulsed UV laser (Attachment 3). The structural 

analysis reveals that even at elevated fluences the tight sealing of the nanotubes is present, 

and the absorption spectra suggest the creation of the oxygen vacancies when fluence 

exceeds 20 mJ/cm2 [6]. The voltamperometric curves recorded in alkaline media show 

negligibly higher current densities towards oxygen production after nickel deposition 

as compared to the uncoated titania nanotubes. After the irradiation with laser, however, 

the performance of the electrode raises to values 240-times higher than the unmodified 

material, and up to 280-times higher under simulated solar irradiation. The XPS 

investigation revealed that the synthesized electrode contains mostly hydroxide forms 

of nickel. Crucially, the prepared electrodes remain stable. After the 12-hour 

galvanostatic load at 10 mA/cm2, the potential shifted by less than 2 %. Interestingly, the 

overall increase of the rate at which the oxygen is generated happens despite the laser-
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induced reduction of the active surface – after irradiation, the inner tube walls are sealed 

off from the electrolyte. Nonetheless, the boost in the electrochemical performance 

is unquestionable. It suggests that different mechanisms outweigh the negative effects 

of the limited surface, such as the oxyhydroxides forming from the nickel species on the 

surface of the electrodes [46].
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Work four: Nanostructure of the laser-modified transition metal 

nanocomposites for water splitting 

The final work of the presented cycle of publications encompasses the investigation 

of more transition metal species from the 4th period of the periodic table of elements, 

namely iron, cobalt, nickel, and copper. It further expands the description of the 

mechanism of the enhanced evolution of hydrogen and oxygen gases (HER and OER) 

on the laser-treated electrodes in an extended fluence range (Attachment 4). 

In the work four, the previously optimized nanotubes [59] were sputtered with 5 nm layers 

of Fe, Co, Ni, and Cu. They were then irradiated with a 355 nm pulsed laser with fluences 

up to 100 mJ/cm2, which led to the partial melting of their uppermost part and fusion with 

sputtered metals without creating visible nanoparticles. The linear voltamperograms 

obtained by polarizing electrodes in the cathodic domain reveal that the performance 

of all of the electrodes worsened post-laser treatment. Polarization towards oxygen 

evolution reaction, however, shows fluence-dependent improvements in the obtained 

current densities for cobalt- and nickel-coated electrodes. Interestingly, the same 

electrodes recorded the highest increase in the density of charge carriers after reaching 

a steady state in the electrolyte. The XPS study done after each modification step 

(sputtering, laser-treatment, electrochemical analysis) has shown that in the process 

of creating the electrodes, the sputtered nickel and cobalt layers transform into metal 

oxides and, after submerging in the electrolytes, metal hydroxides. This was not the case 

for iron and copper metal species, as they did not change their oxidation state significantly 

during the process. Based on the data in the literature [60–64], the nickel and cobalt oxides 

are p-type semiconductors, whereas titanium, iron, and copper are of the n-type. 

The results, therefore, indicate the formation of the p-n type of junction between 

the titania substrate and metal hydroxide on top of the electrode. Because the metal layer 
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on top is very thin (5 nm), we can assume that it is fully depleted. Therefore, due to the 

potential forming within the junction, all of the electrons taken from the adsorbed 

oxyhydroxides are automatically forced into the titania underlayer, increasing the 

effectiveness of the oxygen evolution reaction [65]. The same mechanism works against 

efficient hydrogen generation, as the potential within the depleted p-n junction works 

against the applied external potential. Based on the presented mechanism of charge 

transfer, novel electrode junctions can be engineered to lower the overpotentials required 

for effective water-splitting.  
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Summary 

The presented cycle of publications contains a comprehensive study of all the synthesis 

steps required to create an efficient electrode for water electrolysis. The mechanism 

of nanotube formation as well as the most important factors determining nanotube growth 

were given in chapter one. Furthermore, based on the available literature data, an optimal 

electrolyte composition was designed to yield titania nanotubes with a distinct spacing 

between them. Attachment 1 showcases the influence of the anodization voltage on the 

size and spatial distribution of the titania nanotubes. The linear voltamperograms revealed 

that the structures showing the most photoactivity were anodized at 40 V, which was also 

the point where absorbance, optical bandgap, and flat-band potential have all reached 

a plateau. Furthermore, a first hint of the self-induced oxygen vacancies created during 

anodization was found [66] in the form of shallow surface states which were filled 

by polarizing the sample under simulated solar radiation. 

Chapter two describes the mechanism of light absorption and discusses the effects of the 

nanosecond laser interactions with matter. In Attachment 2, the effects of three 

wavelengths of pulsed laser radiation on the anodized titania nanotubes are shown. 

Although the 532 nm radiation did not induce any meaningful changes in the investigated 

fluence range, the irradiation with both 266 and 355 nm result in the melting of the 

topmost part of the nanotubes. The absorption and photoluminescence spectra suggest 

that the majority of the changes happen at the 20 mJ/cm2 mark and indicate an elevated 

number of oxygen vacancies in the material post-treatment [6,32,43]. Their presence did 

not, however, translate into higher photoactivity as indicated in Figure 4. Nonetheless, 
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work two presents an innovative method of creating multi-purpose hollow titania 

nanopillars from the spaced TiO2 nanotube arrays.  

Chapter three points out the importance of developing novel electrode materials for water 

electrolysis, describes the principles of efficient water-splitting electrodes, and outlines 

the most important factors affecting their performance. Work three (Attachment 3) 

investigated the properties of the TiO2 nanotube-based electrode covered with metallic 

nickel and irradiated with various fluences of 355 nm pulsed laser. Although no 

improvement towards oxygen evolution reaction was detected after sputtering nickel, 

it was significant after laser irradiation. Consistently with work two, the most notable 

changes were induced at the 20 mJ/cm2 mark. The structural analysis has revealed that 

in the best-performing sample sputtered nickel transformed into nickel oxide and 

oxyhydroxide, which can be responsible for improved reaction kinetics [46]. Work four 

(Attachment 4) included an investigation of hydrogen- as well as oxygen evolution 

mechanisms and included four sputtered metal species (Fe, Co, Ni, and Cu), all of which 

can form metal oxyhydroxides. However, the investigation revealed that only the 

cobalt- and nickel-covered electrodes have shown improvements toward OER. They are 

also the only metal oxides showing intrinsic p-type conductivity, contrary to the titanium, 

iron, and copper oxides [60–64]. Therefore, a new mechanism has been proposed based 

on a depleted p-n junction, where the sputtered cobalt and nickel oxides serve as 

a depleted p-type region. It creates a potential difference between them and the n-type 

titania underneath, forcing electrons to diffuse into the electrode and away from the 

electrolyte. Furthermore, the depletion of the electrode surface lowers the adsorption 

energy of the negatively charged (OH-) groups, allowing them to bind more easily. 

The depleted p-n junction theory explains both the laser-induced improvements toward 

the OER and the lower efficiency in HER. Furthermore, as the number of p- and n-type 
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carriers is dependent on the number of oxygen vacancies in the metal oxides, it explains 

the relation between laser fluence used for modification and the electrodes’ performance. 

Overall, the presented cycle of publications encompasses all of the processing steps 

necessary to create a titania-based electrode for water electrolysis. It takes into the 

account geometrical complexity of the substrate, laser interactions with titania, 

and mechanisms responsible for water-splitting. The established theory agrees with all 

the experimental data and can be used to further improve existing electrode materials, 

using already widely utilized technologies. 
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Compounds – Towards Unique Marking, Spring Meeting of the European Materials 

Research Society, Online 2021. 

4. Oral presentation Laser-modified Transition Metal Oxides for Water Splitting, 

29th Topical Meeting of the International Society of Electrochemistry, Online 2021 

5. Poster Pulsed Laser Treatment of the Amorphous Titania Nanotubes: Towards 

fast modification approach, Nanophotonics and Micro/Nano Optics International 

Conference, Munich 2019 

Patents and utility models 

1. Wawrzyniak, J.; Grochowska, K.; Siuzdak, K. Utility model Diode no. 072509, 

2022 

Stipends and awards 

1. PhD Scholarship of the IMP PAN for year 2020/2021 

2. PhD Pro-quality Scholarship of the Gdańsk University of Technology 2020/2021 

3. Rector’s Scholarship for the best PhD Students of Gdańsk University 

of Technology 2020/2021 

4. Young Scientist Award for oral presentation during 2021 Spring Meeting of the 

European Materials Research Society 

5. PhD Scholarship of the IMP PAN for year 2021/2022 

6. PhD Pro-quality Scholarship of the Gdańsk University of Technology 2021/2022 

7. Rector’s Scholarship for the best PhD Students of Gdańsk University 

of Technology 2021/2022 


