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“As I contemplate what is, I dive ever deeper into the  

depths of possibility. 

Then I set an experiment in motion and watch the truth  

rise to the surface.” 

̶  Gyre Engineer 
 

  



 

Abstract 
 

This work investigates a novel approach to produce photocatalytic surfaces via ultrashort 

pulsed direct laser interference patterning of titanium. The interference pattern caused by 

two laser pulses results in a periodic intensity distribution that leads to localized ablation 

on the µm scale. This ablation leads to the creation of complex surface geometries, surface 

oxidation and redeposition of titanium oxides. Using this approach, surfaces with varying 

phase composition and topography are produced aiming to achieve high photocatalytic 

activity. Based on the analysis of the resulting surfaces and their formation mechanism, 

it was concluded that heat treatments during and after the patterning could further increase 

the photocatalytic activities of the resulting surfaces. 

Finally, promising pattern parameters are used to produce a prototype to demonstrate the 

approach's feasibility for water treatment. To simulate the removal of pollutants from 

water, 1.5 litres of an organic dye solution (methylene blue) were treated in a reactor built 

with off-the-shelf materials. It could be shown that the prototype achieves degradation 

rates similar to the lab setup when accounting for active surface area and UV irradiance. 

This shows that DLIP poses a viable alternative to existing approaches for the creation of 

photocatalytic surfaces and could be used for water purification, self-cleaning and 

antifouling surfaces and possibly antimicrobial implants.  

 

 

Zusammenfassung 
 

Diese Arbeit untersucht die Herstellung photocatalytischer Oberflächen mittels ultrakurz 

gepulster direkter Laserinterferenzstrukturierung von Titan. Das bei DLIP erzeugte 

Interferenzmuster führt zu lokaler Ablation im µm-Bereich bewirkt und damit zur 

Entstehung komplexer Oberflächengeometrien, zur Oxidation und zur Rückablagerung 

von Titanoxiden. Dadurch werden Oberflächen mit unterschiedlicher Phasen-

zusammensetzung und Topographie erzeugt, um eine hohe photocatalytische Aktivität zu 

erzielen. Basierend auf der Analyse der resultierenden Oberflächen und ihres 

Entstehungsmechanismus wurde untersucht, ob Wärmebehandlungen während und nach 

der Strukturierung die photocatalytische Aktivität der resultierenden Oberflächen weiter 

steigern können. 

Schließlich wurden vielversprechende Parameter genutzt, um einen Prototyp zur 

Demonstration für die Wasseraufbereitung herzustellen. Dazu wurden 1,5 Liter einer 

organischen Farbstofflösung (Methylenblau) in einem Reaktor behandelt, der aus 

handelsüblichen Materialien gebaut wurde. Es konnte gezeigt werden, dass der Prototyp 

Abbauraten erzielt, die - normiert auf die aktive Oberfläche und die UV-Bestrahlung - 

mit denen im Labor vergleichbar sind. Dies zeigt, dass DLIP eine vielversprechende 

Alternative zu bestehenden Verfahren zur Herstellung photocatalytischer Oberflächen 

darstellt und für die Wasseraufbereitung, selbstreinigende und Antifouling-Oberflächen 

sowie möglicherweise für antimikrobielle Implantate eingesetzt werden könnte.  
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1 Introduction 
Over the course of the last decades, solar power has emerged as one of the most efficient 

and promising approaches to power humanity’s energy needs and enable the transition 

from fossil fuels to renewables. The ability of semiconducting materials to produce 

electric currents and thereby power our industries and homes has somewhat 

overshadowed the surprising abilities of another set of photoactive semiconductors. 

Materials like TiO2, ZnO and CdS are also able to produce charge carriers when irradiated 

by the sun. However, in contrast to the carriers generated in solar panels, these carriers 

have an electric potential that is high enough to directly split water or engage in other 

chemical reactions with surrounding media. This means that the material can directly 

influence the surrounding chemistry when it is irradiated by a suitable light source. [1–3] 

The most relevant reaction in that regard is the splitting of water and the subsequent 

production of hydrogen and/or a large variety of reactive oxygen species (ROS) like H+, 

O3 ̄ or the extremely reactive hydroxyl radical (•OH). These reactive radicals can 

subsequently degrade most organic contaminants. For this reason, photocatalytic 

materials have been used to clean heavily polluted waters or to produce self-cleaning and 

antifouling surfaces. [2,4–6] The potential to directly produce hydrogen has also drawn 

attention as an alternative to electrolytic water splitting. The Australian company “Sparc 

Hydrogen” is currently investigating the scalability of the approach using large-scale test 

reactors. [7] Additionally, photocatalytic materials have the potential to reduce CO2 and 

nitric oxides from the air which could be of great use to combat climate change and to 

improve the air quality in cities. [1,8,9] To this day, titanium dioxide remains the most 

relevant material for photocatalysis as it is highly efficient, chemically stable, abundant 

and relatively easy to manufacture.  

However, for all this potential TiO2 comes with a number of drawbacks. First and 

foremost, its large bandgap energy of around 3 eV. As a result, light in the UV range is 

required to initiate charge carrier creation meaning that a large part of the solar spectrum 

cannot be utilized. Current approaches to address this issue mainly focus on doping, the 

creation of lattice defects, and the formation of an efficient mix of different titanium 

oxides. [5,10–12] A second challenge to the widespread application of TiO2 is the large 

surface area required for high activities which favours the widespread use of 

nanoparticles. The problem with this approach lies in the applicability of those particles 

in the real world. For water treatment, nanoparticles show great potential to degrade 

contaminants but finding a way to efficiently remove them from treated water has proven 

to be challenging. [13–15] To avoid this issue, the photocatalytic layer can be produced 

as a surface coating. This approach avoids the need to remove the active agents from the 

solution and opens applications like antifouling or antimicrobial surfaces. The coating 

processes however generally require either nanoparticles as precursors that are then 

applied to the surface or alternative processes that come with drawbacks like the need for 

complex reactors, harmful chemical agents, and challenging process control. [16,17] 

particle-containing coatings have drawn a lot of attention especially in the form of 

photocatalytic paints. For such paints the loss of particles to the environment (chalking) 

and as a result the loss of functionality presents a major problem as the binder itself is 

oftentimes suspect of photocatalytic degradation. [18–21] 

This work investigates an alternative approach to produce photocatalytic surfaces that in 

contrast to established methods, utilizes no nanoparticles, precursors, chemical agents or 

multi-step methods. Instead, a single laser treatment is performed to produce a porous 

hierarchical surface structure consisting of various titanium oxides. The high surface area 

and complex oxidic structure produced in this single processing make this approach very 

promising for the large-scale production of photocatalytic surfaces. 
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2 Theoretical Background and State of the Art 
 

2.1 Basics of Photocatalysis 

That many polymers become brittle if exposed to the sun for too long is a phenomenon, 

that most people know from everyday life. Similarly, the sun's UV radiation will bleach 

most organic paints if given enough time. The underlying destruction of molecules by 

light is called photolysis, a widely known phenomenon where light (usually sunlight) 

breaks down complex particles into simpler ones. In the field of photocatalysis this effect 

is complemented by a catalyst that absorbs the photons and facilitates the breakdown of 

surrounding media without being used up itself. The effect has first been described in 

1972 by Fujishima and Honda [22] in titanium dioxide and has since then been observed 

in various semiconducting materials that share common features, such as a relatively large 

bandgap, chemical stability, and the ability to create reactive oxygen species when in 

contact with water. As described by Yuan et al. [23] the utilized materials include metal 

oxides like TiO2 and ZnO, sulphides like CdS and even selenides, oxynitrates and organic 

molecules. Despite the plentiful newer options, TiO2 remains one of the most investigated 

photocatalysts as it shows a good photocatalytic performance, is chemically very stable 

and abundantly available. Additionally, its inertness and non-toxicity are hugely 

beneficial regarding its practical use. As the focus of this work lies on titanium oxide 

based photocatalysts, the following sections will primarily focus on these materials, while 

alternative approaches are only briefly mentioned in the suitable sections.  

The key requirement for a photocatalytic material is semiconducting behaviour with a 

bandgap that is sufficiently large to split water and create reactive oxygen species (ROS). 

These ROS can then break down any complex molecules in the surrounding media which 

enables the degradation of organic pollutants, nitric oxides, sulfides, and other potentially 

harmful pollutants like methane. Additionally, when an electric potential is applied, the 

process can be tailored for carbon capture from CO2 as well as green hydrogen 

production. [2,24–26] 

When simplified, the photocatalytic process can be broken down into three process steps 

as depicted in Figure 1. First, a photon with sufficiently large energy must be absorbed 

by the material in order to create an electron-hole pair. These charge carriers must then 

avoid recombination and reach the material surface. There they then need to either 

directly degrade any adsorbed pollutants or as is more common, react with surrounding 

water to create the aforementioned reactive oxygen species. Those ROS can then, get in 

contact with the surrounding pollutants to achieve efficient degradation. 

 

 
Figure 1: Overview of critical phases in photocatalysis: a) Charge carrier creation by UV-radiation, b) 

charge carrier separation and migration to the surface, c) reaction with surrounding media and formation 

of reactive oxygen species. 
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The following sections will first provide a brief overview of charge carrier and ROS 

creation before detailing how each step of the photocatalytic process can be improved. 

 

2.2 Charge Carrier Creation 

When a photon with an energy larger than a semiconductor’s bandgap energy is absorbed, 

it can produce an electron-hole pair. For most photocatalytic materials, the energy 

required to overcome the bandgap energy lies in the range of 2.3 eV to 5 eV which 

corresponds to required wavelengths between 540 nm and 248 nm. This relatively large 

bandgap is required to ensure that the level of the conduction band lies below 0 eV to 

enable the creation of H+ while the valence band level lies above 1.23 eV to make the 

formation of O2 possible. [23] However, for the creation of the most effective water-based 

radicals, the hydroxyl and the superoxide radicals (•OH and O2
−), it is not only necessary 

that the bandgap is larger, it must also be ensured that the valence and conduction bands 

have sufficient oxidative and reductive potentials. As a result, the valence band must be 

at least at 2.29 V to enable the formation of •OH and the conduction band must lie at -

0.33 V or lower.  

Anatase TiO2 with its bandgap energies of 2.69 V and -0.51 V not only fulfils these 

requirements but also overshoots which results in a relatively large bandgap of 3.2 eV. 

[2] The second relevant TiO2 phase Rutile only shows a slightly smaller bandgap of 3.0 

eV. These bandgap energies are comparatively high and correspond to photon energies in 

the UV-range (413 nm and 387 nm respectively). Although the bandgap energy of anatase 

is larger than that of rutile, anatase’s photocatalytic activity is much higher. One major 

reason for this lies in the bandgap structure of both materials. While rutile has a direct 

bandgap, anatase’s bandgap is indirect. Therefore, the electrons and holes can only 

recombine in anatase if additional momentum is supplied by a suitable phonon. This 

dramatically increases the lifetimes and diffusion lengths of charge carriers in anatase 

compared to those in rutile, where recombination can occur much more easily. 

Additionally, rutile has a much lower concentration of active sites on its surface. This 

means that there are relatively few locations on the surface where water or other 

molecules can adsorb and interact with the charge carriers produced in the semiconductor. 

This greatly reduces the material’s activity as it makes it less likely that charge carriers 

participate in chemical reactions at the material surface and more likely that they will 

eventually recombine. The passivation layer that forms on titanium surfaces due to 

exposure to atmospheric oxygen generally consists of amorphous TiO2 with a thickness 

of 5-10 nm where the lower layers show a decrease in oxygen concentration. As 

amorphous TiO2 shows an extremely low charge carrier mobility it is generally 

considered inactive.[27–29] 

 

2.3 Creating Reactive Species 

When electrons and holes reach the material surface, they can reduce and oxidize 

surrounding molecules. Although this can lead to the direct degradation of adsorbed 

pollutants, it is generally much more likely that the charge carriers combine with adsorbed 

water and thereby kickstart a variety of possible reaction paths depicted in Figure 2. Many 

of those reactive species like the hydroxyl radical (•OH) and the superoxide (O2
−) are 

highly reactive and can even degrade resistant organic compounds or nitric oxides. The 
•OH radical, in particular, plays a huge role in the atmosphere as it is generated by the 

interaction of sunlight with ozone and degrades a wide variety of potentially harmful 

gases like CO2, methane and the fluorine based PFCs. [2,30]  

An overview of the various reaction pathways and the reactive species they can produce 

is given in Figure 2. After a photon is absorbed (1) an electron hole pair is created and 

potentially recombines shortly after (2). Alternatively, the hole can reach the material 
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surface and combine with an electron delivered from an electron donor in the surrounding 

medium (3). If no such donor is encountered the holes will generally oxidise surrounding 

water molecules, either completely to form O2 and H+ (4) or incompletely leading to the 

formation of hydroxyl radicals (5). In Figure 2, the electrons in the conduction band were 

either photoexcited or injected via dye sensitization (12) which is discussed in the next 

section. Similarly to the holes, these electrons can either combine with a suitable electron 

acceptor (6) or react with water to form a variety of reactive species like H2O2, 
•OH and 

OH- (9;10;11). Alternatively, the electrons can combine with the H+ ions formed by the 

oxidation processes to regenerate H2 and water (7;8). The created reactive species can 

then scavenge for pollutants, although it has been shown that especially the •OH radical 

tends to stay close to the material surface. [2,4] 

 

 
Figure 2: Overview of the reaction paths in water and the resulting reactive species during photocatalysis 

(reproduced from McMichael et al. 2021). [2] 

 

2.4 Increasing photocatalytic Activity 

As a result of the large bandgap and the resulting absorption band in the UV-range, only 

about 5% of the sunlight’s energy can actually be utilized by pure TiO2. Additionally, a 

relatively large percentage of charge carriers recombine before reaching the material 

surface. Therefore, there exists a variety of approaches to both increase the percentage of 

absorbed sunlight by altering the bandgap energy of the semiconductor and to improve 

charge carrier separation to ensure they reach the material surface without recombination. 

The following section will provide a brief overview of the techniques implemented to 

improve photocatalytic activity in this regard.  

 

2.4.1 Doping 

Doping probably constitutes the most intuitive approach to influence the bandgap of a 

semiconductor as the effective size of the bandgap can be influenced as depicted in Figure 

3. The photocatalytic activity of TiO2 can be increased by doping it with Fe, Mo, Ru, Os, 

V, Rh, N and S while doping with Co and Al has shown to decrease the activity. [31,32] 

As this behaviour indicates, a decrease in bandgap energy and the resulting shift of the 

absorption band towards visible wavelengths does not automatically lead to increased 
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activity. The reason for this lies in the individual nature of the dopant and his behaviour 

regarding charge carriers. Some dopants, like Al and Co, can act as trapping and 

recombination sites for charge carriers meaning electrons and holes are less likely to reach 

the surface of the material and more likely to become trapped at a dopant and recombine 

there. For the same reason, a dopant concentration that is too high will also decrease the 

activity as the benefit of a decreased bandgap energy is eventually mitigated by the 

increased number of crystal defects and, consequently, trapping sites.  

However, if employed correctly, doping can broaden the absorption band, increase charge 

carrier creation and even influence the reactive species that are eventually created at the 

material surface. This is because dopants can influence if the TiO2 behaves like a n- or a 

p-type semiconductor. The electric field within a n-type photocatalysts will push any 

generated holes towards the material surface and the electrons deeper into the material. 

This effect not only reduces recombination but can also lead to an increased formation of 

hydroxyl radicals. The opposite is true if a p-type photocatalyst is used. It should be noted, 

however, that this is only true if the material exists in the form of a conductively 

connected electrode as it is not possible to produce a significant surplus of one charge 

carrier if the system is insulated. [11,32–34] 

 

 
Figure 3: Charge charrier creation in pure anatase (a) and the influence of dopants on the bandgap 

structure of TiO2 (b) 

 

2.4.2 Defect Creation 

An alternative to doping is the creation of defects in the TiO2 lattice. These defects include 

self-doping, oxygen vacancies, Ti-H bonds, and surface hydroxyl groups. Various 

chemical modifications, such as high-pressure hydrogenation or the reaction with Mg, 

have shown to produce such defects in the outer layers of the material. The result is 

creation of additional possible states in the conduction band and thereby a reduced 

bandgap energy which can greatly increase the material’s absorption spectrum into the 

visible range, resulting in grey or even black titania. However, as the crystal defects also 

constitute potential trapping sites and recombination centres there is no direct correlation 

between increased solar absorption and increased photocatalytic activity. In general, some 

amount of crystal defects can be seen as desirable while too many defects promote 

recombination or even reduce the bandgap to an extent that the electric potential is no 

longer sufficient to produce reactive species. [12,24,35]  

An alternative to chemical processing routes is pulsed laser irradiation with UV pulses in 

the nanosecond range. This has been applied to nanoparticles in aqueous solution as well 

as photocatalytic films. In both cases, the laser irradiation creates a defect-rich, oxygen-

deficient TiO2-x crystal on the material surface that presents a reduced bandgap energy 

and therefore enables light harvesting in the visible range. [36–38] 
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2.4.3 Dye Sensitization 

Organic dyes that absorb in the visible range can be used to directly inject charge carriers 

into the photocatalyst’s conduction band. This is possible as the injection usually occurs 

on a femtosecond timescale while the recombination of change carriers within the dye 

ranges in the nanoseconds to even milliseconds. However, an appropriate dye needs not 

only to absorb a suitable range of wavelengths but also to produce electrons with enough 

energy that they can be injected into the conduction band of TiO2. Such dyes have been 

shown to cause a major increase of photocatalytic activity especially under visible light 

which makes them very appealing especially for the green generation of hydrogen. 

However, self-degradation of the dyes is the main drawback of this approach as the 

organic molecules themselves can be attacked and destroyed by the produced radicals. 

This process is further amplified by the fact that for the electron injection to work, the 

dye needs to be adsorbed directly onto the photocatalysts surface. There exists a variety 

of approaches to overcome this problem such as the use of sacrificial agents or various 

redox systems. [11,39] 

 

 
Figure 4: Dye molecule injecting a photogenerated electron into the conduction band of TiO2 

 

2.4.4 Metal Particles 

In addition to being efficient dopants, various noble metals like Au, Ag, and Pt can 

increase the photocatalytic activity when added to the system in the form of nanoparticles. 

This can be explained by the Fermi levels of those metals which are lower than that of 

TiO2. As a result, if the metal particle is conductively attached to the TiO2, it attracts the 

photogenerated electrons while the nature of the resulting Schottky contact does not allow 

for holes to pass. This leads to an efficient separation of electrons and holes thereby 

reducing recombination and increasing activity.  

An additional beneficial effect is the improved light harvesting enabled by respectively 

designed nanoparticles. This behaviour is based on the plasmonic resonance, which 

occurs when appropriately sized nanoparticles interact with light. The generated surface 

plasmons can lead to an injection of charge carriers into the photocatalytic semiconductor. 

In this manner the metallic nanoparticle can act similarly to the aforementioned dyes by 

effectively increasing the material’s absorption as a whole and enable photocatalytic 

activity at higher wavelengths. In contrast to the first mechanism this process has even 

been shown to work if there is an insulating layer between metal and semiconductor as 

the plasmon within the metal “antenna” can create a sufficiently large field to create an 

electron hole pair in the semiconductor. [11,40] 
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Figure 5: Effects of metal particles as electron traps (a) and antennae generating charge carriers (b) 

 

2.4.5 Combining Semiconductors 

Semiconductors like CdS, with a bandgap energy of only 2.4 eV can be used to increase 

the activity of TiO2 as they, similarly to the organic dyes, enable the absorption of visible 

light (540 nm for CdS) and then lead to the injection of charge carriers into the TiO2. 

Similarly, to the organic dyes these systems are affected by self-degradation and photo-

corrosion if there are no suitable hole scavengers present to absorb the holes in the CdS. 

 

However, the combination of different semiconductors can also lead to an increase in 

activity if both show a relatively large bandgap. Perhaps the simplest example of this is 

the combination of the two most common TiO2 phases rutile and anatase. While they 

possess similar bandgap energies (3.2 eV and 3.0 eV) their combination has shown far 

higher activity than the individual phases. The reason for this can be explained using 

Figure 6. As both the valence and conduction bands of each semiconductor are shifted 

with respect to those of the other, generated charge carriers experience a potential 

difference that causes the migration of electrons towards rutile and of holes towards 

anatase. This results in an effective separation of charge carriers as long as they are 

created sufficiently close to the interface of the two semiconductors. It should be noted 

that a conductive connection ( type 2 heterojunction) between the phases is required for 

this transfer to occur as a mixture of both phases without a heterojunction will generally 

result in an activity equal to the weighted average of both phases. The exact pathway of 

this process is not yet entirely clarified as several authors have observed reversed 

electron-hole migrations, i.e., electrons moving from rutile to anatase. [21,25,31,41–43] 

Other semiconductors with large bandgaps, like ZnO (3,4 eV) and SnO2 (3.5 eV) can also 

be used for this effect; however, the most commonly used commercially available 

photocatalytic nanomaterial Evonik AEROXIDE® consists of a mixture of about 70% 

anatase and 30% rutile. [11,44–46] 
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Figure 6: Heterojunction of anatase and rutile and the resulting charge separation. While this bandgap 

configuration is widely observed, some studies indicate a reversed situation in which rutile’s bandgap lies 

higher than that of anatase.  

 

The combination of rutile and anatase has not only proven beneficial for nanoparticles 

but has also shown be effective in surfaces. Kawahara et al. [47] deposited stripes of 

anatase onto a rutile film and demonstrated an increase in activity for the combined 

surface. They additionally observed that the distance between those stripes influenced the 

activity of the surface with a decrease in line distance resulting in an increase in activity. 

However, the efficient production of both phases in the coating poses a challenge as both 

phases need to be electrically connected while possessing a large free surface area. 

Generally speaking, most processing techniques, especially wet chemical ones firstly 

produce TiO2 in its amorphous or anatase phase. However, as rutile possesses a lower 

Gibbs free energy than anatase at all temperatures, it is more stable and anatase transforms 

irreversibly to rutile at elevated temperatures. As the difference in Gibbs free energy only 

amounts to 2.3 kJ/mol various factors can influence the stability of both phases which is 

why no definite transition temperature can be given and although findings are centred 

around 600°C, reports range from 400°C to 1200°C. The small difference in free energy 

also makes it possible that anatase’s smaller surface energy stabilizes anatase at particle 

sizes below approximately 40 nm. Similarly, anatases higher molar volume makes it so 

that the formation of rutile is favoured by elevated pressures. [21,48–50] 

 

2.4.6 Employing hierarchical Structuring 

As described in the sections above, a large surface area is crucial for photocatalysis as 

critical processes like light absorption, and radical creation take place at the material 

surface. However, other parameters like connectivity, electron mobility and exposed 

active sites also play an important role. While the pure surface area can be maximized by 

employing nanoparticles, agglomeration and sedimentation often reduce the accessibility 

of the surface. For this reason, hierarchical surfaces with a defined nanoscale subsurface 

are very promising. The following sections will highlight the various parameters that can 

be influenced by multiscale patterning as depicted in Figure 7. 
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Figure 7: Schematic diagram depicting the potential benefits of hierarchical photocatalysts (reproduced 

with permission from Gao et al. 2015) [28]  

 

Surface Area 

As mentioned above, a high surface area alone is not sufficient to ensure high 

photocatalytic activity. Instead, it must be ensured that the surface is easily accessible to 

both water and any pollutants that are to be degraded. To achieve this, nanoparticles of 

various shapes (dots, rods, spikes, plates) can be fixed onto larger spheres. As a result of 

their larger size, these spheres are less susceptible to van-der-Waals forces and the 

resulting agglomeration. Additionally, the larger particle size makes it easier to remove 

these particles from treated solutions.  

When applied to surfaces instead of particles, the required accessibility leads to the need 

for open-pored systems that allow for easy water penetration while presenting a large 

nanoscale surface to increase the adsorption of both water and pollutants. [6,28] 

 

Light Harvesting 

As photocatalysis relies on the absorption of photons, surface structures that increase light 

absorption can lead to an increase in activity as more electron-hole pairs and hence 

radicals are created. Light absorption can be enhanced by structures that promote multiple 

reflections and light trapping as the induced additional light-matter interactions lead to 

further absorption. A small-scale substructure that is as big or smaller than the wavelength 

of the relevant photons can further increase the absorption by reducing reflection losses 

through a gradient refractive index. [28] 

 

High energy Facets 

Different crystallographic orientations of anatase show varying surface energies with the 

{001} orientation showing the highest with 0.90 J/m² and {101} the lowest with 0.44 

J/m². As many crucial processes like adsorption and surface reactivity are affected by the 

surface energy the different orientations show varying photocatalytic activities with the 
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{001} plane being far more reactive than the relatively stable {101} plane. Unfortunately, 

the high surface energy of {001} also results in the preferential formation of the more 

stable {101} plane. As a result, only about 5% of the exposed surface are oriented in 

{001} while about 94% are oriented in {101}. However, to date, the only feasible method 

to produce large amounts of exposed {001} facets involves hydrofluoric acid to cap the 

exposed facets and promote the growth of the {001} orientation. [1,28] 

 

2.5 Mixed Phases and Heterojunctions 

As mentioned in the “Combining Semiconductors” section, a mix of different phases can 

increase charge separation and thereby improve performance. For this reason, it can be 

beneficial to have various different phases present in the surface. However, as was also 

mentioned above, a conductive connection (heterojunction) between these phases must 

be present. Additionally, the connectivity between the two phases must be high to make 

sure that the distances any generated charge carrier must travel are as short as possible. 

[1,28,31] 

 

 

2.6 Producing photocatalytic Surfaces 

As is to be expected, there exists a large variety of synthesis methods for photocatalytic 

titanium oxide surfaces. These techniques can be classified into those that synthesise an 

active layer directly on a surface and those where pre-synthesised particles are deposited 

on a material surface. As the approach presented in this thesis belongs to the first class, 

the emphasis of this section is placed on these approaches. The second class of synthesis 

techniques is discussed relatively briefly at the end of this chapter.  

 

2.6.1 Thermal Oxidation 

The simplest approach to produce an oxygen-rich surface is the thermal treatment of 

titanium. While the native passivation layer that forms on titanium surfaces through 

contact with atmospheric oxygen is usually 5-10 nm thick and generally amorphous, 

thermal treatment can be used to produce thicker crystalline layers. As the most stable 

TiO2 phase is the relatively inactive rutile phase, these surfaces are usually not 

photocatalytically active. By carefully choosing the treatment temperatures and times, 

mixtures of rutile and anatase can also be produced. These films are generally dense and 

have a relatively small surface area which limits their activity. [50,51] 

 

2.6.2 Anodization 

Anodization is commonly used to produce passivation layers or coloration effects based 

on the oxide layer thickness. However, depending on the electrolyte and process 

parameters, such as voltage and temperature, a variety of phases and even phase mixtures 

can be produced. Common additives for the electrolytes include hydrogen peroxide, 

sulfuric acid, phosphoric acid, and oxalic acid. A key feature of anodization is that it can 

be adapted to produce complex nanostructures such as orderly arrays of nanotubes that 

exhibit extremely large surface areas and high light absorption. To achieve this, the 

electrolyte generally consists of a mixture of fluorides, ethylene glycol or glycerol, and 

water. The nanotube morphology can then be controlled by the process parameters. 

However, the as-processed nanotubes consist of amorphous TiO2 and therefore show no 

major photocatalytic activity unless they are post-processed e.g., by thermal treatment at 

450°C for several hours. This thermal treatment can induce crystallization and even a 

phase mixture, but it generally also leads to a reduction in surface area as the nanotubes 

are partially sintered. [50,52–55] 
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2.6.3 Hydrothermal Processing 

In hydrothermal processing, TiO2 nanomaterials are produced from a solution containing 

a precursor like TiCl4 and either an alkaline solution like NaOH or an acid like HCl. 

Together with a suitable substrate, the solution is placed in a Teflon-lined container and 

exposed to elevated temperatures for several hours. The samples are then usually washed 

with acid and annealed at 300-600°C. Depending on the process parameters, a large 

variety of nanomaterials such as particles, rods, sheets and flowers expressing various 

TiO2 phases can be produced. However, as the resulting structures highly depend on the 

substrate parameters such as chemistry, roughness, shape and even the position of the 

substrate in the reactor, process control still poses a major challenge. [17,56,57] 

 

2.6.4 Sol-Gel methods 

Sol-Gel methods represent a well-established group of coating techniques, such as spin 

coating, dip coating, or spray pyrolysis. Generally speaking, a metal-containing precursor 

(e.g., titanium ethoxide) is dissolved in a mixture of solvent and water leading to the 

formation of a gel-like material which can then be coated on a substrate using e.g., the 

aforementioned techniques. After the coating procedure, the solvents are left to evaporate. 

The result is either a thin film or a nanoparticle coating where the film thickness or 

nanoparticle density/size can be adjusted by the coating parameters. Additional 

calcination steps can be employed to alter the coating’s properties like density, 

crystallinity, and phase. The technique is relatively simple and can be used to produce 

extremely thin, transparent coatings e.g., on glass surfaces that are generally less useful 

for photocatalytic processes than for UV protection or a tailored wetting behaviour caused 

by the creation of polar radicals on the surface and the resulting superhydrophilicity. 

While this method can also be used to produce nanoparticle coatings in fabrics that could 

have interesting self-cleaning properties, the loss of particles over time still presents a 

major issue not only because it results in a loss of functionality, but also because those 

particles are potentially released into the environment. [58] 

 

2.6.5 Deposition of prefabricated nanoparticles 

A variety of processing techniques aim to deposit a nanoparticle layer on top of a 

substrate. These methods include but are not limited to: dip, spin, and spray coating, 

electrospinning, thermal spraying as well as the use of paints and varnishes. Most of these 

techniques make use of a nanoparticle solution that is coated on the surfaces and 

subsequently evaporated. However, some methods like thermal spraying use various 

approaches to spray a powder, liquid, or suspension onto a material surface. Generally 

speaking, the film’s thickness and porosity can be controlled by the process parameters. 

As these coating techniques are, for the most part, well established, there is a large variety 

of studies using these methods for various applications with commercially available or 

self-made nanoparticles. However, as mentioned before, the loss of porosity as a result of 

the coating process, as well as the loss of particles to the environment over time limit 

these processes especially as health concerns regarding titania nanoparticles become more 

prevalent. [21,59] 

 

2.6.6 Laser-based Techniques 

There exist several laser-based approaches to produce photocatalytic materials. The most 

relevant one is probably laser ablation in liquid (LAL). As the name implies, a short- or 

ultrashort-pulsed laser is used to ablate a titanium target, which is usually submerged in 

water, although other solvents are also possible. The laser then creates a confined high-

pressure plasma at the material surface inside which the ablated titanium reacts with the 

constituents of the solvent before being quenched by the surrounding solvent. Thereby 
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this process presents a relatively simple approach to produce oxidic nanoparticles with 

various sizes and phases. Pulsed laser deposition (PLD) does not rely on a liquid and 

instead uses a titanium or titanium dioxide target where material is ablated and then 

deposited on a substrate surface. This then results in a photocatalytic film on the substrate 

surface. Additionally, the process can be adapted by changing the atmosphere as well as 

the composition of the target where additional elements like Zn or Ag can be incorporated. 

Matrix-assisted pulsed laser evaporation (MAPLE) is similar to PLD but uses pre-existing 

nanoparticles within a binder matrix as a target. The matrix material is chosen in a way 

that it absorbs the employed laser wavelength very well resulting in an efficient release 

of the loaded nanoparticles upon irradiation and their deposition on the substrate. [59–62]  

In 2020, Fathi-Hafshejani et al. used a nanosecond laser to directly produce both anatase 

and rutile on a titanium surface. The authors could control the composition of the resulting 

oxide by adjusting the laser parameters with anatase emerging at lower pulse overlap and 

rutile forming at high pulse overlap. [63,64] Medvids et al. subsequently used a similar 

approach to produce layers consisting of anatase or an anatase - rutile mixture but also 

performed photocatalytic degradation tests as well as antibacterial trials. However, their 

surfaces only show a minor methylene orange degradation and the high antibacterial 

effect may be contributed rather to the UV irradiation (125 W; 365 nm) than to the 

photocatalytic activity of the surfaces. [65] 

 

 

2.6.7 Direct Laser Interference Patterning (DLIP) 

Deterministic structures on the micro- and sub-microscale could be beneficial for a large 

variety of industrial applications in fields ranging from optical applications to electric or 

tribological problems or even biomedical surface structures. However, producing such 

structures reliably with processing speeds that are industrially relevant is still a major 

challenge. Direct laser interference patterning presents one option to produce periodic 

surface structures on the micron and sub-micron scale. To do so a laser is not focused as 

usual on a material to produce a pattern that is defined and also limited by the laser’s focal 

diameter. Instead, the laser beam is split into two or more sub-beams that are then 

overlapped on the material’s surface. As depicted in Figure 8, this results in a periodic 

interference pattern within the entire overlap volume. Two beams of equal intensities 

thereby result in a line pattern and three beams create a point pattern where the respective 

periodicities depend on the laser wavelength and the angles between the beams. Various 

other periodic interference patterns can be created by employing different beam 

configurations. Additional variety can be achieved by altering the intensities and 

polarizations of individual beams.  
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Figure 8: Intensity distributions created by two and three-beam interference as well as the respective beam 

configurations to achieve these distributions. Reproduced from [66] 

 

To make use of this interference pattern, direct laser interference patterning employs 

powerful laser pulses to create an interference pattern with sufficiently high intensities in 

the interference maxima to achieve selective material processing. Most commonly, the 

laser is used to melt or ablate material and thereby transfer the interference pattern onto 

the substrate resulting in a periodic surface structure. As the interference pattern is thereby 

used to pattern a relatively large area with a single pulse, the process is much faster than 

comparable scanning techniques. Simultaneously the technique makes it possible to 

produce features in the micron or submicron range which is hard to achieve with a 

scanning approach where the feature size is limited by the employed focal diameter. [67] 

One crucial parameter in direct laser interference patterning is the pulse duration. For 

metals, the pulses in the nanosecond range generally selectively heat the material and 

locally cause melting or evaporation at the interference maxima. Marangoni convection 

then causes the molten material to move to the relatively cool areas of the interference 

minima. Ideally, the molten fronts from the interference maxima meet and resolidify 

resulting in a relatively smooth and approximately sinusoidal surface. Insufficient pulse 

energy can cause the molten fronts to solidify before meeting, while excessive pulse 

energy will result in splashes and droplets of material on the surface. Generally speaking, 

this process strongly affects the microstructure of the surface as the extremely fast cooling 

rates can lead to very mall grain sizes, metastable phases and even glass phases. Oxides 

generally mainly form at the surface of the resolidified material. The pattern periodicities 

are limited mainly by the heat conductivity of the material as especially for materials with 

a high thermal conductivity, heat will travel from the intensity maxima to the minima 

reducing the thermal gradient and thereby the driving force behind the Marangoni 

convection. The pattern depth is also restricted by the depth of the melt pool and fluid 

dynamics. On the opposite end of the spectrum, ultrashort laser pulses in the femtosecond 

range cause an extreme overheating at the material surface which leads to spallation of 

material or even direct evaporation. Therefore, the ultrashort pulses are decoupled from 

the materials thermal conductivity and can produce patterns in the submicron range. 

Additionally, relatively deep patterns are possible as the process does not rely on fluid 

dynamics. Instead, each laser pulse will cause ablation and the effects of multiple laser 

pulses will thereby add up to achieve more ablation and thereby deeper patterns. This 

process is limited by the fact that at some point the ablated material can no longer leave 

the pattern without redepositing on the walls. Additionally, at some point, the pattern 
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walls become so steep that the laser radiation coming from above interacts with a large 

area, which can ultimately cause the irradiance to fall below the ablation threshold. 

Generally speaking, in femtosecond laser processing, the material is ejected at very high 

velocities and very little molten material remains at the surface. This results in a very low 

amount of oxide forming at the material surface. However, a fraction of evaporated 

material can condense in the surrounding air and redeposit on the surface as a loosely 

bonded “flake-like” structure that appears almost like a snow cover when observed with 

a scanning electron microscope. [68–71] 

For this work, a laser with a pulse duration of 10 ps was chosen. This was done because 

with this pulse duration higher amounts of oxide can be formed than with the femtosecond 

laser, and the oxides form a stronger bond with the substrate, making them far harder to 

remove. In contrast to the nanosecond laser pulses, the material interaction with 

picosecond pulses results in only minor melt formation and migration. Instead, the 

predominant formation mechanism is still the ablation of material, often in the form of 

particles or even material vapor. This made the picosecond laser an ideal candidate to 

investigate the formation of different stable and metastable oxides in direct laser 

interference patterning and the interplay of oxide chemistry and morphology with the 

resulting microstructure. 

 

 

2.7 Effects of laser radiation on titanium and its oxides 

Both continuous and pulsed lasers are used to oxidize titanium surfaces. The most 

common application for this is the production of coloured surfaces through interference 

effects based on the oxide layer thickness. Using various laser powers and scan speeds, a 

variety of different oxide thicknesses and thereby colours can be created. For continuous 

lasers, it was observed that these oxide films tend to consist of Ti2O, Ti2O3, TiO2, and 

TiN. However, especially at the material surface the titanium nitrides tend to oxidize 

forming TiO2 and nitrogen. Slower scanning speeds and the resulting higher surface 

temperatures lead to higher oxygen contents and therefore the favoured formation of TiO2 

in both the rutile and anatase phase. As the oxygen content of these films is mainly 

diffusion-limited, the lower regions tend to still contain the more oxygen deficient phases. 

[72,73] 

As described in 2.6.6, several laser-based approaches already exist to produce 

photocatalytically active materials from both pure titanium and TiO2. Especially in laser 

ablation in liquids, the extreme conditions within the confined plasma plume lead to the 

formation of oxidic nanoparticles expressing various phases. However, for the laser 

treatment under atmospheric conditions there exists much less literature. Nevertheless, 

several studies have shown that short and ultrashort laser pulses can produce rutile and 

anatase in atmospheric conditions.  

Rasti et al. [74] demonstrated in 2011 that a pulsed laser (100 ns) can be used to create a 

mixture of anatase, rutile and hongquiite (TiO) in the surface of a titanium sample. 

Especially the formation of anatase was attributed to the high cooling rates of the molten 

phase. In fact Li et al. [75] have shown that a rapid re-solidification favours the formation 

of anatase despite its slightly higher Gibbs free energy. The reason for this mainly lies in 

the lower amount of reordering required for the formation of anatase than for the 

formation of rutile. Additionally, anatase’s lower surface energy leads to its stability for 

very small particles (ca. 40 nm and below) meaning that anatase is favoured for fast 

nucleation processes. [21,48–50] 

In a similar experiment performed by Landis et al. [76] a 100 fs Ti:sapphire laser was 

used to treat titanium samples under controlled atmospheres. As nitrides were only found 

after treatment in pure nitrogen while the samples treated in air and in pure oxygen 
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showed no meaningful differences, it could be concluded that the formation of oxides is 

prioritised over that of nitrides as long as there is oxide present. Additionally, XPS was 

used to show that the resulting surfaces, that showed LIPSS, expressed mainly TiO2 and 

possibly some oxygen deficient oxides (Ti2O3 and TiO). Additional XRD and Raman 

measurements revealed that the surfaces were of amorphous nature implying that the 

femtosecond pulses led to the creation of mainly TiO2 but the temperatures and cooling 

rates during the process only allowed for the formation of an amorphous oxide film. 

To examine the fundamentals of the interaction with laser pulses with amorphous TiO2 

Van Ovenschelde et al.[49] used a 248 nm excimer laser with a pulse duration of 25 ns to 

create nanoparticles within an amorphous TiO2 film. They observed that in a low fluence 

regime, the photochemical breakage of bonds within the substrate lead to a rearrangement 

of the amorphous TiO2 into anatase. In contrast, at higher fluences the thermal influence 

as well as the increased mechanical stresses favoured the formation of rutile. Similarly, 

Qiao et al. [43] used a near infrared laser with a pulse duration of 50 fs to initiate 

crystallization within amorphous TiO2 nanotubes. Their observations matched those of 

van Overschelde et al. in that anatase formed at lower fluences and rutile when the fluence 

was increased. In between, a mixture of both phases could be created. In the anatase, they 

additionally observed increased expression of exposed {010} facets which have a higher 

surface energy and show greater photocatalytic activity than the more stable {101} facets 

that typically form under equilibrium conditions. Lastly, they could observe rutile-anatase 

heterojunctions which are, as explained in section 2.4.5, crucial to harness the synergistic 

effects of having a combination of both semiconductors in the surface. Similar 

observations regarding the formation of anatase and rutile were made by Robert et al. [77] 

for laser irradiated anatase powder. These experiments indicate that fast cooling rates and 

small particle sizes favour the formation of anatase while extended exposure to heat as 

well as bigger particle sizes favour rutile formation.  

These observations are also made with non-laser processes. For example by Yang et al. 

[78] who performed flame spraying experiments where deposited particles showed a 

correlation between particle size and phase meaning the smaller particles consisted of 

anatase while the bigger ones were rutile. Additionally, upon exposure to heat, either by 

a post-treatment or during the coating process as a result of the extended exposure to the 

flame, the anatase gradually transformed into rutile. 

A transformation in the opposite direction i.e., from rutile to anatase was observed by Ma 

et al. [79,80] after the irradiation of a rutile singe crystal with near-infrared radiation from 

a titanium-sapphire laser source with a pulse length of 150 fs. While this result was 

attributed to the mechanical stresses (especially compressive stresses) induced in the 

surface, it appears more likely that a partial melting and rapid re-solidification were the 

cause for their observation. This is because as mentioned in section 2.4.5, compressive 

stresses tend to favour the formation of rutile as a result of anatase’s higher molar volume. 

The rapid re-solidification after melting can however favour the formation of anatase. 

[75] 

Krenek et al. [81] used a laser with pulse duration of 200 ns to produce rectangular wells 

with an edge length of 500 µm and a depth of 300 µm. XRD experiments showed the 

prevalence of both titanium and oxygen-deficient titanium oxides (TiO, Ti3O, Ti2O3) with 

only small amounts (ca. 5%) of TiO2 in both, the anatase and the rutile forms. However, 

the very smooth, round shape of the created particles indicates that the high cooling 

speeds after irradiation favoured the formation of amorphous oxides. Additionally, it was 

found that the titanium removed by the laser redeposited at the sites that were not 

irradiated, and that oxidation occurred during this material transport. Similar observations 

were made by Zwahr et al. [82] for picosecond DLIP patterns on titanium that showed an 

accumulation of oxides at the structure maxima. However, as the oxides were only 
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analysed by EDS, no statements about their phase could be made.  

In 2021, Toma et al. [83] used a DLIP setup to improve the photocatalytic performance 

of suspension-sprayed nanoparticle coatings. For this, several photocatalytic coatings 

with varying compositions of rutile and anatase were produced. In a second processing 

step, a 1053 nm laser setup with a pulse length of 15 ns was used to produce cross patterns 

on these surfaces. It was observed that lower pulse numbers resulted in only minor melt 

formation and the predominant formation of anatase, while higher pulse numbers caused 

more melt formation and an increase in rutile. It was shown that the surfaces treated with 

more pulses exhibited higher photocatalytic activity which correlates with a more 

efficient light-trapping ability that results in increased light absorption. This increase in 

light absorption was observed by UV-Vis spectroscopy but could also be seen with the 

naked eye as the samples successively got darker with increased laser exposure.  

 

2.8 Summary 

Current methods to produce photocatalytic surfaces come with several disadvantages as 

they mostly rely on nanoparticles or wet chemical processes that require potentially 

harmful chemicals. Additional problems arise when considering the large-scale industrial 

application of these processes as they are often limited by reactor sizes, part geometries, 

or issues related to the loss of nanoparticles over time and the resulting loss of 

functionality, not to mention regulatory and safety concerns.  

For these reasons, this work investigates an alternative approach in which the required 

oxides are produced in situ as the process oxides of a DLIP process that simultaneously 

increases the active surface by creating a suitable micropattern. To determine if this 

approach is viable, the following questions need to be answered: 

 

- Can DLIP produce a sufficient amount of active, surface-bound oxide? 

- Is DLIP required for this, or can a conventional laser process achieve the same? 

- Can the process parameters be adapted to favour the formation of more 

photocatalytically active oxides or a mix of oxides that is especially active? 

- How else can the resulting oxides be manipulated to achieve maximum activity? 

 

 

3 Objectives 
 

To answer the questions formulated in the previous section, a number of key objectives 

were defined:  

 

Objective 1: Precise calculation of laser parameters 

The oxidation process and the formation of different oxidic phases likely strongly depend 

on the applied laser and scanning parameters. As a result, the resulting surface topography 

cannot be used as an indication to evaluate surfaces. For example, two surfaces with 

identical surface parameters, such as pattern periodicity, depth and roughness could differ 

vastly in their activity depending on the specific laser parameters used to produce those 

structures and the resulting oxide compositions. For this reason, a robust methodology 

for the determination of rather elusive but crucial patterning parameters had to be 

developed. These parameters, like the accumulated fluence on the sample surface or the 

total number of pulses a given point of the surface was exposed to, are generally already 

calculated and reported in literature, however, as they are instrumental for this work, 

established approaches need to be revisited and reevaluated.  
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Objective 2: Methodology development and initial tests 

To evaluate if it is possible to use direct laser interference patterning to produce 

photocatalytic surfaces, first tests on a small range of parameter combinations need to be 

performed. Most importantly, a reliable method to measure and quantify the 

photocatalytic activity must be established.  

 

Objective 3: Expanded parameter screening and surface analysis to understand the 

oxide formation and its effect on the activity 

With a proof of concept established, the utilised laser parameters need to be expanded to 

cover a wider range and to include different pattern types to find an optimal combination 

of parameters. Additionally, the resulting surfaces must be analysed and evaluated to 

develop an understanding of the oxidation process and the occurring material transport. 

The developed theories are necessary to understand and then better utilise the approach.  

 

Objective 4: Further improving the activity using the insights gained in the previous 

steps  

Based on the results of objective 3, additional beneficial adaptations to the laser process 

or suitable pre- and post-treatments for the samples should be identified and tested to both 

verify the previously defined theories and predictions about the process and to further 

increase the reactivity of the surfaces.  

 

Objective 5: Creation of a scaled-up prototype using off-the-shelf materials 

Finally, the practicality of the investigated approach should be verified. To do so the setup 

should be scaled up to a simple reactor. While the insights gathered in the previous steps 

are crucial to design this reactor, the materials in this setup should be cheap and easily 

available. This way, it can be tested if the results obtained on expensive, highly pure, and 

mirror-polished samples can be transferred to industrial materials, which is crucial for 

later applications.  
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4 Methods 
 

4.1 Sample Preparation 

To avoid disturbances from other elements a titanium sheet of 99.995 wt.% purity was 

acquired from HMW Hanauer GmbH and cut using electric discharge machining to 

achieve 1 mm thick pieces with a size of 5 x 5 mm. The samples were then heat-treated 

in a vacuum (≈ 10−5 mbar) at 700°C (well below the α-β transition) with a holding time 

of ten minutes and heating/cooling rates of 1°C/min to remove potential surface 

contamination and to mitigate potential thermal effects of the electric arc at the sample 

edges. 

To ensure that the laser interacts with a flat and clean surface, the samples were mirror-

polished to a deformation-free finish (Sa < 0.2 µm). The following routine was developed 

for this purpose: 

 

1. Grinding with SiC grinding paper: #600 for 200 seconds and #1200 for 600 seconds 

2. OPS polishing: 8 min polishing with oxide particle suspension (OPS) from Struers 

mixed with 2% H2O2 (30% W/V) and 2% NH3 (25% V/V) 

3. Etching: 45 seconds in Beraha 1 stock solution (500 ml distilled water; 100 ml HCl 

(32%); 12 g ammonium bifluoride) to remove existing deformation layers  

4. OPS polishing identical to step 2 

 

After the polishing, the samples were cleaned in an ultrasonic bath with ethanol. All 

grinding and polishing steps were performed with an automated Struers TegraPol 

grinding and polishing machine. 

 

4.2 Direct Laser Interference Patterning (DLIP) 

As described in section 2.6.7 direct laser interference patterning uses several laser beams 

that are overlapped on the material surface, generating an interference pattern that is 

transferred to the material surface through melt movements, evaporation, or direct 

ablation. In this work, lasers with pulses in the femtosecond and the picosecond regimes 

were used to pattern the surfaces. The initial laser experiments, published in the first 

paper, were performed using a Spitfire Ti:sapphire laser with a centre wavelength of 

800 nm and a pulse duration of 100 fs. During the experiments regarding fluence 

accumulation and spot overlap, it became clear that the pulse lengths in the femtosecond 

regime did not produce sufficient amounts of oxide during the processing for it to be a 

viable tool for producing photocatalytic surfaces. For this reason, the subsequent 

experiments were performed using an EdgeWave px Nd:YAG laser with a pulse length 

of 12 ps and a maximum output power of 10 W at a wavelength of 532 nm. To split the 

initial beams delivered by the laser systems, both setups employed diffractive optical 

elements. The resulting sub-beams are then focused on the material surface using lenses 

and, in the case of the picosecond laser, a prism. Further details regarding the beam paths 

and setups can be found in the respective publications.  

 

4.3 Confocal Laser Scanning Microscopy 

Topographical analysis was performed with an OLS 4100 confocal laser scanning 

microscope from Olympus. This contactless measurement can map the three-dimensional 

surface of the samples with a maximal lateral resolution of 0.12 µm and a height 

resolution of 10 nm. The pattern depth was extracted from line profiles by evaluating (Rc) 

which represents the average height of the features in a periodic pattern. [84,85] 
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4.4 Scanning Electron Microscopy (SEM), Focused Ion Beam (FIB) and Energy 

dispersive X-ray spectroscopy (EDS) 

Two SEM/FIB dual-beam workstations (Thermo Fisher Helios G4 PFIB CXe and FEI 

Helios Nanolab600) were used to image the surfaces produced in this work. This was 

generally done using secondary electrons measured with the ICE detector of the PFIB 

instrument. Besides imaging the patterned surfaces, focused ion beams (xenon and 

gallium ions, respectively) were used to create cross-sections of the patterns. This allowed 

the surface topography to be investigated in more detail and the depth of the patterns to 

be determined. This was especially helpful, as the depth of the deeper patterns could not 

be determined accurately using the confocal laser scanning microscope. Additionally, 

cross-sections were used to gather information about the oxide distribution. This was 

initially done using the primary electron and secondary ion contrasts. More detailed 

chemical information was then obtained via EDS using the EDAX Octane Elite Super 

EDS detector of the PFIB. The data obtained from this measurement was analysed with 

the APEX v2 measurement and analysis software. Both the SEM imaging and the EDS 

analyses were performed with an acceleration voltage of 5 kV. 

 

4.5 X-Ray Diffraction (XRD) 

A PANalytical X’Pert Pro MPD diffractometer with copper Kα radiation was used for the 

diffraction experiments. As the relevant oxides were only present in the surface, a Goebel 

mirror was used to perform the measurements in grazing incidence mode with an 

incidence angle of 0.8°. To minimize shadowing effects caused by the surface structures, 

the pattern was oriented parallel to the incident beam. Most measurements were 

performed in a 2Theta range of 20-75° with a step size of 0.05°. The dwell time was 

adjusted according to the sample geometry and pattern type to achieve acceptable signal-

to-noise ratios.  

 

4.6 Methylene Blue Degradation and UV-Vis Spectroscopy 

The photocatalytic activities of the produced samples were determined by measuring the 

degradation rate of methylene blue in a 50 µM aqueous solution under UV-A light. For 

each sample condition, three samples were placed randomly in an array, and each was 

exposed to 125 µL MB-solution. This sample holder was then placed in a mirrored 

reaction chamber (“Nailstar” model NS-01-UK&EU) equipped with four 8 W fluorescent 

lamps emitting a centre wavelength of 365 nm. After an initial waiting period to allow 

for adsorption, the samples were exposed to the UV-A radiation for a total of two hours. 

Evaporation was minimized by covering the sample holder with a UV-transparent piece 

of PMMA. Combined with the minimal UV adsorption of the methylene blue solution 

this setup ensured that the incident light could reach the sample surface.  

After the experiment 90 µL of solution were retrieved to determine the remaining 

concentration via UV-Vis spectroscopy.  

The experimental details for the prototype can be found in the respective publication. 

Here, it should only be noted that the sample volume extracted at various times during 

the experiment was the same as in the previous experiments (90 µL). This was done to 

keep the determination of the concentration by UV-Vis analysis consistent. 

  

For the UV-Vis measurements, the sample was diluted with 160 µL distilled water to 

achieve a total sample volume of 250 µL. The sample cuvette with an optical path of 

10 mm (UV-Cuvette micro, Band GmbH, Wertheim, Germany, or PerkinElmer 

Spectroscopy cell B0631070) was then placed in the beam path of a Lambda 750 

spectrometer (Perkin Elmer Inc., Shelton, USA). The device analyses the absorbance of 

the sample at various wavelengths by detecting the transmitted light energy. To isolate 
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the absorption of MB, an identical cuvette filled with distilled water was placed in the 

reference beam path and subtracted from the measurement. 

The MB molecule has an absorption maximum at 664 nm. As the absorbance of a solution 

depends strongly on its concentration, UV-Vis spectroscopy can be used to efficiently 

determine the remaining concentrations after the degradation experiments. However, as 

there is not necessarily a linear dependency between concentration and absorption, a 

calibration curve was measured by determining the absorption values of solutions with 

known concentrations at 664 nm. Using this calibration curve, the concentrations of the 

sample solutions were then determined by evaluating their absorbance at 664 nm. The 

measurements were performed in a wavelength range from 600 nm to 700 nm with one 

measurement taken every 4 nm and an integration time of 0.2 seconds.  
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5 Results 
 

In the following sections, the objectives stated in section 3 are addressed, and for each 

one, the results achieved within the scope of this thesis are briefly summarised, and the 

associated papers are referenced. Figure 9 presents an overview of the papers included in 

this thesis and their respective contents. 

 

 

 
 
Figure 9: Schematic of the results presented in this thesis 

 

Objective 1: Precise calculation of laser parameters (Publication 1)  

When it comes to structure development and especially to the formation of various oxides, 

it is expected that the total laser energy a surface has been exposed to, as well as the 

number of pulses by which this energy has been delivered are crucial parameters. 

Therefore, commonly used approaches for the calculation of pulse overlap, accumulated 

fluence, and other laser parameters were surveyed and compared. It was found that state-

of-the-art approaches to calculate the accumulated fluence on the surface come with an 

error of over 20%. For this reason, an alternative approach for calculating these 

parameters was developed and tested. It was shown that, with this approach, the input 

parameters for a patterning process that achieves a desired accumulated fluence, pulse 

fluence, and number of pulses per point can be calculated using a simple spreadsheet. 

Additionally, it was shown that this accurate assessment of the processing parameters can 

be used to determine the effect different input parameters have on the resulting pattern 

periodicity.  

 

Objective 2: Methodology development and initial tests (Publication 2) 

A methodology to test the photocatalytic activity of samples was developed based on 

methylene blue (MB) degradation under UV-A irradiation. For this purpose, several light 

sources were tested until a commercially available nail polish hardener was chosen for 

the experiments, as it provided a homogenous irradiation with 365 nm UV radiation 

within a mirrored enclosure. After the experiment, the remaining MB concentration was 

determined using UV-Vis spectroscopy. With this methodology in place, a series of 

experiments was performed, and it was shown that the single-step production of 

photocatalytic surfaces is not only possible using DLIP technology, but also that the 

surfaces processed with DLIP perform far better than those only processed with one 

beam.  
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Objective 3: Expanded parameter screening and surface analysis to understand the 

oxide formation and its effect on the activity (Publications 2 and 3)  

As planned, the range of parameters was expanded upon. Various accumulated fluences, 

pulse numbers, pattern periodicities, and pattern types were tested. The resulting surfaces 

were then analysed with regard to their topography and chemistry. The results showed 

that especially large numbers of pulses, each with a relatively low fluence were ideal to 

create surfaces with high photocatalytic activities. The chemical analysis revealed that 

various oxides are present in the surfaces. Apart from the two dominant TiO2 phases, 

anatase and rutile the oxygen-deficient titanium oxides TiO, and Ti2O3 were also 

produced in significant amounts. It was found that the more active surfaces show lower 

TiO contents. Finally, a theory was developed to explain the observed oxide formation 

and its dependency on the laser parameters.  

 

Objective 4: Further improving the activity using the insights gained in the previous 

steps (Publication 3) 

To further improve the photocatalytic activity of the most promising surfaces and to form 

a better understanding of the oxide formation mechanism, multiple heat treatments were 

performed. Those treatments were applied both during the patterning process and 

afterwards in an additional post-treatment. The impact of these treatments was largely 

beneficial for the photocatalytic activity although some sintering that led to a reduction 

of surface area could be observed. The effect of the heat treatments on the existing phases 

was investigated and together with the results from objective 3, a comprehensive model 

of the oxide formation mechanism was developed.  

 

Objective 5: Creation of a scaled-up prototype using off-the-shelf materials 

(Publication 3) 

A scaled-up prototype reactor was built in which, instead of the previous 125 µL of 

methylene blue solution, 1.5 litres of solution were continuously pumped over a laser-

treated titanium foil. The resulting degradation rate was comparable to that of the 

laboratory setup, although the titanium foil was neither highly pure nor surface-treated in 

any way prior to the laser treatment, except for a minor cleaning with isopropanol. This 

result indicates that the approach can be scaled up to larger reactors employing artificial 

or solar light to remove contaminants from aqueous solutions.  
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Development and validation of a calculation routine for the precise determination 

of pulse overlap and accumulated fluence in pulsed laser surface treatment 

 

Tobias Fox1, Frank Mücklich1 

Chair of Functional Materials, Department of Materials Science, Saarland University, 

66123, Saarbrücken, Germany. 

 

Published “Advanced Engineering Materials” 2022 (CiteScore 5.7 by 2023) 

https://doi.org/10.1002/adem.202201021 

 

Abstract: 

In laser material processing, a variety of parameters like pulse fluence, total dose, step 

size, and pulse-to-pulse overlap are used to define and compare laser processes. Of these 

parameters, the pulse-to-pulse overlap can be the hardest to access as it is not 

implemented directly but instead depends on the spot diameter, its shape, and the 

respective scanning path that is used to cover the surface. This article shows that existing 

calculation routes overestimate the actual overlap by up to 21%. A novel calculation route 

is developed that greatly facilitates the determination of the pulse overlap and thereby the 

average number of laser pulses that interact with a given point on the surface. This 

approach makes it possible to achieve more reliable and comparable laser processes, 

which in return leads to better control of the procedure as the effect of individual 

parameters on a given output can be determined with greater precision. 

 

Author Contribution 

Conceptualization: Lead; Formal analysis: Lead; Investigation: Lead; Methodology: 

Lead; Validation: Lead; Writing – original draft: Lead; Writing - review & editing: Lead  
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Single-step Production of Photocatalytic Surfaces via Direct Laser Interference 

Patterning of Titanium 

 

Tobias Fox1, Pablo Maria Delfino1, Francisco Cortés1, Christoph Pauly1, Daniel Wyn 

Müller1, Max Briesenick2, Guido Kickelbick2, Frank Mücklich1 

1 Chair of Functional Materials, Department of Materials Science, Saarland University, 

66123, Saarbrücken, Germany. 
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Saarbrücken, Germany. 

 

Published “ChemNanoMat” 2023 (CiteScore 6.1 by 2023) 

https://doi.org/10.1002/cnma.202300314  

 

 

Abstract: 

State of the art approaches to produce photocatalytic surfaces generally require multiple 

processing steps to achieve highly active surfaces. Following recent trends to facilitate 

the production of active surfaces, this work presents a single-step method to create porous 

photocatalytic surfaces via direct laser interference patterning (DLIP) of a titanium 

substrate with pulses in the picosecond range. The resulting surfaces contain a variety of 

titanium oxides while both their composition and morphology can be controlled through 

the laser process parameters. This makes it possible to tailor these surfaces for specific 

applications such as antimicrobial surfaces, implant materials or water treatment. Surface 

characterization was executed by applying scanning electron microscopy complemented 

by focused ion beam cross-sectioning and energy dispersive X-ray spectroscopy as well 

as gracing incidence X-ray diffractometry. The photocatalytic activity achieved by 

different laser parameters is assessed by methylene blue degradation under UV-A light. 

As DLIP is already established in industrial applications, this approach could greatly 

facilitate the use of photocatalytic surfaces for water treatment or medical applications, 

as it does not require nanoparticle synthesis or additional coating steps. 

 

Author Contributions: 

Conceptualization: Lead; Data curation: Lead; Formal analysis: Lead; Investigation: 

Lead; Methodology: Lead; Writing – original draft: Lead  
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Influence of heat treatments on the photocatalytic activity of TiO2 surfaces produced 

by Direct Laser Interference Patterning 
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Abstract: 

Direct Laser Interference Patterning (DLIP) has in previous work shown to be an effective 

tool for producing photocatalytic surfaces in a single relatively simple processing step. 

These surfaces could be interesting candidates for antifouling or self-cleaning surfaces, 

as well as substrates for photocatalytic water treatment. In this contribution, various heat 

treatments are performed both during and after the laser processing to create surfaces with 

even higher photocatalytic activities and to better understand the formation of various 

process oxides and their effect on the resulting activity. The photocatalytic activity of the 

samples is measured by methylene blue degradation and correlated to their chemical 

composition and morphology. Furthermore, a small prototype is built using low-cost 

materials to prove the scalability of the approach.  

 

Author Contributions 

Conceptualization: Lead; Formal analysis: Equal; Investigation: Equal; Methodology: 

Equal; Validation: Lead; Writing original draft: Lead; Writing - review & editing: Equal 
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6 Unpublished Results 
 

Over the course of this thesis, a variety of scientific results have been produced that have 

not been published (yet). Especially the analysis of the oxidic surfaces produced in this 

thesis via TEM was suggested by multiple reviewers and attempted many times. It is 

therefore not for a lack of trying that the publications presented in this thesis do not 

include TEM results and this section will briefly discuss the attempts that were made in 

this direction and explain why no conclusive results could be obtained.  

However, the focus of this section are the various theses of students that did produce 

meaningful results which were not published as a part of this thesis. For the most part 

these results are not yet published because they only touched on the main objective of this 

thesis but did not contribute to its core. As is explained in the respective sections below, 

this was sometimes planned from the start and sometimes a result of the exploratory 

nature of a thesis where it was that found that the initial idea could not be put into practice. 

As a result, the focus of the thesis was then shifted in another direction away from the 

photocatalytic effect. These results have, until now, only been published in the respective 

theses. However, they are still relevant and helped to guide this work in the right direction. 

Therefore, these theses and their results are highlighted briefly in the following sections.  

 

6.1 Master Thesis Walter Garcia 

Walter Garcia started his master's thesis as the first student under my direct supervision 

only a few weeks before the first Covid-19 lockdown in 2020. Despite this hurdle, he 

managed to write an excellent thesis that he finished in time i.e. within his fourth AMASE 

semester.  

The initial objective of his work was to investigate if the photocatalytic effect of samples 

produced by DLIP using the femtosecond laser could be used to achieve antibacterial 

properties and self-disinfecting surfaces. However, parallel to his work, initial methylene 

blue experiments showed that the surfaces produced by femtosecond laser pulses did not 

show significant methylene blue degradation. The femtosecond laser was used for these 

initial experiments because it was expected to produce greater amounts of metastable 

oxide instead of the stable but inactive rutile phase. However, these initial experiments 

showed that the total amount of oxide was too small to achieve meaningful activities. 

As a result, the topic of the master thesis was changed to the adhesion of bacteria on these 

surface. For this, a variety of surface patterns with a periodicity of 3 μm was produced. 

Substrates were pure titanium and titanium that had been thermally oxidised to form a 

thick rutile oxide layer (sets 1 and 2). Additionally, laser patterns on pure titanium were 

subsequently heat-treated to produce a thin, more metastable oxide layer (set 3).  
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Figure 10: Key results regarding bacterial adhesion on laser patterns on different substrates with depths 

of 0.5 and 1 μm. Reproduced from [86] 

 

Figure 10 shows the number of bacteria that attached to the sample surfaces and could 

not be removed by rinsing with water. It can be seen that both the laser patterning and the 

substrate heat treatment after the patterning had significant effects on the bacteria and 

resulted in a significant reduction in bacterial adhesion. 

 

6.2 Bachelor and Master Theses Niklas Müller 

In his bachelor thesis, Niklas Müller performed in-depth investigations of the ablation 

phenomena caused by femtosecond DLIP of titanium including the simulation of ablation. 

He also considered the effect of the laser polarization on the resulting laser structure and 

investigated the effects of multi-pulse accumulation and how the roughening and the 

oxidation caused by the previous pulses influence the subsequent ones. [87] 

In his master's thesis, he extended this rather fundamental approach to include copper as 

a second substrate and the use of picosecond DLIP. He managed to use both, the beam 

profile of the lasers and the shape of the intensity distribution caused by DLIP to 

independently determine the ablation thresholds of both substrate materials (copper and 

titanium) for the two pulse durations investigated. Overall he obtained a deep 

understanding of the physical phenomena that are relevant for DLIP which is why his 

work will likely be published within the next months. [88] 

 

6.3 Master Thesis Francisco Udo Almeida 

The master thesis of Francisco [89] was less related to titanium and more a result of a 

former cooperation with the technical university UPC in Barcelona, more specifically the 

collaboration with Marta Pegueroles regarding the surface modification of polymeric 

stents. Former work has employed patterned mandrels as scaffolds onto which the 

polymer ink was printed to produce stents that show a surface pattern on their insides. 

The objective of Francisco’s work was to assess the limits of this approach. For this, a 

wide variety of laser patterns was produced on flat steel samples using picosecond DLIP. 

Line, cross and point patterns with various depths were produced and characterized. The 

resulting surfaces were then used as moulds for biopolymer (PLLA) to investigate where 

the limits of this approach lie. It was found that especially for deep point patterns the 

polymer film cannot be removed from the surfaces without destroying it as the bond 

between the laser-patterned mould and the polymer film becomes too strong. A second, 

more prevalent problem lies in the oxidation of the sample surface during laser patterning 
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and the subsequent transfer of oxide to the PLLA film. Oxide that gets embedded in the 

biopolymer could later detach and cause a multitude of problems for the patient. For this 

reason, initial tests using nitrogen as a protective gas during the patterning were also 

conducted in this thesis.  

 

6.4 TEM-Analysis 

TEM-analysis of the photocatalytic surfaces investigated in this work could lead to a 

deeper insight into the chemical and phase composition as well as the distribution and 

morphology of oxides within the complex oxidised layer. For this reason, several attempts 

have been made to find out where which oxides are present in the surface using selected 

area electron diffraction and HR-TEM. Ideally, HR-TEM could also resolve type two 

heterojunctions between rutile and anatase. These conductive connections of the two 

phases would likely have very meaningful impact on the activity of the surface as 

described in section 2.4.5 and was imaged via HR-TEM before by Qiao et al. [43]. 

 

6.4.1 Selected Area Electron Diffraction (SAED)  

Initial experiments were performed with a JEOL JEM 2010F TEM using an acceleration 

voltage of 200 kV as a part of the master thesis of Fabian Bonner with the aim to better 

understand the phase composition and how it is affected by various heat treatments. As is 

shown in Figure 11, various diffraction patterns were obtained from different sample 

locations.  

 

 
Figure 11: Image reproduced from [90] showing the transition from titanium in the substrate (SAED 1) to 

titanium and rutile (SAED 2) to pure rutile (SAED 3). The sample was one of the samples investigated in 

the third publication that is included in this thesis. It was produced with a pulse energy of 10 uJ and heat 

treated after the patterning for 3 hours at 600°C. 

However, it must be said that the results from this analysis were non-conclusive and could 

not be used in the respective publication. As an example, several measurements observe 

high amounts of oxide in the substrate material. In retrospect, it cannot be said if this is a 

result of contamination or if the data was falsely labelled and various SAEDs were 

confused.  
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6.4.2 HR-TEM 

High-resolution TEM images were taken by Jörg Schmauch with a JEOL JEM-

ARM200F with an acceleration voltage of 200 kV. The aim was to locally determine the 

atomic distance and thereby the phase. Ideally, a type 2 heterojunction between anatase 

and rutile would also be observable. However, the sample preparation proved extremely 

challenging as especially the thinnest, uppermost parts of the porous oxide layer would 

easily break off. The platinum that was deposited into the porous structure to stabilize it 

led to additional problems as it contaminated the sample and made it impossible to obtain 

a clear image. As a result, atomic distances could only be determined in a few areas with 

relatively large crystallites. In those cases, Inverse Fast Fourier Transformation (IFFT) 

mostly resulted in atomic distances corresponding to anatase. As a result of these 

problems, the HR-TEM analysis could not deliver on its promise to locally determine the 

phase and was instead restricted to a few locations close to the substrate or within larger 

particles. An overview of the HR-TEM results is given in Figure 12. 

 

 
Figure 12: Results from HR-TEM analysis of a sample produced with high pulse energy (30.7 µJ) at room 

temperature. The overview in a) shows how platinum was used to fill the porous structure. b) and c) show 

the contamination of large areas caused by platinum redeposition during the thinning procedure. d) shows 

a high-resolution image of a crystalline area close to the substrate. The lattice constants were measured 

using Inverse Fast Fourier Transformation indicate anatase (3.54 nm, 2.45 nm, 1.86 nm). 
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7 Conclusions and Outlook 
 

In this work, it was shown for the first time that direct laser interference patterning can 

be used to produce photocatalytic surfaces on a titanium substrate in a single processing 

step. It was hypothesized that both the morphology and the chemistry of the resulting 

oxide layers depend on the laser parameters such as the accumulated fluence on the 

surface, the fluence of a single laser pulse and the number of pulses that interacted with 

a given point in the surface.  

To test this hypothesis, a wide variety of processing parameters was employed to produce 

various surfaces. These surfaces were then analysed regarding both, their topography and 

chemistry. The photocatalytic degradation efficiency of the surfaces was evaluated via 

methylene blue degradation. After a suitable lab setup had been developed and tested, the 

degradation experiments could be correlated to the surface parameters. Based on these 

observations a model for the underlying phenomena could be established. Namely, the 

experiments revealed that the high photocatalytic activities do require high amounts of 

TiO2 in its anatase phase as was expected. However, the presence of amorphous and most 

importantly oxygen-deficient TiO phases plays a far greater role than was initially 

assumed. The presence of these phases was found to be directly linked to the employed 

laser parameters as higher laser intensities led to higher titanium concentrations in the 

resulting plasma plume and thereby the formation of oxygen-deficient phases. Similarly, 

higher pulse numbers result in the continuous re-ablation of material and as a result the 

gradual increase in oxygen content. Another increase in activity could be observed when 

employing cross-structures instead of line patterns. This is likely a result of different 

kinetics within the plasma plume during processing as the plume itself is confined by the 

pattern. The author hypothesizes that the confinement not only influences the amount of 

oxygen within the plasma but also the expansion of the gaseous phases. This directly 

influences the cooling speed of this plume, the density of material within it and the 

distance any ablated particles travel within the plume before being ejected. As a result, 

the confinement by the pattern is expected to strongly influence the crystal growth, 

chemistry and phase composition especially as the most active anatase phase is only 

thermodynamically stable at grain sizes below 40 nm as mentioned in section 2.4.5. While 

this hypothesis is supported by the observed phase compositions and photocatalytic 

activities, further work is needed to verify it. However, as this future work should include 

extensive thermodynamic and MD simulations it did exceed the scope of this work. While 

the cross patterns showed an increase in activity compared to line structures, the effect 

was not large enough the justify the increase in patterning time as the production of cross 

patterns requires a second scanning process that is perpendicular to the first resulting in 

an effective doubling of the processing time. Further experiments were therefore 

performed with line patterns to keep the process as time- and cost-effective as possible.  

Based on the observations made in previous experiments, it was concluded that the 

existing process could benefit from thermal activation either during the patterning process 

or in a subsequent heat treatment step. To test this hypothesis, samples were laser pattered 

at various temperatures up to 600°C. Additional heat treatments after the patterning were 

performed in a vacuum to prevent the formation of a stable oxide layer consisting of the 

most stable oxidic phase rutile which shows very minor photocatalytic activity. These 

experiments were highly successful. The samples produced showed far higher 

photocatalytic activities than the untreated samples which can be traced back to the 

desired reduction in oxygen-deficient phases and an overall increase in crystallinity. 

In this way, the maximum photocatalytic activity achieved by laser-patterned samples 

could be steadily increased over the course of this project. From initial line structures to 

cross patterns and eventually heat-treated line patterns, the maximum activity was 
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significantly increased in each step. For the line patterns, the concentration of the 

methylene blue solution decreased by around 50% in the 2 hours under UV light. In 

contrast, the cross structures achieved a degradation of almost 75% in the same time 

period and finally, the heat-treated samples degraded approximately 80% of the 

methylene blue under the same conditions. Considering these results, it can be assumed 

that cross structures could be promising candidates for future experiments to investigate 

if the increase in processing time is worth the increase in activity. Although a change in 

pattern periodicity did not show major effects on the activity, this field could also be 

further investigated, as well as different pattern types such as point structures. Further 

research in this direction should also focus on examining the phase composition and 

distribution in more detail. In particular, TEM analysis was attempted multiple times in 

this work but consistently failed to produce satisfying results, as the preparation TEM 

lamellae from the patterns proved extremely challenging. The porous oxidic structures 

would either break off during preparation or had to be filled with large amounts of 

platinum, which then complicated the subsequent analysis. 

 

Finally, the laboratory setup to evaluate the degradation efficiency was scaled up from 

only 125 μl of methylene blue solution per sample up to 1.5 litres. This was done as a 

proof of concept to showcase the approach’s potential to produce photocatalytic surfaces 

on a larger scale using off-the-shelf materials and still achieve comparable results. It was 

thereby shown that the direct laser structuring of titanium could be used to build, for 

example, photocatalytic reactors for water treatment or to combat environmental 

pollution. Future experiments should further assess the scalability, especially regarding 

the long-term stability of the reactive surface. Secondly, the degradation of actual 

pollutants instead of model chemicals presents a logical next step. However, as the 

working principle of TiO2 photocatalysis is well tested, it can be expected that various 

pollutants such as complex organic molecules (e.g. medication), nitric oxides and even 

PFAS can be degraded. The approach still presents a promising alternative to existing 

photocatalytic surfaces, which are very cost-intensive and fragile. This could eliminate 

the need for solar concentrators that are often used to focus sunlight and make the best 

use of a small amount of reactive area. Instead, a simplified reactor design employing 

large-scale patterned surfaces could be a viable way to facilitate the use of photocatalytic 

materials and remove a variety of pollutants from waterways, public places and even the 

air.  

 

At the time of this writing, a DFG proposal is being prepared in collaboration with the 

IFOS in Kaiserslautern and RPTU Kaiserslautern (Jun. Prof. Simon Stefan) with the aim 

of investigating the wetting behaviour of those surfaces. If approved, this work will focus 

on the time-dependent adsorption of hydrocarbons on the functionalized surfaces and its 

effect on the wetting behaviour as was done on copper in a former collaboration (DFG 

435334669). Applying this research to photocatalytic surfaces, however, also enables the 

active removal of those hydrocarbon contaminations to directly influence and control the 

wetting behaviour. Additionally, the molecular dynamics simulations performed by Prof. 

Stefan aim to gain a deeper understanding of both, the accumulation and degradation 

phenomena on a molecular level.   
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