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Influence of Heat Treatments on the Photocatalytic Activity
of TiO2 Surfaces Produced by Direct Laser Interference
Patterning

Tobias Fox,* Fabian Kay Bonner, Christoph Pauly, Guido Kickelbick, and Frank Mücklich

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 can 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.

1. Introduction

Producing photocatalytic surfaces based on titanium and its
oxides generally requires multi-step processes that require
nanoparticle synthesis or wet chemical processing.[1–5] To fa-
cilitate the large-scale production of active surfaces, alterna-
tive processing routes like laser oxidation are becoming more
prevalent.[6–12]

In previous work, it was shown that Direct Laser Interference
Pattering (DLIP) can be used to produce photocatalytic surfaces
in a single processing step through the creation of a suitable to-
pography as well as the creation of photocatalytically active tita-
nium oxides.[13] However, it was hypothesized that the activity
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of these surfaces is diminished by a
metastable TiO phase that forms dur-
ing the pattering as well as possi-
bly vast amounts of amorphous tita-
nium oxides, both of which could po-
tentially be removed via thermal activa-
tion. However, suitable heat treatment
should not achieve temperatures high
enough to transform the photocatalyt-
ically active, metastable TiO2 anatase
phase in its less active rutile configu-
ration. This study therefore investigates
the effects of different heat treatments
during and after the laser process on
the oxide chemistry and morphology as
well as the resulting photocatalytic activ-
ity. These treatments aim to increase the

activity of the surfaces as they allow the aforementioned more
metastable phases to relax into more stable TiO2 phases like ru-
tile and anatase. Doing so could ideally increase the amount of
anatase rutile heterojunctions, which would most likely have ad-
ditional beneficial effects on the photocatalytic activity.[14–17]

Additionally, a prototype employing a patterned area of 80–
200 mm and 1.5 L of methylene blue solution was built using
easily available, low-cost materials to gain first insights regard-
ing the scalability of the approach.

2. Results and Discussion

2.1. Surface Topography

Samples with periodic surface structures fabricated by DLIP
can express hierarchical surface structures consisting of the ac-
tual DLIP pattern and a sub-structure. These sub-structures can
be laser-induced periodic surface structures (LIPSS), remnants
from the ablation process, or structures originating from the re-
deposition of material.[13,18–21] As expected from the results of
previous work, the surfaces depicted in Figure 1 show a hierar-
chical structure where the material is ablated from the regions
with maximal laser intensity, and a part of this material is then
redeposited as oxide at the intensity minima of the applied inter-
ference pattern. This oxide layer has a porous substructure that
depends on the pulse energy. For low pulse energies (L-samples)
only small amounts of material are ablated per pulse. The ablated
material then has time to oxidize and agglomerate at the interfer-
ence minima. This leads to the formation of a complex, open-
pored oxide structure at those locations (Figure 1a,c). High pulse
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Figure 1. SEM images of surfaces produced at room temperature with a) low and b) high pulse energies together with close-ups of respective cross
sections (c/d). e) Chemical contrast between titanium and oxide can be achieved by the secondary ion contrast using Xenon ions. The red markings in
(a,b) indicate the approximate location of the respective cuts, whereas the red rectangle in e indicates the area depicted in (d).

energies (H-samples), on the other hand, produce molten mate-
rial that forms a cone-shape on top of the maxima that is then
covered with oxide (Figure 1b,d). Secondary ion imaging of the
focused ion beam (FIB) cross-sections is applied and yields supe-
rior contrast between metal and oxide. The convolved mixture of
metal andmetal oxide onH-samples becomes visible (Figure 1e).
The result of this formation process is a surface that rather shows
large pores within the structure instead of an open “coral-like”
oxide structure. In addition to this oxide structure, the surfaces
produced at elevated temperatures show an extremely fine oxidic
structure on top, as can be shown in Figure 2 depicting a sample
produced with high pulse energy at 400 °C. The heat treatments
after the patterning, on the other hand, had no visible effect on
the observed porosity as the treatment temperature and time ap-
parently were not sufficient to cause significant densification.

2.2. Surface Chemistry

This section discusses the surface chemistry of the produced
samples on the basis of X-ray diffraction (XRD) measurements.
While respective measurements were performed for all samples,
the observed trends are discussed using themost relevant diffrac-
tograms shown in Figure 3. These have been analyzed using Ri-
etveld refinement to determine the relative phase concentrations
that are presented in Table 1.
Generally speaking, a high anatase content is desirable as

anatase is seen as the most photocatalytically active phase. A
combination of anatase with rutile can further increase the ac-
tivity as the combination of both phases facilitates charge sepa-
ration and prevents recombination.[14,22,23] The oxygen-deficient
phases hongquite and tistarite (TiO and Ti2O3) have in former
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Figure 2. Sample surfaces patterned at 400 °C with high pulse energies
showing vast amounts of oxide in the ion contrast overview a) and a very
fine, porous oxide structure in the magnified SE image b) of the rightmost
peak.

work shown to have a mostly negative impact on the photocat-
alytic activity.[13]

Although all samples were exposed to the same accumulated
fluence it can be shown in Figure 3 and Table 1 that even the sam-
ples produced at room temperature show a significant difference
in oxide composition depending on the applied pulse energy.
While both sample sets show rutile and anatase the samples pro-
duced with high pulse energy show significantly more oxygen-
deficient oxides TiO and Ti2O3. This observation is in agreement

Figure 3. Exemplary XRD curves for samples with high (H) and low (L)
pulse energies and different heat treatment temperatures and times. The
observed peaks are indicated using the PDF files listed in Section 3.3.2 and
labeled with the respective phases. A: Anatase; R: Rutile; 𝛼: 𝛼-Titanium;
T: Tistarite (Ti2O3); H: Hongquite (TiO). At the bottom of the graph, the
reference spectra for rutile and anatase are plotted with their respective
intensities according to the PDF cards listed in the methods section.

with former work[13] and likely stems from the fact that more tita-
nium is ablated per pulse at high pulse energies. As a result, the
oxygen content in the resulting plasma is not sufficient to fully ox-
idize the material. It is additionally observed that for lower pulse
energies the diffractograms show pronounced peaks of alpha ti-
tanium.However, as it was seen by scanning electronmicroscopy
(SEM) that the surface of the peaks is covered in oxides, it is sug-
gested that the lower pulse energies produce less oxide in the
topographic troughs while the higher pulse energies produce a
thin oxide layer even in these valleys. For the samples exposed to
higher temperatures, a shift of the 𝛼-Ti reflections toward lower
angles can be observed. This shift can be explained by the in-
corporation of oxygen into the titanium lattice, whichaffects the
lattice constant and the c/a ratio.[24,25]

Simultaneously the oxygen-deficient phases hongquite and tis-
tarite (TiO and Ti2O3) partially disappear during the heat treat-
ments. Especially the hongquite signal that was relatively strong
at room temperature (H-RT in Figure 3) is greatly reduced when
the sample is patterned at 200 °C. This reduction in signal im-
plies that the heat treatment halved the amount of TiO from 22
mass% for the room temperature sample to 11 mass% for the
sample patterned at 200 °C. For both laser treatments at 600 °C

Table 1. Phase concentrations in mass% determined from the XRD measurements shown in Figure 3 via Rietveld refinement. The error of the measure-
ment is 1 mass% for all measurements.

Sample TiO2 [rutile] TiO2 [anatase] Ti2O3 [tistarite] TiO [hongquite] alpha-Ti

L-RT 79 14 0 4 3

H-RT 49 20 8 22 1

H-200°−1 h 47 23 10 18 2

H-200°-process 55 23 9 11 2

H-600°−3 h 66 21 3 8 2

H-600°-process 77 19 0 2 3

L-600°-process 88 7 0 2 2
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hongquite is barely visible. Tistarite behaves similarly, although
in contrast to honquite some amount of tistarite appears to be re-
maining in the sample heat treated at 600 °C after the patterning.
When regarding the left side of the diffractograms, the anatase

and rutile peaks can clearly be distinguished. For the room tem-
perature samples, the area below the peaks also indicates the
presence of a significant amount of amorphous phase as is to
be expected with regard to the high cooling rates that result dur-
ing the redeposition process. Anatase has a higher Gibbs energy
than rutile at all temperatures and therefore generally exists as
a metastable phase and will transform into rutile at ≈600 °C al-
though observations vary from 400 to 1200 °C. Anatase is how-
evermore stable than rutile at particle sizes below 40 nmas it pos-
sesses a smaller surface energy. As a result, the redepositedmate-
rial that is partially amorphous or has very small grain sizes likely
is the main source of anatase on the surface. At elevated temper-
atures, the amorphous material appears to gradually transform
into rutile. Even at 600 °C some anatase still remains both in the
sample heated after the laser patterning and the sample that was
patterned at 600 °C. Particularly the fact that the sample patterned
at 600 °C still shows anatase indicates that very small grains of
anatase are formed during the process and did not have the time
to grow and transform into rutile.[26–29]

It must be noted though, that the information depth of the
XRDmeasurements is limited to≈125 nm as a result of the small
angle of incidence of 0.8° when assuming the absorption charac-
teristics of rutile. This means that the oxide composition below
the surface cannot be assessed by these measurements. The dif-
ferent holding times did not cause visible differences in the re-
sulting spectra for any of the samples, which is why they were
not plotted in Figure 3.

2.3. Photocatalytic Activity

Methylene Blue (MB) degradation experiments were performed
as described in Section 3.3.3. After the experiment, the remaining
concentrations were measured via UV–vis spectroscopy (Section
3.3.4) and compared to the initial concentration C0 (50 μm). As
previous work.[13] could already show stable cycling stability for
similar surfaces, this work did not investigate multiple degrada-
tion cycles.
Figure 4 depicts the results of the degradation experiments for

samples that were heat-treated after the patterning. For two ref-
erence measurements, one containing only the methylene blue
solution without any sample and one including untreated tita-
nium, the methylene blue concentrations remained unchanged
(C/C0 = 1), which is why they were not plotted here. For the two
outliers at 200 °C-1h-H and 200 °C-3h-L, it was observed after the
experiment that air bubbles had remained at the sample surfaces,
which likely resulted in a decreased activity. In a small-scale rep-
etition of the experiment, 200 °C-3h-L showed an activity similar
to the other L samples. Overall, it could be observed that all heat
treatments improved the activity of the surface and there is no
significant difference between different pulse energies. This is
consistent with former experiments without heat treatments.[13]

It can additionally be observed that all but the 200 °C-1 h treat-
ment resulted in a major increase in photocatalytic activity. This
increased performance can likely be attributed to an increase in

Figure 4. Remaining MB concentrations as measured by UV–vis spec-
troscopy. The methylene blue concentration after the experiment was di-
vided by the initial concentration C0 to determine a percentual decrease
for various heat-treated samples and the laser patterned reference that re-
mained at room temperature (RT). H and L indicate high and low pulse
energies.

crystallinity as amorphous oxides crystallize and the peak for ru-
tile becomes more pronounced.[30] Even though the pulse energy
influences both the surface topography and chemistry (mainly by
producing more TiO at higher pulse energies), it tends to have
only a small impact on the photocatalytic activity. This is espe-
cially true after the heat treatment where the oxygen-deficient
phases crystallize to form rutile. Overall, this crystallization can
be assumed to be the main cause of the increase in activity
for the heat-treated samples as the presence of oxygen-deficient
phases has in a former study shown to decrease the activity of the
surface.[13]

The results of the experiments employing the heat treatment
during the patterning process are shown in Figure 5. To assess
the effect of the heat treatment in air without patterning, an un-
patterned reference was produced for each temperature. Espe-
cially the reference at 400 °C showed a minor photocatalytic ac-
tivity that is consistent with the results of a former study that
observed a mixture of anatase and rutile in samples produced at
450 °C.[31] As these results show, an increase in temperature to

Figure 5. MB degradation caused by samples that were patterned at ele-
vated temperatures.
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Table 2. Kinetic constants for all patterned samples.

Processing
temperature
[°C]

Heat-treatment
temperature

[°C]

Heat-treatment
time [h]

Pulse energy Kinetic constant
[1/h]

RT 200 1 H 0.23 ± 0.04

L 0.45 ± 0.04

3 H 0.60 ± 0.02

L 0.27 ± 0.09

400 2 H 0.61 ± 0.04

L 0.59 ± 0.06

600 1 H 0.59 ± 0.01

L 0.66 ± 0.12

3 H 0.51 ± 0.02

L 0.83 ± 0.09

– H 0.40 ± 0.02

L 0.36 ± 0.09

200 – H 0.75 ± 0.01

L 0.69 ± 0.06

400 – H 0.46 ± 0.05

L 0.76 ± 0.08

600 – H 0.37 ± 0.13

L 0.38 ± 0.04

only 200 °C during the laser patterning was enough to achieve
very high activities. In fact, the first-order kinetic constant of the
sample produced with a high pulse energy at 200 °C is with 0.75
1/h one of the three highest of the whole study, as can be seen
in Table 2. This correlates well with the observed anatase content
of 23% (Table 1), which was one of the highest observed in this
study.
As mentioned above, the increase in photocatalytic activity is

most likely a result of increased crystallinity and a lower content
of TiO. As amorphous TiO2 is generally considered inactive, its
presence can reduce the activity of the surface, and its crystal-
lization into anatase is very beneficial. However, rutile is thermo-
dynamically more stable than anatase except for nanostructured
grains (<40 nm) where anatase’s smaller surface energy stabi-
lizes the phase.[26–28,32] As a result, an effective heat treatment
needs to deliver sufficient activation energy for the nucleation of
amorphous TiO2 and the transformation of TiO into pure Ti and
TiO2 without resulting in crystal growth and the formation of ru-
tile.
Additional synergistic effects can be expected if anatase and ei-

ther rutile or Ti2O3 are present in the surface, and if an electrically
conductive connection (heterojunction) between those phases ex-
ists. This is because such heterojunctions can facilitate charge
separation and thereby decrease the probability that charge carri-
ers recombine right after their formation.[32–39]

As some of the heat treatments performed in this work re-
sulted in major increases in photocatalytic activity without a vast
increase in anatase content (Figure 3), it can be assumed that the
increase in activity is a result of an increased charge carrier mo-
bility and the formation of heterojunctions. To validate this hy-
pothesis, Transmission Electron Microscopy (TEM) analysis was
attempted. However, as a result of the complex surface topogra-

Figure 6. Methylene blue degradation achieved by the prototype. Themea-
surement labeled as 20h-2 was performed after the evaporation of 200 mL
was compensated.

phy, the preparation of sufficiently thin TEM lamella without the
loss of the porous surface oxides still proved challenging by the
time of publication. Future research will follow up on this ques-
tion.

2.4. Upscaling of the Approach

In order to gain insights regarding the scalability of the approach,
laser patterning was performed on an 80 × 200 mm area and
tested with 1.5 liters of methylene blue solution using a 30 W
UV lamp. The setup is explained in greater detail in Section 3.4.
Samples of the methylene blue solution were retrieved in in-

tervals of 2 h of UV irradiation. By the end of the experiment,
200 mL of water had evaporated and were replaced. Therefore,
two data points exist for 20 h of irradiation, one before and one af-
ter the evaporation was compensated. The resulting degradation
is shown in Figure 6. It can be seen that the concentration is con-
tinuously reduced with increasing irradiation time. After evapo-
ration was compensated by adding water it was revealed that the
concentration of the methylene blue solution had been reduced
by ≈30%.
To try and compare the performance of the prototype with that

of the lab setup the number of degradedmolecules per hour, watt,
and cm2 was calculated for both setups using the k values of the
RT-H sample from Table 2 and the 20h-2 sample from Figure 6.
Although the setups are vastly different, one employing a mir-
rored chamber andUV lamps, the other using an LED source and
a vastly different scale, accounting for the active surface, exposure
time, and UV power should show if both setups achieve compa-
rable degradation rates. The result of this comparison is shown
in Table 3. The time constant k is much smaller for the proto-
type than for the lab setup that can be explained by the smaller
surface-to-volume fraction of the prototype given the large sam-
ple volume of 1.5 L.When comparing the actual normed degrada-
tion speeds of both setups it becomes apparent that both achieve
similar efficiencies with the prototype having a slightly better
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Table 3. Comparing the prototype to the normal lab setup discussed be-
fore.

Lab setup Prototype

MB Solution [μL] 125 1.5 × 106

Active Area [cm2] 0.25 160

UV-Power [W] 32 30

k [1/h] 0.4 ± 0.015 0.019 ± 0.002

C0 [μm] 50 ± 4.37 50 ± 0.93

Amount of MB [nMol] 6.25 ± 0.546 75 000 ± 1.395

Degradation Efficiency
nMol∕(cm2∗W∗h)

0.216 ± 0.019 0.247 ± 0.006

performance. This increased performance can be attributed to
the higher efficiency of the employed LED light source for the
prototype compared to the efficiency of the lamps employed in
the lab setup. Another factor could be the larger overall reduction
of methylene blue for the lab setup, whichcould lead to a deple-
tion of MB that results in a smaller degradation speed toward the
end of the experiment. This effect could be amplified as the pro-
totype employed a continuous flow of solution that ensured an
even distribution of MB over the surface without the formation
of diffusion-limited depletion zones.

3. Experimental Section

3.1. Sample Preparation

The titanium samples used in this work were mirror-polished
with a multi-step polishing routine described in previous
work.[40] Before the laser patterning the samples were cleaned
using water and soap.
The pattering was performed with an edgewave px picosec-

ond laser with 532 nm wavelength, a pulse duration of 12 ps,
a maximum repetition rate of 100 kHz, and a maximum aver-
age power of 10 W. The optical setup used to split the primary
beam into multiple sub-beams and then interfere with those
beams on the sample surface was described in detail in a former
study.[13]

For the patterning, two different pulse energies namely 10
and 30.7 μJ were used. The resulting spot diameters of 94.7 and
113.5 μm resulted in pulse fluences of 0.143 and 0.309 J cm−2 re-
spectively. These sample sets were therefore labeled as low pulse
energy (L) and high pulse energy (H). The overlap between pulses
was varied by employing pulse distances of 0.134 and 0.409 μm.
Thereby the total number of pulses on a given point in the surface
was set to be 5250 for the low pulse energy and 2475 for the high
one. This scanning procedure achieved an accumulated fluence
of 750 J cm−2 for both sample sets, which was desired to ensure
comparability of both sets. The values were calculated using the
calculation routine developed in.[40]

3.2. Heat Treatment

The heat treatment after the patterning was conducted in an oven
equipped with a vacuum tube (9.0 × 10−5 to 4.6 × 10−5 mbar) to

Figure 7. Parameter matrix for the heat treatments after the laser pattern-
ing.

ensure that the existing metastable oxides can relax into more
stable phases without the formation of additional oxides. The
minimum and maximum temperatures were chosen as 200 and
600 °C and the holding times as 1 and 3 h. Additionally, a cen-
ter point was chosen at 400 °C and 2 h. The heating and cool-
ing rate was set as 1 °C min−1. The experiment matrix is de-
picted in Figure 7. The maximum temperature of 600 °C was
chosen because the literature reports the formation of pure ru-
tile at higher temperatures (e.g., 750 °C by Barbour et al.[1]).
In 2016 Wang et al.[31] have shown that a 6 h heat treatment
at 450 °C produces a mixture of rutile and anatase in the sur-
face. It should be noted that these studies were performed in
oxygen-rich atmospheres. The experiments in this work however
aim not to create additional oxide but only to transform exist-
ing metastable phases. As these processes were expected to re-
quire less diffusion than the formation of a thick oxidic film on
the surface, the treatment times were varied on a shorter time
scale.
For the heat treatment during the patterning, the samples

were placed on a heating plate made of stainless steel that was
equipped with two 200 W heating elements. The samples were
placed on this plate before it was heated with a heating rate of
5 °Cmin−1. The patterning was started 5min after the target tem-
perature was reached.

3.3. Surface Analysis

3.3.1. SEM/FIB/EDS

FIB cross-sectioning and SEM imaging were performed us-
ing both a Ga-FIB/SEM (FEI Helios Nanolab600) and one
employing a xenon ion source (Thermo Fisher Helios G4
PFIB). Secondary electron imaging was done at an accelera-
tion voltage of 5 kV. Secondary ion imaging was done us-
ing the xenon ion beam at 30 kV and the proprietary ICE
detector.
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Table 4. Crystallographic references used for the evaluation of the XRD
curves.

Phase ICDD-Reference Code

𝛼-Titanium (Ti) 00-044-1294

Rutile (TiO2) 01-079-5858

Anatase (TiO2) 01-075-2545

Tistarite (Ti2O3) 04-005-4652

Hongquiite (TiO) 04-004-2981

3.3.2. X-Ray Diffraction

The grazing incidence XRD measurements were performed us-
ing Copper K𝛼 radiation in a diffractometer equipped with a
Goebel mirror (PANalytical X’Pert Pro MPD). The 2Theta range
was 20°–75° with a step size of 0.05°, an incidence angle of 0.8°,
and a dwell time of 35 s per step. For the measurements, the ori-
entation of the pattern was adjusted to be parallel to the incom-
ing beam tominimize shadowing effects. The powder diffraction
files that were used for the analysis are given in Table 4.
Rietfeld[41,42] refinement was performed using the analysis

software TOPAS from Bruker.[43] The respective crystallographic
data were sourced from the Pearson-Database.[44]

3.3.3. Methylene Blue Degradation

To quantify the photocatalytic activity of the surfaces, three in-
dividual 5 × 5 mm samples for each parameter were placed in
glass vials and brought in contact with 125 μL of a 50 μm methy-
lene blue (MB) solution. The vials were then randomly placed in
a holder and covered with a UV-transparent PMMA cover tomin-
imize evaporation. The holder was then placed in a commercially
available UV source (Naistar NS 01 UK&EU) employing four 8W
fluorescence lamps with a central wavelength of 365 nm. After an
irradiation time of 2 h 90 μL of the solution was retrieved to deter-
mine the remaining MB concentration via UV–vis spectroscopy.
For this, the 90 μL samples were diluted with 160 μL of distilled
water to achieve a sample volume of 250 μL.
These samples were placed in a Perkin Elmer Lambda 750

spectrometer where their absorption was measured in a wave-
length range from 600 to 700 nm with a 4 nm step size. The
optical path of the used cuvette was 10 mm. The concentration
was determined by comparing the sample’s absorption at 664 nm
with a calibration curve. To plot the results the remaining concen-
tration was normalized with the initial concentration. The frac-
tion C/C0 therefore indicates the amount of MB left in the solu-
tion after two h of irradiation. The first-order kinetic constant was
calculated using Equation (1):

k = 1
t
× ln

(
C0

C

)
(1)

3.4. Preparation of the Prototype

To produce a prototype on a larger scale, a commercially available
grade 1 titanium foil with 0.1 mm thickness was bought from

Figure 8. Prototype for the upscaled degradation experiment consisting
of a plastic container, a pump, the patterned foil, and a UV source. The
methylene blue solution circulated by a small pump located underneath
the nozzle on the right and flows over the patterned foil. The UV source in
the background is placed on top of the UV-transparent lid of the box.

Evek GmbH via a German supermarket chain (Kaufland Stiftung
& Co. KG). After cleaning with ethanol, the foil was placed in a
customized sample holder and laser patterned without any prior
surface treatment. To keep it as simple as possible, the patterning
was performed at room temperature with the high pulse energy
setting. A total area of 200 × 80 mm was patterned.
To remove any loose oxide particles the sample was washed

with deionized water and then placed in a polymer container as
depicted in Figure 8. To circulate the methylene blue solution a
small pump was placed under the sample holder and the nozzle
was fixed near the top end of the foil. As a UV source, a generic
30 W LED lamp with a center wavelength of 365 nm was bought
from Amazon marketplace. To start the experiment 1.5 L of 50
μm methylene blue solution was added, the pump was switched
on, the lid of the box was closed, and the UV lamp was placed on
the UV-transparent lid.
Before starting both the lamp and the timer, the setup was left

to run in the dark for 30 min. Afterward, the first sample was
withdrawn to mark the initial concentration. Additional samples
were withdrawn every 2 h. Every time, three samples of 90 μL
were withdrawn to ensure that the subsequent measurement pa-
rameters for the UV–vis were identical to those of the previous
measurements. After every withdrawal, the setup was left for sev-
eral minutes to let the UV lamp cool down. After 20 h of UV expo-
sure, a total of 200 mL of water had evaporated and was replaced
after which another sample (20 h-2) was retrieved.

4. Conclusion

It could be shown that heat treatments after and during laser
processing can improve the photocatalytic activity of the result-
ing surfaces. Especially the laser treatment at 200 °C appears to
be a feasible approach when producing photocatalytic surfaces at
a larger scale without adding a second processing step. It could
further be shown that the increase in activity mainly stems from
the transition of amorphous and oxygen-deficient phases (espe-
cially TiO) into crystalline anatase and rutile phases. It is further
hypothesized that a large number of heterojunctions between
those phases exist, which could further explain the increase in
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reactivity. Finally, one of the patterns was chosen for a larger-scale
prototype employing everyday materials. The prototype achieved
a degradation efficiency of 0.25 mMol per hour, cm2, and watt
of UV irradiation. Given that this laser treatment can be applied
on large surfaces relatively easily, this approach could facilitate
wastewater treatment using sunlight and respective photoreac-
tors.

Acknowledgements
The authors gratefully acknowledge funding for the ZuMat project, sup-
ported by the State of Saarland from the European Regional Development
Fund (Europäischer Fonds für regionale Entwicklung, EFRE). Funding by
the German Research Foundation (DFG) for both the PFIB/SEM instru-
ment (INST 256/510-1 FUGG) and the picosecond DLIP machine (INST
256/470-1 FUGG) is greatly acknowledged. Technical assistance for this
work was provided by the Service Center X-ray Diffraction, with financial
support from Saarland University and the German Science Foundation
(project number INST 256/349-1). The authors thank Dr. Oliver Janka for
the support in the interpretation of the X-ray diffraction data presented
in this paper. Special thanks go to Bruno Alderete for proofreading and
providing language corrections.

Conflict of Interest
The authors declare no conflict of interest.

Data Availability Statement
The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Keywords
direct laser interference patterning (DLIP), heat treatment, laser surface
functionalization, photocatalytic materials, pulsed laser ablation, titanium
oxide, water purification

Received: October 1, 2024
Revised: December 19, 2024

Published online: January 9, 2025
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