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1. INTRODUCTION

In recent years, the intersection of photocatalysis and environmental science has
given rise to innovative solutions for some of the most pressing ecological and
health-related challenges [1, 2]. Due to the relentless pace of industrialization and
urbanization, effective and sustainable methods for removing harmful pollutants
and killing pathogenic microbes are urgently required. Traditional methods of
water treatment and disease prevention often involve the use of chemicals that
can further contribute to environmental pollution or are energy-intensive and costly
[3, 4] Among innovations offered by nanotechnology, nanosized photocatalysts
have been suggested as promising materials to be used for addressing issues
related to water pollution, air purification, and spreading infectious diseases [3—8].

Photocatalytic technology stands out for its ability to harness the energy of
light, typically from the sun, to catalyze the breakdown of various organic
compounds and microorganisms in an environmentally friendly and cost-
effective manner [4, 6, 9, 10]. Photocatalysis is a process that facilitates light-
activated materials to initiate or accelerate chemical reactions. Photocatalysts can
degrade harmful pollutants and pathogens, offering a sustainable approach to
environmental remediation and disinfection [3—8].

The initial focus of photocatalytic research was predominantly on TiO,-based
materials due to their strong oxidative power, stability, and non-toxicity [11].
More recently, a broad range of materials and composites have been investigated
in photocatalytic applications. Examples include ZnO, ZnO decorated with Ag
nanoparticles, and mixtures of TiO, and other oxides including CuFe,O4 and
Fe,03[12-14]. The incorporation of silver (Ag) into zinc oxide (ZnO) enhances
its photocatalytic and antimicrobial efficacy [15]. Similarly, the combination of
TiO, with magnetic CuFe,04-Fe,O; particles facilitates the easy recovery and
reuse of photocatalysts, marking a significant advancement in making photo-
catalytic processes more practical and environmentally sustainable [16].

The central theme of this thesis is photoinduced activity of materials, mainly
photocatalysis. In the second chapter of this thesis a literature overview on photo-
induced processes such as photocatalysis and light-induced hydrophilicity is given.
Then literature overview about photocatalytic water treatment and photocatalytic
antimicrobial coatings is given. In the last part of this section a closer look at the
experimental techniques used in the work is made. In the third chapter the author
has outlined the motivation and aims of the thesis. Chapter four covers the infor-
mation about material synthesis and methods. In chapter five results are discussed
in following order: (i) first section of results focus on the free photocatalytic par-
ticles used for water purification (Paper I) (ii) on the results obtained from
investigations of particles in acrylic matrix (Paper II and III) and (iii) on the
photocatalytic activity and wettability of commercial coatings (Paper IV).
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2. LITERATURE REVIEW

2.1 Photocatalysis

Photocatalysis is a process of acceleration of a light-induced reaction by intro-
duction of a light-absorbing catalyst. Materials which absorb light and as a result
act as catalysts are called photocatalysts.

In a heterogeneous photocatalysis, a catalyst (PC) is activated by the absorp-
tion of a photon whose energy, hv, is larger than the band gap (Eg) of the material
[17-19]. As a result (Fig. 1), an electron (e") is excited to the conduction band
(CB) of the photocatalyst and a hole (electronic vacancy, h") is created in the
valence band (VB) [20, 21]. This process is illustrated in Figure 1. If the lifetimes
of ¢ and h" are sufficiently long, they can diffuse to the surface of the semi-
conductor and participate in redox reactions. The most important attributes of a
photocatalytic material are the positions of the valence band maximum and the
conduction band minimum relative to the Fermi level (Er) [20]. The positions of
the band edges determine the oxidizing power of holes, and the reducing power
of excited electrons. This determines the oxidizing power of holes and the re-
ducing power of electrons. If photogenerated h™ near the photocatalyst’s surface
have enough energy, they can directly oxidize adsorbed pollutants (Dads), or alter-
natively they can oxidize water molecules or surface hydroxyl groups (OH") to
form hydroxyl radicals (*OH) through the following reactions [19]:

« PCabsorbs a photon and generates a pair of e and h™: PC + hv - PC(h* + e7)

« h" oxidizes H,O or OH, leading to the creation of hydroxyl radicals:
h* + H,0 —»e OH+ H*/h" + OH™ —e OH

 h" interacts with Dags to produce oxidized forms: h* + Dggs = Dy

In the presence of oxygen, e contributes to reducing oxygen to form superoxide
(e 03) ions. Superoxide anions can undergo further reactions with protons and
adsorbed water to yield hydroperoxide radicals (*HO)), forming hydrogen
peroxide (H»0,). Hydrogen peroxide can react with superoxide to generate
additional hydroxyl radicals. These reactions may occur as follows [18, 19]:

* Oxygen is reduced by an e to form superoxide: O, + e~ = 05

« Superoxide anions react with H" to produce hydroperoxide radicals:
«0; + Ht »e HO,

» Hydroperoxide radicals can decompose into oxygen and hydrogen peroxide:
2 HOZ d 02 +e H202

* Hydrogen peroxide and superoxide ions react to produce hydroxyl ions,
hydroxide radicals, and oxygen: H,0, +¢ 0; — OH™ +¢ OH + 0,

11



These processes facilitate the formation of highly reactive species such as
hydrogen peroxide, superoxide ions, hydroperoxide, and hydroxyl radicals. The
latter four are called reactive oxygen species (ROS). With the help of the formed
reactive species photocatalytic reactions are able to oxidize various organic
pollutants [18, 19]. Therefore, photocatalytic materials can convert pollutants into
CO; and H,O under the sunlight.
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Figure 1. Schematic representation of photocatalytic mechanism. The exposure of
photocatalyst to UV-Vis light results in the excitation of e from the VB to the CB. This
leaves h* in the VB. The excited e reacts with O, molecules to produce O, while the h*
reacts with H>O to form HO". Reactive oxygen species (ROS) oxidize organic pollutants,
ultimately converting them into CO, and H,O. Direct oxidation processes also occur,
where the holes in the VB can directly interact with adsorbed organic pollutants (ads),
leading to their degradation.

During the last three decades, it has been found that titania (TiO,) is a robust and
efficient solar light activated photocatalyst [11, 17, 22-24]. However, its activity
is limited by its large band gap — 3.2 eV for the rutile polymorph, and 3.0 eV for
anatase TiO, — which means that it can only absorb a small fraction of the solar
radiation that reaches the Earth’s surface. Anatase is the most active photo-
catalytic phase of TiO, among other crystalline allotropes [5, 17, 19, 24]. The
superior performance of anatase is due to its surface structure, which results in
higher surface adsorption capacity to hydroxyl groups and oxygen than in case of
rutile [25]. Anatase also has a lower charge carrier recombination rate than in
case of rutile [25].

Nevertheless, there are also factors that limit the photocatalytic efficiency of
anatase TiO,, including the limited absorption of visible light and the short life-
time of photogenerated electrons. In addition, especially if used in nanoparticle
form and in liquid environments (e.g., for water purification), anatase can be dif-
ficult to recover from a photocatalytic reactor after its use. [9, 24]. Various
methods have been proposed to improve the performance of anatase TiO,. For
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example, anatase TiO, can be combined with rutile TiO,, as is done in the com-
mercial Evonik Aeroxide P25 (formerly Degussa P25) photocatalyst. P25 is a
flame-made multiphasic TiO, nanoparticle powder containing anatase and rutile
phases in a ratio of about 3:1. The past decades have witnessed the wide appli-
cation range of P25. It has become a benchmark material for studying photo-
catalytic mechanisms, materials, and processes [9].

Other strategies to enhance anatase TiO; include band-gap engineering and
combination with other semiconductors or metals [19, 26]. Combining anatase
with other semiconductors is particularly promising since it is expected to in-
crease photocatalytic performance via extending charge carrier lifetimes [27].
Moreover, it is also possible to modify other properties of anatase-based photo-
catalysts, e.g. by combining anatase with a magnetic material to produce mag-
netic composite photocatalyst that can be recovered from solution using powerful
magnets [28, 29].

Another well-known photocatalyst is zinc oxide (ZnO) [30]. Like anatase,
ZnO is a wide band gap semiconductor — its band gap of 3.3 eV is too large to
allow it to absorb visible light, but it has shown high photocatalytic activity under
UV radiation. However, ZnO differently from TiO; has high electron mobility,
which enhances reaction kinetics. ZnO has higher photocatalytic activity under
UVA compared to TiO». This has been attributed to its ability to absorb a broader
UV spectrum [31]. ZnO is often highlighted for its potential application as anti-
bacterial material, since it releases Zn ions [32, 33].

Similarly to TiO; there are different strategies to modify ZnO to shift its band-
gap closer to visible light or to enhance its properties for specific applications (for
example, antibacterial coatings). For ZnO such modification involves doping,
combining it with other semiconductors or metals, or optimizing oxygen vacan-
cies in ZnO [34-36].

2.2 Photocatalyst-driven hydrophilicity

Light-induced hydrophilicity is a property of materials whereby their surfaces
become more hydrophilic when exposed to (UV) light [37]. This phenomenon
was first discovered in titania films in 1998 [38]. This discovery has motivated
extensive research into undoped and doped titania surfaces aimed at developing
anti-fogging coatings for clear substrates like glass [39-41].

The underlying process of light-induced hydrophilicity involves the absorp-
tion of photons with energy exceeding the semiconductor’s band gap, exciting
electrons to the CB and leaving holes in the VB. A low recombination rate of
electrons and holes is vital, allowing them to migrate to the surface [42, 43]. In
the case of TiO,, photogenerated electrons convert Ti*" cations to Ti**, while holes
get trapped at lattice sites or near the material surface, weakening the bond between
Ti and lattice oxygen. This leads to oxygen liberation, the creation of oxygen
vacancies, and subsequently, a more hydroxylated surface due to dissociative water
adsorption, as presented in Figure 2. The increased number of hydroxyl (-OH)
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groups on the surface enhances van der Waals forces and hydrogen bonding with
water molecules, enhancing cohesion between liquid droplet and solid surface.
This effect intensifies under prolonged UV light exposure, reducing the contact
angle of water droplets to near zero degrees and rendering the surface hydrophilic
[39].

Furthermore, light-induced hydrophilicity can coexist with photocatalytic
activity, which has enabled the development of self-cleaning windows. This self-
cleaning mechanism operates in two stages: the photocatalytic breakdown of
organic and inorganic residues followed by the effective removal of these re-
sidues, facilitated by the hydrophilic surface that allows for easy washing, even
by natural rainfall. This two-step process ensures that windows not only stay clear
of pollutants but also remain clean, showcasing the dual benefits of titania’s light-
activated properties [39, 45].

Vacancies H H*
UV (-0,) [{ +H,0(0H, 1) \/

0z Oz (@] O (0] (@]
/N N AN V20 N AN /SNEF==, /N

Ti¢+ Tt Tis Ti* Tis* Tis+ Tier  Tiet Tie+  Ti+  Ti¢r  Tis+ Tiet  Tier Tie  Tist
N/ N/ N/ N/
Oz (oL Oz 02
Hydrophobic Hydrophilic

Figure 2. Illustration of photoinduced hydrophilicity: Electrons reduce Ti*" cations to Ti*",
leading to the ejection of oxygen atoms (formation of oxygen vacancies). These vacancies
enhance the surface’s affinity for water molecules, thereby making the surface hydrophilic.

2.3 Photocatalyst materials in antimicrobial applications

Antimicrobially active materials have recently gained significant attention as they
have been suggested to hold great promise in controlling the spread of microbial
infections [46]. Most microbial infections spread either through air or via sur-
faces. As such, air filters and high touch surfaces (~ surfaces that are frequently
touched) are the most evident areas of application for antimicrobial materials [42,
43]. The introduction of antimicrobial surface materials that prevent the adhesion,
proliferation or reduce the residence time of microbes would potentially provide
great socioeconomic and health benefits [47]. In general, the main types of
antimicrobial surfaces are (i) those that act via the release of an antimicrobial
agent, (ii) those that act upon direct contact between the microbe and the surface
and (iii) structured surfaces that prevent the binding of microbial cells to the
surface [48]. The efficacy of antimicrobial coatings in reducing microbial bio-
burden has been most clearly demonstrated in laboratory conditions, but it has
also been studied in real-life situations. For example, in reference [49] it was
shown that the use of copper surfaces [50-52] led to a decrease in the number of
hospital-acquired infections. Copper along with silver, belongs to the most
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widespread class of antimicrobial surfaces, in which the antibacterial active agent
is constantly released from the surface [53]. One of the drawbacks of such sur-
faces is the accumulation of dead bacterial mass on the surfaces and, subsequent
masking of the active surface [54]. This issue could be resolved by surfaces that
also eliminate dead bacterial mass. Previous studies of our lab [26, 55, 56] have
demonstrated that photocatalytically active TiO, surfaces may, in addition to
killing bacteria, also lead to the photooxidation of bacterial debris and, thus, the
removal of dead bacterial mass from such surfaces. This property can facilitate
the extended use of TiO,-based antimicrobial surfaces [55].

Besides pure photocatalytic materials, an encouraging approach in the context
of more effective antimicrobial surfaces is the use of composite materials, which
include a combination of different antimicrobial agents and mechanisms of anti-
microbial action. The introduction of nano-ZnO/Ag composites has been parti-
cularly noteworthy due to their enhanced antimicrobial properties, which com-
bine (i) antimicrobially active Zn and Ag ion release, (ii) direct microbial contact
killing, and (iii) enhanced ROS generation facilitated by the photocatalytic charge
separation process in ZnO/Ag systems [14], which significantly amplifies ROS
production compared to ZnO alone. This amplification results from the effective
separation of charge carriers within the composite material, reducing recombi-
nation rates and enhancing the photocatalytic reaction under both UV and visible
light spectra.

In order to claim antimicrobial activity of a surface, its efficacy has to be proven
using a relevant, most often a standard test method [57]. The most widely used
standard for testing the antimicrobial efficacy of photocatalytic materials is ISO
27447 method [57], titled “Test Method for Antibacterial Activity of Semicon-
ducting Photocatalytic Materials”, and the most frequently used test bacteria
include Escherichia coli (E.coli), Staphylococcus aureus (S. aureus), Pseudo-
monas aeruginosa (P. aeruginosa), which have considered also medical models
[23, 58]. Some of antimicrobial efficacy test methods also get closer to real-life
use settings and focus on the residual activity of these materials after repeated use
to assess their long-term durability and effectiveness, also after wear and tear [54].
Such assessments are crucial for determining the practical utility of these
materials in scenarios where they would be used continuously, such as in hospital
settings or public spaces. This activity analysis helps in understanding the life-
cycle and potential maintenance requirements of antimicrobial coatings, ensuring
they remain effective over time and do not contribute to bacterial resistance.

An important aspect of analyzing the antimicrobial activity of surface-coated
materials is understanding the mode of action of these surfaces [59]. The main
proposed mode of action of photocatalytic surfaces is the production of ROS and
contact killing [60], however depending on material also other mechanisms, such
as release of ions can take place [61]. As emphasized in previous studies, it is the
synergistic effect of these mechanisms that is essential for enhanced antimicrobial
effect of photocatalytic surfaces.
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2.4 Photocatalysis-based water treatment

Access to clean and safe drinking water is essential for life. Although the quality
of drinking water has remarkably improved compared with the past [62, 63], the
increased industrial and agricultural activities pose new threats mainly related
with the release of various chemicals. One class of the potential “new” environ-
mental contaminants is pesticides, chemical compounds used in increasing
quantities to inhibit the growth or survival of unwanted organisms. Due to their
extensive application on soil but also resulting from spills and disposal, pesticides
may accumulate in different environmental compartments [64], including surface
water or groundwater [65]. Various local drinking water treatment technologies
(e.g., ozone, ultraviolet, reverse osmosis) have been recently developed [66, 67],
for water cleanup. However, photocatalysis carried out by novel nanotechno-
logical photocatalysts stands out as an alternative and promising approach for
water treatment [68—72]. Yet in practical applications, the main drawback of
nanoscale photocatalysts is their poor collectability.

To improve the TiO; collectability it can be combined with a magnetic material
(Fig. 3). One of such materials is ferrimagnetic maghemite (y-Fe,O3) [73], how-
ever, it has low stability. The most common form of Fe,O3, hematite (a-Fe,0O3) is
a stable material with a fairly narrow bandgap (2.2 eV), but with a very weak
magnetic moment due to its canted antiferromagnetic order [74]. Besides its weak
magnetic properties, hematite has notably rapid recombination of the photo-
generated charge carriers, which significantly limits its photocatalytic potential
[75, 76]. A promising strongly magnetic material with high magnetic stability
near room temperature (Curie temperature as high as ~750K) is CuFe,O4 [77].
This material could be considered more resistant to photocorrosion or oxidative
changes under ambient conditions compared to binary iron oxide-based materials,
because it does not contain ferrous iron (such as magnetite) and does not depend
on vacancies in structure (like maghemite), both factors typically result in the
transformation to a fully oxidized, stable hematite phase in an oxidative environ-
ment. CuFe,O4 material features a smaller band gap value (~1.6 eV) compared to
iron oxide materials. However, its photocatalytic effectiveness is constrained by
charge recombination, a common issue for materials with strong light absorption
and small band gaps. Consequently, based on our current knowledge, there is no
material that adequately combines sufficient photocatalytic activity with satis-
factory magnetic collectability.

16



CuFe,0,/Fe,;0; _ @@
withTio, -~ 0@

Sa

0, \
H,O with 2,4-D
2 Organic Pollutants ) CO, + H,0 H,O without
. 2,4-b
® HO /
@
H,0

Figure 3. Schematic representation of TiO»-P25 mixed with magnetic CuFe.0Os-Fe.0s
nanocomposites, demonstrating improving photocatalytic water treatment and enabling
easy recovery of the catalyst, with effective degradation of pollutants such as 2,4-D.

At present, photocatalytic degradation of harmful organic pollutants can be realisti-
cally applied to small to medium size water purification setups, once sufficient
efficiency of the process as well as recyclability of the photocatalyst materials are
ensured [9, 78, 79]. An important determinant is also the non-toxicity of the
reaction end-products, especially when photocatalytic degradation concerns phe-
nolic pollutants [10].

2.5 Key techniques for the characterisation
of photocatalysts

Understanding of the physico-chemical properties of photocatalytic materials is
crucial for their development and potential application. This section explains the
main methods used to examine these materials in my research. Each technique
provides insight into different important features of the photocatalysts, such as
their elemental composition, surface structure and performance potential. In this
thesis X-ray Photoelectron spectroscopy (XPS), Ultraviolet-Visible (UV-Vis)
spectroscopy, X-Ray Diffraction (XRD), and Scanning transmission electron
microscopy (STEM) were used to characterize photocatalytic materials. These
techniques together have a potential to provide us more detailed understanding of
the photocatalysts, helping to improve their performance.

2.5.1 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) provides detailed information about the
elemental composition of a surface and the chemical states of surface atoms,
enabling therefore an understanding of the active surface of a photocatalyst. XPS
can identify the oxidation states of metals such as copper and titanium, which
influence the electronic properties and, consequently, the photocatalytic perfor-
mance of materials [80]. This information is critical for understanding the photo-
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catalyst’s activity. For instance, the presence of copper in oxidation states Cu'*
and Cu®" can significantly affect a photocatalyst’s ability to absorb light and
activate chemical processes [81]. Cu'" might be associated with a reduced band-
gap, allowing the material to absorb visible light more efficiently than materials
with only Cu** [82]. This capability can extend the operational wavelength range
of photocatalysts, enhancing their effectiveness under visible light [6] .

XPS is based on the photoelectric effect. When the sample is exposed to X-rays
of a specific photon energy, it results in the emission of photoelectrons from the
surface of material. For solid materials, the excited electrons must have sufficient
energy to overcome the work function of the surface to be emitted. With known
photon energy and the solid’s work function, the binding energy of electrons
within the sample can be calculated using the equation [83]:

Eb:hV— Ek—q) (11)

The photoelectron spectrum depicts the number of emitted electrons as a function
of their kinetic energy.

XPS is a surface sensitive technique. This sensitivity stems from the electrons’
limited mean free path in materials. Typically, for soft X-rays (photon energy
<2 keV), this path is under 2 nm for the majority of elements, highlighting the
technique’s surface sensitivity [83—85].

The utility of XPS extends to identifying elements in the surface region due
to the unique binding energies of core electrons of different elements. It also excels
in assessing the chemical states of surface atoms. For instance, the formation of
an oxide from a metal involves the transfer of electron density from the metal
atoms to the oxygen atoms, due to oxygen’s higher electronegativity. This trans-
fer leaves the metal atom with a partial positive charge, and as a result, more work
is required to remove an additional electron from the metal atom. In other words,
the core electron binding energies of the metal atom are higher in the oxide than
in the elemental metal — this is known as a chemical shift. Besides photoelectron
peaks, photoelectron spectra can also display structures attributed to Auger
electrons, as well as shake-up and shake-off satellites and multiplet splitting.
Auger electron emission is an internal atomic process unaffected by the photon
energy, contrasting with the variable kinetic energy of photoelectrons. Shake-up
satellites occur when an ejected photoelectron excites a valence electron to a higher
level, reducing the core electron’s energy and forming satellites in the spectra.
Similarly, shake-off satellites result from the complete ejection of a valence elect-
ron. Multiplet splitting, observed in materials with unpaired valence electrons,
arises from the interaction between an unpaired electron in the core and an outer
shell, leading to a multipeak structure in the spectra.
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2.5.2 Ultraviolet-visible spectroscopy

Ultraviolet-visible spectroscopy (UV-Vis) is a fundamental tool for characterizing
photocatalysts. It allows for determining width of the photocatalyst’s band gap,
which is a crucial parameter characterizing its light absorption properties and
therefore, the conditions for its photocatalytic activity [86].

UV-Vis spectroscopy is a widely utilized analytical technique to characterize
the absorption of ultraviolet or visible light by a substance. The principle under-
lying UV-Vis spectroscopy is based on the fact that visible or ultraviolet photon
has enough energy to promote electron excitation from an occupied state to an
unoccupied state

The basic equation governing UV-Vis absorbance, according to the Beer-
Lambert Law, is [87]:

A= €&lc (1.2)

Where 4 is the absorbance (a unitless measure), ¢ is the molar absorptivity coef-
ficient (L mol 'ecm™), / is the path length of the sample cell (cm), and c is the
concentration of the absorbing species (mol L™"). This equation illustrates that
absorbance is directly proportional to the concentration of the absorbing species
in the solution and the path length through which the light passes.

As a particular case of UV-Vis measurement, Diffuse reflectance spec-
troscopy (DRS) is employed to measure the diffuse reflectance of a sample. DRS
is particularly useful for analyzing powdered materials that cannot be dissolved
in any solvent for traditional UV-Vis spectroscopy. This technique involves
directing light onto a sample and measuring the light scattered back from the
surface. The obtained spectrum is then converted to an equivalent absorption
spectrum using the Kubelka-Munk function [86]:

F(R) = 2 (1.3)

Where F(R) — is the Kubelka-Munk function and R — is the reflectance of the
material. Kubelka-Munk function is crucial for understanding the optical pro-
perties of materials like semiconductors.

UV-Vis spectroscopy is pivotal for quantitative analysis in various chemical,
physical, and biological research areas. It enables the determination of the con-
centration of solutes in solution, characterizing the absorption spectrum of com-
pounds, which can reveal structural information, and monitoring the progress of
chemical reactions. The technique’s versatility extends to studying molecular
orbitals, bonds, and the electronic structure of compounds.

The spectral range of UV-Vis spectroscopy is typically from about 200 nm
(deep UV) to 800 nm (into the visible spectrum), covering the absorbance region
of most organic compounds and many inorganic compounds [88]. The method’s
simplicity, non-destructive nature, and minimal preparation required for samples
make UV-Vis spectroscopy a fundamental tool for scientists in diverse fields
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ranging from chemistry and biochemistry to environmental science and pharma-
cology. It is especially crucial for analyzing compounds like pigments, dyes, and
biomolecules such as proteins and nucleic acids, providing insights into their con-
centration levels and structural properties.

2.5.3 X-ray diffraction

X-ray diffraction (XRD) is a technique for characterizing the crystal structure of
photocatalysts. Understanding the crystal phase and orientation of a material is
crucial for optimizing its photocatalytic performance, as these factors can signi-
ficantly influence light absorption, charge carrier transport, and surface reactivity.

XRD is a powerful analytical technique based on the diffraction of X-rays by
the crystalline structures within a material. When a crystalline sample is illumi-
nated with X-rays of a specific wavelength, the rays are scattered in various direc-
tions. According to Bragg’s Law, constructive interference of these scattered
X-rays occurs at specific angles, depending on the distance between the planes in
the crystal lattice and the incident X-ray wavelength. This principle is encapsu-
lated in the equation [89]:

nA = 2dsin6 (1.4)

where n is an integer (the order of diffraction), 4 is the wavelength of the incident
X-ray, d is the distance between the crystal planes, and 8 is the angle of incidence.
The resulting diffraction pattern, which includes peaks at angles where con-
structive interference occurs, provides a unique “fingerprint” of the material’s
crystalline structure [87].

XRD is instrumental in identifying the phase composition of materials, elu-
cidating crystal structures, and determining lattice parameters. Its ability to detect
and quantify phases within a mixture, assess material purity, and measure the size
of crystalline domains makes it indispensable in materials science. The tech-
nique’s sensitivity to structural arrangement means it can distinguish between
different polymorphs of a substance, each of which may exhibit distinct physical
and chemical properties.

2.5.4 Scanning transmission electron microscopy

Scanning transmission electron microscopy (STEM) is a powerful, high-resolution
imaging technique that plays a vital role in nanomaterials research in general. It
enables the visualization of a nanomaterials morphology, composition, and ele-
mental distribution at the atomic level. When applied on photocatalytic materials,
such information is invaluable for understanding the structure-function relation-
ship in photocatalysts and for designing photocatalytic materials with improved
functionalities.

STEM combines scanning electron microscopy (SEM) principles and tradi-
tional Transmission electron microscopy (TEM) to provide detailed images at the
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atomic or molecular level. In STEM, a focused beam of electrons is scanned in a
raster pattern over a thin specimen. As electrons interact with the sample, they can
be scattered elastically or inelastically, with detectors positioned to capture various
signals generated from these interactions, including transmitted electrons, secon-
dary electrons, and X-rays [88].

The high-resolution images produced by STEM result from the electron beam’s
reduced wavelength compared to visible light, allowing for the examination of
structures on the nanoscale. Additionally, STEM can be equipped with various
analytical tools, such as Energy-dispersive X-ray spectroscopy (EDX) for chemical
analysis and Electron energy loss spectroscopy (EELS) for investigating the
electronic structure of materials.

STEM is particularly valued for its ability to provide high-resolution structural
information and compositional and electronic information about the sample [89].
This makes it a versatile tool in materials science for studying the morphology,
crystallography, and chemical composition of materials at the nanometer or even
atomic scale. The technique’s depth of information makes it crucial for the advan-
cement in nanotechnology, semiconductor research, and the development of
advanced materials.

21



3. MOTIVATION AND AIM OF THE WORK

This thesis is dedicated to advance photocatalytic materials for water treatment
and antimicrobial applications, particularly emphasizing their synthesis, characte-
risation, and efficacy testing. The overarching goal behind the activity is to con-
tribute to development of efficient, collectable and reusable water treatment photo-
catalyst and enhancement of photocatalytic antimicrobial coatings.

The specific aims were:

To synthesize photocatalytic materials for water treatment and anti-

microbial applications, specifically:

o Collectable and reusable novel photocatalyst based on mixture of TiO»-
P25 combined with magnetic CuFe;04-Fe,0s.

o Real-life applicable novel photocatalytic ZnO-based surface coatings.

To relate photocatalytic efficiency of physico-chemical properties of photo-

catalytic materials, specifically to clarify:

o Changes in crystal structure, composition, particle size, elemental distri-
bution, surface chemical species and UV-Vis absorption of novel photo-
catalyst based on mixture of TiO,-P25 combined with magnetic CuFe,O4-
Fe,0s. Before and after magnetic separation, collection and photocatalytic
reuse.

o Distribution of nano-ZnO in acrylic matrix.

o Surface chemical species of SaniTise™ and BIOCLEAN®

To clarify the relationship between photocatalytic efficiency and light in-

duced surface wettability, specifically in case of:

> Novel photocatalytic ZnO-based surface coatings for antimicrobial appli-
cations on plywood and stainless-steel.

> Commercial glass surfaces SaniTise™ and BIOCLEAN®.

To assess the efficiency of photocatalytic materials, specifically:

o Mixture of TiO,-P25 combined with magnetic CuFe,O4-Fe,Os before and
after magnetic collection for photocatalytic water purification from 2,4-D,
as hardly degradable model pollutant.

o ZnO-based surface coatings for photocatalytic antimicrobial application.

° Clarify the photocatalytic efficiency of commercial glass surfaces SaniTise™
and BIOCLEAN®. Results provided information about photocatalytic effi-
ciency of commercially available products, and this helped to evaluate effi-
ciency of prepared coatings.
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To clarify the impact of wear and tear on photocatalytic activity and wet-

tability of coatings, specifically:

> Synthesized nano-ZnO-based acrylic coatings and commercial microsized
ZnO-based coating on stainless steel.

To propose strategies for developing novel photocatalytic materials and

coatings with enhanced performance, specifically exploring:

o Magnetic collectability and reusability of mixture of TiO,-P25 combined
with magnetic CuFe;O4-Fe0s.

o ZnO-based acrylic coatings on wood and stainless steel for antimicrobial
applications.

The statements presented for defense in this thesis are:

Novel magnetically collectable and reusable photocatalyst can be developed
by combining TiO,-P25 with CuFe,04-Fe,0; for water treatment.

Novel photocatalytic surface coatings for antimicrobial applications can be
designed from nano-ZnO particles in acrylic matrix.

Photocatalytic efficiency of ZnO-based acrylic surface coatings can be pre-
served after simulated wear and tear.

Surface wettability in case of ZnO on acrylic matrixes are not affected after
wear and tear.

The course of this research involves:

Synthesise novel photocatalytic and magnetically recoverable mixture of TiO,-
P25 with CuFe;04-Fe,0s.

Prepare novel photocatalytic ZnO-based surface coatings.

Characterise TiO»-P25 combined with magnetic CuFe,04-Fe,O3 , ZnO-based
surface coatings and commercial glass surfaces (SaniTise™ and BIOCLEAN®).

Perform investigations of photocatalytic efficiency of TiO»-P25 combined with
magnetic CuFe,04-Fe;Os for 2,4-D degradation in water,

Perform investigations of photocatalytic efficiency of ZnO-based surface
coatings and commercial glass surfaces (SaniTise™ and BIOCLEAN®) for
methylene blue degradation on surface.

Elucidate the impact of wear and tear on photocatalytic activity of nano-ZnO-
based acrylic coatings and commercial microsized ZnO-based coating on
stainless steel.

Clarify the relationship between photocatalytic efficiency and light induced
surface wettability of ZnO-based surface coatings and commercial glass sur-
faces SaniTise™ and BIOCLEAN®.
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* Analyze data from these experiments to identify the key factors that influence
the performance of those materials and use this information in the design of
enhanced photocatalysts.

Through these aims, the thesis endeavours to deepen the understanding of photo-

catalytic materials and their potential for water treatment and antimicrobial appli-
cations.
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4. MATERIALS AND METHODS

4.1 Photocatalyst synthesis

4.1.1 The synthesis of TiO; with CuFe,04-Fe;03

In Paper I TiO, (Evonik Aeroxide P25, formerly Degussa P25) and precursor
reagents Cu(NOs), x 3H>O (99% purity, trace metals based), Fe(NO3); x 9H,O
(99% purity, trace metals based) and NH4OH (98% purity) were all obtained from
Sigma Aldrich. CuFe,Os-Fe,O3 was synthesized using a co-precipitation method
with copper and iron nitrate salts dissolved in deionized water, then precipitated
by adding NH4OH until pH 11 was reached. The precipitate was washed, centri-
fuged, dried at 60 °C and annealed at 700 °C for 4h. For the photocatalyst TCF-
M-5c (see naming convention at Table 1), this oxide powder was mixed with TiO;
(Evonik Aeroxide P25) in a ratio of 20:80 and annealed at 600 °C for 24 h. The
mixture was subjected to magnetic separation to isolate the magnetic fraction
(TCF-M) from non-magnetic particles (TCF-NM), adjusting the component ratios.
Reference materials used included unmodified TiO,-P25 and a batch annealed at
600 °C to study the effects of thermal treatment.

Table 1. Materials naming conventions. Table reprinted by CC BY-NC 3.0 Deed licence
from Paper L.

Codes of material | Description

TiO2-P25 TiO, (Evonik Aeroxide P25)

TiO2-P25 @ 600 °C | TiO, (Evonik Aeroxide P25) annealed at 600 °C for 24 h
CuFe204-Fe203 synthesised CuFe>O4-Fe 03

TCF20-S 20% of the annealed CuFe;04-Fe,O3 powder with 80% of TiO,-P25
TCF-NM non-magnetic fraction of TCF20-S after magnetic extraction
TCF-M magnetically extracted fraction of TCF20-S material

TCF-M-5¢ TCF-M after 5 cycles of photocatalytic degradation

4.1.2 Synthesis of nano-ZnO and nano-ZnO/Ag

For photocatalytic material from Paper II and Paper III, the stock solution of
Zn(CH3COO);, x 2H,0 (puriss. p.a. Sigma Aldrich) in methanol (27 wt.%) was
prepared by stirring and heating under reflux. KOH (22 wt.% Lach-Ner, reagent
grade) in methanol was added to the stock solution under continuous stirring, and
the mixture was then heated under reflux and stirring in an 80 °C oil bath for 72 h.
The suspension was allowed to cool to room temperature, and the resulting white
solid was washed with methanol. Nano-ZnO were stored as a methanol con-
taining paste in the dark at room temperature. Nano-ZnO concentration in the
paste was determined by thermogravimetric analysis. Silver 2-ethylhexanoate was
prepared by mixing together equal volumes of 0.1 M AgNOs and 0.1 M sodium
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2-ethylhexanoate aqueous solutions. The resulting white precipitate was washed
with deionized water and methanol and subsequently left to dry in the dark at room
temperature for a week. To produce nano-Zn/Ag composite, nano-ZnO, formed
as a nanorods, approximately 20 nm in diameter and 120 nm in length was deposi-
ted with Ag using UV A-induced photodeposition to prepare nano-ZnO/Ag com-
posite particles.

4.2 Surface and coating preparation

4.2.1 Nano-ZnO and nano-ZnO/Ag in acrylic matrix on plywood

Squares of plywood (birch, 4 mm thick, 25 x 25 mm) were used as a surfaces to
be covered with acrylic-embedded nano-ZnO and nano-ZnO/Ag according proce-
dure described in section 4.1.2. Acrylic clear matt commercial two-component
topcoat meant for wooden surfaces (topcoat TZ9310/00 and hardener TH0790/00,
Sayerlack, Pianoro, Italy) was used as the acrylic matrix to embed the prepared
nano-ZnO and nano-ZnO/Ag particles.

Before applying the nanomaterial-enhanced acrylic matrix material, the wooden
surfaces were undercoated (TU0141/00, Sayerlack, Pianoro, Italy) and allowed to
dry under ambient laboratory conditions for one week. The nano-ZnO and nano-
ZnO/Ag enhanced topcoats were then uniformly brushed onto the surfaces,
employing a brushing method to reflect a practical real-world application tech-
nique. As a result, the thickness of the coating was determined solely by the method
of application and was not specifically tailored. After coating, the surfaces were
left to dry at room temperature for another week before further analysis. Wooden
surfaces treated with only undercoat and topcoat served as negative controls.

For “nanomaterial controls” in photocatalytic experiments, glass surfaces with
(matrix-free) nano-ZnO and nano-ZnO/Ag particles were used. For this, nano-
ZnO and nano-ZnO/Ag suspensions were spin-coated onto 25 x 25 mm square
cover glasses (2855-25, Corning Inc., Corning, NY, USA). The surfaces were
subsequently heated at 200 °C for 6 h to improve nanoparticle adherence to the
glass substrates and ensure the removal of organic residues.

4.2.2 ZnO in acrylic matrix on stainless steel

Stainless steel (SS) disks in Paper III were used as substrates for the ZnO-based
coatings. The disks were thoroughly cleaned with a series of washing steps in-
volving water, acetone, and ethanol, followed by ultrasonic cleaning and air drying.
Two types of ZnO were employed for the coatings: commercial micro-sized ZnO
(colour pigment Sennelier Zinc White) and in-house synthesized ZnO nanorods
(described in 4.1.2). The nano-ZnO particles were incorporated into a two-com-
ponent acrylic polymer matrix designed for metal surfaces, consisting of a matte
topcoat, a hardener, and a thinner (SIRCA S.p.A, Italy). The mixture preparation
involved blending the topcoat and hardener, then adding the thinner alone or
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mixed with nano-ZnO and commercial micro-ZnO. Nano-ZnO particles were
first dispersed in the thinner using an ultrasonic homogenizer and then mixed into
the topcoat mixture. The prepared mixtures were applied to the SS disks using a
spin coater at 300 rpm for 3 seconds, followed by drying at room temperature for
24 h. This method facilitated the creation of different surface types: a matrix-only
surface, a surface with commercial ZnO, and a surface with synthesized ZnO
nanorods.

For AISI304L SS disks (Outokumpu, Finland, 8% Ni, 18% Cr, 75% Fe, 2B
surface finish), methanol (Sigma-Aldrich, puriss, > 99.8%), 1-butanol (Sigma-
Aldrich, puriss, > 99.5%), KOH (LACH-NER, 90.0%), and Zn(CH3CO,) (Sigma-
Aldrich, > 99.0%). All other chemicals were of analytical grade.

Three different treatments were performed to evaluate the durability of nano-
Zn0O and microstructures-based surface coatings after simulated wear. Two of those
dry (D) and wet rubbing (W) methods followed EPA Interim Guidance for Eva-
luating the Efficacy of Antimicrobial Surface Coatings [90]. The third treatment
was based on sandpaper abrasion (A) protocol that is a common method used to
test mechanical properties of surfaces and has generally been expected to remove
the topmost layer of coatings [91]. A custom automated abrasion tester based on
open-source RepRap hardware and software [92] was used for all treatments.
D, W, and A treatments were performed for every surface coating type, M, ZnO(c),
and ZnO(s), presented in Table 2.

Table 2. Description of surface coatings used in the Paper III. Table reprinted following
CC BY 4.0 Deed, from Paper II1.

Surface Description of coating Treatment
M No treatment
M D SS (stainless §teel) surface cpated with Dry rubbing
= acrylic topcoat matrix -
M_W Wet rubbing
M_A Abrasive treatment
ZnO(c) No treatment
ZnO(c) D SS §urface co.'flted with commercial . Dry rubbing
= ZnO pigment microstructures in acrylic -
ZnO(c) W topcoat matrix. Wet rubbing
ZnO(c) A Abrasive treatment
ZnO(s) No treatment
ZnO(s)_D | SS surface coated with in-house synthesized Dry rubbing
ZnO(s) W nano-ZnO in acrylic topcoat matrix. Wet rubbing
ZnO(s)_A Abrasive treatment
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4.2.3 Commercially available glass Pilkington SaniTise™
and BIOCLEAN®

In Paper IV three types of 25 x 25 mm glass surfaces — 4 mm thick Pilkington
SaniTise™ glass, which has pyrolytical TiO, coating (NipponSheet Glass Co Ltd.,
Minato City, Tokyo, Japan), 6 mm thick BIOCLEAN® (Saint-Gobain, Courbevoie,
France) glass that has TiO, anatase coating along with 4 mm thick PLANI-
CLEAR® (control glass, Pilkington) were used. According to information from
producers, the thickness of the TiO, layer on such covered commercial glasses is
typically small and in the range of ~15-20 nm [93]

4.3 Characterisation of photocatalytic materials
and surfaces

4.3.1 X-ray photoelectron spectroscopy

XPS measurements were conducted using an electron energy analyser (SCIENTA
SES 100) and a non-monochromatic twin anode X-ray tube (Thermo XR3E2).
The X-ray tube had characteristic energies of 1253.6 eV (Mg Ka 1,2 FWHM
0.68e¢V) and 1486.6eV (Al Ko 1,2 FWHM 0.83 eV). All measurements
took place in Ultra-High Vacuum (UHV) conditions with a pressure of less than
5 x 10~ mbar. The angle between the analyser and the X-ray source was 45°.

Ar" ion sputtering was performed in UHV conditions at 10~ mbar. The dura-
tion of the Ar" beam exposure was 15 min and the Ar’ current was 10 mA.

The binding energy scales for the XPS experiments were referenced to the
binding energy of the C 1s photoemission line, 284.8 eV. Raw data obtained from
the experiments were processed using Casa XPS version 2.3.23 [94]. Data
processing steps involved the removal of Ka and K satellites, as well as fitting
the components. The Shirley background was used, and a Gauss-Lorentz hybrid
function (GL70, Gauss 30%, Lorentz 70%) was employed to fit the components
and ensure the best fit.

In Paper II, nano-ZnO and nano-ZnO/Ag-covered plywood surfaces were
first degassed in a vacuum until the base pressure 1 x 10™® mbar was reached, then
heated twice to 60 °C for 1 hour. Samples in Paper I and IV were measured
without pretreatment.

4.3.2 Scanning transmission electron microscopy with
energy-dispersive X-ray spectroscopy

The synthesised materials were characterised in Paper I and Paper II by STEM-
EDX analysis to gain information on the microstructural features and elemental
distribution. Materials were prepared by mixing a spatula tip of the respective dry
powder with 300 pL ethanol (> 99.9%, LiChrosolve, Supelco). The material was
then sonicated for 2 min and left to sediment for 1 min. 10 pL from the super-
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natant was then drawn through a holey carbon nickel grid. After drying, most of
the materials were analysed on a Talos F200X STEM (Thermo Fisher Scientific)
and by Titan Themis 200 (FEI) STEM equipped with the SuperX EDX system,
both operated at an accelerating voltage of 200 kV. High-Angle Annular Dark-
Field (HAADF) STEM images were obtained with EDX elemental maps. Data
was processed using the software Velox (Version 3.0.0.815, Thermo Fisher
Scientific).

4.3.3 UV-Vis absorbance

Material absorbance measurements in Paper I were determined by measuring
diffused reflectance using a UV-Visible spectrophotometer equipped with a
tungsten lamp and a photomultiplier (Agilent Cary 5000 UV-Vis-NIR, USA).
The powdered material was measured in a powder cell (22 mm diameter quartz
window with a maximum volume of 1 cm?). Polytetrafluoroethylene (PTFE) signal
was used as a baseline for diffuse reflectance spectroscopy, and spectral reso-
lution was 0.1 nm. Measured diffuse reflectance spectra are transformed into the
absorption spectra using an equation A = 2 + log(1/R), where A is absorbance,
R is the reflectance of material [95] and 2 is the normalization coefficient.

4.3.4 Contact angle measurements of surfaces

The sessile drop method was used in Paper I, III and IV to measure water drop
contact angles using a moving platform based on Thorlab DT12 (Newton, NJ,
USA) dovetail translation stage [96]. A 2 uL. drop of deionized water was pipetted
onto each coated surface. After 10 s, the water droplet was photographed with a
Canon EOS 650d camera (Ota City, Tokyo, Japan) using an MP-E 65 mm £/2.8
1-5 x Macro focus lens. Image analysis software (ImageJ 1.8.0 172; NIH, Madi-
son, WI, USA) for Windows (plugin for contact angle measurement) was used to
determine the contact angle formed by the liquid drop on the glass surface [97].
All samples were measured in four replicates. Samples with a contact angle < 90°
were considered hydrophilic, and samples with a contact angle > 90° were con-
sidered hydrophobic [98].

4.3.5 Other characterisation techniques

XRD. X-ray Diffraction (XRD) patterns in Paper I were recorded on diffracto-
meter SmartLab™ (Rigaku, Japan) implementing Bragg-Brentano optical geo-
metry and CuKa radiation (wavelength 0.154178 nm) from rotating anode
working at 8.1 kW (45 kV and 180 mA). Powder diffraction database PDF-2
(version 2023) was used for qualitative analysis of phases. Rietveld analysis
(program TOPAS 6) was used for a rough estimation of concentrations of the
phases.
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Raman spectroscopy. Raman spectra of the materials in Paper I and IV were
acquired by using a Raman microscope (inVia, Renishaw, UK) at ambient tempe-
rature. The powders were deposited onto a silicon wafer, 514.5 nm emission
argon-ion laser was used for excitation and 50x objective was used to focus the
laser beam and collect the backscattered light. The incident power was typically
kept at 1 mW along with a slight defocusing of the beam (spot size ~10 um) to
avoid any photoinduced damage to the sample. The spectral resolution of the
Raman microscope was approximately 2 cm .

ICP-OES. Elemental contents of the materials were quantitatively assessed in
Paper I by using Inductively Coupled Plasma Optical Emission Spectroscopy
(ICP-OES). To this end, =10 mg of dry powder was mixed with 3 ml HNO;
(69%), 1 ml H,O, (30%), and 1 ml HF (40%) and digested using a pressurised
microwave (Ultraclave, MLS GmbH, Germany) at 240 °C and 100 bar for
10 min. After the digestion process, the mixture was brought till 50 ml using
ultrapure water and analysed using Agilent 5110 ICP-OES. The elements were
quantified using external calibration with the respective certified aqueous stan-
dards (Inorganic ventures).

NEXAFS. Near Edge X-ray Absorption Fine Structure (NEXAFS) measure-
ments in Paper I were conducted at the solid-state endstation of the FinEstBeaMS
of MAX-IV synchrotron [99, 100]. The NEXAFS measurements were performed
in the total electron yield mode by monitoring the sample drain current using
ALBA electrometer [99]. The sample current signal was normalised to the in-
coming flux (simultaneously) measured using the photocurrent signal from a
clean gold mesh positioned between the material and the last optical element of
the beamline.

Magnetic characterisation. Magnetic properties of the materials in Paper I
were measured with Physical Property Measurement System (PPMS 14 T, Quan-
tum Design, USA). These properties measured include saturation magnetisation,
coercivity, and the critical temperatures. Measurements at and below room tem-
perature were conducted with the Vibrating Sample Magnetometer (VSM) option
and the powdered materials were enclosed in appropriate nonmagnetic plastic
capsules. High temperature measurements were performed with the VSM OVEN
option and materials were attached to the OVEN measurement stick mixed in a
drop of recommended Zircar cement. High temperature measurements were
scaled to low temperature measurements at the overlapping temperature of 300 K.
Magnetic field up to 20 k Oe (2 T) was used to record the hysteresis in magnetic
isotherms. Magnetic flux trapping in PPMS superconducting solenoid is accoun-
ted for and reported magnetic field is corrected using a Pd standard following the
recommended procedure [101]. A small magnetic field of 100 Oe (0.01T) was
applied during temperature dependent measurements and magnetic transition
temperatures were determined from the extrema in temperature derivative dM/dT.
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4.4 Photocatalytic analysis of surfaces

In the comparative study of photocatalytic activity, a similar method was used
across Papers II-1V, utilizing the degradation of methylene blue (MB) dye to
assess the efficacy of the photocatalysts.

The coated surfaces were placed into wells of 6-well microplates, aqueous
solution of MB (concentration 10> M) was pipetted into each well, and the whole
plate was covered with UV transparent borosilicate glass to suppress evaporation.
Into each well, magnetic stirring bar (7 x 2 mm) was placed and stirring at 150 rpm
was carried out during the whole experiment. To decrease drying effects, all photo-
catalytic experiments were performed in a preconditioned climatic chamber
(Memmert CTC 256, Germany) at 23 °C and 90% relative humidity. Before experi-
ments, the samples with dye solution were preconditioned for 20 min in dark to
establish the adsorption equilibrium of MB. After each time interval of the de-
gradation experiment, the MB solution was poured into a standard PS 10-mm
optical length cuvette to measure the UV—Vis absorbance of MB using a spectro-
photometer (Agilent Cary UV—-Vis-NIR 5000, Agilent, USA). The absorbance
intensity at 663 nm (characteristic absorbance peak for MB) after the test was
compared to the initial intensity to evaluate the degradation of MB. A self-built
lamp consisting of 4 fluorescent Hg light bulbs (15 W iSOLde Cleo, Amax =355 nm)
was used and the light intensity at test surface height was 2.8-3.2 W/m? at 315—
400 nm spectral range (measured using Delta Ohm UVA probe).

4.5 Photocatalytic degradation of pesticide 2,4-D

For Paper I, the photocatalytic activity of the materials was evaluated through
degradation of 10™* M solution of 2,4-D (PESTANAL, Sigma Aldrich, purity
>98.0%) in deionized water. The selected concentration of 2,4-D was above
environmental levels, but it was chosen to ensure detectable photocatalytic de-
gradation kinetics. Degradation of 2,4-D was measured during 18 h illumination
under a UVA lamp (see description in section 4.4). The presence of 2,4-D was
measured as absorbance at 200—400 nm using UV-Vis spectrometer. For photo-
catalytic experiments, 2,4-D solution with 1 ml™" of test material was placed to
quartz cuvettes, pre-incubated for 30 min at 22.5 °C in climate chamber in the
dark and then exposed to UVA light or in the dark. Decay of 2,4-D at 229 nm was
measured every 30 min during 18 h UV A irradiation or incubation in the dark.

For repeated use of magnetic photocatalytic materials, the material was re-
claimed after a UVA exposure cycle using a magnet that attracted the material to
a borosilicate glass barrier. This recovered material was then thoroughly rinsed
five times with deionised water and dried in an oven at 70 °C for 12 h.
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5. RESULTS AND DISCUSSION

Photocatalysis is based on chemical transformations due to the absorption and
utilisation of light energy. Photocatalysts can be prepared in various forms, for
example, as free particles, as particles embedded into matrices to form coatings,
or as coatings that can be directly deposited onto substrates. The first section of
results focuses on free photocatalytic particles (Paper I). Then results obtained
from investigations of particles in acrylic matrixes are shown (Paper II and III).
In the last section photocatalytic activity and wettability of commercial coatings
are evaluated (Paper 1V).

5.1 Reusable magnetic photocatalyst for water
purification (Paper I)

Photocatalytic water purification has emerged as promising alternative techno-
logy to clean drinking water from contaminants [65]. In this research titania has
gained attention as the most important photocatalyst [17, 19]. However, TiO»
efficiency suffers due to the limited visible light absorption of and the short
lifetime of photogenerated electrons [24]. In addition, especially nanosized TiO»
is complicated to remove from photocatalytic reactor after water purification
[7, 24].

Various methods have been proposed to improve the performance of TiO;
[18, 19, 27]. Where one promising approach is to combine TiO,, two phases with
different bandgaps (rutile and anatase) [25]. This has resulted creation of com-
mercial Evonik Aeroxide P25, where ratio of anatase and rutile is about 3:1 [102].
Other approach is to combine TiO, with other semiconductors [24, 27]. One of
such semiconductors is Fe;Os in the form of hematite or maghemite [72, 73]. It
has been shown that combining a-Fe,O3; and TiO, can enhance visible light
photocatalytic activity and increase the lifetime of charge carriers [72, 73].

Nevertheless, issue remains related to collectability of TiO,. This can be
enhanced by introducing magnetic properties to TiO». Previously CuFe;Os4 has
been used to add magnetic properties to photocatalytic TiO» [103]. In this thesis
a magnetically collectable photocatalyst was developed by synthesizing mixture
of CuFe,04-Fe;03 and TiO,-P25. The characterisation, photocatalytic activity,
and reusability of the TiO»-P25 and CuFe,04-Fe,O3; mixture is the primary object
of the present chapter.

Characteristics of materials

Particle morphologies were measured with STEM. According to STEM TiO»-
P25 @ 600 °C (sample names are given in Table 1) particles agglomerated (particle
sizes was around =200 nm down to tens of nm) and exhibited polydispersity
(Fig. 4). CuFe,0s-Fe,0O3 on the other hand had large grain sizes (around 1 pm
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down to =100 nm) (Fig.4). However, the mixed materials TCF20-S, TCF-NM
and TCF-M had similar grain size and morphology with respect to the TiO»-P25 @
600 °C.

STEM-HAADF (Fig 4) was used to investigate the distribution of elements.
HAADF results indicated the presence of all elements expected from the ma-
terial’s composition. Copper was homogenously distributed in most of the mate-
rials, whereas Fe was distributed in nanoscopic clusters of a few nm in size. After
magnetic extraction, in the residual TCF-NM Fe and Cu were barely detectable.
This suggests successful magnetic removal of Fe-rich material from TCF20-S.
The TCF-M (extracted magnetic fraction) appeared slightly richer in Fe content
as well as in nanoscopic Fe clusters throughout the material, while the distribution
of Cu was uniform. The presence of Fe and Cu was also seen in the recycled
material TCF-M-5c¢ (see Fig 4). It should be noted that TCF-M-5c as measured
with other STEM and signal collection time was shorter. This has impacted the
intensity of Fe and Cu characteristic fluorescence.

CuFe,0,-Fe,0, TiO,-P25 @ 600°C TCF20-S TCF-NM TCF-M TCF-M-5c¢

Figure 4. STEM-HAADF micrographs along with corresponding elemental maps of
CuFe;04-Fe;03, TiO»-P25 @ 600 °C, TCF20-S, TCF-NM, TCF-M, and TCF-M-5c.
Figure reprinted by CC BY-NC 3.0 Deed licence from Paper 1.
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The crystal phase of the materials was characterized using XRD. According to
XRD, annealing the TiO,-P25 at 600 °C resulted in partial TiO, crystal phase
transformation from anatase to rutile. The anatase to rutile ratio in the annealed
material was close to 1. Indeed, anatase to rutile phase transformation tempera-
ture is known to be in the temperature range from 600 to 900 °C [25].

The XRD pattern of CuFe,04-Fe>O3 show the presence of three major phases,
hematite (a-Fe,O3), CuFe,O4 spinel and maghemite (y-Fe,O3), along with minor
phase such as a-SiO». The source of a-SiO; could be impurities in precursor ma-
terials (Table 3). The predominant phase in TCF20-S (Fig. 5) was rutile. The other
phases in this material were anatase, hematite, CuFe,Os spinel, and maghemite.
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Figure 5. XRD patterns of 1 — CuFe;Os—Fe;03, 2 — TCF-M, 2¢5 — TCF-M-5¢, 3 — TCF20-S
and 4 — TCF-NM, 5 — TiO,-P25 @ 600 °C, 6 — TiO,-P25. The positions of reflection of
anatase (A), rutile (R), CuFe,Oy4 spinel (C) and hematite (H) are shown as vertical bars at the
upper part of the figure. Figure reprinted by CC BY-NC 3.0 Deed licence from Paper 1.

Magnetic extraction did not change the phase composition but only distribution.
The TCF-M contained more hematite, but especially CuFe,Os spinel and maghe-
mite phases. Thus, TCF-M contained magnetic phases in higher concentration
compared to TCF20-S. The residual TCF-NM composed mainly of rutile and
anatase fractions, along with traces of hematite, CuFe,O4 spinel and maghemite
(see Table 3). Those results strongly suggest that the process of magnetic extrac-
tion was efficient in a selection of the desired TCF-M materials.

XRD results of recycled TCF-M-5¢ revealed consistent phase composition
with TCF-M, but with slightly higher rutile and CuFe,O4, suggesting stability and
minimal changes in phase composition after five recycling cycles.
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Table 3. Phase distribution and composition of pure TiO»-P25, TiO»-P25 @ 600°,
CuFe04-Fe,0;, TCF20-S, TCF-NM, TCF-M and TCF-M-5¢ deduced from XRD data.
R’yp is the background excluded weighted residual error (R-factor) from Rietveld analysis
[104]. The phases marked with “~” have shown concentrations with a low or under
detection limit value (< 0.2 wt%). Table reprinted by CC BY-NC 3.0 Deed licence from
Paper 1.

. Crystal phase, wt% R’wp,
Material . : o
Anatase | Rutile | o -Fe;03 | CuFe204 | a-SiO: | y-Fe:03| %
CuFe204-Fe203 - - 53.5 33.9 1 11.6 13.7
TiO2-P25 88.9 11.1 - - - - 10.3
TiO2-P25 @ 600 °C 51 49 - - - - 7.7
TCF20-S 6.3 84.5 5.7 2.6 0.3 0.6 6.3
TCF-NM 10.8 87.2 0.9 0.5 0.2 0.4 6.1
TCF-M 6.7 69.6 12.4 8.8 1 1.5 7.2
TCF-M-5¢ 6.3 88.4 5.7 32 0.4 - 6.4

To obtain information on elemental oxidation states of the very top layer of the
materials’ surface, XPS measurements were conducted. According to XPS results
all materials contained Ti in Ti*" (Fig. 6 a) oxidation state [105, 106] and Fe in
Fe*" (Fig. 6 b) oxidation state [107, 108] expected. No Ti*" or Fe** impurity con-
tribution was found in any material.

Cu 2p photoelectron spectra are displayed in Fig. 6 c. The spectrum of CuFe;Os-
Fe,O3; demonstrated a strong satellite line, characteristic of Cu®" [109—111] — as
expected for CuFe;O4. In the case of TCF20-S, TCF-NM, TCF-M and TCF-M-5c,
the spectra contained one photoelectron line per spin-orbit component with a
weak shoulder at the higher binding energy side, and the (Cu®") satellite barely
observable. Interestingly, the XPS spectrum of TCF-M-5c illustrated a further
diminished presence of the Cu®" satellite features, suggesting a reduced intensity
of Cu 2p compared to the material before its photocatalytic degradation cycles.
This finding suggested the formation of Cu'" at the surface of the material [110,
112]. However, this finding is contradictory to what XRD results demonstrated
(see Table 3), as these did not indicate any phases related to Cu'*. We, therefore,
consider it plausible that the high Cu'*/Cu?" ratio we observe in XPS spectra is
an effect of beam damage (reduction of Cu under irradiation of the XPS excitation
source). Such a ‘beam damage’ effect in Cu®>* compounds has been previously
reported by others under varied excitation sources [113]. We find such a scenario
more plausible because we observed a slow degradation of the Cu?" satellite
intensity (relative to the main line) even when measuring the Cu 2p XPS of the
TCF-M material.

Furthermore, the Cu L3 edge NEXAFS (see Paper I) of related materials
(vide infra) all showed either pure or strongly dominant Cu?*" charge state.
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Figure 6. XPS spectra of the Ti 2p region (a), Cu 2p region (b) and the Fe 2p region (c)
of 1 — CuFe,04—Fe;03, 2 — TCF-M, 2¢5 — TCF-M-5¢, 3 — TCF20-S, 4 — TCF-NM, 5 —
Ti0,-P25 @ 600 °C. Figure reprinted by CC BY-NC 3.0 Deed licence from Paper 1.

The optical absorption spectra calculated from diffused reflectance spectra of all
investigated materials are demonstrated in Fig.7. The absorption of TiO,-P25
starts roughly at 400 nm, which aligns well with previous studies [114]. Absorp-
tion edges of TCF20-S, TCF-NM, TCF-M and TCF-M-5c are shifted towards
longer wavelengths compared with TiO,-P25 (see Fig. 7 a). The weak absorption
at 560 nm is close to the band gap edge in hematite, maghemite and CuFe,;O4
[106].
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Figure 7. The UV-vis absorption spectra of TiO,-P25, CuFe,04—Fe,03, TCF20-S, TCF5-
NM, TCF-M and TCF-M-5c¢ materials. (a) Full spectra and (b) spectra plotted as
(F(R)(hv))"? versus photon energy graphs. Spectra for CuFe;Os—Fe;O; (blue lines) are
zoomed, and respective y-axes on the right side are plotted in blue. Figure reprinted by
CC BY-NC 3.0 Deed licence from Paper 1.

Bandgaps were estimated from the diffuse reflectance data, the materials were
analysed by using the Kubelka-Munk (K-M) theory. TiO»-P25 @ 600 °C material
has an absorption threshold of 3.12 eV, which aligns well with previous studies
[114]. The CuFe,04-Fe>03; had several absorption thresholds since it was com-
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posed of a-Fe;Os, y-Fe,O3 and CuFe,0s4 spinel (Fig 7 b, blue line). The bandgap
of hematite was 2.1 eV, which qualitatively agrees with an earlier theoretical
estimate [115, 116]. TCF20-S had an absorption threshold of 2.97 eV, TCF-NM
of 3.03 eV and TCF-M of 3.0 eV. The TCF20-S, TCF-M and TCF-M-5c had an
additional absorption threshold at 2.1 eV, which was related to a-Fe,Os. This result
provides proof that materials absorb more visible light compared to pure TiO,-P25.

Photocatalytic activity

Photocatalytic activity of pure TiO»-P25, TiO,-P25 @ 600 °C, CuFe,04-Fe,Os,
TCF20-S, TCF-NM and TCF-M measured as degradation of model herbicide
pollutant 2,4-D is demonstrated in Figure 8. The performance of pure 2,4-D pro-
vided a baseline for comparison, indicating the potential decay of this mode pollu-
tant under UV A light. According to our results, 2,4-D was stable under UVA, and
only slight (10%) degradation was observed after prolonged (18 h) irradiation. It
is important to note that in our experimental set-up photocatalytic activity was
measured without any stirring and with the studied materials placed on the surface
of the 2,4-D solution. Such a set-up may result in lower photocatalytic activity
than one would achieve with stirring. However, degradation of 2,4-D was well
detectable with all the tested materials (see Paper IV).

The photodegradation process of 2,4-D is relatively well described and
involves a transformation of 2,4-D into chlorinated intermediates and then into
compounds like 1,2,4-benzenetriol and chlorohydroquinone, which undergo ring-
opening and hydrolysis reactions catalysed by the TiO, surface, leading to complete
mineralisation into carbon dioxide, water, and gaseous products [65, 117, 118].
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Figure 8. Photocatalytic degradation of 2,4-D in aqueous solution over time under UVA
irradiation by various photocatalytic materials: TCF20-S, TCF-M, TCF-NM and
TiO; 600 °C. In addition, the degradation of a pure 2,4-D aqueous solution is shown. Figure
reprinted by CC BY-NC 3.0 Deed licence from Paper 1.
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Photodegradation of 2,4-D by pure TiO,-P25 was not assessed due to opacity of
the respective suspension but TiO»-P25 @ 600 °C demonstrated the highest de-
gradation rate across all materials, achieving 20% loss of 2,4-D within 1 h, 50%
loss of 2,4-D within 4 h and nearly complete degradation of 2,4-D (around 94.6%)
after 18 h (Fig. 8). Within the first 1.5 h of UVA irradiation, both TCF20-S and
TCF-M materials exhibited comparable degradation rates. After this time frame,
magnetically extracted TCF-M material showed a higher rate of degradation,
achieving 29.6% of 2,4-D degradation by 4 h, whereas the TCF20-S reached a
slightly lower level of degradation by the same time. TCF-NM material demon-
strated relatively good results, degrading 16% of 2,4-D within 1 h and 45% of 2,4-D
degradation within 4 h and nearly complete degradation of 2,4-D (around 93%)
after 18 h.

The superior photocatalytic activity of pure TiO»-P25 @ 600 °C when
compared with TCF20-S, TCF-M, and TCF-NM materials can be attributed to its
relatively high anatase content while in the case of the latter TiO, has mostly
rutile crystal structure (see Table 3). Therefore, from photocatalytic activity results,
the photocatalytic component in the synthesized materials is TiO», and CuFe,O4-
Fe,Os works as a magnetic addition. TCF-M exhibits lower photocatalytic activity
as it contains 20% less photocatalytic material than pure TiO»-P25 @ 600 °C.

In Fig.9. the photocatalytic activity of TCF-M after five cycles (use and mag-
netic extraction) is demonstrated. Only a slight decrease in the photocatalytic de-
gradation rate through subsequent cycles was observed, while the photocatalytic
efficiency of this material remains commendably high. This stability of photo-
catalytic and 2,4-D degrading activity of TCF-M material after repeated use and
collection from water strongly recommends the potential of this material as a reliable
and practical choice for water purification applications, including recyclability.
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Figure 9. Time-dependent photocatalytic degradation of 2,4-D in aqueous solution using
TCF-M, under UVA irradiation, after five cycles of use. For comparison, the degradation
trend of a pure 2,4-D aqueous solution is also depicted. Figure reprinted by CC BY-NC
3.0 Deed licence from Paper 1.
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In conclusion, magnetically extracted material (TCF-M) demonstrated photo-
catalytic activity toward to hardly degradable herbicide 2,4-D. It needed only
20% of magnetic material to make TiO»-P25 collectable. The material preserved
crystal structural integrity and photocatalytic activity after 5 cycles of reusing and
washing. The results of this research (Paper I) demonstrated that magnetically col-
lectable photocatalytic materials can be efficiently removed from cleaned water.

5.2Zn0 and ZnO/Ag based photocatalytic coatings

Surface is the outermost layer of the material, where all the interactions between
material and environment take place [119] . This section is dedicated to research
of coatings where ZnO and ZnO/Ag are embedded into commercial matrix to form
photocatalytic coating on solid surfaces. Furthermore, the influence of wear and
tear on photocatalytic efficacy of the developed surface coatings was evaluated.

5.2.1 Nano-ZnO and nano-ZnO/Ag based photocatalytic
coatings (Paper 1)

ZnO has received attention as an alternative photocatalyst to TiO,[13]. However,
it has a wide bandgap, about 3.37 eV [33], which makes it efficient only under
UVA irradiation. To enhance ZnO UV A photocatalytic activity further it has been
combined with noble metals such as Ag [12]. The noble metals deposited on the
surface of ZnO can form the Schottky barrier, which enhances the charge sepa-
ration and thus electron and hole lifetimes [12].

Furthermore, ZnO with deposited Ag nanoparticles can have application as
photocatalytic antimicrobial coating since it generates reactive oxygen species,
which efficiently attack all kind of organic molecules (including dead/alive bac-
teria membrane). Nano-ZnO/Ag also releases Ag and Zn ions, which are toxic to
microorganisms.

In this chapter we demonstrate morphology, photocatalytic activity and sur-
face wettability of novel coating based on nano-ZnO and nano-ZnO/Ag in com-
mercial acrylic matrix on plywood.

Characteristics of coatings

The SEM-HAADF was used to image the morphology and elemental com-
position of the nano-ZnO/Ag (Fig. 10). The even distribution of Zn and O across
the rod-shaped nanoparticles confirms their ZnO composition. The localization
of Ag nanoparticles indicates that the silver predominantly adheres to the surfaces
of the larger ZnO nanoparticles, aligning with expectations.
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Figure 10. STEM-HAADF micrograph combined with corresponding elemental map of
ZnO/Ag. Figure reprinted by CC BY-NC 3.0 Deed licence from Paper II.

The photographic top views of coated plywood samples display a more pronoun-
ced yellow colour in nano-ZnO/Ag-based coatings compared to those with nano-
ZnO-only and pure matrix material. (Fig. 11 a)

Matrix on wood Nano-ZnO in matrix Nano-ZnO/Ag in matrix
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Figure 11. (a) Photographic top views of 25 X 25 mm samples on plywood. (b) top view
and (c) cross-sectional SEM images of both nano-ZnO and nano-ZnO/Ag. Figure re-
printed by CC BY-NC 3.0 Deed licence from Paper I1.
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SEM was used to demonstrate morphology and cross-section of nano-ZnO and
nano-ZnO/Ag containing coatings on plywood (Fig. 11 b, ¢). Nano-ZnO and nano-
ZnO/Ag-embedded nanoparticles have a comparable distribution on surface.
Cross-sectional SEM images demonstrate that the nano-ZnO and nano-ZnO/Ag
nanoparticle dispersion within the nanoscale is not entirely uniform. Due to the
relatively high viscosity of the acrylic matrix material precursor even before
drying, a completely uniform nanoparticle distribution is not expected.

XPS was used to characterize the surface composition and valence states of
elements in surface coating (measurement depth 2—4 nm). The composition was
evaluated from the overview spectra of nano-ZnO- and nano-ZnO/Ag-containing
surface coatings on plywood (Fig 12 a). The overview spectrum of nano-ZnO/Ag-
containing coatings demonstrated the presence of Zn, O, N, Cl, C and Si, as
expected. However, Ag 3d photoelectron lines were not observed. This is due to
the very small amount of silver, which is below XPS detection level (roughly
0.1 atomic percent).

In Table 4 the atomic concentrations of elements in nano-ZnO- and nano-
ZnO/Ag-containing coatings on wood substrates according to XPS analysis. For
comparison, similar data for pure matrix material on wood substrate are given.
XPS of nano-ZnO/Ag does not show Ag photolines, due to the insufficient sensi-
tivity of the XPS, as discussed above. Both samples had similar surface com-
position.

High-resolution Zn 2p XPS spectra of nano-ZnO and nano-ZnO/Ag coatings
are shown in Fig. 12 b. According to the Zn 2p line positions and shape, it can be
concluded that Zn is in the Zn>* oxidation state, as expected in the case of ZnO.
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Figure 12. (a) XPS overview spectra and (b) Zn 2p XPS spectra of nano-ZnO- and nano-
ZnO/Ag-containing coatings and pure matrix material on plywood substrates. According
to the Zn 2p photoline positions and shape, Zn is in 2+-oxidation state. Figure reprinted
following CC BY 4.0 Deed licence, from Paper II.
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Ar" sputtering was used to remove surface layers of the acrylic matrix to in-
vestigate possible buried Ag nanoparticles on ZnO (Fig. 13). No Ag signal was
detected before and after Ar” sputtering, i.e., “as prepared” and after the removal
of the topmost layer of material with Ar" ion bombardment. This is likely due to
the insufficient sensitivity of XPS to the low levels of Ag present in the nano-
ZnO/Ag.

Table 4 demonstrates the atomic concentrations of elements in nano-ZnO- and
nano-ZnO/Ag-containing coatings on wood substrates according to XPS analysis.
For comparison, similar data for pure matrix material on wood substrate are given.

Table 4. Atomic concentration of elements in nano-ZnO- and nano-ZnO/Ag-containing
coatings and in pure acrylic matrix material on plywood substrates according to XPS
analysis.

Element C (0] Zn Cl | Si Ag N
Nano-ZnO/Ag in matrix | 70.6 |21.3 0.5 1.6 | 3.5 | notdetected | 2.5
Nano-ZnO in matrix 74.6 | 18.3 0.7 1.9 | 2.7 |not measured | 1.8
Matrix 69.6 | 23.4 | not measured | 2.4 | 3.5 | not measured | 1.1
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Figure 13. XPS spectra of nano-ZnO and nano-ZnO/Ag-containing coating and pure
matrix material on wood substrate. Spectral region respective to Ag 3d photoline of nano-
ZnO/Ag-containing coating on wood substrate before and after Ar" sputtering. No Ag
signal was detected since the amount of silver was below the detection limit of XPS.
Figure reprinted following CC BY 4.0 Deed licence, from Paper II.

42



The water contact angle measurements provided insights into the hydrophobicity
of ZnO and ZnO/Ag containing surfaces in as prepared form and after up to ten
reuse cycles (Fig. 14). Initially, all surfaces exhibited high contact angles, indi-
cative of substantial hydrophobicity. However, a notable decrease in hydrophobi-
city was observed after undergoing 5 cycles of reuse, which included organic
soiling and wiping. After 10 reuse cycles, the contact angles decreased by ap-
proximately 10° to 13° across all surfaces, including the controls. This reduction
suggests an increase in surface hydrophilicity, attributed primarily to changes in
the matrix material rather than the incorporated nanoparticles. This shift towards
greater hydrophilicity with repeated use reflects the impact of the wear regimen
on the surface characteristics, emphasizing the durability and adaptability of the
surface coatings under practical conditions. The observed change was low thus
suggesting good durability of the coating.
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Figure 14. Contact angle measurements of surfaces in as prepared form (virgin surfaces)
and after reuse cycles. Mean value of 3 experiments £SD is presented. Figure reprinted
following CC BY 4.0 Deed licence, from Paper II.

Photocatal ytic activity

Prior to testing of antimicrobial effect, photocatalytic activity of ZnO and ZnO/Ag
covered surfaces was evaluated using organic dye MB. Photocatalytic efficacy
was considered also as a proxy for antimicrobial efficacy of the surfaces.

For the photocatalytic experiments (Fig. 15), glass surfaces coated with film
of nano-ZnO and nano-ZnO/Ag particles served as nanomaterial controls. This
setup was used to assess the essential photocatalytic efficiency of the nano-
particles without any matrix interference. Both nano-ZnO and nano-ZnO/Ag on
glass demonstrated similar high activity, achieving higher than 90% degradation
of MB dye after 240 min under UVA irradiation. In the case of nano-ZnO and
nano-ZnO/Ag photocatalytic coating with acrylic matrix degradation efficiency
after 240 min dropped to 43% and 45% respectively. It was only after 720 min
degradation rate of dye by nano-ZnO/Ag on wood surface matched that of the
nano-ZnO/Ag without the matrix (on glass). Interestingly, surfaces with acrylic
matrix embedded nano-ZnO/Ag appeared to enhance the photocatalytic perfor-
mance compared to surfaces with nano-ZnO alone.
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The photocatalytic test provided a crucial understanding of photocatalytic
nano-ZnO and nano-ZnO/Ag, both with acrylic matrix and without (on glass).
These assays set the foundation for subsequent antimicrobial evaluations, as shown
in more detailed Paper I1. The surfaces based on matrix-embedded nano-ZnO and
nano-ZnO/Ag demonstrated substantial antibacterial activity under UVA illumi-
nation in standard wet conditions (see Paper II).
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Figure 15. Photocatalytic dye degradation is shown to demonstrate differences in photo-
catalytic efficiency of the studied surfaces. Mean value from 3 experiments +SD is pre-
sented. Figure reprinted following CC BY 4.0 Deed, from Paper II.

5.2.2 Impact of wear and tear on photocatalytic ZnO
surface coatings (Paper Ill)

In the previous chapter photocatalytic efficiently of coating based on nano-ZnO in
commercial acrylic matrix were demonstrated. However, in order to apply these
surfaces in real life conditions not only its efficiency but stability and durability are
important.

Many research groups are focusing on mechanical durability of surfaces/
coatings, but not onto preservation of its photocatalytic or antimicrobial property
[120, 121]. There are a variety of methods to test the surface coatings and simu-
late wear. These include cross-cut method, pencil hardness test, rotary platform
test, and impact tests [122—124]. The simplest and most widely used tribology
testis sandpaper abrasion with specified weight, fixed speed, and distance [91].
However, there is lack of clear performance criteria and appropriate standard
testing methods for photocatalytic and antimicrobial surfaces.

In this chapter three different treatments were performed to evaluate the dura-
bility of micro- ZnO micro- and nanostructures-based surface coatings after simu-
lated wear. To investigate the changes in photocatalytic activity of ZnO in com-
mercial acrylic matrix we prepared surfaces on stainless steel. Stainless steel is a
common material used outdoors. In this chapter we demonstrate the relationship
of durability and photocatalytic activity together with surface wettability on
coatings based on ZnO in commercial acrylic matrix.
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Characteristics of surfaces

To assess the physical changes in surface coatings during simulated wear, SEM
was employed. The initial observation showed that the acrylic matrix or ZnO-
infused acrylic matrix coatings on SS had small surface roughness but slightly
uneven, as expected for a matte surface topcoat. No visible ZnO particles indi-
cated from the topmost layer of ZnO-containing coatings, suggesting that the outer-
most layer was composed of the matrix polymer. This aligns with the under-
standing that the smoothness of polymer surfaces is heavily influenced by the
ratio of pigment to polymer; lower ratios typically result in smoother surfaces.
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Figure 16. SEM images of surface coatings. (a) Acrylic topcoat matrix covered surfaces,
(b) ZnO(c) in acrylic topcoat matrix surfaces, (¢) ZnO(s) in acrylic topcoat matrix sur-
faces. Untreated surfaces (left column) and surfaces treated with dry (D) or wet (W) rubbing
and abrasive treatment (A) procedures were viewed using 1000% [upper rows of (a)—(c)]
and 10,000x% [lower rows of (a)—(c)] magnification. Red arrows indicate visible scratches
and white arrows indicate released surface coating material. Figure reprinted following
CC BY 4.0 Deed, from Paper II1.
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The wear simulation treatments led to noticeable alterations in all surface coatings.
At 1000x magnification, SEM revealed distinct changes for samples subjected to
abrasive treatments (Fig. 16 a—c, upper rows). Visible scratch marks were seen,
and parts of the uppermost matrix polymer were stripped away, flattening the
original surface texture. These scratch marks (indicated by red arrows in Fig. 16)
correspond to imprints from the abrasive pad used. Further examination at 10,000 x
magnification showed that every type of treatment caused changes to the surface
coatings. Materials from the coatings, whether acrylic matrix polymer or embed-
ded ZnO micro- and nanostructures, were displaced and accumulated around the
edges or spread across the surface, depending on whether the treatment was dry or
wet rubbing.

Interestingly, nevertheless, contact angle measurements showed that surface
hydrophobicity was unaffected by the formation of scratch marks and the release
of surface material (Fig. 17).

The contact angles for all types of surface treatments consistently exceeded
90°, categorizing them as hydrophobic. The hydrophobic or hydrophilic nature of
surfaces is typically influenced by their topographical structure and chemical com-
position. Given that our experimental conditions, including abrasion, did not alter
the contact angles, we can conclude that the hydrophobic or hydrophilic characte-
ristics of these surfaces are primarily determined by their chemical composition.

140

120 -

100 * . *

—_eccccccccee- -
80— *

Hydrophobic 90°-150°
Hydrophilic <90°

60—

40

Contact angle, (°)

20—

0 T T T

1
o Q @ v
\0 v 7/
SR VR

1’(‘ 1,00 1’(‘

Figure 17. Contact angles of surface coatings before and after treatment. ZnO(c) in acrylic
matrix surfaces were used as a model surface in untreated form or after dry (D) or wet (W)
rubbing or abrasive treatment (A). Single measurement values and averages are shown.

The dashed line represents 90° contact angle above which surfaces were considered
hydrophobic. Figure reprinted following CC BY 4.0 Deed, from Paper III.

Photocatalytic activity

Under UVA illumination, ZnO-based surface coatings demonstrated a significant
photocatalytic effect after 4 h of UVA irradiation, as depicted in Fig. 18 a. The
results, further detailed in Fig. 18 b, show no discernible differences in the photo-
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catalytic activity between surfaces containing ZnO(c) microparticles and ZnO(s)
nanoparticles. The matrix alone also exhibited some photocatalytic activity, likely
due to the light-induced degradation of MB dye, though this effect was sub-
stantially weaker compared to the ZnO-based coatings.

Previous studies, including those where ZnO powder was immobilized in
acrylic paint for indoor decorative applications, corroborate the robust photo-
catalytic effects observed in our ZnO-based coatings [125, 126]. Similarly, Vu et
al. reported that both nanoparticle- and microparticle-based ZnO coatings exhibit
photocatalytic activity, with a reduced effect noted in neat coatings [126], as
illustrated in Fig. 18 a b.
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Figure 18. Photocatalytic activity of surface coatings before and after treatments. Photo-
catalytic activity was assessed through the degradation of MB dye across different coatings:
matrix alone (M), ZnO(c) or ZnO(s) surface coatings after dry (D) or wet (W) rubbing or
abrasive treatment (A). (a) Photocatalytic activity under UVA and (b) photocatalytic
activity in dark conditions. Lower graphs represent the differences in MB degradation
between surfaces treated by D, W, or A and the untreated surface under UVA (¢) or in
the dark (d). Color codes used on (c¢) and (d) are shown. Datapoints and the average of
four parallels with standard deviation are shown. Statistically significant differences
(» <0.05) are shown as: ns—nonsignificant, ** (p <0.01), *** (»p <0.001). Figure re-
printed following CC BY 4.0 Deed, from Paper III.
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In evaluating the impact of different surface treatment methods, our findings reveal
that only abrasive treatment significantly enhanced the photocatalytic activity of
ZnO-based coatings, as illustrated (Fig. 18 a c). Conversely, dry and wet rubbing
treatments did not affect the MB degradation profile of any coatings, aligning with
previous observations that these methods do not facilitate the release of Zn ions
or ZnO particulates, unlike abrasive treatment (see Paper III).

The improved photocatalytic performance following abrasive treatment sug-
gests that the material released from the coatings — predominantly photocatalyti-
cally active ZnO particulates, visible in SEM images (Fig. 16) — plays a crucial
role. Further investigation into abrasively treated surfaces identified protruding
ZnO particulates, which likely contributed to the observed increase in photo-
catalytic activity, as depicted (Fig. 18 b). These findings underscore that while
abrasive treatment can significantly boost the photocatalytic and self-cleaning
capabilities of ZnO-based acrylic matrix coatings, it may also reduce the coatings’
durability.

In conclusion, this comprehensive analysis suggests that while certain treat-
ments can enhance functional properties like photocatalysis, they may also pose
challenges to the structural integrity and longevity of the coatings, underscoring
the need for a balanced approach in the practical application of these materials.

5.3 Photo-induced effects of commercial photocatalytic
SaniTise™ and BIOCLEAN®-window glasses (Paper 1V)

Since the discovery of TiO, photocatalytic property, extensive work has been
carried out by academia and industry to apply those materials in real life condi-
tions [127]. It was the discovery of light induced hydrophilicity of TiO, surfaces
which made it possible to manufacture self-cleaning and now antimicrobial coating
for glass.

Antimicrobal glass has photocatalytic and light-induced hydrophilic coating
that provides antimicrobial properties. One of the first antimicrobial glass was
developed by Pilkington and their product is called as SaniTise™ [128]. Soon after
the other companies followed with their own products such as Saint-Gobaine with
its BIOCLEAN®.

In this chapter photocatalytic property of commercially produces surfaces
SaniTise™, BIOCLEAN® and as a control PLANICLEAR"™ (original glass, with-
out TiO; on its surface) were investigated. In the focus of the thesis was relation-
ship between photocatalytic activity and wettability of SaniTise™ and BIO-
CLEAN® with and without UVA pre-activation.

Characteristics of surfaces

Commercial producers of SaniTise™ and BIOCLEAN® glass surfaces claim that
their products feature a TiO, coating. XPS for analysing the elemental composi-
tion and chemical state of these TiOz-coated glass surfaces.
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Surface composition analysis of the uppermost region (6 + 2 nm) of glasses with
XPS revealed distinct spectra with O 1s and Ti 2p photolines, confirming the
presence of TiO, [112] on both SaniTise™ (Fig. 19 a, b) and BIOCLEAN®
(Fig 19 c, d) glass coatings. No other Ti oxidation states or chemical species be-
sides TiO, were detected in the high-resolution Ti 2p spectra (Fig. 19 b, d) [113].
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Figure 19. XPS survey spectra of (a) SaniTise™, (¢) BIOCLEAN®, and (e) control
(uncoated side of BIOCLEAN® glass). Ti 2p high-resolution spectra of (b) SaniTise™
and (d) BIOCLEAN®. Dotted lines represent the spectral components of experimental
spectra obtained by fitting. XPS photoelectron lines are marked as element symbols and
respective core levels. Auger peaks are marked as element symbols and Auger transition
series. Spin orbitally split Ti 2p photoline sub-bands are marked as Ti 2ps,, and 2pi.. The
TiO, shake up satellite is marked as well. Modified figure following CC BY 4.0 Deed,
from Paper IV.
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Notable, the peak asymmetry in the Ti 2p spectrum of the BIOCLEAN® glass surface
(Fig. 19 d) can be explained by charging effects. The survey spectra of SaniTise™ and
BIOCLEAN glass surfaces indicated that both surfaces contain Ti, O, C, and C (Fig 18
a). Additionally, SaniTise™ survey spectrum also demonstrates Si. As expected, the
reference spectrum for the uncoated side of the BIOCLEAN® glass displayed only the
presence of O, C, Si, and Ca (Fig. 19 e). We suggest that Ca on the surface of
BIOCLEAN® and SaniTise™ glass originated from Ca ions diffused from the base glass
substrate.

The presence of light-induced superhydrophilicity is an important feature for
distinguishing ordinary glass from photocatalytically active glass, which can be used for
antimicrobial applications on the internal surfaces of buildings. Measurement of light-
induced hydrophilicity can explain photocatalytic properties of a surface. The hydrophilicity
of original (called also “virgin”) glasses and all the three glasses was measured before
(“virgin” surfaces) and after UVA pre-activation. The concept of UV pre-activation of
photocatalytic surfaces prior to their use is also included in internationally standardized
procedures, e.g., in ISO 10678 [129].

In this experiment also PLANICLEAR® glass, that material-wise is similar to
BIOCLEAN® but lacks the photoactive surface layer, was introduced. UVA pre-
activation of SaniTise™ and BIOCLEAN" clearly increased their hydrophilic
properties (Fig. 20) and decreased the initial water contact angle of 60° to 20—30°
after 4 h and to <10°, i.e., to superhydrophilic, after 24 h (Fig. 20 a). This suggests
that the realization of superhydrophilicity and possible self-cleaning effect of ana-
tase-TiO,-based glass surfaces indeed requires UV A pre-activation. Interestingly,
when UVA irradiation of SaniTise™ and BIOCLEAN® was finished (i.e., after
72 h), the hydrophilicity of the glass surfaces was gradually lost (Fig. 20 b), and
it reverted to its initial level 48 h after the end of pre-activation. UVA irradiation
of PLANICLEAR® control glass did not cause any change in water contact angle
(Fig. 20 a b).
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Figure 20. Time and treatment-dependent changes in hydrophilicity of the glass surfaces
according to contact angle measurements: (a) contact angle variation after pre-activation
with high-intensity (22-25 W/m?) UVA; (b) contact angle recovery in dark conditions
(note that PLANICLEAR® control glass was not measured as there was no change in
contact angle according to (a)). The dotted line represents an immeasurable contact angle
value (10°), below which the surfaces were considered superhydrophilic. Figure reprinted
following CC BY 4.0 Deed, from Paper IV.
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Photocatalytic activity

In order to utilize the superhydrophilicity-related properties of SaniTise™ and
BIOCLEAN® glasses, all the three glass types were tested for their photocatalytic
activity and antibacterial effect in “virgin” form and also immediately after 72 h
pre-activation.

Assuming that the antibacterial effect of SaniTise™ glass is directly related to
its ability to produce reactive oxygen species due to UVA irradiation, we first
determined the photocatalytic activity of all the glass surfaces in the dark and
under UVA. Alternatively, BIOCLEAN® and SaniTise™ surfaces were also pre-
activated under UV A as described above. Furthermore, to clarify the effect of UVA
pre-activation on photocatalytic activity, the pre-activated surfaces were also re-
covered in the dark after pre-activation up to 72 both virgin and UVA pre-acti-
vated glasses were measured, and the latter were also evaluated for photocatalytic
activity after their 2 h and 72 h recovery in the dark (Fig. 21). Surprisingly our
results showed that, in general the studied glass surfaces had a very low photo-
catalytic effect in the experimental conditions used, except UVA pre-activated
SaniTise™ glass (Fig. 21). Interestingly, this significant photocatalytic effect of
SaniTise™ glass was retained after 2 h and 72 h dark recovery post pre-activation.
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Figure 21. Photocatalytic effect of SaniTise™, BIOCLEAN®, and PLANICLEAR®
(control) glasses according to 4 h methylene blue degradation assay. Virgin and UVA
pre-activated glass surfaces (0 h: UVA pre-activated surface used immediately; “2”: 2 h
recovery of the surface after pre-activation; “72”: 72 h recovery of the surface after pre-
activation). The “V’ denotes a significant difference from the virgin surface of the same
type in the same conditions (p < 0.05); ‘C’ denotes a significant difference from PLANI-
CLEAR® control surfaces in the same conditions (p < 0.05). Figure reprinted following
CC BY 4.0 Deed, from Paper IV.

Therefore, as expected, the photocatalytic effect of TiO»-based surfaces and sur-
face hydrophilicity determined by the contact angle method do not always coin-
cide. The reason is that photocatalysis and hydrophilicity can take place simul-
taneously on the same surface, even though the mechanisms are completely dif-
ferent [130]. Photocatalysis involves the activation of the surface by light to initiate
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chemical reactions that degrade contaminants, while hydrophilicity increases the
surface’s affinity for water, enhancing the cleaning process by spreading water
more effectively over the surface. Intriguingly, BIOCLEAN® glasses that are
advertised as photocatalytically active glasses did not cause any significant MB
degradation in the experimental conditions. We suggest that one of the reasons
behind such a difference is the thickness of TiO; layer on those different glasses,
as shown by Raman analysis (see Paper IV). Expectedly, the PLANICLEAR®
glass that served as a control also did not demonstrate any photocatalytic effect
after UVA pre-activation and further UVA irradiation.

In conclusion, the contact angle measurement indicated increased surface
hydrophilicity and reduced initial contact angle under UVA exposure for both
SaniTise™ and BIOCLEAN® glass, which are expected to exhibit high photo-
catalytic performance. However, the experiments showed that photocatalytic acti-
vity and surface hydrophilicity of SaniTise™ and BIOCLEAN® (coatings based
on Ti0;) do not always align. This is because photocatalysis and hydrophilicity can
occur simultaneously on the same surface but are driven by different mechanisms.
Additionally, SaniTise™ demonstrated superior antibacterial activity (see
Paper IV) compared to to BIOCLEAN®.
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SUMMARY

This thesis is dedicated to the synthesis, development, characterization, photo-
catalytic efficiency and potential use of photocatalytic TiO,- and ZnO-based
materials for water treatment and antimicrobial applications.

In the focus of Paper I is magnetically collectable photocatalysts based on
Ti0,-P25 for water treatment. A mixture of magnetic CuFe;04-Fe>O3 and com-
mercial TiO»-P25 was annealed at 600 °C, to form a novel magnetically col-
lectable photocatalyst (TCF-M). Magnetic material content in the mixture was
20%. For photocatalytic analysis, herbicide 2,4-D (dichlorophenoxyacetic acid)
was chosen as a well-researched and stable pollutant, which is hardly degradable
in water. Under UVA irradiation (2.5-3 W/m?), TCF-M reduced 30% of 2,4-D
after 4 h and nearly 93% after 18 h. Annealed TiO,-P25 degraded 2,4-D faster (50%)
due to its higher anatase content (51%) compared to TCF-M (6.7%). Notably, 2,4-D
did not degrade under UVA within 4 h without a photocatalyst. TCF-M preserved
structural integrity, exhibited good reusability and collectability, losing only 20%
efficiency after the initial two cycles of reuse, and maintained consistent degra-
dation rate of 2,4-D up to five reuses. The results of this research demonstrated
that magnetically collectable photocatalytic materials can be prepared and reused
to remove organic contaminants from water.

Paper II was dedicated to research of ZnO and ZnO/Ag nanoparticle-based
photocatalytic coatings for antimicrobial applications. First the photocatalytic
activity of ZnO and ZnO/Ag nanoparticles powder (without matrix) on glass
substrate was investigated and the MB degradation rate was found to be high, up
to 90% within 4 h under UVA irradiation (2.5-3 W/m?). Then the nanoparticles
were successfully incorporated into an acrylic matrix and the mixture was coated
on plywood. The ZnO and ZnO/Ag nanoparticles were well-distributed in acrylic
matrix and were present on the surface. The coatings exhibited 30% (ZnO) to
45% (ZnO/Ag) MB degradation under UVA in 4 h, showcasing their high photo-
catalytic activity. The study highlighted potential sustainable development of
functional photocatalytic nanostructural coating materials.

In Paper III the impact of wear and tear on ZnO-based photocatalytic acrylic
coatings on stainless steel was investigated. Three different surface treatments (wet,
dry and abrasive) were performed to evaluate the durability of ZnO nanoparticle-
and commercial ZnO microparticle-based acrylic coatings after simulated wear.
SEM analyses confirmed smooth surface structure before treatment in case of
both coatings and changes after abrasive treatment (marks, scratches). Prepared
surfaces were hydrophobic and remained the same (contact angle > 90°) after
simulated wear. However, photocatalytic activity of commercial and synthesized
ZnO coatings, after wet and dry treatment showed approximately 10% MB degra-
dation after 6 h of UVA irradiation (2.5-3 W/m?). Abrasive treatment improved
degradation rate of MB to 25% under the same UVA exposure. Results demon-
strated preserved photocatalytic activity (increased in case of abrasive treatment)
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of ZnO nanoparticle- and commercial ZnO microparticle-based acrylic coatings
under simulated wear and tear.

Paper IV of this thesis analyses commercially available TiO»-based photo-
catalytic glasses, BIOCLEAN® and SaniTise™, the latter also declared to have anti-
microbial functionality. Glass surfaces exhibited moderate MB degradation of
20% and 40%, respectively, over 72 h under high-intensity UVA exposure (22—
25 W/m?). Surface hydrophilicity increased with UVA pre-treatment, the initial
water contact angle decreased from 60° to <10° after 24 h. However, the coatings
lost hydrophilicity without continuous UVA irradiation. The results of this paper
demonstrated that photocatalytic effect of TiO,-based surfaces and surface hydro-
philicity determined by the contact angle method did not coincide. The main
reason is that photocatalysis involves the activation of the surface by light to
initiate chemical reactions that degrade contaminants, while hydrophilicity
increases the surface’s affinity for water, enhancing the cleaning process by
spreading water more effectively over the surface. SaniTise™ demonstrated
higher photocatalytic and antibacterial activity than BIOCLEAN®, the latter
being only marginally more active than control glass sample.

Overall, the approach used in this thesis was designed to encompass different
aspects of the development and application of photocatalytic materials, enhancing
the understanding of material composition and possible use. By developing inno-
vative material compositions, such as the magnetically collectable CuFe;O4-
Fe,O; with TiO,, the functionality and applicability of TiO, was advanced for
water treatment. The photocatalytic activity of prepared nano-ZnO- and nano-
ZnO/Ag-based acrylic coatings was evaluated to be similar to commercial TiO,-
based SaniTise™ glass surface. Nano-ZnO-based acrylic coatings after simulated
wear and tear preserved photocatalytic activity and thus are potentially applicable
in real-life conditions.

Throughout this work, I have recognized the importance of the development
of an effective photocatalyst and photocatalysis-based antimicrobial materials.
Thereafter important are innovative material combinations, thorough material
characterisation, optimization of material synthesis, efficacy of the materials as
well as durability. Collectively, the materials developed within this PhD thesis
show a significant potential as photocatalysts for water treatment and in photo-
catalytic antimicrobial coatings.
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SUMMARY IN ESTONIAN

Fotokatalkiiiitilised materjalid veepuhastuse ja antimikroobsete
rakenduste jaoks

Kéesolev doktorit6o on pithendatud TiO,- ja ZnO-pdhiste fotokataliiiitiliste mater-
jalide siinteesile, fotokataliiiitilistele omadustele, karakteriseerimisele, arendamisele
ja potentsiaalsele kasutamisele veepuhastuses ja antimikroobsetes rakendustes.

I artikli fookuses on TiO,-P25 baasil valmistatud veepuhastuseks moeldud
magnetiliselt kokku kogutavad fotokataliisaatorid. Seesuguste uudsete foto-
kataliisaatorite (TCF-M) saamiseks siinteesiti magnetiline {ihend CuFe,O4-Fe,Os,
lisati seda kommertsiaalsele TiO,-P25-le ning saadud segu I6dmutati 600 °C
juures. Tuleb rohutada, et magnetilise materjali sisaldus segus oli ainult 20% ning
juba see tagas hea kokku kogutavuse. Fotokataliiiitilise aktiivsuse analiilisiks
valiti histi uuritud ja stabiilne pdllumajanduslik herbitsiid 2,4-D (dikloro-
fenokstidddikhape), mis vees tavaoludes laguneb aeglaselt. UV A kiirgusega eks-
poneerimise korral (2.5-3 W/m?) vihenes 2,4-D kontsentratsioon TCF-M mdjul
4 h jooksul 30% ja 18 h jooksul ligi 93% vorra. Sellised tulemused olid pisut
viiksemad kui vordlusobjektiks olnud 16dmutatud TiO,-P25 korral, mille puhul
4 h jooksul lagunes 50% 2,4-D-d. Loomutatud TiO»-P25 lagundas 2,4-D kiire-
mini tdnu selle suuremale anataasi sisaldusele (51%) vorreldes TCF-M-ga (6.7%).
Oluline on lisada, et vesilahuses ei lagunenud 2,4-D UV A-ga eksponeerimisel 4 h
jooksul ilma lisatud fotokataliisaatorita. TCF-M siilitas kasutamisel ka struk-
tuurse terviklikkuse ning demonstreeris head korduvkasutatavust ja magneti abil
vedelikust kokku kogutavust. Seejuures vihenes TCF-M efektiivsus pérast esi-
mest kahte korduskasutuse tsiiklit vaid 20% ning saavutas 2,4-D vesilahuse puhul
stabiilse lagundamiskiiruse viie tsiikli jooksul.

Artikkel II oli piihendatud ZnO ja ZnO/Ag nanoosakestel pohinevate foto-
kataliiiitiliste pinnakatete uuringutele antimikroobsete rakenduste jaoks. Esmalt
uuriti ZnO ja ZnO/Ag nanoosakeste pulbri fotokataliiiitilist aktiivsust (ilma maat-
riksita) klaassubstraadil ning leiti, et metiileensinise (MS) lagunemiskiirus on
korge, kuni 90% 4 h jooksul UVA (2.5-3 W/m?) eksponeerimise korral. Seejirel
segati nanoosakesed akriililipohisesse lakki ning segu kanti vineerile. ZnO ja
ZnO/Ag nanoosakeste karakteriseerimine viidi 14bi STEM-EDX-ga ning nende
jaotust akriiiilmaatriksis uuriti SEM ja XPS meetoditel. Akriiiilipdhised nano-
osakestega pinnakatted demonstreerisid UVA-ga eksponeerimise korral 30%
(ZnO) kuni 45% (ZnO/Ag) MS fotokataliiiitilist lagunemist 4 h jooksul. Antud
uuring demonstreerib selgelt funktsionaalste fotokataliiiitiliste nanostruktuursete
pinnakattematerjalide arenduse téhtsust.

Artiklis III uuriti kulumise moju ZnO osakesi sisaldavate akriililsete pinna-
katete fotokataliiiitilistele omadustele roostevabast terasest alustel. Too kdigus
viidi 14bi kolme erinevat tiilipi pinnatootlused (mérg, kuiv ja abrasiivne), et hin-
nata ZnO nanoosakesi ja kommertsiaalseid ZnO mikroosakesi sisaldavate akriiiil-
sete pinnakatete vastupidavust simuleeritud kulumisele. SEM analiiiis demonst-
reeris akriiiilkatte siledat pinnastruktuuri enne to6tlemist ning selgeid muutusi
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pinnakatete abrasiivtootlemise jérel (jiljed, kriimud). Valmistatud akriitilipohised
nanokomposiitsed pinnad olid hiidrofoobsed ja jdid hiidrofoobseks ka pirast
simuleeritud kulumist (kontaktnurk > 90°). Kommertsiaalsete ja siinteesitud ZnO
pohiste katete fotokataliititiline efektiivsus parast mérg- ja kuivtootlemist oli 6 h
UVA (2.5-3 W/m?) eksponeerimise jirel ligikaudu 10% hinnates MS lagunemise
kaudu. Abrasiivne to6tlus suurendas MS lagunemiskiirust 25%-ni samasuguse
UVA ekspositsiooni korral. Tulemused néitasid, et ZnO nanoosakestel ja kom-
mertsiaalsel ZnO mikroosakestel pohinevad akriiiilkatted séilitasid kulutava
pinnatddtluse jérel fotokataliiiitilise effektiivsuse ning see isegi suurenes abrasiiv-
tootluse korral.

IV artikkel kdesolevas viitekirjas analiilisib kommertsiaalseid TiO»-pShiseid
fotokataliiiitilisi klaase, BIOCLEAN® ja SaniTise™. Seejuures SaniTise™ puhul
on tootja turustanud seda antimikroobse aknaklaasina. Nende klaaspindade puhul
tuvastati moddukas MS lagunemine (vastavalt 20% ja 40%) tile 72 h kestusega
suure intensiivsusega UVA ekspositsiooni korral (22-25 W/m?). Pinna hiidro-
fiilsus suurenes UVA eeltodtluse korral, esialgne vee kontaktnurk 60° vihenes
pérast 24 h UV A-ga eksponeerimist <10°-le. Klaaside pinnakatted kaotasid aga
hiidrofiilsuse ilma jatkuva UVA ekspositsioonita. Kéesoleva t66 tulemused ndi-
tasid, et TiO»-pohiste pindade fotokataliiiitilise aktiivsuse muutus ja kontaktnurga
meetodil médratud pinna fotoindutseeritud hiidrofiilsuse muutused ei langenud
kokku. Peamine pdhjus on see, et fotoergastuse modjul toimub pinnal kaks erine-
vat protsessi. Fotokataliiiis hdlmab pinna aktiveerimist valguse abil, mille kdigus
algavad saasteaineid degradeerivad keemilised reaktsioonid. Fotoindutseeritud
hiidrofiilsus aga suurendab pinna afiinsust vee suhtes, mille tulemusena vesi paik-
neb suuremale pinnale. Kokkuvdttes voib delda, et SaniTise™ néitas suuremat
fotokataliiiitilist ja antibakteriaalset aktiivsust kui BIOCLEAN®, viimane oli
ainult marginaalselt efektiivsem kui pinnakatteta kontrollklaas.

Kéesolev doktoritood hdlmas fotokataliiiitiliste materjalide arenduse erinevaid
aspekte ja aitas moista nende koostise ja struktuuri moju potentsiaalsele raken-
datavusele. Uudsed ja innovatiivsed materjalide kombinatsioonid, nagu magneti-
liselt kokkukogutav CuFe,0s-Fe,O3 koos TiO»-P25-ga, vdimaldavad suurendada
fotokataliiiitiliste materjalide funktsionaalsust ja rakendatavust. Uuringute tule-
musena ndidati, et nano-ZnO ja nano-ZnO/Ag osakestel pohinevate akriiiilsete
pinnakatete fotokataliiiitiline aktiivsus oli sarnane kommertsiaalsele TiO»-1 pohi-
nevale SaniTise™ klaasile. Samuti néitasid t66 tulemused, et ZnO osakestel pohi-
nevad akriililkatted séilitavad fotokataliiiitilise efektiivsuse pérast kulutavat
pinnatddtlust ja on seega potentsiaalselt kasutatavad.

Doktoritd6 kéigus olen mdistnud efektiivsete fotokataliisaatorite ja fotokata-
liisil pohinevate antimikroobsete materjalide arendamise tdhtsust. Seejuures on
olulised innovaatilised materjalikombinatsioonid, pdhjalik karakteriseerimine,
siinteesi optimeerimine, materjalide efektiivsus ja ka vastupidavus. Kokkuvdttes
nditavad kdesoleva doktoritod raames vélja tootatud ja uuritud fotokataliiiitilised
materjalid suurt potentsiaali nii vee puhastamise kui ka antimikroobsete katete
valmistamise jaoks.
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