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Summary:

The presented dissertation consists of a cycle of five scientific articles aiming at
developing the synthesis and deposition of H>O>-modified TiO», which can be applied to
the degradation of organic pollutants and bacteria under visible light and in the dark.
Selected hydrogen peroxide-based modification is a dopant-free strategy introducing
peroxo and superoxo groups which narrows the bandgap energy. The important aspect of
the thesis was designing a low-pressure cold spray process for the formation of coatings
that maintain the initial characteristics of feedstock materials. The application of
feedstock in the form of powder, suspension and aerosolised suspension aimed at
investigating the control over the preservation of oxygen-rich groups. The obtained H>O»-
modified TiO» coatings are the results of a synergistic combination of sol-gel synthesis
which imparted physicochemical characteristics providing catalytic activity and low-
pressure cold spraying that caused thermal drying and offered large-scale technique to

produce coatings.
Summary (in Polish):

Na niniejszg rozprawe sktada sie cykl pigciu artykutéw naukowych poswigconych
opracowaniu syntezy oraz procesu deponowania TiO> modyfikowanego H>O,
o potencjale aplikacyjnym do rozktadu zanieczyszczen organicznych oraz bakterii
w $wietle widzialnym oraz bez jego udziatu. Wybrana modyfikacja oparta na nadtlenku
wodoru to strategia niewymagajaca domieszkowania, pozwalajaca na wprowadzenie do
materiatu grup nadtlenkowych i1 ponadtlenkowych, ktére zmniejszajg szerokos¢ pasma
wzbronionego. Celem  pracy doktorskiej bytlo  zaprojektowanie  procesu
niskoci$nieniowego natryskiwania zimnym gazem tak, aby byto mozliwe wytworzenie
powlok o charakterystyce pierwotnych materiatow. Zastosowanie proszkow, zawiesin
oraz aerozoli zawiesin miato na celu zbadanie wplywu procesu natryskiwania na
zachowanie grup bogatych w tlen. Powtoki uzyskane w ten sposob, to synergistyczny
efekt syntezy nadajacej cechy umozliwiajace aktywnos¢ katalityczng oraz zastosowanie
niskoci$nieniowego natryskiwania na zimno jako techniki zapewniajacej suszenie oraz
obrobke termiczng uzyskanych materiatow przy zachowaniu skalowalnos$ci procesu

produkcyjnego.
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1 INTRODUCTION

1.1  ENVIRONMENTAL CLEANING

Environmental contamination is a persistent global issue driven by rapid industrialization
and urbanization, leading to the release of hazardous chemicals that pose a severe threat
to Earth's ecosystems and biodiversity. The European Environment Agency (EEA)
highlights significant environmental challenges across Europe. According to Europe's
State of Water 2024 [1], only 29% of surface water bodies and 77% of groundwater
achieved good chemical status in 2021, as defined under the Water Framework Directive
standards. The report identifies that energy generation and agriculture sectors pose the
most significant threat to water quality. Priority substances, including pharmaceuticals,
brominated flame retardants or polycyclic aromatic hydrocarbons, are challenging to
decompose due to their toxicity, and bioaccumulative nature. However, their proper
degradation ensures that these substances do not persist in the environment, reducing

human health risks and preventing long-term environmental damage.
1.1.1 WATER CLEANING SYSTEMS

The renewal of clean water supplies requires effective water purification processes to
meet environmental standards [1]. The comprehensive water purification system consists
of various sectors including ultrapure water production, groundwater treatment, air
purification, soil remediation, municipal wastewater sludge conditioning, and water and

wastewater treatment [2].

Wastewater treatment is a multi-step process with various methods that can be categorised
into physical, biological, chemical, and hybrid processes [3]. Physical techniques are used
for preliminary wastewater handling [2,3]. Sedimentation, floatation, filtration, etc. focus
on the separation of solid waste (sands, metals) or oil media (grease, fats) for their
recovery and potential conversion into useful chemicals [2]. Biological methods
decompose biodegradable matter including fats, proteins, alcohols, carbohydrates,
nitrates and sulphates through aerobic, anaerobic or anoxic procedures. Microbial
communities optimized for specific waste types metabolize pollutants converting them
into water, carbon dioxide, and, in some systems, bioelectricity [4]. The biological slurry
can be then used as biofuels [2]. However, as biological processes depend on living

organisms, their activity is time-intensive and constrained by the stability of operational
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conditions - such as waste composition, pH, and temperature, to prevent bacterial
inhibition or death [5—7]. Chemical treatment often yields faster results than biological
methods, but it relies on expensive disposable reagents. Techniques such as precipitation,
coagulation, flocculation, and disinfection are effective for removing dissolved pollutants
(nutrients, pharmaceuticals or organic chemicals). However, produced chemical slurry
may contain a variety of chemical compounds requiring different treatment or recycling

methods [4,7].

Unlike processes that result in secondary pollution, advanced oxidation processes (AOPs)
offer a complete degradation strategy for organic pollutants [6]. Oxidative degradation
reactions can be integrated into the degradation process at any stage as pre-, main, and
post-treatment [8]. AOPs generate reactive oxygen species (ROS), mainly "OH radicals
[7,8]. The non-selective character of radicals causes degradation of target pollutants and
intermediates, ultimately leading to complete mineralization into harmless products like
COz and H>O [6]. Depending on the type of pollution, the ROS can be generated using
different forms of energy including electromagnetic (photolysis, photocatalysis), thermal
(hydrothermal treatment, thermal activation), mechanical (ultrasounds, cavitation),
electrical (current, plasma) or chemical (ozonation, peroxide, Fenton) energies [4,7]. To
achieve synergistic removal of heavy pollution, several processes are typically combined

into hybrid procedures, such as UV/peroxide/ozone or photo-electrocatalysis [4,6—8].
1.1.2 TITANIUM DIOXIDE

Photocatalysts stand out in AOPs for their reusability, as they are not consumed during
degradation reactions. The most popular photocatalyst is titanium dioxide [6]. TiO: is
a versatile semiconductor known for its exceptional optical and electrical activity. When
exposed to light with energy larger than its bandgap energy (Eg), the photocatalyst absorbs
a photon which excites an electron (¢°) to the conduction band, leaving a hole (h") in the
valence band. Then the electron participates in reduction reactions, such as converting
oxygen (O») to superoxide radicals (O2 "), while the hole drives oxidation reactions, such

as transforming water (H>O) into hydroxyl radicals ("OH).

Photocatalytic activity depends on several factors, which can be categorized based on
their role in the degradation process. Key elements of a photocatalytic pollution

degradation system include the pollutant, excitation source and catalyst.
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— Pollutant-related catalytic efficiency depends on the physicochemical
characteristics of the target pollutants, including solubility, polarity, surface
charge, chemical bonding, and concentration which determine the choice of
catalyst and decomposition procedure. For example, hydrophobic pollutants (oils,
hydrophobic pesticides) require the addition of surfactants or organic solvents
[9,10], while water-soluble pollutants (phenolic compounds, pesticides) are
readily accessible for degradation in aqueous environments. Non-polar pollutants
(oils, aromatic hydrocarbons) primarily undergo degradation through direct
oxidation procedures. In contrast, polar pollutants (phenolic compounds,
antibiotics) strongly adsorb onto the catalyst surface, allowing degradation via
surface-driven reactions [11]. The adsorption is enhanced by the opposite charge
of pollutant and catalyst surfaces. As a result, TiO> surfaces may adsorb
selectively cationic dyes (e.g. methylene blue) and anionic dyes (e.g. congo red),
depending on the material’s pH-dependent surface charge [11]. Weakly-bonded
pollutants (dyes, pharmaceuticals) are easily-degraded in simple procedures while
chemically stable pollutants (personal care products, perfluoroalkyl and
polyfluoroalkyl substances, microplastic) require hybrid processing [5,7,12].
Degradation of pollution depends also on its concentration. When too high, it can
saturate the catalyst’s active sites and hinder catalytic efficiency.

— Light-related catalytic efficiency is closely connected to the energy absorption,
restricted by the bandgap width of the photocatalyst. Consequently, only a limited
range of wavelengths can be absorbed. Suitable light can be delivered from a wide
range of sources, including natural (the Sun) and artificial (lamps and diodes)
sources. Sunlight, a renewable energy source, contains approximately 7%
ultraviolet (UV) radiation, 43% visible light, and 49% infrared radiation [13] and
is limited by daylight conditions, weather, seasons and geographic location.
Whereas artificial light sources offer constant illumination with tailored spectra
and controlled light intensity.

— Catalyst-related catalytic efficiency is determined by the properties of the catalyst
including the electron structure, stability, reactivity, surface charge, selectivity,
particle size, surface area, morphology, and form. TiO;-based materials are
generally UV-activated photocatalysts and are characterized by high chemical
stability, non-toxicity and high resistance to corrosion and light. Particle size is

frequently controlled through synthesis because nanomaterials are favoured for
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their higher specific surface area-to-mass ratio compared to larger equivalents
[10]. Photocatalysts exist in various forms, including fine particles, powders, or
granules. They can be used as bulks (unsupported catalysts), membranes or
coatings (supported catalysts) [12]. Suspended catalysts exhibit generally higher
reactivity than immobilized ones, but their post-process separation is more
challenging [10,12]. Because nanomaterials pose ecological and health risks when

released into the environment [ 14], the supported catalysts are preferred.
1.1.3 STRATEGIES FOR VISIBLE LIGHT AND DARK ACTIVITIES

The photocatalytic potential of titanium dioxide is limited due to a large bandgap energy
(3.0 to 3.2 eV, requiring irradiation with ultraviolet light) and the rapid recombination of
photo-excited charge carriers. To extend its applicability and overcome limitations
associated with UV-only activation, recent efforts focus on reducing the bandgap for

visible light activation and improving charge separation.

Several attempts were made thereby to enhance the efficiency of TiO., including two
basic methodologies: bandgap engineering and junction engineering [13]. Bandgap
engineering interferes with band structure by changing the original positions of valence
and conduction bands or introducing new midgap states by forming extrinsic defects
(metal and nonmetal doping or metal-nonmetal codoping) or intrinsic defects, such as
Ti** or oxygen vacancies [13]. Junction structures are formed by coupling
semiconductors, which align their energy bands in a way that enhances charge separation
and reduces recombination [13]. However, coupling additive materials or doping various
elements to TiO may favour the undesired charge recombination and hamper

recyclability.

Hydrogen peroxide-based modification, introducing intrinsic defects, is a dopant-free
strategy imparting a characteristic yellow colour as a side-effect [15]. Simple soaking in
H>02 may introduce several changes such as diverse oxygen-rich groups (Figure 1),
including peroxo and superoxo groups, which provide the photocatalytic activity
observed under visible-light radiation [4,16]. Interestingly, the oxygen-rich groups prove
advantageous also for the non-light-driven catalytic removal of organic contaminants
[17,18]. Apart from the dark degradation of organic pollutants, H>Oz-modified TiO>

demonstrates bactericidal properties [19,20].
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Figure 1 Scheme of the oxygen-rich groups [E]

The analysis of recent studies on H2Oz-modified TiO; reveals two key trends. H>O; is an
oxidant used for the modification of TiO; or in situ pollution degradation [E]. The
modification process is either part of bottom-up synthesis or the top-down adjustment.
Most of the H2Oz-modified TiO: is thermally treated to achieve crystalline phases. The
visible-light photocatalytic activity is caused by material modification causing surface
hydroxylation, defected structure or the presence of peroxo groups [11,21-24]. In
contrast, when H>O» is added in situ, dark activity is often observed, which is explained

to be caused by the presence of superoxo groups [17,18,25].
1.2 DESIGN OF THE SUPPORTED CATALYST
1.2.1 SOL-GEL SYNTHESIS

The bottom-up approach for synthesizing oxygen-rich TiO; typically involves the
aqueous peroxo-titania sol-gel route [11]. Liquid-phase processes offer versatile
morphologies, scalable processes and cost-effective solutions, compared to vapour-based
and solid-phase methods [14,15,26]. The sol-gel technique offers high control over

catalyst-related features, including structure, size and functionality [14,27].

According to the International Union of Pure and Applied Chemistry (IUPAC), the sol-
gel route is “a process through which a network is formed from solution by a progressive
change of liquid precursor(s) into a sol, to a gel, and in most cases finally to a dry
network™ [28]. The sol-gel method operates at relatively low temperatures and ambient
pressures [29]. The change from solution to sol proceeds via hydrolysis and condensation
reactions while from sol to gel through further condensation (Figure 2). Then the wet gel
is dried to remove physically adsorbed water and organic solvents and chemically

adsorbed hydroxyl groups and precursor residues [29,30]. Drying processes necessitate
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post-synthesis treatments, including supercritical drying, freeze drying or thermal drying.
Thermal drying, such as calcination, is commonly used to achieve the desired crystallinity
[30]. Considering wet gels are prone to significant volume shrinkage, heat treatment at
inappropriate temperatures and rates may cause cracking [29]. This issue is, however, of

lesser importance in the production of powders.

HYDROLYSIS &

CONDENSATION CONDENSATION DRYING

SOL GEL
(colloid) (interconnected
porous structure)

final
product

solution of
precursors

Figure 2 Sol-gel route
1.2.2 THERMAL SPRAYING OF SOL-GEL MATERIALS

From the economical and structural point of view, photocatalyst in the form of coating is
more versatile and highly recommended, provided the risk of nanomaterial release is
minimized [12]. Unfortunately, coating formation causes the aggregation of the
nanomaterials, which reduces the active surface area compared to the suspended particles
[14]. Many nanostructured coating formation methods facilitate smooth surfaces only
[10,14]. But, unlike them, thermal spraying (TS) uniquely offers a wide range of surface
roughness, from coarse to smooth [31] enabling the partial retrieving of initial high

surface area-to-mass ratio properties of nanomaterials [10].

Although it is not common, thermal spraying can be coupled with sol-gel synthesis. Sol-
gel materials including TiO., SiO», ZrO», Al,O3 or hydroxyapatites with tailored chemical
composition and functionality may serve as feedstock material for thermal spraying.
Whereas thermal spraying can function in two ways. Firstly, it may be used as a thermal
drying technique for the removal of the residual solvents, full condensation of the network
and removal of synthesis residues. Additional delivered thermal energy is usually
consumed on phase transformations [32]. Secondly, thermal spraying offers a scalable

method for the production of reproducible coatings.
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Figure 3 Analysis of current literature on thermal spraying of sol-gel materials based on used

energy source for spraying!

It is highly convenient that the sol-gel process can be stopped at every step of the
synthesis. Sol-gel can be fed in the form of sol-gel solution (precursors or mixture of
precursors), suspension (typically powders suspended in the dispersion medium), or
powder [14][33] (Figure 2). Solution spraying forms smooth, crack-free structures, while
powder spraying provides appropriate porosity and roughness [34,35]. The wet gel is
commonly used to form powders and coatings. The powders are mostly produced for
catalytic purposes, which require high crystallinity, that can be obtained through high-
temperature treatments, such as flame pyrolysis or plasma spraying [36]. Photocatalytic
coatings may be produced using flame, plasma, high-velocity oxy-fuel and cold spray
[14]. However, the potential uses of coatings extend far beyond photocatalytic activity.
Coatings may appear as monolithic, gradient, and multilayer structures. In thermal
sprayed multilayers, sol-gel materials play the role of topcoats, interlayers and bond coats
deposited on various substrates. Topcoats are used primarily as a sealing agent to decrease

porosity. Other applications include increasing the wear, corrosion, or thermal resistance

! Based on the analysis of 287 paper found using the inquiry AB=("thermal spray*" OR "flame spray*" OR
"detonation spray*" OR "high velocity spray*" OR "high velocity oxy fuel "OR "cold spray*" OR "plasma
spray*" OR "laser spray*" OR "laser clad*") AND ALL=("sol-gel*" OR "Sol—gel" OR "sol gel" OR "Sol-
gel process" OR "sol-gel process" OR "sol gel process" OR "sol—gel synthesis" OR "sol-gel synthesis" OR
"sol gel synthesis") among which 113 was verified to contain the topic of thermal spraying of sol-gel
materials



10 INTRODUCTION

and providing proper roughness and biocompatibility of the outer surface. Interlayers and

bond coats usually improve thermal shock resistance and cohesion between layers.

Analysis of current literature on thermal spraying of sol-gel materials conducted for this
thesis (Figure 3) shows that the most popular techniques are plasma spraying (55%) and
flame pyrolysis (42%). Few papers, investigate laser cladding (3%) and cold spraying
(12% of which 7% constitute papers authored by the research team of which the author

of this thesis is a member).
1.2.3 COLD SPRAYING OF SOL-GEL MATERIALS

Among thermal spraying techniques, cold spraying is particularly advantageous by
operating at lower temperatures, because it may preserve the features of heat-sensitive
feedstock materials, which H>O»-sensitized TiO; surely is [37,38]. Traditionally, the cold
spray technique has been used for metal spraying, leveraging the ductility of metals and
the advantages of low-temperature deposition to preserve their properties without causing
surface oxidation or phase changes [37]. Hard ceramic powders were used preliminary as
an admixture to metal powder for reinforcement and densification [37]. However sol-gel
materials without thermal treatment may be prone to ductile-like behaviour at the
microscale, which enables the formation of coatings due to mechanical interlocking
[32,39,40]. Considering the success of the research team to which the doctoral candidate
belongs in spraying unmodified TiO2 [32], cold spraying was chosen to develop oxygen-

rich TiOz coatings in this thesis.
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2 RESEARCH CONCEPT

The chapter outlines the key research areas related to oxygen-rich TiO> materials,
focusing on their applications, properties, synthesis and deposition. This thesis specifies
9 research aspects based on current scientific knowledge, complemented by the explicit
contributions provided within this thesis, and highlights of potential challenges for future

considerations.
2.1 RETHINKING TiO; ACTIVITY

When considering the activity of TiO;-based materials, current trends include
photocatalyst activation by visible light, achieving activity in darkness, and the use of

amorphous titanium dioxide.
2.1.1 VISIBLE-LIGHT ACTIVITY

TiO2 has been proven active photocatalyst against over 1000 substances, including
pesticide residues, drugs, and hormones, as well as nitrogen oxides, toxic fumes, cigarette
smoke, viruses, fungi and bacteria [12,17,18,25,26]. Overcoming UV-only activation that
1s harmful to living organisms could broaden the applicability of already-developed UV-
induced photocatalytic solutions. Visible-light activation is more practical for integration
into human environments, as it operates efficiently under natural sunlight and human-
neutral artificial lighting. Additionally, it enables clean energy applications, such as solar

water splitting for hydrogen production and CO> reduction into valuable fuels.

Contribution: The modification of TiO2 with H2O; is designed to provide visible-light
activity against standard organic pollutant (methylene blue) [A,C,E].

Possible issue: The visible-light activity in model pollutant degradation may be caused

by the in-situ addition of H>O» [23] dye sensitization [41] or adsorption [24].
2.1.2 DARK ACTIVITY

Recent studies show that TiO> can be active in the degradation of organic pollutants and
microorganisms for some time after removal of radiation and TiO2 can be active
independently on the delivered light [25]. The dark activity was observed for the oxidised
surface of titanium implants [20] or coloured TiO2, mainly black TiO; [18]. Especially

interesting is yellow TiO> as the addition of H,O» provides dark activity in a facile, room
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temperature, dopant-free manner (Chapter 1.1.3). Catalysis in the dark holds promise for
implant applications (devoiding light) and continuous cleaning processes (not necessarily
under continuous illumination), particularly in medical settings, where certain bacteria

may persist under photocatalytic conditions and recover in the absence of light [17][18].

Contribution: The modification of TiO> with H>O; is designed to provide dark activity
against standard organic pollutant (methylene blue) and microbes (Escherichia coli,

Enterococcus faecalis) |E].

Possible issue: Observed dark activity may be partially caused by the exposure to daylight
that occurred during synthesis and drying.

2.1.3 ACTIVITY OF AMORPHOUS MATERIALS

Commercially available TiO> (P25), a standard photocatalytic material, is composed of
anatase, rutile and amorphous particles. Their junction can provide a synergistic effect as
anatase is active in oxidative decomposition reactions while rutile - for reductive
pathways [42]. Thermal treatment is used to increase crystallinity and get rid of the
amorphous phase which is considered inactive [42]. Current research shows, however,
that amorphous materials may be active photocatalyst, too [43]. The amorphous phase as
the name suggests, is characterized by long-range disorder. Defects may promote charge
carrier generation, improve charge separation and transfer efficiency, all of which
enhance visible light absorption [13,42]. Additionally, amorphous TiO> is a perfect
surface adsorbent [44]. What is even more interesting, some researchers observe an even
higher photocatalytic activity of amorphous titanium dioxide compared to its

commercially available crystalline version, P25 [43,44].

Contribution: The modification of TiO; with H>O; is designed to produce an amorphous
structure with defects ensuring visible-light activity of the material in the form of powder

[A,E] and coating [A,B,C,D].

Possible issue: (1) Amorphous TiO» is unstable in aqueous media (photo-corrosion) [43].

(2) Defects may serve as recombination centres that limit the activity [13,42].
2.2 DEVELOPMENT OF FEEDSTOCK MATERIALS FOR THE LPCS PROCESS

Developing feedstock materials for LPCS requires a thorough evaluation of their initial

functionality, as it directly influences the characteristics of the formed coating. It is also
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essential to determine whether such materials are suitable for deposition. Moreover, the
deposition process may be analysed for its potential to contribute to material preparation

which may provide additional features and shorten the production time.
2.2.1 DESIGNING AOP ACTIVITY

Few reports study coatings which underwent top-down H>O>-modification [17] probably
due to the difficult formation of coatings from H>O>-modified TiO,. Therefore, in
designing active feedstock for thermal spraying, analysis of literature on TiO; in AOP
technologies [15,18] may give useful insights. Generally, H>O> is used as a strong oxidant
in UV/H20, and UV/TiO2/H>0> systems due to its ability to in-situ generate reactive
oxygen species (ROS), including reactive hydroxyl radicals ("(OH) [41]. Although H>0O>
decomposition is spontaneous, UV-photolysis can improve and control its decomposition
rate [S5]. In UV/TiO2/H20, systems, the presence of metal ions catalyses the
decomposition of H>O; at the TiO; interface and enables the formation of different
radicals, such as superoxide radicals (O; ") and hydroperoxyl radicals (radical “OOH).
Both radicals (O2"/"OOH) can be stabilized on metal oxide surfaces [19] to form metal-
dioxygen complexes, called oxygen-rich groups (Figure 1) that can be excited during
degradation processes. Apart from oxygen-rich groups, the literature review in [E]
displays that the common material features providing AOP activity are surface
hydroxylation, phase composition, and defects in the structure. Those features can be
introduced into the material before the degradation processes. The resulting material
structure determines which reactive oxygen species, including ‘OH, O>™, ‘OOH, or
photogenerated intermediates, such as [=Ti""-OOH]* and [=Ti""-OOH]", are

preferentially formed during the test [11].

Contribution: The synthesis of feedstock TiO; is followed by the modification with
H>0» favouring the formation of oxygen-rich groups, intermediates and radicals to
provide visible light and dark activity without relying on in situ addition of H>O, and UV
light [ALE].

Possible issue: (1) Excited oxygen-rich groups on TiO> may be consumed and fail to
regenerate during the degradation processes [11]. Their regeneration may require H>O>
treatment [17,24]. (2) Oxygen-rich groups are thermally-sensitive [11] and may not
sustain the LPCS process.
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2.2.2 IMPARTING DUCTILITY

The principal disadvantage of low pressure cold spaying is the limited range of feedstock
materials as this technique was developed for metals which are ductile [37]. It is
impossible to plastically deform hard and brittle ceramic materials, such as crystalline
Ti0; [37]. The typical way to embed ductility or deformability of TiO> is to combine it
with commercially available polymer powder, such as polyvinyl alcohol [37,39]. Some
studies show, however, that amorphous oxides such as SiO2 or Al0O3; may exhibit ductile
behaviour [45], too. The most effective way to obtain amorphous TiO; is to produce it
using sol-gel synthesis (Chapter 1.2.1). Apart from promising amorphicity, wet
processing gives control over the particle size and agglomeration. Too small particles
may be ejected outside the carrier gas stream, so nanoparticles can be deposited using
LPCS only in the form of agglomerates [37]. TiO2 network formed upon sol-gel synthesis
encompasses residues of precursors and byproducts like alcohols and adsorbed water. The
synthesis residues bind the TiO: particles in weakly-bonded agglomerates [32]. Such
agglomerates may be then fractured, slipped and compacted to form coatings, which
provide so-called ductile-like behaviour [40] ensuring higher deposition efficiency [37].
Hence the heat treatment of the sol-gel TiO2 may be intentionally omitted to sustain the
amorphous structure with the synthesis residues [32]. To maximise further the deposition
efficiency of TiO; feedstock the substrate material can be selected to be ductile. The
evident choice is aluminium, as it tends to jet at the impact of incoming particles

enhancing particle attachment [34][40].

Contribution: The synthesis of H>O>-modified TiO> was conducted using the sol-gel
method without following heat treatment to produce an amorphous metal-oxygen
network, full of synthesis residues which can act as a binder upon deposition and can be

easily anchored on the aluminium substrate [A].

Possible issue: Room-temperature dried TiO2 may contain irregular shapes and intra-
agglomerate pores which may cause the formation of undesired closed porosity that

reduces the mechanical properties of the formed coating [39].
2.2.3 PROVIDING THERMAL DRYING

While the sol-gel process begins with a liquid precursor, the final product is a solid. The

liquid phase is removed via supercritical, freeze or thermal drying (Figure 2). Apart from
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the removal of organic residues, thermal treatment is used to change chemical, textural,
morphological and crystallographic properties [30,35]. Among thermal post-treatment
methods of sol-gel materials, calcination is the standard approach [30,32]. Some attempts
have been made to produce sol-gel coatings using air-spraying, but additional calcination
is needed to achieve the desired properties [46]. Although this approach remains
relatively unknown (Figure 3), instead of traditional long-lasting or energy-consuming
heat treatment, thermal spray offers a scalable alternative for thermal drying (Figure 2,

Chapter 1.2.2). Either room-dried powders or wet gels can be fed to a spraying gun.

Contribution: LPCS was used as an integrated solution to sol-gel synthesis offering
scalability in coating formation and thermal treatment of liquid residues remaining after

condensation (wet gel) [B,C,D] or room temperature drying [A].

Possible issue: Undried sol-gel materials are characterized by reduced flowability which

hinders their transport from the feeder to the spraying gun [47].
2.3 CUSTOMIZATION OF COATINGS THROUGH LPCS PARAMETERS

The final characteristics of the deposited coating can be controlled by adjusting the
parameters of deposition. Modifications of the low-pressure cold spray setup can address

the limitations of the feedstock materials.
2.3.1 DEPOSITION PARAMETERS-DEPENDENT EFFECTS

Coating quality depends on the deposition parameters. Selecting appropriate parameters
is challenging, as there are dozens of possible spraying parameters to consider [48]. The
first group of parameters involve feedstock material characteristics, the second contains
spraying setup characteristics including carrier gas, manipulator, nozzle and feeding,
whereas the third is pre- and post-spraying treatment methods [48]. For LPCS (Chapter
1.2.3), generally, the most important parameters are pressure and temperature as they
limit the accessible particle velocities [37]. Increasing delivered thermal energy is crucial
for ensuring the homogeneity of the produced coatings and facilitates rough surface
development [33,37]. LPCS is generally an air-based technique [39] but for better quality,
it can be coupled with inert gases or vacuum [35]. It is worth noting that the continuous
coating can be produced in the range of parameters (a window), not a single specific

combination (a point) [39].
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Contribution: Increasing carrier gas temperature enables coating formation from H20»-
modified TiOz [A]. Partially and fully condensed sol differently react on delivered
thermal energy [B]. Proper particle size distribution causes sufficient momentum of
particles and enables coating formation [D]. The formation of discontinuities can be

limited using a plan of experiments [C].

Possible issue: (1) Window of deposition for ceramic powders is significantly lower
compared to metallic powders [37,39,49]. (2) The currently deposited ceramics LPCS
coatings are characterized rather by poor quality (porosity and insufficient particle

interlocking) [34,39] (3) Rapid drying of sol-gel materials may cause cracking [29].
2.3.2 COMBATING THERMAL-SENSITIVITY

Although LPCS keeps a low-temperature regime it may cause feedstock material changes,
such as an increase in grain size, phase transition or decomposition of O-O species [34].
Given the thermal sensitivity of oxygen-rich complexes [11], their presence and stability
in the final product need to be assured by omitting high temperature or pressure post-
treatment. To lower the risk of preheating, feedstock material can be used in liquid form
[38]. Water and alcohols are the most used solvents in other thermal spraying techniques
[33]. Liquid share enables control of the agglomeration of fine particles and their
sedimentation [33,38]. In the case of sol-gel material, the synthesized particles may
remain suspended in the post-synthesis mixture containing water, unreacted precursors
and synthesis by-products which eliminates the need for the application of additional
solvents. Additionally, such a wet gel may include a higher solid content compared to a
conventional slurry composed of particles and solvent [33]. Thus, the application of
H>0;-modified TiO; wet gels as feedstock material reduces total coating production time
by eliminating the drying step (about a week in the room conditions) and repurposes

synthesis residues which minimize waste and consumption of chemicals.

Contribution: Suspension spraying leads to the efficient material use and preservation

of amorphous TiO» with oxygen-rich structures upon spraying [B,C].

Possible issue: The residues containing H>O> which are trapped in the coating cause
coating disintegration due to H>O»-containing bubble collapse [B,C]. Poorly evaporated

liquid increases thermal shock and causes cracking [46].
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2.3.3 RESIDUES EVAPORATION

Excess liquid can lead to inefficient material use due to overspray and increased coating
defects due to cracking [46]. The obvious solution is to increase thermal energy, but
increasing energy can cause changes in the composition and hence is not suitable for heat-
sensitive materials. Another solution for enhanced liquid evaporation is better control of
the droplets that can be provided using non-continuous feeding systems — aerosolization
of the feedstock suspension. Liquid aerosol formation can be done using an atomizer,
including pneumatic, hydraulic and sonic atomizers [33]. The atomizer breaks the
suspension into separate droplets. The formation of mist gives control over the diameter
of liquid particles [50]. The high kinetic energy of carrier gas in cold spraying may induce
evaporation [50]. The final structure of the coating depends on the droplet flattening [50].
The behaviour of large liquid droplets is similar to the behaviour of solid particles of
adequate size [33]. In other thermal spraying techniques, usually liquid evaporates before

reaching the substrate material [51].

Contribution: The aerosolization of feedstock suspension enhances the complete

removal of residual H>O»-containing liquid and hence retains coating integrity [D].

Possible issue: Rare commercial spraying guns for liquid injection are not designed for

cold spraying [33].
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3 AIMS OF RESEARCH

The thesis aims at the development of oxygen-rich TiO; coatings deposited using low

pressure cold spraying of sol-gel synthesized TiO> modified with H>O,. This dissertation

addresses gaining a better understanding of the spraying parameters on TiO, embedding

and preserving oxygen-rich structures. Produced coatings are meant to demonstrate

visible-light activity. Additionally, the dark activity of powders is investigated.

The main aims can be summed up with regard to each study:

Table 2

Compilation of main aims

[A]

The oxygen-rich powder is designed using an aqueous peroxo-titania sol-gel
route. The effects of H2O> modification are confirmed by the presence of oxygen-
rich groups and the reduction of the bandgap width. Feeding as-synthesized
amorphous powder without thermal treatment provides ductile-like behaviour
during spraying. The maximum range of carrier gas temperature is used to show

wide deposition widow. The dye degradation test verifies visible-light activity.

[B]

The oxygen-rich suspension is used instead of powder to combat the thermal
sensitivity of feedstock (retain the chemical and structural changes) and reduce
the total production time (no drying step). Relatively high carrier gas temperature

is used but deposition is controlled additionally by manipulator movement.

[C]

The oxygen-rich suspension is sprayed with parameters of ranges selected based
on [B] to provide the same chemical and optical structure as powders [A]. The
spraying parameters are optimized for bandgap energies and surface area to
reduce the number of performed photocatalytic tests. The dye degradation test

verifies the visible-light activity of the coating sprayed with optimal parameters.

[D]

The oxygen-rich suspension is atomized for spraying to improve the removal of
residual H>O»-containing liquid and improve coating integrity. The influence of

the preparation of suspension is investigated with respect to the formed coating.

[E]

The oxygen-rich, H2O2-modified powder [A] is compared with unmodified TiO>
and P25 to investigate the factors contributing to its visible-light and dark activity

verified in dye degradation and bacteria-killing tests.
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4 METHODOLOGICAL CONSIDERATIONS

This thesis analyses H>O»-modified TiO; (coloured blocks in Figure 4) in various forms.

e The coating is produced by the spraying of feedstock material in the form of
powder, suspension (wet gel formed via the sol-gel reactions without consecutive
drying) and aerosol of suspension.

e The powder is obtained by ambient drying of suspensions at room temperature.

Unmodified sol-gel synthesised TiO» and typical commercial TiO2, P25, were

investigated for comparison (white blocks in Figure 4).

commercial unmodified oxygen-rich
Ti0; powder sol-gel sol-gel
(P25) Ti0, powder T10, powder
[E] [E] Aoom drying [L_\] [E] 2 room drying
sol-gel it H,0, -
H,0 + HNO, | seactions unmodified sddtion oxygen-rich
 TIPO > sol-gel - sol-gel
[D]] Ti0, suspension [D]|TiO, suspension
v aerolisation v aerolisation
unmodified oxygen-rich
sol-gel sol-gel
T10; aerosol T10, aerosol
[D] v deposition [B] [(1]" deposition
unmodified oxygen-rich [D] deposition
sol-gel sol-gel D deposition
T10; coating T10; coating ‘[.A]

Figure 4 Thematic correlation between the papers that constitute the scientific achievement.
Coloured blocks denote TiO, materials modified with H,O,, and white blocks
represent TiO» without H,O> modification and commercial P25 powder. Process
flow labels indicate the transformations occurring between each step. Citations are

included to specify which papers studied each material type.
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4.1 SOL-GEL SYNTHESIS

TiO, was synthesised via single-pot sol-gel method (Figure 5). Titanium dioxide was
formed from titanium(IV) isopropoxide (TIPO) used as a precursor, distilled water and
nitric acid. The sol-gel reactions result in formation of metal-oxygen network with
residual isopropoxide groups or partially hydrolysed species. Upon the contact of H>O»,
oxygen-rich groups are formed on the surface of the titania [21,23]. The colour of reaction
mixture changes instantly and ranges from red, through orange to yellow depending on
the type of the peroxo groups (linear Ti-OOH, Ti-O-O-Ti, and triangular Ti0O.), superoxo
groups and their concentrations [21]. The colour of the dried H>O,-treated TiO, appear
yellow to the naked eye. In other research oxygen-rich groups serve most commonly as
an essential intermediate step to achieve hydrated crystalline TiO> phases which is
obtained through heat treatment which transform oxygen-rich group to hydroxy groups
[24]. In this research, resigning from thermal treatment aimed to preserve oxygen-rich

groups (possible issue 2.2.1).
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Figure 5 Scheme of sol-gel synthesis of H,O,-modified and unmodified TiO supplemented

with a graphic illustration depicting the differences in the chemical composition [E]
In this thesis, the same recipe is used to synthesize:

— powders (oxygen-rich TiO> [A, E] and unmodified [E])
— suspensions (oxygen-rich TiO; [B,C,D] and unmodified [D]).
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4.2 LOW-PRESSURE COLD SPRAYING

The coatings were deposited on the aluminium AW-1050A H14/H24 (min. 99.5 wt.% of
Al) substrates with dimensions of 20 mm X 20 mm x 4 mm. Aluminium naturally
passivates (Al>O3) in humid or aqueous environments which provides water and corrosion
resistance. Compared to other corrosion-resistant metals, such as stainless steel or
titanium, aluminium is significantly more affordable. Its low density (approximately one-
third that of steel) makes it exceptionally lightweight without compromising structural
integrity. This property is particularly beneficial in complex assemblies where
minimizing weight is crucial, such as in aerospace, automotive, architectural applications
or photocatalytic reactors with replaceable inserts. Aluminium is also a highly ductile
metal, allowing it to be easily shaped, textured, or micro-patterned. During cold spraying,
aluminium enhances coating build-up due to its impact characteristics [34,40].
Roughening provides an additional point of contact with surface and valleys that facilitate
the anchoring of particles due to shear instabilities [32,34,40]. Typical techniques for
topography modification include grit and sand blasting, grinding, and laser texturing [39].
In this thesis, before the LPSC process, all substrates were grit-blasted using corundum

(AbO3, mesh 45).

All coatings are prepared using a Dymet 413 unit (Obninsk Center for Powder Spraying,
Obninsk, Russia) coupled with a computer-controlled manipulator (BZT Maschinenbau
GmbH, Leopoldshohe, Germany). Dymet systems are considered a benchmark for low-
pressure cold spraying [39,52]. The integration with a computer-controlled manipulator
provides precise movement and positioning, ensuring operator safety, uniform coating
thickness, and customizable layer designs. Additionally, it enables flexible coating

patterns and efficient application on complex geometries.

Only one nozzle design is used throughout the study. The feedstock material is delivered
to the nozzle (internal feed system, Figure 6a and Figure 8a) or bypassing the nozzle

(external feed system, Figure 7a and Figure 8a).
4.2.1 POWDER FEED LPCS SYSTEM [A]

Dymet system is equipped with a standard vibrational hopper feeder designed for metallic
powders with particles ranging from 5-50 um [37,52]. In the case of low-density soft-

phase powders with wide particle size distribution, the vibrations cause powder tamping



22 METHODOLOGICAL CONSIDERATIONS

and clogging of the hopper outlet [39](possible issue 2.2.3). That is why instead of
a hopper, an aerosol powder feeder RBG 1000 SD (Palas GmbH, Karlsruhe, Germany)
was applied [53]. According to producer information, the particle size range is larger (0.1-
100 pm) [53]. The powder is filled into a feedstock powder compartment whose size is
controlled by the programmable movement of the piston. The powder is delivered into
the dispersion head with a rotating precision brush. Then due to the application of carrier

gas (nitrogen, 0.1 MPa), the loose powder is transferred to the dispersion unit outlet.
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Figure 6 (a) Scheme of low-pressure cold spraying system with powder feeder, (b) with
a detailed view of the standard hopper feeder, and (c) Palas aerosol generator based

on producer data [53]
4.2.2 SUSPENSION FEED LPCS SYSTEM [B,C]

Suspension spraying is an effective heat-protection technique. The liquid phase reduces
thermal energy delivered to the particles by consuming it partially for evaporation. The
system for suspension feed needs to be leakproof. Traditional syringe pumps are used in
thermal spraying procedures [33]. For spraying of H>O»-modified TiO> suspension,

different construction was developed (Figure 7b,c). The carrier gas is supplied to the
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Figure 7 (a) Scheme of low-pressure cold spraying system with suspension feeder, (b) with
a detailed view of the suspension feeder, and (c) the photograph of the suspension

feeder on the magnetic stirrer
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storage vessel and pushes the suspension. The suspension is homogenized by constant
stirring. To enable proper stirrer operation, austenitic stainless steel (non-magnetic) was
used for construction. Its corrosion resistance reduces vessel degradation in contact with
H>0O;-containing substances. The important part of the storage vessel is the pressure relief

valve, as the decomposition of H>O; is exothermic which may lead to explosions.

The volume of the suspension delivered to the substrate is controlled by the gas pressure
and the diameter of the feeder outlet. Small diameters cause nozzle clogging. Too high a
feed rate may cause problems with the evaporation of the liquid part which is required for
H>0»-containing structures [B,C]. This is especially important for cold spraying in which
the distance from the nozzle to the substrate is generally lower than for other thermal

spraying techniques [33,35].
4.2.3 AEROSOL FEED LPCS SYSTEM [D]

The application of a non-continuous suspension feeding system facilitates the rapid
evaporation of liquid. The most important effect of this research is that it may provide
full evaporation of H>O2-containing suspension. The construction of the atomizer was
also developed for this research. It consists of a specially designed 3-D printed storage
vessel and a vacuum generator mounted inside (Figure 8b,c) [54][F]. The suspension is
supplied in a batch process and to provide homogeneity it is under continuous mixing
with a magnetic stirrer. For aerosolization, gas flows through the vacuum generator which
creates a negative pressure that draws the liquid from the chamber to the aerosol outlet.
Then the aerosol of suspension is introduced either at the diverging section of the de Laval

nozzle or externally in the middle of the distance between the nozzle end and the substrate

material.
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Figure 8 (a) Scheme of the low-pressure cold spraying system with suspension atomizer, (b)
a with detailed view of the atomizer, and (c) the photograph of the atomizer with the

lid removed [D]
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4.2.4 SPRAYING PARAMETERS SUMMARY

To reach the various aims of research (Chapter 3), different combinations of spraying

parameters were selected (Table 3).

Table 3 Compilation of spraying parameters

[A] The modified spraying parameters:
— carrier gas temperature (200, 600 °C).
Other spraying parameters:
— feedstock material: oxygen-rich TiO> powder
— carrier gas: type: air, pressure: 0.5 MPa,
— nozzle: circular with 2.5 mm throat and 5 mm outlet,
— manipulator: traverse speed: 2.5 mm/s, stand-off distance: 10 mm,
scanning step: 2 mm,

— feeding: feeding rate: 61 g/h, powder feed: internal.

[B] The modified spraying parameters:
— scanning step (1, 2, 3 mm),
— standoff distance (10, 20, 30 mm),
— traverse speed (75, 150, 300 mm/min)
— temperature of carrier gas (400 and 600 °C).
Other spraying parameters:
— feedstock material: oxygen-rich TiO2 suspension
— carrier gas: type: air, pressure: 0.5 MPa,
— nozzle: circular with 2.5 mm throat and 5 mm outlet,
— feeding: feeding rate: 28.6 uL/s, suspension feed: external, in the middle

of standoff distance, skewed 20° relative to nozzle axis.

[C] The modified spraying parameters:
— scanning step (2, 3, 4 mm)
— traverse speed (150, 300, 450 mm/min)
— temperature of carrier gas (200, 400, 600 °C).
Other spraying parameters:
— feedstock material: oxygen-rich TiO> suspension
— carrier gas: type: air, pressure: 0.5 MPa,

— nozzle: circular with 2.5 mm throat and 5 mm outlet,
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— manipulator: standoff distance: 30 mm, scanning step: 2 mm,
— feeding: feeding rate: 28.6 uL/s, suspension feed: external, in the middle

of standoff distance, skewed 20° relative to nozzle axis.

[D] The modified spraying parameters:

— suspension feed (downstream injection or external injection (in the
middle of standoff distance, skewed 20° relative to nozzle axis)).

— feedstock material (oxygen-rich TiO> aerosol of suspension or
unmodified TiO; aerosol of suspension).

Other spraying parameters:

— carrier gas: type: air, pressure: 0.5 MPa,

— nozzle: circular with 2.5 mm throat and 5 mm outlet,

— manipulator: standoff distance: 10 and 30 mm, scanning step: 2 mm,
traverse speed: 300 mm/min, temperature of carrier gas: 600 °C,

— feeding: feeding rate: 28.6 uL/s, suspension feed: internal, and external,

in the middle of standoff distance, skewed 20° relative to nozzle axis.

[E] No coating?

2 No coatings. The paper provides an in-depth analysis of the powders utilized in [A].



26 METHODOLOGICAL CONSIDERATIONS

4.3 CHARACTERIZATION METHODS

This section presents the most relevant techniques for the examination of H>O2-modified

TiO2 powders, suspensions and coatings.
43.1 X-RAY DIFFRACTION [A,D,E]

X-ray diffraction is widely used for the investigation of phase composition, degree of
crystallinity, and structural defects. In this thesis, it was primarily used to detect whether

LPCS deposition caused phase transition from amorphous phase to anatase [32].
4.3.2 RAMAN [A,B,C,D.E] AND INFRARED SPECTROSCOPY [E]

Raman spectroscopy confirms phase composition changes and recognises oxygen-rich
groups. Raman bands are assigned based on the literature review which is presented
in [A]. Infrared spectroscopy is more specific for distinguishing their different

geometries, including triangular or linear groups [11].
4.3.3 ELECTRON PARAMAGNETIC RESONANCE SPECTROSCOPY [C,E]

Interaction of TiO> with H>O» causes the formation of paramagnetic defects. In this
research, electron paramagnetic resonance spectroscopy excluded the presence of most
popularly detected oxygen vacancies and Ti*" defects [11,21] and enabled the
identification of superoxide radical anion (O2") in the powders [C] and coatings [E]

before and after catalytic activity tests.
4.3.4 X-RAY PHOTOELECTRON SPECTROSCOPY [E]

X-ray photoelectron spectroscopy confirms primarily the oxidation states of titanium
(Ti*") and provides information about Ti—O bonding, including the existence of surface

hydroxy groups, oxygen-rich groups, and adsorbed water [11,21].
4.3.5 SURFACE CHARGE [E]

The point of zero charge (pHpzc) is critical for understanding the adsorption processes of
pollutants on the catalyst surface. The drift method [55] is a simple and inexpensive
approach to assess at which pH negative and positive charges are equal. This means that

at pH lower than pHpzc the positively charged surface of TiO; attracts anions (including
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condo red), while at pH higher than pHpzc negatively charged surface attracts cations

(such as methylene blue) [11].
4.3.6 SEDIMENTATION TEST |D]

To maintain constant feed, homogeneity, and prevent defects in the coating, the stability
and settling behaviour of suspension should be examined. To avoid interactions between
glass and titanium precursors, polymeric cylinders are used instead of standard glass

cylinders for the sedimentation test.
4.3.7 DIFFUSE REFLECTANCE SPECTROSCOPY [A,B,C,D,E]

The Kubelka-Munk function is used to determine the optical bandgap width, which
represents the energy gap between the valence and conduction bands of semiconductors.
Additionally, the method provides information about localized electronic midgap states
which are caused by the disorder and defects and may be observed as the Urbach tail [56].
Thanks to sub-bandgap absorption, which allows absorbing photons of energy lower than

the bandgap, H>O>-modified TiO: is a promising material for visible-light applications.

The reflectance measurement is, however, influenced by multiple factors, including
surface characteristics [57]. This aspect was used in [C] where bandgap energy
underestimation in coatings with the same chemical characteristics resulted from the
presence of coating discontinuities. Detection of defective coatings facilitated the

optimisation of spraying parameters for the development of crack-free surfaces.
4.3.8 TRANSMISSION ELECTRON MICROSCOPY [E]

Electron microscopy provides information about the morphology of the powders.
Selected-area electron diffraction offers observation of diffraction patterns at different
orientations directly on the transmission electron images which confirms the presence of
crystalline phases at atomic level. This technique is particularly useful for heterogenous

materials and nanostructures of low-crystallinity.
4.3.9 SURFACE FEATURES [A,B,C]

There are two technical approaches to determining the specific surface area of TiO;
coatings: detaching the coating or measuring it in situ without detachment. The first

option is impractical, as TiO2 coatings lack sufficient mechanical integrity to be removed
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without damaging their structure. In the second option, mercury porosimetry or nitrogen
adsorption to access specific surface area are limited to detecting only open porosity.
Additionally, such analysis relies on comparing the mass of the sample and the substrate.
For thin coatings with low mass (on the order of a few milligrams), this can lead to

significant measurement errors due to the small mass difference.

To overcome these challenges, optical image profilometry is used. This optical technique
generates a three-dimensional surface profile by scanning multiple focal planes along the
z-axis, allowing for the calculation of surface area and roughness. Its resolution is limited
by the nature of light, preventing the detection of features smaller than approximately
200 nm, as well as complex topologies such as step edges and undercuts [17]. But optical
image profilometry (as used in [B,C]) is more suitable for analysing thin coatings

compared to tactile profilometry (as used in [A]), which may damage brittle surfaces.
4.3.10 SURFACE AND CROSS-SECTION IMAGING [A,B,C,D]

The morphology of surface and cross sections is investigated using a scanning electron
microscope equipped with secondary electrons and backscattered electrons detectors. The
limitation of backscatter images includes low contrast (because of the relatively close
atomic number of titanium (Z=22) and aluminium (Z=13)) and reduced resolution due to
image distortion caused by the lack of conductivity of TiO; layers. To reduce charging

without carbon or gold sputtering, the low vacuum mode is used.
4.3.11 CROSSCUT TEST [D]

To assess the adhesion strength of thermal sprayed coatings, the standard method
typically used is the pull-off test (ASTM C633). However, for very thin and smooth
coatings, the scratch test (ASTM C1624) is often employed. In our study, the coatings
were too thin (with a thickness below 380 um) to apply the ASTM C633 standard and too
rough to utilize the ASTM C1624 standard. As a result, the adhesion was assessed
strength using the cross-cut method, in accordance with the ISO 2409 standard, which is

suitable for coatings with the characteristics observed in this study.
4.3.12 STATISTICAL ANALYSIS [C]

Photocatalytic activity testing is time-consuming. Taguchi's orthogonal design approach

reduces the number of experimental test runs. The method was developed for the industry
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but currently is applied also scientific research of various processes, including coating
preparation processes using thermal spraying [48]. This means that the photocatalytic

activity test in [C] has been performed only for selected samples.
4.3.13 MB DEGRADATION [A,C,E]

Dyes degradation test coupled with UV-VIS spectroscopy is a simple, cheap, reliable and
reproducible mean to assess real-time photocatalytic activity. Several standardised
methods for dye degradation in aqueous solution using UV light have been developed,
including ISO 10678:2010, and the newest ISO 10678:2024 standards. Visible light can,
however, excite dye molecules (possible issue 2.1.1). To exclude dye sensitization, it is
essential to use an irradiation source with wavelengths shorter than the maximum
absorption of methylene blue (600-700 nm, Figure 9a). Consequently, a source with
maximum emission within the range of 420-500 nm was used (Figure 9b) or an

appropriate cut-off filter (Figure 9c¢).

The spectroscopic method is based on measuring the decreasing concentration of MB. To
exclude the effect of dye adsorption (possible issue 2.1.3), total organic carbon

measurements were carried out to provide a quantitative value for degraded dye [E].
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Figure 9 (a) UV-Vis absorption spectrum of methylene blue and spectral characteristics of (b)
UV and Vis diodes [E] and (c) Xe lamp with the UV cut-off filter [A,C]

4.3.14 BACTERIA KILLING [E]

The bactericidal effects of TiO» against both Gram-positive (Enterococcus faecalis) and
Gram-negative (Escherichia coli) bacteria were evaluated under solar-like illumination
and in darkness to observe dose-dependent effects. Bacterial viability was quantified by
counting colony-forming units on agar plates. Although a cooling system was used, the

XENON lamp often caused a temperature rise, potentially influencing bacterial viability.
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Additionally, the XENON lamp emitted a mixture of UV and visible light, complicating
the interpretation of light-specific effects. No standard substances active under visible
light or in darkness were used for comparison of antimicrobial activity as there are

currently none popularly used.
4.3.15 LIST OF CHARACTERIZATION METHODS
The overview of all characterization methods is presented in Table 4.

Table 4 Compilation of methods used for characterization of prepared materials

[A] Particle size (particle size analysis), surface topography and cross-section
morphology (scanning electron microscopy), surface roughness (tactile
profilometry), phase composition (X-ray diffraction), chemical composition
(Raman spectroscopy), optical bandgap width (diffuse reflectance spectroscopy),
MB degradation (UV-Vis spectroscopy)

[B] Surface topography and cross-section morphology (scanning electron
microscopy), surface roughness (optical profilometry), chemical composition

(Raman spectroscopy)

[C] Surface topography and cross-section morphology (scanning electron
microscopy), surface roughness (optical profilometer), chemical composition
(Raman, electron paramagnetic resonance spectroscopy), MB degradation (UV-

Vis spectroscopy)

[D] Particle aggregation in feedstock suspensions (particle size analysis), suspension
stability (sedimentation test), surface topography and cross-section morphology
(scanning electron microscopy), phase composition (X-ray diffraction), chemical

composition (Raman spectroscopy), mechanical integrity (cross-cut test)

[E] Phase composition (X-ray diffraction), morphology (transmission electron
microscopy), particle size (particle size analysis), thermal stability of oxygen-rich
groups (differential scanning calorimetry and thermogravimetric analysis),
optical bandgap width (diffuse reflectance spectroscopy), chemical composition
(X-ray photoelectron, electron paramagnetic resonance, infrared, and Raman
spectroscopy), net charge (pHrzc), MB degradation (UV-Vis spectroscopy, total

organic carbon), bacteria-killing (colony forming unit assay)
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5 KEY FINDINGS

The concluding remarks include the investigated results of TiO2 modification with H>O»,
the development of low-pressure cold spraying strategies for the deposition of oxygen-
rich TiO> and careful examination of the influence of delivered thermal energy on

deposited sol-gel materials.
5.1 INFLUENCE OF H>O, MODIFICATION

In this thesis, different impacts of TiO2 modification with H2O2 on its structure and

activity are observed. The effects of oxygen-rich groups include:

— Narrowing the optical bandgap energy of the TiO> by forming midgap states
(Urbach tail) so TiO> can be potentially activated by visible light.

— Blocking the formation of 3D structures (during bottom-up synthesis) which
inhibits crystallization and may lead to the formation of the layered structure (2D).

— Improving the adsorption process through the formation of an oppositely charged
TiO; surface, which attracts pollution.

— Creating an oxidative environment for the oxidation of pollutants or bacteria
(ROS analysis) which provides the activity in the darkness.

— Depending on the type, promoting short-term activity (superoxo groups) or long-

term activity (peroxo groups).
5.2 INNOVATIVE APPROACHES TO OXYGEN-RICH COATINGS

The other key aspect of this thesis is to provide the procedure for oxygen-rich coating

formation using low-pressure cold spraying with feedstock in various forms.

— Spraying of sol-gel powder is possible without an inert atmosphere or vacuum.
Changing spraying parameters may reduce unwanted phase transformations and
enable the preservation of oxygen-rich groups (possible issue 2.2.1). Application
of appropriate feeder excludes clogging of feeding system (possible issue 2.2.3)

— Spraying of sol-gel suspension may be beneficial. The liquid phase in the wet gel
consumes excessive thermal energy on liquid evaporation so oxygen-rich groups
can be preserved (possible issue 2.2.1)

— Spraying of aerosolised sol-gel suspension may improve liquid evaporation which

combats coating disintegration caused by trapping residual H,O in the coating
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(possible issue 2.3.2), providing coating homogeneity and presence of oxygen-

rich groups (possible issue 2.2.1).
5.3 THERMAL DRYING OF SOL-GEL MATERIAL BY LPCS

The spraying temperature does indeed influence TiO; particle bonding and the resulting
coating microstructure. Discussion of the thermal energy effects on coatings sprayed from

sol-gel materials relies on liquid evaporation [B].

The suggested mechanism (Figure 10) was developed because wet gels differ from the
most commonly used particle-solvent systems. The sol-gel particle consists of
a condensed core and a partially condensed shell which behave differently in the gas
stream. The dense particles result in dense coating with a well-developed profile while
the porous shells can be preserved to form multi-tier roughness on generally flatter

coatings.
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oxygen-rich TiO; [B]

Insufficient thermal energy in coatings sprayed from aerosolized suspension [D] resulted
in pancake-like coatings, while higher energy improved particle bonding and coating
density. Coatings applied using the internal feed system exhibited uniform bonding due
to the rapid evaporation of the liquid phase, causing mechanical interlocking of the
particles. In contrast, the external feed system produced thicker coatings, which reduced
the influence of the underlying grit-blasting texture. While increased thermal energy
promoted densification, it also led to the formation of network-like cracks within the

coatings.
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5.4 MAIN CONCLUSIONS

The major results can be summed up with regard to each study:

Table 5

Compilation of main findings

[A]

The oxygen-rich TiO2 powder produced using the aqueous peroxo-titania sol-gel
route without thermal treatment is characterized by narrowed bandgap width
through the formation of midgap states (2.2 eV) and lack of powder annealing

sustains it in an amorphous state.

The characteristic of oxygen-rich TiO» coatings produced from oxygen-rich TiO»

powder using low-pressure cold spray depends on carrier gas temperature:

—  With 600 °C: 25-50 um thick, porous anatase coating, rough at the
surface, weighting 35 + 9 mg, with bandgap energy 3.1 eV was formed.

—  With 200 °C: 2-3 pum thin, discontinuous amorphous coating weighing
less than 1 mg with bandgap energy 2.8 eV was formed.

Both coatings exhibit visible light activity in methylene blue degradation (17 %
and 3.1 % degradation in 6 h for coating sprayed using carrier gas preheated to

600 °C and 200 °C).

Feedstock powder changes upon spraying. Structure crystallization and only

partial preservation of oxygen-rich groups in coatings are observed.

[B]

Application of liquid feedstock for spraying oxygen-rich TiO coatings using

low-pressure cold spray reduces the material changes upon spraying:

— In most of the coatings, the oxygen-rich structure is preserved.

— For coatings sprayed with the scanning step of 1 mm, the standoff distance
of 10 mm, the traverse speed of 150 mm/min and the carrier gas
temperature of 600 °C, delivered thermal energy-induced partial

crystallization but despite this oxygen-rich groups are partially preserved.
50 um thick coatings can be deposited in a single pass.

The most uniform coatings are produced using the standoff distance of 30 mm.
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Application of sol-gel materials (consisting of partially condensed sol and

condensed gel) produces complex structures after deposition.

The residues containing H>O> which are trapped in the coating cause coating
disintegration shortly after coating deposition due to H>O»>-containing bubble

collapse.

[C]

The spraying of oxygen-rich TiO, suspension with parameters preserving
oxygen-rich amorphous structure selected based on [B] is reproducible and

provides the same chemical and optical properties of coating as of powders [A].

Experimenting with spraying oxygen-rich TiO2 coatings according to plan

(Taguchi method) provides:

— The process parameters for spraying optimal Ez and SA values (the
scanning step of 2 mm, the traverse speed of 150 mm/min and the carrier
gas temperature of 600 °C).

— ANOVA showed that the most influential spraying parameter is carrier
gas temperature with an effect of 53.81 % and 56.62 % on the Egand SA
values, respectively. The least significant parameter is traverse speed with

a contribution of 15.69 % on Eg.

The coating prepared with optimal parameters (thickness 5-25 pm, mass 3.4 mg)
possesses the expected characteristics (Eg and SA of the optimal coating were
2.39 eV and 2 553 369 um?, respectively). It exhibits visible light activity (14.1 %
degradation in 6 h).

The residues containing H>0O> which are trapped in the coating cause coating
disintegration shortly after coating deposition due to H>O»-containing bubble

collapse.

[D]

The spraying of aerosolized oxygen-rich TiO2 suspension causes full evaporation

of H20O:-containing synthesis residues which preserve the structure of coatings.

The oxygen-rich TiO2 coatings produced from oxygen-rich TiO; aerosolised
suspension using low-pressure cold spray retain an oxygen-rich structure and

form thick coatings (20 to 80 um).
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The internal feed enhances liquid evaporation and causes loosely bound
particles to be observed on the coating similar to [A].

The external feed provides surface uniformity.

Coating deposition in a single pass contributes to maintaining amorphous

structure, while 3 passes cause partial crystallisation to anatase.

The initial characteristics of suspension changed with respect to mixing times of

suspension before and after modification:

The addition of H>O» to TiO> suspension mixed for 48 h causes the
formation of a jelly-like structure, not possible to be aerosolised.
Prolonged mixing after the addition of H>O; causes the decomposition of

oxygen-rich groups.

[E]

More detailed research on oxygen-rich TiO2 powder, as in [A], shows that:

Chemical and structural changes in the titania composition are introduced
by the incorporation of additional oxygen in the whole volume.
Modifications narrows the bandgap width through the formation of
midgap states (2.2 eV).

Lack of powder annealing sustains the produced powder in an amorphous
state, which can be used for low-temperature low-energy deposition

techniques (such as low-pressure cold spray described in [A-D]).

H>02-modified TiO; showed visible light photo-activity and dark activity for

methylene blue oxidation and bacteria killing:

The adsorption is facilitated by the low pHy.c of the material (3.2).

The visible light activity is caused by photocatalytic oxidation and
photocatalysis leading to degradation of 75% of MB in 8 h in zero-order
kinetics, k = 0.027 (mg/L) min~!, and bacteria (MBCeneroccocus = 750
pug/mL, MBCcoi = 375 pg/mL (6 logio CFU/mL removal)).

Dark activity resulted from the unique chemical composition of the
studied material (presence of superoxo groups) which enabled the
oxidation of pollutants degrading 36% of MB in 8 h in zero-order kinetics,
k = 0.014 (mg/L) min™!, and bacteria (MBCenteroccocus > 1500 pg/mL,
MBCeoli = 1500 pg/mL (6 logio CFU/mL removal)).
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6 OUTLOOK

Modern photocatalytic materials are meant to provide multi-faceted activity. The
presented research can be extended with new types of pollution including antibiotics,
microplastics or personal care products. Additionally, the degradation of air pollution

may be addressed, so that an integrated environmental strategy can be developed.

Because in dark degradation processes, oxygen-rich groups were partially consumed, the
regeneration strategies with H>O» or laser may be investigated. Such procedures may be
studied particularly for coatings because the application of a supported catalyst offers

easy separation.

Electron paramagnetic resonance spectroscopy may be employed for in-situ detection of
free radicals and reactive oxygen species (*OH, O e, *OOH) during degradation

reactions, which are popular for the specification of degradation pathways [18][19].

Microstructures obtained from low pressure cold spraying of aerosolised suspensions may
be promising for depositing other materials. For instance, bone-like structures obtained

in [E] can be beneficial in the process of formation of hydroxyapatite coatings.

In-flight particle characteristics can be studied more extensively, too. Information about
the exact temperature and velocity could improve the deposition efficiency of powders,
suspensions and aerosolised suspensions, and provide data to understand the spraying of
partially condensed sol-gel materials. Computational fluid dynamics modelling would
require more detailed materials information which can be accessed from density

functional theory.
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9.1.1 OTHER ARTICLES
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