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Abstract

Drinkable water scarcity poses a growing global threat and is gaining even more attention
due to constant industrialisation and population growth. In response, advanced water
treatment methods have emerged, with photocatalysis attracting significant interest due to its
capability for the complete mineralisation of persistent organic pollutants using light energy,

which is unattainable with conventional methods.

Titanium dioxide (TiO,) is the most often chosen material for photocatalytic applications
due to its low cost, wide availability, chemical stability, and non-toxicity. Yet, despite four
decades of research, photocatalytic systems remain underutilised in industrial applications.
This gap stems from a disproportionate focus on photocatalytic materials modification while
neglecting their applicational aspects, among which the form of the photocatalyst largely
determines the feasibility of its operation on anindustrial scale. Concerning the latter,
immobilised photocatalysts are more often chosen, sacrificing their specific surface area and
reducing efficiency due to thermal degradation. The low-pressure cold spray (LPCS) process,
a kinetic-driven deposition technique, addresses this by retaining material properties through
low-temperature processing. However, depositing oxide powders like TiO, via LPCS is
challenging due to their inherent brittleness. A promising solution involves using agglomerated
TiO, particles, which deform via agglomerate flattening and break-up during deposition.
Another underexplored aspect is photocatalyst longevity. Scarce data on aged photocatalyst
behaviour hinders predictions of property degradation over operational cycles, despite

the economic and environmental benefits of reusability.

In this thesis, the combination of sol-gel synthesis with the LPCS technique for
the fabrication of photocatalytic TiO, coatings is researched. The sol-gel method produces
amorphous, self-agglomerated TiO, powder, enabling LPCS deposition. This synergistic
approach ensures homogeneity, scalability, and functional retention. To enable the deposition
of the oxide powder via LPCS, the sol-gel-derived TiO, powder is amorphous and self-

agglomerated. The photocatalytic performance of the resulting coatings is evaluated via



methylene blue (MB) model pollutant degradation under UV light. Additionally, to study
the ageing of a photocatalyst, two experiments are carried out: (1) continuous long-term ageing
in a humid chamber to simulate structural degradation and (2) multi-cycle decomposition tests
to evaluate photocatalytic stability. Furthermore, the powder synthesis is modified to
determine the influence of powder agglomeration on the LPCS deposition process and

the properties of the resulting coating.

Results demonstrate that LPCS-immobilised TiO, coating material partially crystallises into
the anatase phase and degrades methylene blue effectively under UV light. Long-term ageing
negatively affects the adsorption properties of the photocatalyst, decreasing its effectiveness.
The multi-cycle decomposition test shows that a more crystalline photocatalyst yields more
repetitive rates of MB decomposition reactions. Additionally, the regeneration of
the photocatalyst between the consecutive tests enables maintaining its initial effectiveness.
What is more, the TiO, coatings have low cohesion, and their adhesion mechanism is
determined by the coatings” degree of crystallinity. Two types of adhesion mechanisms are
proposed: predominantly amorphous coatings rely on chemical bonding, while coatings with
a higher number of crystalline grains adhere via mechanical bonding. Ageing tests show that
chemically bonded coatings strengthen over time due to the increase in the number of bonds
established, whereas mechanically bonded interfaces weaken due to reduced surface contact.
Despite the ageing-weakening, the mechanically bonded coatings have superior adhesion.
Lastly, the synthesis of the TiO, is altered by increasing the pH and varying the solvent
(between isopropanol, methanol and acetone), which affects the self-agglomeration of
the powders and directly influences their deposition efficiency. As a result, coating adhesion is
affected, while higher pH increases dye adsorption, causing the photocatalyst fouling and

decomposition rate to decrease.

The results show the possibility of photocatalyst production via non-standard methods, like
sol-gel and LPCS, and discuss photocatalyst longevity and adhesion mechanisms while
identifying key challenges: enhancing coating cohesion and extending light absorption into

the visible spectrum.



Streszczenie

Niedobdér wody pitnej stanowi globalny problem, potegowany poprzez postepujaca
industrializacje i wzrost liczby ludnosci na §wiecie. W odpowiedzi na globalny kryzys wodny
rozwijane s3 nowoczesne metody uzdatniania wody. Na szczegdélng uwage zastuguja procesy
fotokatalityczne, ktére w poréwnaniu do konwencjonalnych metod pozwalaja na catkowita
mineralizacje  trwalych  zanieczyszczenn  organicznych.  Najczeéciej — wybieranym
fotokatalizatorem jest dwutlenek tytanu (TiO:) ze wzgledu na niski koszt, powszechng
dostepno$¢, nietoksycznosé oraz trwato$¢ chemiczng. Badania nad TiO: z ostatnich
czterdziestu lat skupiaja sie gtéwnie na zapewnieniu funkcjonalnosci poprzez modyfikacje
materialu, zaniedbujac inne cechy uiytkowe, przez co rzadko dotycza przemyslowego
zastosowania TiO.. W konteksécie fotokatalizatorow, charakterystyka uzytkowa obejmuje
przede wszystkim forme fotokatalizatora. Unieruchomienie materialu aktywnego
fotokatalitycznie upraszcza jego uzytkowanie jednoczes$nie, zmniejszajac jego powierzchnie
czynng, co prowadzi do obnizonej wydajnosci, asam proces deponowania - nierzadko
degradacji termicznej materialu. Po$réd metod o nizszym rezimie temperaturowym,
zapewniajacych zachowanie pierwotnych wlasciwoséci fotokatalizatora, mozna wyrdzni¢
niskocisnieniowe natryskiwanie na zimno (LPCS). Proces ten wykorzystuje energie kinetyczna
do osadzenia materialéw proszkowych na podiozu. Niestety, deponowanie nieodksztalcalnych,
kruchych proszkow tlenkowych, jak TiO., obniza efektywno$¢ osadzania. Lepsza wydajnos¢
procesu uzyskuje sie poprzez uzycie zaglomerowanego proszku TiO;, ktory podczas natrysku
ulega rozpadowi na mniejsze czastki w efekcie uderzenia o powierzchnie. Innym czesto
zaniedbywanym zagadnieniem dotyczacym fotokatalizatoréw jest ich trwalo$¢. Brak danych
0 zachowaniu si¢ materialu w trakcie eksploatacji utrudnia prognozowanie zmian wlasciwosci
I ogranicza mozliwo$¢ wielokrotnego uzycia, co ma kluczowe znaczenie ekonomiczne

i Srodowiskowe.

Niniejsza praca doktoraska bada polaczenie procesu syntezy zol-zel z technika LPCS w celu
wytworzenia fotokatalitycznych powlok TiO.. Metoda zol-zel jest wykorzystana do

wytworzenia amorficznego i zaglomerowanego materiatu proszkowego TiO,, z kolei proces



LPCS zostal uzyty do osadzenia materialu fotokatalitycznego. To polaczenie metod (technik)
pozwala uzyska¢ jednorodne, skalowalne powtoki TiO. zachowujac pierwotne wlasciwosci
proszkéw. Wlasciwosci fotokatalityczne oceniano za pomoca rozkladu modelowego
zanieczyszczenia — barwnika blekitu metylenowego w obecnosci promieniowania UV. Co
wiecej, aby zbada¢ wplyw warunkow eksploatacyjnych na fotokatalizator, zastosowano dwa
typy eksperymentéw: (1) dlugotrwate starzenie struktury w komorze wilgotnosciowej oraz (2)
wielocyklowy test rozkladu, oceniajacy stabilnos¢ efektywnosci podczas kolejnych uzy¢.
Ponadto, modyfikowano synteze proszkéw przez zmiang pH i rozpuszczalnika (izopropanol,
metanol, aceton), co umozliwilo kontrole stopnia aglomeracji i jej wplywu na wydajnos¢

procesu LPCS.

Otrzymane powloki TiO, skutecznie degradowaly MB w zakresie $wiatla UV. Proces
deponowania przyczynil si¢ do czesciowego wykrystalizowania amorficznej formy do fazy
anatazu. Diugoterminowe starzenie obnizylo adsorpcje fotokatalizatora i w efekcie szybkosé
rozkladu barwnika, natomiast test wielocyklowy wykazal, Ze powloki o wyzszej krystalicznosci
cechuja sie wieksza powtarzalno$cig szybkosci reakeji rozkladu, a regeneracja fotokatalizatora
pomiedzy cyklami pozwala utrzymal jego poczatkowa aktywnosé. Co wiece], wszystkie
powtoki charakteryzuja si¢ niska kohezja, z kolei mechanizm ich adhezji zalezy od stopnia
krystaliczno$ci materiatu. Zaproponowano dwa typy adhezji: chemiczne (w powlokach
amorficznych) i mechaniczne (w krystalicznych). Starzenie powlok umocnilo adhezje
wynikajaca z wigzan chemicznych poprzez zwigkszenie ich liczby, jednoczesnie oslabito
mechaniczne zakotwiczone powtoki z powodu zmniejszenia powierzchni styku. Pomimo tego,
po starzeniu krystaliczne powloki zachowywaly dwukrotnie wyzsza adhezje od amorficznych.
Modyfikacje syntezy zol-zel TiO: polegajaca na podwyzszeniu pH i zamianie rozpuszczalnika
(pomiedzy izopropanolem, metanolem i acetonem) wptywa na aglomeracje proszkow i na ich
efektywnos¢ osadzania. W wyniku czego, adhezja powlok rowniez ulegta zmianie, natomiast
réznice w morfologii proszkéw, wlasciwosciach powlok oraz ich stopnia krystalicznodci ma

wplyw na efektywnos¢ fotokatalizatora.



Przedstawione wyniki potwierdzaja, Ze odpowiedni dobdr parametréw proceséw zol-zel
i LPCS pozwala uzyskanie pozadanych cech uzytkowych TiO,, zachowujac ich funkcjonalnoéé.
Praca wnosi istotny wklad w rozwdéj skalowalnych metod wytwarzania fotokatalizatoréw,
opisuje mechanizmy adhezji i trwalo§¢ materialu pod wplywem starzenia oraz wskazuje
kierunki dalszych badan: poprawe kohezji powlok i rozszerzenie ich aktywnodci na zakres

widzialny.
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1 Motivation

Water scarcity is becoming a significant issue for many of the world's largest populations.
In 2016, around a billion people in urban areas experienced water scarcity. By 2050, this
number is expected to increase to two billion people struggling with their health and well-being
due to limited access to clean water [1]. At the same time, society's expectations for
industrialisation and urbanisation are constantly increasing, which contributes to further
environmental pollution as industrial activities are among the main sources of water
environment contamination [2]. Pollutant discharge into waterways, agricultural and urban
runoff, wastewater, and lastly, oil and chemical spills (mainly caused by accidents during
transportation and storage of the substances) are the main causes of aquatic environment
contamination [3]. Given the circumstances, it is crucial to base water remediation

technologies on processes that are efficient, sustainable, and environmentally friendly [4].

Numerous methods were studied by researchers as a potential solution to the water
pollution problem. However, despite attempts, the complete treatment of polluted water in
a single operation is still unattainable for conventional remediation methods [5]. There is also
the problem of pollutant complexity and diversity which often limits the possible treatment
methods to those targeting specific pollutant species, limiting the applicability of the system.
As aresult an efficient technique, characterized by low energy consumption, as well as
the ability to decompose a wide variety of different contaminants without secondary waste, is
yet to be designed [6]. One of the potential methods is photocatalysis, which is a chemical
treatment method that derives from advanced oxidation processes (AOPS). The photocatalytic
process utilizes semiconductors, also called photocatalysts, that can catalyse chemical reactions
by harnessing light energy, allowing for quick decomposition rates with low energy
consumption [7]. The working principle of the photocatalytic process is based on
the generation of free radicals. The process starts with the activation of the semiconductor with
light irradiation. Due to this interaction, the charge carriers are generated in the volume of
the semiconductor and migrate to the surface of the photocatalyst. Their presence is followed

by theinteraction with the adjacent molecules and the production of free radicals.



The appearance of free radicals initiates chain reactions, which eventually result in
the decomposition of pollutants into CO, and H,O [8]. The free-radicals-based remediation
process enables the decomposition of highly stable and non-biodegradable organic
compounds [9], microorganisms, and bacteria, as well as the reduction of metal ions [8]. While
the chemistry of photocatalysis is well established, its practical implementation is influenced
not only by the properties of the photocatalyst material itself but also by the physical form in
which it is applied. From an applicational point of view, the material’s structural configuration
plays a pivotal role in determining the feasibility, efficiency, and eventual scalability or
commercialisation of photocatalytic systems. The interplay between these material
characteristics and real-world operational demands is therefore central to bridging the gap

between laboratory success and industrial viability [10,11].

Among the various materials investigated for photocatalytic applications, titanium dioxide
(TiO,) stands out as a benchmark due to its high chemical stability, nontoxicity, availability,
and cost-effectiveness [12]. Additionally, TiO,can adopt four forms: (1) amorphous, (2)
brookite, (3) anatase, and (4) rutile. The amorphous phase is superior in terms of the surface
area [13]. Brookite is the least utilised due to its phase metastability [14]. Anatase is known for
its high reactivity, while the rutile is the most stable phase of all mentioned [15]. Both,
the phase and physical form of the TiO, can be controlled through the proper production
method of the material, emphasising the relevance of the way the material is obtained [15].
Over the past few years, TiO, popularity increased, among others, due to the appearance of
a TiO,-based, commercially available material — P25 Degussa. The commercially available
product is sold in submicron powdered form, comprising two crystalline phases: anatase and
rutile, which increases its photocatalytic activity [16]. Its standardized and well-characterized
properties have provided areference point for researchers in the field of photocatalytic

materials [11].

Despite this reliable reference material and decades of research, the translation
of photocatalysis into commercially viable water-treatment systems remains limited [11].

The primary obstacle to the development of these systems is the highly crystalline form of



the photocatalysts. The high crystallinity of TiO, simultaneously ensures better photocatalytic
activity than the amorphous structure [17] and limits its commercial application only to slurry
reactors. Reconciling maximum efficiency with its high surface area is impossible in other
reactor types, making theslurry reactors the best possible option [8]. However, due to
the supplementary steps and long process duration required to recover the photocatalyst, those
reactors are avoided [10]. A good alternative to slurry reactors are fixed-bed reactors, the use
of which is less intricate and time-consuming [18]. Yet, when the powder is immobilized onto
surfaces, its active surface area is restricted, diminishing the effectiveness of
the photocatalyst [19]. Moreover, the crystalline nature of the photocatalyst restricts
processing to expensive, high-temperature techniques. The photocatalysts are oxide materials
which makes them tough, brittle, and unlike to adhere to the substrate material unless harsh
conditions, such as high-temperature, are employed, which simultaneously can trigger
unintended material transformation, suppressing the photocatalyst performance even further
[20,21]. These considerations underscore the critical importance of selecting a deposition
method that both immobilises the photocatalyst on the substrate and enables the active surface

area to be tailored while preserving the catalyst’s inherent properties.

Overcoming this barrier proved to be possible using the kinetic-based method like cold-
spray (CS). Unlike typical deposition processes, CS does not rely on the temperature nor
require the melting of the feedstock powder (FP). Instead, it employs solid-state deformation
of the FP and/or base surface to build up the coating material [22]. The first successful attempts
to CS the TiO, coatings were achieved thanks to the agglomeration of the FP, which enabled its
deformation and led to coating buildup [23]. In the published literature, the agglomeration of
the TiO, powder is the result of either chemical modification of commercially available powder
or atailored synthesis process [24]. Among the latter, sol-gel synthesis of the TiO, provides
the opportunity to acquire agglomerated powder, control the form of the TiO,, and incorporate
additional elements to modify the properties of the photocatalyst [25]. What is more, the sol-
gel-derived, amorphous TiO, powder incorporated in the cold spray process goes through

partial crystallisation. The cold-sprayed material partially transitions into anatase, however,



the amount of heat used in the process is insufficient to transform it into the rutile phase.
The amorphous agglomerated powder created afew ten-micrometres thick, two-phase

coatings, making it a perfect alternative to typical heat-relying processes [26].

However, the lifetime of the photocatalyst does not end with its successful fabrication and
single use, but with its long-term operation and eventual recycling. Despite the significance,
the long-term ageing behaviour of immobilised photocatalysts remains underrepresented in
the literature. Understanding how performance, surface chemistry and adhesion evolve over
repeated use and exposure to real-world conditions is essential for predicting operational
lifetime and maintenance cycles, yet systematic studies of photocatalyst degradation under

realistic environmental stressors are scarce, leaving the subject unaddressed.

Despite the success in cold spraying thick TiO, coatings, many of their properties are yet to
be evaluated. The above-mentioned issues are yet to be addressed. This thesis aims to study

the properties of the photocatalytic CS coatings. In particular:

e to investigate the relationship between the LPCS process parameters and the resulting
TiO, coatings' photocatalytic and mechanical properties;

e to identify the physicochemical properties of TiO, coatings that enhance the efficiency
of organic pollutant degradation;

e to evaluate the possibility of the acquired TiO, coatings' potential reuse, through long-
term exposure to theworking conditions and examination of the changes in
the photocatalytic and mechanical properties;

e to determine the influence of the powder agglomeration properties on the LPCS

process through the sol-gel synthesis modification.



2 Introduction

2.1 Overview of the photocatalytic process and TiO photocatalysts

The increasing industrialisation and population growth render clean water scarcity a critical
threat in the coming years. To reduce water demand new, more efficient wastewater treatment
methods need to be developed [1,2]. Consequently, researchers have turned to advanced
oxidation processes (AOPs), which offer greater effectiveness than conventional water
reclamation techniques as they allow complete pollution degradation. Among AOPs,
the photocatalytic process has gained the most attention — not only for water remediation but
also for broader environmental applications (as it is effective in both aqueous and gaseous
media) [6,7]. Photocatalysis, being a light-activated process, enables the design of solar-driven
water treatment systems and facilitates the mineralisation, or reduction of large quantities
of pollutants, including organic molecules, toxic substances, harmful gases, and heavy metal

ions [7].

The photocatalytic effect of the materials can be explained based on the energy band theory
of solids [27]. Unlike, conductors in which the valence band (\VB) overlaps with the conduction
band (CB), in semiconductors there is a small gap between the valence and conduction bands,
named the forbidden band. The forbidden band contains no electron states and its width
defines the minimum energy required to excite the electrons into the CB. Typically,
a semiconductor comprises alow-energy VB and a high-energy CB, whereas the energy
difference between the VB and CB is called the band gap (Eg). The band gap energy can be
characterised by three parameters: the highest energy level in the valence band (E.), the lowest
energy level in the conduction band (Ec), and the band gap value itself (E,=E.-E.), the relative
position of the values are presented in Fig. 2.1.1. These three parameters — (i) E,, (ii) E,, and (iii)
E:), along with the semiconductor’s charge dynamics, largely dictate its photocatalytic
process [46]. In practice, light irradiation provides theenergy for excitation of
a semiconductor, which transfers the electrons from VB to CB, hence the term “photocatalysts”

for these semiconducting materials.
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Fig. 2.1.1 the key quantities that govern the photocatalytic process of a semiconductor photocatalyst. Adapted
from [28].
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The photocatalytic reaction mechanism involves several key phenomena (Fig. 2.1.2) [29]:

Irradiation with light of energy equal to, or greater than the band gap energy of
a semiconductor excites electrons, transferring them from the valence band (VB) to
the conduction band (CB) and leaving behind holes in the valence band;

The generated charge carriers (electrons and holes) may recombine, releasing heat, or
migrate to the photocatalyst surface;

At the surface, these charge carriers can either recombine, or interact with adsorbed organic
substances and initiate chemical reactions; the nature of the reaction depends on the charge
carrier type: holes (h") typically drive oxidation reactions either directly, through
interaction with pollutant molecules, or indirectly via the formation of surface-bound
hydroxyl radicals. Conversely, electrons (e7) are generally involved in reduction reactions,
often through oxygen reduction processes that generate free radicals;

Subsequently, these free radicals interact with pollutant molecules, leading to their

decomposition and complete mineralisation.

Generally, the photocatalytic process can be categorised into two types depending on

the catalyst’s phase. When the catalyst is dissolved in the same phase as the reactants,

homogeneous photocatalysis occurs; whereas, when reactions take place at an interface — such

as asolid-liquid or solid-gas interface - heterogeneous photocatalysis takes place.

Heterogeneous photocatalysis is generally preferred because it is technically easier to separate

the semiconductor from the treated media, enabling its reuse [30].
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Fig. 2.1.2 Mechanism of the photocatalytic activity on the surface of the semiconductor under the irradiation
of light. Adapted from [29].e

The efficiency of heterogeneous photocatalytic degradation is influenced by arange
of factors, which can be divided into two groups: process-specific and photocatalyst-specific.
The first group comprises external parameters that are not inherent to the photocatalyst, but
the process itself, such as the light source, pH, temperature, pollutant properties and
concentration, photocatalyst loading, and mass transfer/mixing conditions. These factors
underscore the importance of optimising the overall photocatalytic process design [31] and are
further discussed in Section 2.5.1 on standardised testing for ceramic semiconductors.
The second group consists of parameters, such as band gap energy, crystallinity, phase
composition, surface area (and porosity), and morphology, highlighting the need for careful

photocatalyst selection and the potential for property modification [32].
2.1.1 Key properties of photocatalysts

The characteristics of photocatalysts include chemical and physical features. The chemical
composition of aphotocatalyst determines two fundamental properties: the elemental
composition and the chemical state and its structure. Elemental composition depends on
synthesis routes and intentional or unintentional doping, and can drastically affect both

photocatalytic efficiency and material cost [9]. Similarly, the chemical state and structure, in



particular the oxidation state of the active metal, directly influence the charge-carrier

generation and recombination processes of the photocatalyst [33].

Physical properties of the photocatalysts concern the optical absorption properties,
crystallographic order of the material and material morphology. The optical absorption
properties are determined by the band-gap energy and band-edge positions, defining
the spectral range in which the photocatalyst activation occurs. Simultaneously, these
properties define the charge-carrier dynamics (the mobility and lifetime of the generated
charge carriers), which condition the probability of these carriers reaching the surface and
performing the photocatalytic reaction. Crystallographic ordering defines the relations
between atoms of the material through short-, medium- and long-range arrangements,
affecting the mentioned optical properties, as well as the material stability over time. Lastly,
the morphology of the material governs its specific surface area: bulk materials are
characterised by a low surface area, whereas nanoparticles or other nanostructures maximise
it. A high surface area increases the density of active sites available for photocatalytic reactions

making it a more efficient process [33].

Among the available photocatalysts, titanium dioxide (TiO;) has attracted significant
attention due to its non-toxicity, chemical stability, abundance, and cost-effectiveness. Its
major limitation TiO; is a relatively wide band gap energy, which confines its activity to
the ultraviolet (UV) spectrum. Due to these properties, it is readily taken up and applied in
photocatalytic applications. In the following Section, the properties of TiO, that contribute to
its photocatalytic performance, including its crystal structure, phase composition, and surface

characteristics, are discussed in detail [34].
2.1.2 TiO; photocatalyst properties, availability and applications

Titanium dioxide has along history of application: as pigments, sensors, and catalysts.
Relatively recently it has attracted significant interest in the scientific community due to its
photocatalytic properties discovered in the early 1980s. These properties have broadened its

applications to include photocatalysis, self-cleaning surfaces, and energy production [35].



TiO, can exist in both amorphous and crystalline forms. The crystalline forms of TiO, are
generally classified into three polymorphs: anatase, brookite, and rutile. All crystalline TiO,
phases are constructed from TiOs0ctahedra, where each titanium cation is six-fold coordinated
to oxygen anions. The distinct TiO, polymorphs differ in the distortion of these octahedral
units and in the manner in which they share edges or corners. Furthermore, the configuration
of the octahedra is processing-condition dependent; anatase and brookite are generally
considered metastable phases, whereas rutile is thermodynamically stable. Anatase
predominantly consists of corner-sharing TiOg units, rutile is formed from edge-sharing TiOs
units, and brookite exhibits a combination of both types of connections [32,36]. The chosen
properties of each crystallographic form are summarised in Table 2.1.1. All TiO, phases are
characterized by similar band gap values, activated by the light of the UV range. Moreover, due
to the tetragonal arrangement of crystalline units in anatase and rutile, their optical properties
are direction-dependent. Rutile exhibits enhanced light absorption at specific crystallographic
orientations, while anatase, with longer crystallographic distances, shows less directional bias.
Notably, upon light activation and independently from the phase structure, TiO,exhibits a low

water contact angle, which facilitates its self-cleaning effect [37].

The literature concerning TiO, photocatalysis predominantly focuses on the rutile and
anatase phases, as brookite is challenging to produce in pure form [38]. Based on current
research, the anatase structure is claimed to possess the best photocatalytic properties among
the three polymorphs, which is mainly attributed to the properties of its charge carriers. These
charge carriers are characterised by longer lifetimes and lower effective masses compared to

those in rutile, enhancing charge migration and reducing recombination [39,40].

In contrast to crystalline structures, amorphous TiO- lacks a periodic atomic arrangement,
as its TiOs units are randomly linked, with some titanium atoms being under- or over-
coordinated. Consequently, the distorted TiOs units form staggered chains rather than 3-D
structures. As proposed in [17], resulting from this, high oxygen vacancy concentrations in
amorphous TiO;enable creating a hole conduction channel, making it a better conductor than

its crystalline counterparts. Moreover, amorphous TiO, is thermodynamically metastable and
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can be converted to crystalline phases such as anatase or rutile through heat treatment [41]. Its
optical properties closely resemble those of anatase, due to similar electronic structures, and
unlike crystalline phases, amorphous TiO-is isotropic, meaning its efficiency does not depend
on the angle of incident light. Additionally, the random arrangement of octahedra increases
the high specific surface area of the amorphous TiO; structure, which enhances pollutant

adsorption in the photocatalytic process [17].

Table 2.1.1 the TiO; crystallographic arrangements and their chosen properties, the presented band gap values are
experimental (optical) [42].

Polymorph Amorphous* [17]  Anatase Brookite Rutile
. No periodic i
Unit cell Tetragonal ~ Orthorhombic Tetragonal
arrangement
Space group - 14,/amd Peab P4,/mnm
Density
- 3.83 3.17 4.24
(g/cmd)
Band gap energy
3.20 3.27 3.00
(eV)

*the properties of the amorphous TiO- are dependent on their production process

However, TiO; also has inherent drawbacks. In all crystallographic arrangements, TiO- is
characterised by arelatively wide band gap, which restricts its activity to the UV region,
limiting its applicability and efficiency as a self-sustainable photocatalyst. Furthermore,
the overall efficiency of the photocatalytic process is often hampered by the ineffective
conversion of photons into free radicals and limited pollutant adsorption on the catalyst
surface [10]. As aresult, one of the most critical objectives in photocatalytic research is
the modification of TiO, to overcome these limitations and render the photocatalytic process
more effective. Key modifications include extrinsic and intrinsic strategies. The extrinsic

modification methods consist of:

1) Heterojunctions construction: Coupling TiO, with another semiconductor can lead to
the physical separation of photogenerated charge carriers, diminishing recombination

rates and enhancing photocatalytic performance [35];
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2) Noble metal addition: the inclusion of noble metal nanoparticles can enhance the light-
harvesting properties of TiO; in the visible/near-infrared wavelengths by promoting free

electron generation [43];
On the other hand, the intrinsic methods include:

1) Crystal plane engineering: the photocatalytic activity of materials is strongly influenced by
their exposed crystallographic facets (crystal planes). By synthesising hierarchical
structures dominated by high-energy facets, such as the (001) plane in anatase TiO,, surface
reactivity and charge separation are enhanced, significantly increasing the photocatalytic
performance [44];

2) londoping: the introduction of metal or non-metal ions, or co-doping strategies, can create
defect sites in the TiO, lattice that reduce charge recombination. The effect depends
significantly on the dopant type and concentration; cation doping may sometimes create
recombination centres, whereas anion doping tends to facilitate better light
absorption [32]. Co-doping can synergistically reduce the band gap while decreasing

charge recombination [37];

In addition, the limited adsorption of pollutants can be improved by increasing the specific
surface area of the photocatalyst. The morphology of TiO, can be tailored either by utilising
appropriate production methods or through post-processing techniques [43]. Among the most
well-known modifications there are: 0D quantum dots, 1D nanomaterials such as nanorods
and nanotubes, 2D ultrathin atomic layers, and 3D structures. These architectures differently
condition key properties such as specific surface area, adsorption capacity, and charge-carrier
recombination dynamics, thereby influencing the photocatalyst’s effective surface area and
overall photocatalytic efficiency. As aresult, the choice of morphology must be well-
considered, as 0D, 1D, 2D, and 3D structures condition these properties divergently,

necessitating alignment with the foreseen application’s physicochemical demands [7].

Among the commercially available photocatalysts, Degussa (Evonik) P25is the most widely
used. P25 is a TiO, photocatalyst, typically sold as a powder consisting of major anatase and

minor rutile phases, which contributes to its enhanced photocatalytic activity. Although it is
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readily available and cost-efficient on a large scale, its UV-only activation and powder form
limit its application in water remediation processes. Consequently, P25 is often used as
a reference material for the development of modified photocatalysts or for self-cleaning
applications [45]. The self-cleaning technologies are applied on large, flat surfaces (such as
walls, glass, and pavements) and leverage the photocatalytic and photocatalytically induced
hydrophilic properties of TiO, to provide anti-bacterial, anti-fogging, and wear-resistant
features, as well as improved thermal management in buildings. Representative products
include self-cleaning ceramics produced by Japan TOTO ( Hydrotech™ technology), Activi™
self-cleaning anti-fog glass from Pilkington, and pavement materials such as TioCem® and TX

Actived [37,46]

Despite the success of commercially available TiO, and the sustained interest in
photocatalysis for water remediation, availability of the commercial systems is extremely
limited and predominantly involves slurry (powder-based) reactors [47]. While the conducted
research has focused on material customisation and development, the design and evaluation
of complete photocatalytic systems have been neglected. The main unresolved challenges relate

to system efficiency and ease of handling [11]:

e Existing slurry systems are often unoptimized, resulting in low energy efficiency, slow
reaction Kinetics, and issues such as catalyst fouling or photoaggregation;

e Systems based on immobilised TiO, offer improved handling but may suffer from reduced
catalyst surface area, reduced illuminated catalyst area per unit volume of water treated,

and higher rates of photon scattering;

Advances in materials science and reactor engineering may yield opportunities to enhance
photocatalytic water treatment performance. In particular, niche applications that utilise
customised TiO, materials, combined with immobilisation techniques that preserve
the catalyst's intrinsic properties, while providing photocatalyst durability could establish

a new foundation for commercial applications [11].
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2.2 Overview of TiO deposition methods

Depositing oxide materials requires the selection of a process capable of immobilising
brittle, typically crystalline, oxide particles which is a challenging task. Critical factors such as
equipment and component costs, as well as the scalability of the method, influence both
the feasibility of the chosen technique and the accessibility of the final product. At the same
time, the deposition process must be evaluated for its effect on the properties of

the immobilised photocatalyst [48].

Auvailable deposition techniques differ in several key aspects, including processing
temperature, reaction environment, the phase from which the oxide material is deposited (e.g.,
vapour, solution, melt, or solid), and the nature of the support material used for
immobilisation. These parameters collectively determine the resulting photocatalyst
characteristics. Important outcomes include the phase structure, adsorption capacity, specific
surface area, and bond strength with the substrate - all of which constrain the photocatalyst's

practical usability [49].

One of themain challenges is achieving abalance between preserving the inherent
photocatalytic properties of the original material and providing sufficient bonding and
mechanical stability to ensure safe operation. This difficulty often arises from the use
of thermal energy to promote adhesion between the deposited material and its support;

however, excessive heat can degrade the functional properties of the photocatalyst itself [48].

The selected deposition methods are summarised below and systematised according to
the state of matter (solid, liquid, gas, or plasma) utilised during deposition, to clarify their

distinct influences on the resultant material properties.
2.2.1 The vapour-phase deposition processes

Chemical vapour deposition (CVD) allows for the deposition of thin oxide coatings from
the gaseous phase. In this process, precursors are vaporised and transported into a heated
reactor using acarrier or source gas. Elevated temperatures trigger the oxidation of

the precursor, forming solid phase particles. Chemical reactions occur on or near the hot
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substrate surface, resulting in the formation of a thin film. CVD is typically used for surface
functionalisation, as it offers superior control over the coating microstructure and can enhance
the specific surface area using awide range of materials [49]. Among the various CVD
methods, atmospheric pressure chemical vapour deposition (APCVD) is a one-step process
that offers precise control over the size and crystallinity of the deposited material. Since
the reaction chamber operates at approximately one atmosphere, the process is more cost-
effective due to the elimination of vacuum systems [50,51]. It is also possible to lower the CVD
deposition by choosing such a process as the plasma-enhanced chemical vapour deposition
(PECVD) [52]. This method operates at lower temperatures, thanks to plasma-driven

reactions [53].

Another process enabling the deposition from the vapour is the physical vapour deposition
(PVD). The PVD deposition process resembles closely the CVD technique, depositing thin,
dense films by vaporising the source material and transporting it to the substrate in a vacuum
or low-pressure environment. The condensation of the vapour, via nucleation and growth,
results in the formation of acoating, enabling the deposition of elements, alloys, and
compounds [54]. Among the most often used processes, is a sputter deposition technique. In
this process, the coating material is ejected from a target by bombardment with high-energy
plasma, and the resulting atoms form the coating upon condensation. This method is primarily
used to produce oxide and nitride coatings with high conductivity or wear resistance [54,55].
Another well-established method is the thermal evaporation. To create a coating the target

material is thermally evaporated in a vacuum and subsequently condensed on a substrate [54].

The overview of the chosen methods' characteristics as well as advantages and limitations
are presented in Table 2.2.1. These vapour-phase deposition techniques inherently rely on
elevated temperatures to achieve homogeneous, crystalline TiO, coatings, while allowing to
create astrong bonding between the support and the coatings. Relying on the high-
temperature range for deposition makes it unlikely to produce amorphous materials and can
lead to the brittleness of the coating. The thickness of the coatings is also limited, due to

inherent deposition characteristics. Additionally, the methods are challenging to scale, as with
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the increase of the samples the equipment also needs to be scaled, increasing the cost of

the process [56].

Table 2.2.1 the overview of the CVD and PVD techniques.

Method Characteristics Limitations Advantages

Thickness: e Not compatible with e  Cost-effective process (lack
. <lpm the heat-sensitive of a vacuum chamber)
Atmospheric .
Process temp.: substrates e Thickness and
pressure (APCVD) o - . .
[505153] 500-1000°C . .P035|b.|I!ty of airborne morphology adjustment
impurities
Plasmaenhanced  Thickness: e Additional cost for e Relatively low-temperature
(PECVD) [53,57] <1lum equipment (plasma process
Process temp.: generators) e  Possible to coat complex
<500°C ¢ Not scalable method geometries
e  Often thermal post-
processing is needed
Sputter deposition  Thickness: e Limited size due to e Able to coat complex
[54,58-60] <5um the vacuum conditions components
Process temp.: e High cost of e High purity of the coating
100-1000°C the equipment e  Wide range of coating
compositions

Thickness: e Limited to planar surfaces e High purity of the coating

Thermal <1lpm o Difficult to obtain e Wide range of coating

evaporation Process temp.: nanoporous coatings compositions
[54] 150-750°C

2.2.2 The melt-state deposition processes

The thermal spray (TS) methods require the preparation of the feedstock powder, which
over time has evolved from a dry powder form to suspension and even liquid feedstock for
many processes. However, since most suspension-based thermal spray techniques (except for
suspension plasma spraying) are still under development, only the powder-fed processes will
be discussed in this Section. One of the most often chosen TS techniques is plasma spraying,
which utilises a partially ionised conductive gas (plasma) to melt and propel the powdered
material onto the substrate, where rapid solidification forms adense coating. Owing to

the wide range of compatible materials and the ability to tailor the coating properties [61].

Detonation gun spraying (D-gun spraying) involves controlled explosions of oxygen-fuel

gas mixtures within atubular barrel, generating high-pressure shock waves that accelerate
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powder particles to hypersonic velocities [62]. Compared to plasma spraying, particle heating
is more moderate in D-gun spraying, but the particles attain higher kinetic energy [63].
The layer-by-layer deposition characteristic of D-gun spraying allows precise control over
coating thickness. This method produces dense, well-bonded coatings with compressive

residual stress, resulting in higher wear resistance than those obtained by plasma spraying [62].

High-velocity oxy-fuel spraying (HVOF) shares similarities with D-gun spraying. In HVOF,
a combination of oxygen and fuel gases or liquid hydrocarbon is combusted in a chamber to
create a highly pressurised mixture, which is then expelled through a converging-diverging
nozzle to form asupersonic jet. Although the entrained particles are accelerated, their
temperature is lower than in the aforementioned processes due to gas expansion. Moreover,
HVOF is a continuous process. The high kinetic energy of the particles produces a hammering
effect on the deposited surface, yielding coatings with very low porosity (near theoretical
density) [63]. However, the adhesion strength of HVOF coatings may be lower than that of

D-gun sprayed coatings [62].
The summarisation of the melt-state techniques’ characteristics is presented in Table 2.2.2.

Table 2.2.2 the overview of the chosen thermal spray techniques.

Method Characteristics Limitations Advantages
Thickness: o Difficulty in coating e High deposition rate
50-5000 um complex components e Wide range of coating
Plasma spray Gas temp.: ¢ Difficulty in obtaining compositions
[58,64-66] 8000-14000°C a nanoporous coating

e High residual stress, high
porosity of the material

High velocity oxy ~ Thickness: e Lower deposition e Dense, coatings with good
fuel (HVOF) 50-5000 um efficiency than in APS adhesion
[58,65,66] Gas temp.: e Residual stressin e  Lower porosity level than
1600-3100°C the material in APS

o Difficulty in coating
complex components

Thickness: e  Lower specific surface e Dense, coatings with good
Detonation gun 50-5000 um area of the coating adhesion
spraying Gas temp.: e Spraying powders in e Coating is heat-hardened
(D-Gun) 2000-3900°C the liquid state e Lower porosity level than

[64,66-68] ¢ Not scalable method in APS
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Presented thermal spraying processes employ elevated temperatures which allows to produce
dense, strongly bonded coatings. Additionally, the use of adirected spraying apparatus
(spraying guns) enables selective deposition on specific surface regions and linear control over
coating thickness, offering versatility in component design. However, high-temperature-
induced limitations persist: the inherent high thermal input often compromises the original
microstructure and chemical composition of the feedstock powder, whilst process-induced
porosity remains difficult to regulate, adversely affecting the mechanical integrity of

the coatings [69].
2.2.3 The liguid-state deposition processes

The spin coating method is often combined with the sol-gel method (described in Section
2.4.2). The sol-gel process is a synthesis method that allows the production of nanomaterials in
bulk, powder or film form. When paired with spin coatings, the sol-gel process is used to
produce a sol (a colloidal suspension of very fine particles in a continuous liquid medium).
The spin coating deposition process uses a small volume of sol, which is applied onto a flat
substrate. Afterwards, the substrate is rotated at acontrolled speed. The centrifugal force
spreads the sol uniformly over the surface, and asubsequent heat treatment stabilises

the coating [70].

Electrochemical deposition utilises a standard cathode-anode system to deposit coatings. In
this process, dissolved metal ions from an electrolyte are reduced onto a conductive substrate
(serving as the cathode). The operating conditions determine the microstructure, grain size,

and mechanical strength of the deposited layer [71].

The coating methods summarised in Table 2.2.3 enable the production of distinct coating
types. The liquid-stated deposition methods enable the immobilisation of materials that are
incompatible with high-temperature processes. This creates an opportunity for material
modification, as the deposition temperatures are low and allow retaining the material initial
properties, unlike in vapour- and melt-state methods. Spin coating facilitates rapid, uniform

deposition on planar substrates, accommodating diverse materials. However, the thickness of
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the method is limited, as well as the control over the coating morphology. In contrast,
electrochemical deposition allows precise control over coating morphology, enabling porous
or nanostructured architectures, but with a similar thickness limit. Both methods allow for

forming uniform thin coatings, however, their utility for thick is restricted [56].

Table 2.2.3 the overview of the spin-coating and electrochemical deposition techniques.

Method Characteristics Limitations Advantages
Thickness o Needs drying/baking o  Easy material modification

. . <1um process to stabilise e Lowcost

Spin coating " . .
[56] Room deposition e  Not scalable e  Uniform thickness
temperature e Layering not possible
(above two)
Thickness: e  Limited thickness e  Customizable pore sizes,
. <2 um e Moderate coating porous structures, and
Electrochemical . .
.. Process temp.: adhesion compositions
deposition o .
[71-73] <65°C o Needed post-treatment e Uniform
e Applied on conductive e Scalable process

substrates

2.2.4 The solid-state deposition processes

The solid-state deposition methods discussed here represent a subset of TS processes. While
sharing similarities with conventional TS (such as feedstock material propulsion) these
techniques differ fundamentally by utilising kinetic energy rather than thermal energy to drive
particle deformation and bonding. By accelerating powdered feedstock to supersonic velocities,
the impact-induced plastic deformation enables coating formation. This approach may appear
contradictory for oxide feedstock powders, which typically lack ductility. However, optimising

feedstock parameters properties allows dense, strongly-bonded oxide coatings [74].

High-pressure cold spraying (HPCS) is the most often chosen TS method that relies
primarily on Kinetic, rather than thermal, energy. In HPCS, inert gas is accelerated through
a converging-diverging nozzle, entraining the powder particles which then deform plastically
upon impact to form a bond with a substrate. Compared to other TS processes, HPCS has
the greatest potential to preserve the initial properties of the deposited material [64]. However,

due to the dynamic nature of the process, phase changes are common [66].
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Low-pressure cold spray (LPCS) is a low-pressure variant of the cold spray technique. This
process takes place under ambient conditions and relies on the kinetic energy of particles.
The particles are accelerated through a converging-diverging nozzle and directed towards
the substrate. LPCS is commercially used for depositing materials that deform easily upon
impact, and its portability allows for on-site repairs. New applications become feasible when
LPCS is combined with abottom-up approach for powder preparation that involves
assembling material from smaller units such as atoms, molecules, and smaller particles to

obtain the desired product [75] and enables the deposition of oxide powders [76].

Aerosol deposition (AD) is another kinetic spray process that uses the kinetic energy
of accelerated particles to facilitate deposition; however, the process is conducted in a vacuum.
The substrate is placed inside avacuum chamber, and due to the pressure difference,
the atomised particles are drawn into the chamber and directed towards the substrate through

the converging-diverging nozzle [58].
Table 2.2.4 summarises the features of the kinetic deposition techniques discussed above.

Table 2.2.4 the overview of the chosen kinetic spray techniques.

Method Characteristics Limitations Advantages
. Thickness: e Deposition can cause e Wide range of coating
High-pressure cold . I,
<lcm* substrate erosion on non- compositions
spray (HPCS) . . . . .
[63.65,66] Gas temp.: metallic substrates e  Possible thick coatings
o 500-1000°C e Scalable process
Low-pressure cold ~ Thickness: e  The high porosity of e Scalable process, on-site
spray (LPCS) <lcm* the material process
[58,66,77,78] Process temp.: e Constrained by e Characterised by the lowest
200-650°C deformable materials costout of TS
Thickness e Not scalable process; e High-density coatings
0.5-50 pm; e Deposition only on (porosity can be
Aerosol deposition  Room deposition planar surfaces; determined);
(AD) temperature e Lowdeposition efficiency e  Possible selective coating of
[58,59,79] (<1%); the surface;

e  Lower specific surface Uniform

area of the coating
Low-pressure and high-pressure cold spray (LPCS/HPCS) are classified as additive manufacturing
techniques owing to their capacity to fabricate free-standing structures [80]. However, in coating
applications, the maximum feasible thickness is conventionally limited to 1 cm, beyond which
the deposited material transitions from a functional surface layer to a bulk component, redefining
its classification.
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High-pressure cold spraying (HPCS) offers the greatest material versatility; however, its high
particle velocities can induce phase transformations and microstructural changes, and
the process is challenging to scale due to specific deposition conditions, like the use
of protective gases. In contrast, low-pressure cold spraying (LPCS) preserves the feedstock’s
original properties and is readily scalable, but its lower impact energy restricts deposition to
ductile materials and can result in reduced adhesion. Aerosol deposition (AD) produces
exceptionally dense and strongly bonded coatings, yet suffers from low deposition efficiency

and is limited to relatively thin films [66,81].

Low-pressure cold spraying (LPCS) stands out as the most accessible and functions
independently of controlled environments, requiring no inert gases or vacuum conditions,
producing coatings layer-by-layer without high-temperature or vacuum equipment.
Furthermore, scaling LPCS for larger surfaces requires only a proportionate increase in
the deposition process time rather than an entirely new furnace or vacuum systems purchase,
making it cost-effective for large-area coatings. Unlike vapour- or thermal-phase methods,
LPCS preserves the original physical and chemical characteristics of feedstock powders
(retaining phase, morphology and functionality) because no melting or oxidation occurs
during impact bonding. Compared to liquid-phase methods it allows thickness customisation
and deposition on other than flat surfaces. The LPCS low material versatility can be overcome
by utilising custom feedstock powders. Consequently, the LPCS kinetic method, coupled with
tailored powder engineering provides a readily available, highly adaptable coating solution that
preserves the functional performance of the original feedstock material [66,69]. Thus, this
method is chosen to be used for the TiO, immobilisation in this thesis. In the following
Sections, the bonding mechanism of kinetic deposition methods and the LPCS operation

mechanism are described.
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2.3 Kinetic spraying processes for oxide feedstock powder deposition
Initially, the kinetic spray process was designed for depositing metallic feedstock powder
onto metallic substrates. Unlike other thermal spray processes, kinetic spray relies on
the kinetic energy of solid particles and their subsequent deformation rather than on heat and
melting. A solid-state material deposition is achieved using a specially designed converging-
diverging nozzle - de Laval nozzle (Fig. 2.3.1), that accelerates particles to velocities exceeding
300 m/s. The feedstock particles are entrained by the working gas, which gains speed in
the nozzle and directs them towards the substrate. Deposition occurs when these high-velocity
particles deform upon impact, forming metallurgical and mechanical bonds at their interfaces.
This approach mitigates many of the uncontrolled material alterations associated with high-

temperature processes [82].

De Laval nozzle (supersonic nozzle)

Powder feeder

Warking gas

{air) *—

Convergent part Divergent part

Fig. 2.3.1 Schematic representation of the de Laval nozzle used in the kinetic spray process, where the powder is
fed through downstream injection.

Feedstock powder can be introduced in the kinetic spray process in two ways: upstream and
downstream injection. In upstream injection, particles are picked up by pressurised working
gas before entering the converging-diverging section of the nozzle. In the converging part,
the pressure is higher than ambient, so the particles must be forcefully injected into the gas
stream, necessitating a high-pressure powder feeder system. In downstream injection, particles
are introduced after the nozzle’s converging-diverging section; as the pressure in the nozzle
decreases towards the exit, the powder feeder operates at lower pressures, thereby facilitating

particle entrainment [83].
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In cold spray, the primary objective is to accelerate particles to a velocity equal to or
exceeding their critical velocity - a material-dependent threshold required for successful
deposition. Particle velocity is influenced by the working gas (e.g., air, nitrogen, helium, argon,
or their mixtures), gas nature (inert or weakly reactive gas), its pressure and temperature,
the geometry of the de Laval nozzle, and the particles shape and size [84]. As the working gas
expands through the divergent section, it gains supersonic speeds while its temperature drops
due to expansion, further accelerating particles. The highest particle temperature, after exiting
the nozzle, is reached upon impact with the substrate and mainly depends upon inertial force,

kinetic and thermal energy (particle velocity and temperature) [85].

The selection of the working gas is crucial in kinetic spray processing. Inert gases such as
helium and nitrogen are preferred due to their lower molecular weight, which allows for higher
particle velocities and more efficient deposition. At the same time, their higher cost,
significantly increases process expenses, driving interest in more economical alternatives such

as air or gas mixtures [83].

Due to the high velocity of the flow, shock waves inevitably form at the nozzle exit and in
front of the substrate, when the process is carried out in the ambient environment. As the jet
exits thenozzle it must adjust to downstream conditions (ambient pressure) or
disturbances (i.e. substrate) on its way. As a result of the pressure difference between the jet
and the ambient environment, the jet expands rapidly generating shock waves called nozzle
exit shock. Fortunately, these shock waves (formed at the nozzle exit) primarily affect small and
lightweight particles [86]. Another shock wave is formed in front of the substrate due to
the sudden deceleration of the supersonic jet upon impact and due to this it is called
the substrate bow shock. This rebound jet produces infinitesimal pressure waves that travel
upstream at the speed of sound. However, the continuous jet flow prevents these waves from
propagating freely, causing them to coalesce ashort distance from the substrate, forming
a shockwave. Although the resulting shock wave is extremely thin - approximately the mean
free path of the gas molecules; its coalescence creates an enclosed region, known as the bow

shock, which has a more significant effect on particle behaviour in kinetic spray [87].
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Fig. 2.3.2 Schematic diagram of the supersonic impingement zone at the exit of the de Laval nozzle [87].

For successful deposition, particle velocity must meet or exceed the critical velocity. Since
this critical velocity is inversely proportional to particle size, smaller particles require higher
velocities. This poses a challenge for depositing fine particles, as those with insufficient velocity
may be deflected by the bow shock or filtered out entirely. Conversely, if particle velocity is too
low, larger particles may cause substrate erosion or hammering rather than deposition [87].
Particle velocity can be adjusted by modifying the working gas pressure, type and temperature,
powder feed rate, powder properties itself (discussed in the next Section 0), and the stand-off
distance, as well as the nozzle geometry (which will affect the formation of shock waves in front

of the nozzle) [88].

The complexity of the deposition process means that the precise bonding mechanisms are
not yet fully understood, largely due to the lack of in situ techniques capable of real-time
observation of single-particle impacts (well-established theories are discussed in the following
paragraphs) [89]. In general, material deposition in Kinetic spray results from the consecutive
impacts of micron-sized solid particles causing the particles to interlock into the substrate and
forming afirst coating layer, which is followed by the metallurgical bonding (chemical
interaction between the particle and a substrate) over a significant fraction of the particle-
particle interfaces [90]. The kinetic energy gained by the particles determines the type
of bonding and the bond strength (if no further processes are applied) [89]. Once the initial

coating layer is established on the substrate, further material build-up occurs as subsequent



24

particles deform and realign. The repeated impingement of particles generates high contact
pressure, which reduces voids, densifies the material, and facilitates chemical reactions between
particles [91]. Brittle particles may deform through cracking or simply fracturing upon

the impact, however, only the former mechanism enables the effective coating build-up [81].
2.3.1 Deposition mechanisms in kinetic spraying methods

The properties of the feedstock powder, particularly its ductility — governed by the chemical
bonding of the atoms comprising the material - determine the deposition mechanism in
Kinetic spraying. This mechanism varies significantly between deformable and brittle feedstock

powders [92]. Both scenarios are discussed in the subsequent Sections.
2.3.1.1 Deposition of deformable particles

The key theories concerning the deposition mechanisms in Kinetic spray are established
based on the single-particle impact, approaches typically involving metallic particles on
metallic substrates [88]. The initial stage (also referred to as the incubation time) involves
particles rebounding and eroding the substrate to activate its surface [93]. Ductile, metallic
particle deposition in kinetic spraying is achieved when particles reach or exceed the critical
velocity value, allowing them to pass through the bow shock and impact the substrate with
sufficient energy. Afterwards, due to high pressures generated at the substrate-particle interface
or particle-particle interface, the material is subjected to high strain rate deformation processes
facilitating the local adiabatic shear instability [94]. As aresult of this instant, intense

deformation the unmelted jet is formed [90].

Several hypotheses have been proposed to explain particle bonding in kinetic spray [90].
Firstly, the metallurgical bonding is believed to occur in ductile particles when surface oxides
are removed and cleaned by the unmelted jet. At the atomic level, metallurgical bonding refers
to chemical interactions, which are possible only after the surfaces are cleaned and oxide-free.
The formation of such bonding is indicated by the intermetallic formation [90,95]. Secondly,
mechanical interlocking, results from the jetted particle/substrate interactions which undergo

“mixing” at the interface, ultimately increasing the interfacial area and promoting particle
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substrate interlocking [90,96]. Subsequent research has led to the following conclusions

regarding bonding mechanisms [89]:

e The interfacial melting and inter-diffusion play minor roles in the kinetic spray bonding
mechanism.

e The mechanical interlocking of particle-substrate interfaces is the primary bonding
mechanism.;

e High contact pressures contribute to the adhesion of jet-cleaned interface;

e The adiabatic shear instability and interfacial flow ultimately facilitate the creation of
the ‘surface-scrubbing’ jets which clean contacting surfaces strengthening the bonding;

e Interfacial “mixing”, observable as roll-ups, vortices and rivet-like interlocks, enhances

the bond strength.

Material 1

Material 2

Material 2

Copper

Material 2

Alurninium

Material 2

Fig. 2.3.3 On the left, shapes of feed-powder particles and substrate craters 50 ns after initial contact for (a)
an aluminium particle at 400 m/s and (b) a copper particle at 500 m/s. On the right, a schematic of the instability-
driven evolution of the particle/substrate interface illustrates the formation of interfacial roll-ups and vortices.
Adapted from [96].
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Extensive research has been undertaken to identify factors affecting deposition efficiency in

Kinetic spray. The key variables include:

e Particle velocity: determined through such process parameters as working gas temperature
or pressure. However, it is also affected by the particle size and their shape. The particle
velocity attained is inversely correlated with their size (within the particle size range
optimal for kinetic spraying) [61,97];

e Materials density: the material density affects the velocity attained by the particles, which
diminishes with increasing density, ultimately influencing yielded stress when the material
impinges onto the substrate [94];

e Substrate material and state: a softer substrate material is more prone to jet formation,
which facilitates both metallic and mechanical bonding. Additionally, increasing
the roughness of the substrate is known to facilitate better particle anchoring. However,
surface processing, such as grit-blasting of soft substrates might cause the surface particle-
strengthening of the material, restricting the jet formation and lowering the strength of

the bonding [90].
2.3.1.2 Deposition of non-deformable, brittle particles

Ceramic material deposition, due to the inherently harder and more rigid structure, cannot
rely solely on the shear deformation mechanisms observed in ductile, metallic materials.
Although the concept of using a high-velocity kinetic process with brittle ceramic powders may
seem contradictory, even fine ceramic powders can exhibit plastic-like deformation under
extreme pressures at the impact zone [76]. In contrast to ductile materials, the deposition
mechanism for ceramics involves both plastic and inelastic deformation, with the plasticity

observed in ceramics originating from different underlying mechanisms [92].

The deposition process of brittle particles follows the same behaviour as that of ductile
particles up to the point of the jet creation in the interface. Similarly, to ductile material,
the deposition process of brittle particles in akinetic spray is still under investigation and

currently there are several main theories which still are being investigated [92]. One theory,
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known as room temperature impact consolidation (RTIC), is based on the hypothesis that new
activated surfaces are created which allow the bonding between particles to happen. Upon
collision, cracks appear in the crystalline particle and due to instantly rising pressure
the particles are finely crushed, which yields new active surfaces (Fig. 2.3.4). Those surfaces
bond under high pressures and inertial forces, facilitating a brittle-to-ductile transition [77].
For the process to take place small particles need to be applied (<5 um), which for some
processes operating in ambient conditions poses a challenge, since such small particles cannot
pass through the bow shock [98]. The successful deposition of the small, brittle particles in
the ambient-conditioned kinetic processes is achieved through the agglomeration of particles.

The creation of larger, clustered particles has proven effective for deposition in the presence of

the bow shock [99].
1. Spraying 2. Impact 3. Crushing 4, Densification 5. Consolidation
Fragmentation Rotation & moving Rebinding of fragments
Par’tlclc Crack propagation &ageneration of

aof the fragments (Plastically deformed)
active surface
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Fig. 2.3.4 the scheme of one of the brittle particle deposition mechanisms: the room temperature impact
consolidation (RTIC) [77].
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Another deposition mechanism is based on the facilitation of the brittle particle mechanical
interlocking process. The anchoring process is often achieved by utilising a malleable substrate,
such as aluminium, which promotes shear instability and leads to material jet formation in
the interface. While enhanced interface surface area provides mechanical interlocking of
the particles [100-102], the brittleness of the particles limits the coating build-up, allowing to
deposit only thin coatings. This limitation can be resolved when instead of using single particles
the agglomerates are used as a feedstock powder. Using the agglomerates allows the material to
build up through their fragmentation and densification upon impact [23,102]. Other
approaches include creating a rough and rigid interfacial layer via high-temperature thermal
spray processes (e.g. plasma spraying) to serve as ageometric trap for brittle

nanoparticles [103]. What is more, recent studies have suggested that chemical bonding may



28

contribute to the adhesion of brittle particles. When the oxide layer on the substrate material
is thin, it may fracture upon impact, increasing the chance of chemical interactions between

the newly exposed, oxide-free substrate and the deposited particles [104,105].

Research on ceramic feedstock powder deposition reveals three primary modes of particle
behaviour on impact: rebounding, bonding, and fragmentation. The rebounding particles have
the lowest velocity on impact and are the result of the back-striking elastic forces between
the impacting particle and the substrate. Particles tend to retain their initial shape, aside from
the small fragments that adhere to the substrate. Bonding particles are characterized by
the middle range of velocities (lower than fragmenting particles) and, upon impact develop
cracks in the top part, which do not extend to the surface, allowing them to flatten and bond.
The particle deformation stems from the spread of the area of shear localization into
the particle, as a result of the enhanced contact area between the particle and substrate. Particle
fragmentation concerns the fastest particles and usually produces more than two separate parts.
Prior to fragmentation, the particle undergoes deformation, following the same mechanism as
observed for bounded particles, except that the cracks reach the outer surface and result in
fragmentation. The particle size is crucial; larger ceramic particles are more likely to rebound

or fracture without significant deformation [81].

The primary difference between brittle and ductile particle deposition lies in their
deformability. Brittle particles are characterised by a low strain to failure (poor capacity to
change shape under stress) causing them to fracture upon impact during Kinetic deposition
(due to their inability to undergo significant plastic deformation). The ductile particles, on
the other hand, can absorb impact energy through plastic deformation, facilitated by localized

shear instabilities that generate heat, leading to thermal softening and further deformation [92].

As briefly mentioned before, in ambient Kinetic spray processes, the bow shock forms in
front of the nozzle, complicating particle-substrate interactions [76]. As aresult, in those
ambient-atmosphere processes to reach the substrate, larger particles need to be used, which is
possible through the brittle powder agglomeration. Such agglomerates should be about 15 pm

in diameter to pass through the bow shock and should be porous to easily allow the flattening
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of the particle upon impact. Additionally, to make the flattening process even more effective
the crystal lattices of the individual nanoparticles should be arranged so that they continue
seamlessly from one particle to the next, promoting a uniform, coherent structure [76,92]. For
finer particles, a brittle-to-ductile transformation may occur, with the primary deformation
mechanism attributed to localised inelastic deformation along slip systems and shear

localisation at their intersections [81].

In summary, the deposition mechanism for ceramic feedstock powders in Kinetic spray can

be described as follows:

e The main bonding mechanism largely depends on the deposition conditions: a protective
atmosphere might facilitate chemical bonding by limiting oxide formation on
the substrate [104], while ambient conditions favour bonding through substrate
deformation and particle interlocking [106]. Additionally, in some cases it is possible to
achieve chemical bonding, even on an oxidized substrate, however, the particles need to
have enough energy to break through the oxide layer enabling bonding of clean
interfaces [105];

e Finer particles are required (compared to ductile materials) in order to enable deformation
through the localized inelastic deformation and shear localization, avoiding fragmentation
of the particles and enabling the build-up process [81];

e Unlike ductile materials, where the plastic deformation is localized at the particle-substrate
interface, in brittle particles highly deformed areas spread as shear cones towards

the particle centre, making the strain distribution much less localized [81].
2.3.2 Low-pressure cold spray process parameters

The low-pressure cold spray (LPCS) process operates at lower working gas
pressures (<1 MPa). The working gas (typically compressed air, though protective gas or gas
mixtures may also be used) is heated before passing through the nozzle. Due to the lower
pressure and velocity, particles attain reduced kinetic energy upon impact. To improve powder

flowability, the feedstock powder is typically introduced into the diverging section of
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the nozzle, preventing backflow. Additionally, an external carrier gas may be employed to
enhance powder entrainment. Simultaneously, the heated working gas passes through
the nozzle, accelerating the supplied particles and aiming them at the substrate [76].
The reduced amount of energy supplied to the particles in LPCS grants the opportunity to
largely retain the initial powder properties which are often lost due to the contact with heated
carrier gas or heat generated via adiabatic shear instabilities when the particles deform upon

impact, like in HPCS [76,107].

3 1. Supersonic nozzle
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Fig. 2.3.5 Schematic diagram of a low-pressure cold spray (LPCS) setup. Adapted from [108].

The low-pressure cold spray (LPCS) process is among the simplest thermal spray techniques
in terms of equipment configuration. Consequently, the number of process parameters
requiring optimisation is relatively limited. The most critical parameters influencing
deposition efficiency and coating properties include working gas type, pressure and
temperature, stand-off distance, spray angle, traverse speed, scanning step, and number
of layers or nozzle geometry. The properties of the feedstock powder, which also significantly

affect deposition, will be discussed separately in the next Section.

The working gas pressure and temperature directly affect the stream acceleration process
and as a result the particle acceleration and their velocity upon impact. of these two parameters,
temperature has amore significant influence on the particles' velocity and hence on
the deposition efficiency. The rise of the temperature consistently increases the particles’
velocity, whereas an increase in gas pressure also contributes to velocity gain, though its effect

is less pronounced. This suggests that while pressure optimisation is beneficial up to a certain
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point, further increases have a marginal effect [109,110]. Additionally, the molecular weight of
the gas affects its acceleration capabilities; lower molecular weight gases (e.g., helium) enable

higher acceleration, thereby enhancing particle deposition efficiency [110].

The stand-off distance, which is the dimension between theend of the nozzle and
the substrate, has an immense influence on the deposition efficiency, primarily due to its effect
on the bow shock formation. At large stand-off distances (>120 mm), the bow shock
disappears, however, the working gas velocity decreases below the particles’ velocity, leading to
particle deceleration and kinetic energy reduction, ultimately lowering the deposition
efficiency. In the middle ranges of the stand-off distance (50-120 mm), bow shock can appear,
however, it has limited influence over the particles and the stream allowing gas velocity to
remain higher than particle velocity, further accelerating the particles prior to impact. At small
ranges (10-50 mm), similarly to the middle range stand-off distance, particles are accelerated
by the working gas, however, bow shock effects are more pronounced, gradually intensifying
as thedistance decreases, ultimately reducing deposition efficiency [87]. As aresult,
a moderate stand-off distance is generally recommended for LPCS, though the optimal range
should be determined experimentally based on nozzle design and working gas properties [111].
Moreover, increasing stand-off distance often results in higher surface roughness, as more
particles experience rebound or fragmentation, leading to aless compact and uniform

coating [112].

The spraying angle directly affects particle impact energy. The most effective conditions for
deposition in cold spray occurs when the nozzle is perpendicular to the substrate material,
creating the highest amount of energy. Angled spraying introduces tangential momentum,
leading to non-uniform deformation of particles upon impact, which may weaken coating
adhesion strength [80,113]. Recent studies on deformable metallic particles (e.g., aluminium)
have reported variations in adhesion performance at non-perpendicular angles, with certain
cases demonstrating enhanced bonding at 60° [113], nevertheless, the 90° deposition strategy

is still a default setting used.
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The traverse speed, which defines the linear movement rate of the spray gun, directly
influences coating properties such as roughness, porosity, and microhardness. A lower traverse
speed results in higher particle density per unit area, facilitating inter-particle bonding and
higher deposition efficiency. Additionally, alower traverse speed increases substrate
temperature, facilitating mechanical interlocking, which enhances coating adhesion. As
aresult, porosity is minimised, while roughness and microhardness are more
pronounced [113]. At moderate traverse speeds, deposition efficiency continues to increase
gradually due to reduced erosion and fewer particle-to-particle collisions. This leads to a more
uniform particle distribution on the surface, reducing surface roughness, although porosity
slightly increases, and microhardness decreases. At high traverse speeds, deposition efficiency
drops significantly. The faster gun pass results in insufficient coating build-up, as fewer
particles reach the substrate. Additionally, the substrate temperature is lower, reducing
the effectiveness of mechanical interlocking. Consequently, coatings are thinner, with reduced

adhesion strength [114].

The scanning step determines the overlap between adjacent spray passes, affecting coating
thickness, uniformity, and roughness. The optimal scanning step is typically set to half
the width of asingle spray track, ensuring aflat, even coating. However, deliberate
modifications to this parameter can be used to tailor surface roughness and coating
thickness [108]. Reducing the scanning step improves surface smoothness and enhances

deposition efficiency and coating thickness [115].

The number of layers (passes) influences coating roughness, porosity, and cohesion strength
and thickness. Rather than smoothing the surface, additional layers amplify surface
undulations, increasing surface roughness [116]. The most pronounced effect is observed in
cohesion strength, depending on the amount of passes the porosity of the coating may change,
due to weakly bonded particles and pores which serve as the initiators of the cracks, lowering
the cohesion. Applying multiple thin layers prevents excessive porosity formation and
mitigates cohesion loss. The residual stress and bond strength remain largely unaffected by

the number of layers [117].
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Finally, material properties, such as feedstock powder characteristics, play a critical role in
Kinetic deposition processes. These aspects will be discussed in greater detail in the following

Section.

2.4 Fabrication of the oxide feedstock powder for the cold-spray process
The size range of particles used in cold spraying has evolved significantly, spanning from
nanoscale up to 150 um [118]. With the advancement of cold spray technology, the powder
manufacturing industry needed to adapt to refine the particle size fractions, as the larger
particles are difficult to accelerate. Nowadays, the most frequently requested particle size
fractions are typically within the ranges of 5-25, 15-45, 63-90 and 75-150 um diameter. This
refinement has been achieved through particle size reduction techniques, such as crushing, ball
milling, and jet milling, as well as particle enlargement methods, including sintering, fusion,
and agglomeration. While these advancements have significantly improved the deposition
efficiency for ductile materials, the deposition of brittle particles remains a challenge. Further
research is required to facilitate the commercialisation of brittle particle deposition via kinetic

spraying [119].
2.4.1 Critical powder properties and the powder production methods

Several key requirements must be met by powders intended for kinetic deposition:

e Flowability: Ensuring a stable and continuous powder-feeding process is critical for process
efficiency. The flow rate should not exceed 50g/60s, as excessive flow resistance can lead to
particle agglomeration and blockages within the converging-diverging (de Laval)
nozzle [119];

e Deformation Characteristics: Ideally, feedstock powders should exhibit a low melting point
and high deformability. However, brittle particles inherently have high melting points and
limited plasticity, making them less adaptable to cold spray deposition [119];

¢ Size Reduction & Agglomeration: To mitigate brittleness, it is possible to reduce particle
size significantly (down to the nanometre scale) and subsequently agglomerate them into

larger structures. This approach minimises cracking upon impact and facilitates the brittle-
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to-ductile transition, attributed to localised inelastic deformation occurring along slip
systems and shear localisation at their intersections [81];

e Porous Agglomerates: the formation of porous agglomerates is recommended to improve
material build-up, as these structures enhance particle flattening upon impact [92];

e Particle Morphology: Irregularly shaped particles are preferred, as the shape of the particle
significantly affects the velocity of the particle. The decrease in particle shape sphericity
leads to an increase in their velocity and ultimately reduces the coating’s porosity (by

improving packing density and inter-particle adhesion) [66,85].

The development and optimisation of commercially available powders for Kinetic
deposition have been ongoing for several years. Initial studies on brittle particle deposition
revealed that, rather than forming a coating, the substrate is being eroded. This phenomenon
led to early research on powder agglomeration, aimed at enhancing deposition efficiency.

There are three primary approaches to modifying feedstock powders for kinetic deposition:

e Bottom-Up Synthesis: Powders are engineered from scratch, which allows for precise
control over properties such as crystallinity, morphology, and particle size distribution.
This method is widely regarded as the most versatile and effective strategy [120-122];

e Post-Synthesis Modification: Existing commercial powders are modified through binder
addition, improving particle cohesion during deposition [123];

e Hybrid Approaches: Brittle powders are mixed with malleable particles to enhance

deformability and facilitate better deposition [124,125].

Among these methods, the bottom-up synthesis offers the most diverse choice, enabling
the customization of the crystallinity of the powder, and thesize and morphology of
the particles, which can be afterwards agglomerated into larger structures [26]. One of the most
effective techniques within this category is the sol-gel method, which not only provides

morphological control but also enables doping to enhance functional properties [126].
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2.4.2 Sol-gel synthesis of the TiO, powder

The sol-gel process is one of the most widely used synthesis methods for producing oxide
materials. Materials derived through this route exhibit high homogeneity due to the ability of
the process to form solid-state materials from chemically uniform precursors [126].
The general idea of the process is to transition from the liquid precursors to asol (a stable
suspension of colloidal solid particles in aliquid phase) and ultimately to asolid network
structure, i.e. gel (a porous three-dimensional inter-connected solid network). The sol-gel
process starts from the hydrolysis of metal alkoxide precursors or metal salts, leading to a sol.
Afterwards, the hydroxyl groups, react through the condensation process and give rise to
the oxide network, a gel [127]. Before the gelation process ends, the obtained sol is subjected to
the ageing process, during which the ceramic product's final form is determined. Both
the synthesis conditions and subsequent steps after ageing influence the final shape and
properties of the material. Depending on the requirements, the sol-gel method enables
the fabrication of ceramics in various forms, including powders, coatings, fibres, membranes,

monolithic ceramics/glasses, and aerogels with customised properties [128].

The sol-gel process starts with precursors containing a central metal element surrounded by
non-metallic ligands. Depending on the type of metal precursor, the sol-gel process is based
either on the metal-organic precursors or inorganic precursors. The synthesis involving
the metal-organic precursors uses alkoxide precursors such as titanium ethoxide, titanium
isopropoxide, or titanium butoxide, whereas inorganic-salts-based synthesis relies on such
precursors like titanium tetrachloride or titanium trichloride [128]. The type
of precursor (metal alkoxide or inorganic salt) significantly affects the process, particularly
the hydrolysis rate. In the case of hydrolysis of alkoxides, the rate of the hydrolysis can be
determined (for example by tailoring the pH of the system) thereby enabling process control
and the formation of a three-dimensional network via condensation. In contrast, in synthesis
based on inorganic salt as a precursor, hydrolysis occurs rapidly, leading to a range of species
forming simultaneously, making process control difficult. Such aprocess results in

the generation of large precipitates that afterwards are broken apart into smaller aggregates.
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Additionally, using the inorganic salt precursors may introduce residual contaminants from
the precursor, such as sulfates, chlorides, or nitrates, and may require high temperatures for
reaction completion [129]. Consequently, alkoxides are preferred when precise control and
product homogeneity are essential [130], while water-based synthesis is more suitable for large-
scale production due to its cost-effectiveness [126]. Henceforth only the titanium alkoxide
precursors will be discussed since these precursors are used for obtaining the TiO, feedstock

powder in the experimental part of this thesis.

Sol-gel method is abottom-up synthesis method that enables the fabrication
of homogeneous, functional nanomaterials through asequence of controlled hydrolysis,
condensation, and phase transition steps. Titanium alkoxide precursors are highly reactive due
to the presence of highly electronegative -OR groups that stabilise the central Ti in its highest
oxidation state. Upon contact with water, alkoxide groups are replaced by hydroxyl groups.
This reaction is accompanied by polycondensation, leading to the formation of an oxide

network (Fig. 2.4.1) [131].
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|
OR OR

Condensation (alcohol association)

(l)R C|)R C‘)R C‘)R
RO—'Il'i—OH+RO—'I|'i—OR “«----> RO—'I"i—O—'I"i—OR+ROH
OR OR OR OR

Condensation (aloxy bridging)

C|)R ?R ?R O‘R
RO—'I|'i—OH+HO—'I|'i—OR <«----> RO—'Il'i—O—'I"i—ORJngO
OR OR OR OR

Fig. 2.4.1 Schematic representation of the chemical reactions present in a sol-gel process (using the Ti metal-
organic precursors). Based on the [131].
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Tetravalent metals, such as Ti (IV), depending on the pH, which can be determined by using

a catalyst will form different complexes in the sol-gel process:

e inacidic pH aquo-hydroxo complexes (M-(OH:) or M-OH),

e in basic pH oxo-hydroxo complexes (M=0O or M-OH) [131].

Adjusting the pH to favour specific complexes enables precise control over the gel network
structure, facilitating the formation of either cross-linked and branched polymeric chains or
discrete spherical particles with minimal cross-linking [132]. This structural difference arises
from the varying reactivities of aquo-hydroxo and oxo-hydroxo complexes. In acidic
conditions due to the presence of aquo-hydroxo complexes reactions occur at the ends
of chains. Under acidic conditions, excess H* ions protonate oxygen atoms bonded to metal
centres, stabilizing these sites and directing condensation reactions predominantly to the ends
of growing chains. While, in basic environments, the condensation happens across the entire
structure (regardless of the location). In basic conditions the deprotonation enhances
the nucleophilicity of these sites, permitting condensation reactions throughout the entire
network (not just at chain ends) [131,133]. Additionally, complexes created via hydrolysis in
acidic conditions are soluble which results in forming sol particles, that through the gelation
process become a 3D network. The oxo-hydroxo complexes are insoluble and their presence

often leads to the formation of polymeric structures or precipitates [131,133].

The molar ratio of water to titanium significantly influences the sol stability, as well as
the size and morphology of created particles. Depending on the water and catalyst content,
hydrolysis may proceed to completion (fully replacing -OR groups) or stop at a partially
hydrolysed state [134]. When water is limited or present in stoichiometric proportions relative
to titanium, hydrolysis and condensation can be controlled, yielding stable sols. Conversely,
excess water promotes rapid hydrolysis and condensation, resulting in fast nucleation and
particle growth. This rapid reaction also facilitates obtaining amorphous structures, as

the material lacks sufficient time for long-range ordering [129,135].

In sol-gel synthesis, solvents play acrucial role in maintaining homogeneous reaction

conditions by dissolving precursors and dispersing active components throughout
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the solution. Each solvent can be characterised by properties such as boiling point, chain
length, coordination behaviour, and polarity. Additionally, solvents are classified as protic if
they can exchange protons and aprotic if they cannot. They may also be described as Brgnsted
acids when they donate a proton, in the case of proton acceptance the solvent is classified as
Brgnsted base [136]. These characteristics influence hydrolysis and condensation rates.
Depending on the chosen solvent characteristics the hydrolysis and condensation have
different rates [137]. Notably, alkoxide precursors do not mix with water, creating a two-phase
mixture that prevents even hydrolysis. To overcome this, solvents like alcohols are added, as
they dissolve both the alkoxide and water. This allows hydrolysis to occur uniformly
throughout the solution, avoiding clumping and ensuring controlled reactions. It should be
noted that the chosen alcohol is not only actively taking part in the synthesis, but also, is
the intermediate product of the hydrolysis and condensation processes, which means it
influences the synthesis process throughout its entire duration. Additionally, if an alcohol
solvent containing alkoxy groups, differing from those in the precursor is introduced into
the sol-gel process, at least partial substitution of these alkoxy groups occurs [131,138].
The created complexes’ structure can be described in terms of either monomeric or oligomeric
character. Monomeric structures will facilitate higher rates of reaction, in opposition to
oligomeric structures in which the reactions are hampered due to their steric complexity.
Therefore, one of the ways to determine the synthesised particle size is to tailor the alcohol
solvent composition to the precursor structure: the synthesis with the larger portion
of monomeric molecules will enable the production of the large, aggregated particles, while
oligomeric molecules advantage will result in obtaining the monodispersed, fine particles
[137]. The sol-gel synthesis can also be carried out using other types of solvents than alcohol,
for example, ketones, which contrary to the protic, alcoholic solvents are aprotic. They differ
primarily in the amount of hydroxyl groups they provide in the system. Protic solvents provide
an external source of hydroxyl groups and are able to form hydrogen bonds and stabilize
hydroxylated intermediates, increasing the concentration of hydroxyl groups in the system
even more. Aprotic solvents, on the contrary, neither provide the additional amount of

the hydroxyl group nor do they form stable bonds with them, which creates drastically different
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synthesis conditions. As a result in the presence of an aprotic solvent, the condensation process
proceeds faster and ultimately results in smaller, denser structures due to the rapid cross-
linking process [139,140]. Additionally, the amount of hydroxyl groups from the solvent
affects also the photocatalytic properties of acquired materials. The amount of hydroxyl groups
present at the surface of the photocatalyst can provide a higher capacity of oxygen absorption
which ultimately enhances the ROS generation process, facilitating amore efficient
photocatalytic process [141]. Lastly, solvent, apart from taking an active part in the synthesis
process, also affects the synthesis outcome when it evaporates (e.g. when the gel/sol is dried).

As a consequence, it can affect such properties as morphology and crystallization process [142].

Typically, after thesol is obtained, to ensure its homogeneity and the strength of
the particles the ageing of the sol takes place. In precipitation-based synthesis, ageing involves
continuous sol mixing for apredetermined period [129]. Thetime of ageing affects
the crystallinity of the material, following the rule: the longer the ageing time, the higher
the structure order. This time also determines the particle size and the strength of

the agglomerates, both of which increase with extended ageing time [143].
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2.5 Tests for photocatalytic process evaluation (for coating photocatalysts)

Efforts to adapt the photocatalytic process within the water treatment sector are driven by
a range of different reasons. The environmental concerns (water pollution and scarcity) and
social demands for green technologies (which would make them more efficient and safer) are
the main concerns that this new technology aims to address. At its core, the idea is promising:
the main material used for photocatalysts - TiO,is affordable and widely available, what is
more, the very process is sustainable and environmentally benign. This propelled quite
a dynamic development of the photocatalytic materials, while unfortunately the practical
aspects of their application were overlooked. Causing the commercialisation and spread of this
technology yet to be achieved. The delay in the new technology delivery is one aspect of
the problem, however, there is also another side to it, caused by the non-standardized
methodology used by the researchers when testing and developing the photocatalysts.
Although usually omitted, standardised evaluation of the material properties is crucial and can
be carried out through standard 1SO testing, making it possible to compare materials

of different origins [11].
2.5.1 1SO standards for ceramic semiconductors

When it comes to ISO testing of photocatalytic semiconductor materials, one can approach
the subject from various perspectives: select the operation environment (aqueous or gas phase),
define specific properties of the material (self-cleaning, decomposition efficiency, or
antimicrobial), or focus on creating the reactor in compliance with the standards (Fig. 2.5.1).
So far, the researchers who wanted to conduct the standard test of the photocatalytic material
in an aqueous environment had three norms to choose from: Generation of active oxygen
species (1ISO 10676:2010), Dissolved oxygen consumption in aphenol solution (1SO
19722:2017), and Degraaation of methylene blue (1SO 10678:2010) and among them, the latter

is the most commonly utilised.

In the beginning, the ISO 10678:2010 norm (Degradation of methylene blue) states its scope
and limitations; it’s a method for the determination of the immobilised photocatalyst surface’

activity by the degradation of the methylene blue (MB) dye molecule in aqueous solution in
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presence of the artificial UV light. The norm is not applicable for the photocatalyst properties
evaluation in the visible light spectra. This is because using visible light irradiation causes direct
photobleaching of the dye, which occurs simultaneously with its photocatalytic degradation.
Consequently, this overlap makes it impossible to accurately assess the effectiveness of

the photocatalyst [144].

Light source for testing UV light source for testing

I1SO 14605:2013(indoor lighting env.) 1SO 10677:2011 Removal of acetaldehyde

1SO 17168-2:2018(indoor lighting env.)
1SO 22197-2:2019

LED light source for testing
ISO 24448:2023(indoor lighting env.)

UVirradiation equipment using UVA LEDs
and optical radiometry: performance test
(new norm under development)

Removal of methyl mercaptan
I1SO 17168-4:2018(indoor lighting env.)
1SO 22197-4:2021

Decomposition of acetaldehyde
1SO 18071:2016(indoor lighting env.)

% Removal of toluene
P I1SO 17168-3:2018(indoor lighting env.)
® IS0 22197-3:2019

Quantitative analysis of
total organic carbon (TOC)
1SO 22601:2019

Measurement of water contact angle
1SO 27448:2009

Remaval of nitric oxide
1SO 19810:2023(indoor lighting env.)

ISO 22197-1:2016
Semiconducting photocatalytic ISO 17168-1:2018(indoor lighting env.)
materials ISO tests

Reduction of resazurin in a deposited ink film
1SO 21066:2018

Removal of formaldehyde
ISO 18560-1:2014(chamber test, indoor lighting env.)

v ISO 17168-4:2018(indoor lighting env.)
2 1SO 22197-4:2021
O,
Generation of active oxygen spiecies KQ%?J"O
ISO 10676:2010 49
Yo
Degradation of methylene blue
ISO 10678:2010
I 2 S
Dissolved oxygen consumption in a phenol sclution Ant|m|crob\a\ test
1SO 19722:2017 Test method for antifungal activity
1SO 13125:2013
Test method for antibacterial activity
Determination of bacterial reduction rate ISO 17094:2014(indoor lighting env.)
ISO 22551:2020(indoor lighting env.) SO 27447-2019
Determination of antiviral activity Test method for antialgal activity
I1SO 18071:2016(using bacteriophage Q-beta) 1SO 19635:2016

Fig. 2.5.1 Current state of the ISO norms concerning semiconducting photocatalytic materials. Norms highlighted
in bold are either under development or in the process of the standard update. The illustration is based on
the information gathered from [145].

The general apparatus needed to conduct the evaluation experiment is presented in Table
2.5.1, the model pollutant used in the experiment is the methylene blue (MB) dye. The needed
equipment includes apparatus that enables mounting of the photocatalyst (reactors), the lamp
that activates the photocatalyst (UV-radiation light source), the instrument that enables
the characterisation of the mentioned lamp (UV radiometer - a sensor) and the device that
monitors the degree of the photocatalytic decomposition through the dye solution absorption
changes (UV/vis-spectrophotometer), along with the measurement cells which serve as

the container for the dye solution when measured [144].
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Table 2.5.1 Chosen apparatus and their properties specified in 1ISO 10678:2010 standard.

Element Property

Two testing cylinders fixed on the sample surface by
Reactors a suitable glue or two testing cells, each consisting of a vessel
with a sample holder.
An emitter in the wavelength range between A = <320,
400> nm (UV-A) with a UV-radiation intensity
of E=10£0. W/m2
Calibrated to closely match the characteristics of the UV-
radiation light source to measure its intensity.
Calibrated in the measuring range between A = <600,
700> nm, for the determination of methylene blue solution
concentration.
Made of glass/plastics, with an optical length of 10 mm and
a transmittance > 80 % (600 nm to 700 nm).

UV-radiation light
source

UV radiometer (sensor)

UV/vis-
spectrophotometer

Measurement cells

The ISO 10678:2010 standard experimental procedure starts with the preparation of
the photocatalyst by exposing it to UVA irradiation for a period of time (between 24 and
72 hours). After cleaning, the conditioning of the photocatalyst takes place in the sealed
reactor. The sample is submerged in the 35-ml solution of the MB dye (Cv =20 + 1 pmol/L),
and it lasts for 12 hours in the darkness to achieve the adsorption-desorption equilibrium.
After this period of time, if the concentration of the solution decreases by half (reaching a lower
concentration than the test dye solution), the conditioning must be repeated with a freshly
prepared solution; otherwise, 35 ml of the MB dye test solution (Cw =10 % 0.5 pmol/L) is
added to the reactor replacing the conditioning solution. Once again, the reactor is sealed, but
this time with the UV transparent glass pane. Then the reactor is irradiated with the UVA light
for 3 hours; every 20 minutes it is supposed to be stirred, and its temperature should be equal
to 23 £ 2°C. The height of the MB dye solution column is advised to be in the range of 2.0-
5.0 cm (depending on the chosen reactor diameter). The degree of photobleaching is evaluated
via a UV-vis spectrometer, either directly or by sampling and returning the solution after
the measurement at 664 nm. The standard assumes the molar absorptivity of the dye to be

7.4x10* M*cm™ (at 664 nm), which allows for converting the substance absorption into
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the solution concentration without the need to perform a standard curve for the methylene

blue dye [144].

The standard’s popularity undoubtedly stems from the simplicity of the used equipment,
availability of used materials (MB dye dissolved in water), and simple assessment methodology.
At the same time, thevery same simplicity raises several concerns. That being said,
the standard on its own is unlikely to produce reliable values of photocatalyst efficiency, which
arises from amultitude of flawed assumptions and imprecisely defined equipment

characteristics [146].

The first incorrect supposition is the premise that every MB dye is of the same purity, when
in fact their purity varies and depends on their quality. Simultaneously, the quality of the dye
influences its molar absorptivity, which determines values collected by the UV-vis
spectrometer and results in their high variance [147,148]. According to the standard,
the reaction solution is defined by its concentration. However, as mentioned, the quality of
the dye can affect the molar absorption of the dye, leading to variations in the solution
concentration. Furthermore, it also appears that the photocatalyst photonic efficiency depends
on the initial MB concentration, which further emphasises the necessity of developing means
to standardise and control the properties of the reaction solution [148]. This issue can be
addressed by preparing the solution to a defined absorbance rather than aconcentration,

which, based on the standard, should amount to 0.74 [149].

The second inadequately defined aspect is the irradiation light source. Apart from given
irradiance and limiting its light spectrum to UVA, there are no more guidelines to follow. This
can lead to large differences between the laboratories which would purchase the irradiation
source from different sources, and make it impossible to compare obtained results [148].
The solution to this problem would be to more precisely specify the source of irradiation, for

example by limiting the irradiation bandwidth and stating its emission peak [149].

A further parameter, which was poorly considered in the standard, but at the same time has
a significant influence on the process, is the pH of the dye solution. It is a fundamental

principle that opposite charges attract each other, and such an instance takes place when
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the pH solution value reaches above the point of zero charge (pzc) of the semiconductor (for
the TiO, pzc =6.6). The reduction in dye concentration is not the one that stems from
the effectiveness of the semiconductor, but from the opposite electrostatic charge of the dye
and photocatalyst surface [150]. This adsorption falsely increases the amount of dye that was
removed from the solution. What is more, the complete dye decomposition follows equation
(2.1), which will likely cause a reduction in the pH value. This, on the other hand, may lead to
the reduction of the MB to the leucomethylene blue form, which is colourless and stable in
the de-aerated solution (caused by insufficient stirring of the solution). Yet again, it distorts
the results of the photocatalytic efficiency of the material. At the same time, both phenomena
can be avoided by monitoring the pH of the dye solution and keeping it between the 5.0-6.6 pH
range [149,151].

semiconductor

1
C16H1gN3SCL + 2550, ——————> HCl + H;S0, + 3HNO3 + 16C0; + 6H,0 (2.1)

The double concentration of the conditioning solution also seems to lack justification. To
prove this claim, firstly the primary objective of the conditioning step must be explained, which
is to reach the adsorption-desorption equilibrium. The norm follows the procedure (Fig. 2.5.2)
that starts with submerging the photocatalytic sample in the conditioning solution (dye’s
concentration Cy=20+1pumol/L). In these 12 hours, the difference between the dye’s
concentration on the sample’s surface and the conditioning solution is evened, reaching
equilibrium. However, the subsequent step, which involves replacing the conditioning solution
with the test solution (half as concentrated as the conditioning solution), disrupts the obtained
equilibrium. Consequently, the dye’s molecules adsorbed to the sample’s surface may relocate
to balance the local variance in the dye concentration in order to satisfy the notion of
the conditioning step. In other words, the established equilibrium is lost. To ensure
the equilibrium between the separate conditioning stages the conditioning solution
concentration and thereaction solution must match, enabling the observation of

the photocatalytic process facilitated by the semiconductor [149].



Fig. 2.5.2 the idea of the main stages of the photocatalyst properties evaluation based on the norm and based on
the modified approach presented in the literature [149,153].* - in order to base the adsorption time of the sample
one needs an additional experiment which enables setting the shortest time of the sample’s adsorption, after which
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ISO 10678:2010 experimental main stages
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its influence is negligible.

of different origins. This is why the norm ISO 10678:2010 should be applied, however its
shortcomings should be properly addressed when used. This is why many researcher do not
follow the standard but use it as a base for their own methodology [152]. Based on the literature

presented in this Section, among the most significant changes that contribute to the credibility

The norm is surely needed to be able to standardise and compare the experimental results

of the norm are:

defining the MB dye solution not by its concentration (Cw =10+ 0.5 umol/L), but by
the absorbance (A=0.74), allowing better control over the initial MB dye concentration;
providing a more elaborate characterisation of the light source, which includes the spectral

characterisation of the lamp with its main emission peak specified, making it possible to

assess the similarity of the equipment between the different laboratories;

continuous observation and control of the pH of the MB dye solution to maintain its value
in the range of 5.0-6.6 pH, which would prevent the dye electrostatic-driven adsorption

and the reduction of the MB dye into colourless form, making the photocatalytic properties

assessment more reliable;
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e matching the concentration of the MB dye conditioning and test solution, by using
the same solution for both stages, the time of the adsorption time should be customized for
the specific material based on the experimental data that include its time vs adsorption

characteristics.

When it comes to the evaluation of the results based on the ISO 10678:2010 standard, it
involves several steps. They are composed mainly of the calculation of the degradation
efficiency (based on the dye decomposition progress monitored via UV-vis spectrometer and
described in Section 3.3.11.1) and kinetic analysis [144], the latter will be described more

comprehensively in the next Section.
2.5.2 Kinetic aspect of semiconductor photocatalysis

The heterogeneous photocatalytic process, like the photocatalytic decomposition of
the organic contaminant on which the 1ISO 10678:2010 is based, can be thoroughly described
with the Langmuir-Hinshelwood (L-H) kinetics (eq. (2.2)). Thanks to its universality, this
mechanism includes the description of such processes as photocatalytic decomposition
of water pollutants including organic dyes like methylene blue and is widely utilized by
researchers to evaluate the photocatalyst efficiency [154].

dC _ k.KC
dt  1+KC

r= (2.2)

r — the rate of the reaction,

C - concentration of the contaminant molecule in solution at any given time during
degradation (mg/L),

k.. - limiting rate constant of reaction at maximum coverage under the given experimental
conditions,

K — equilibrium constant for adsorption of the substrate onto the catalyst.

The L-H mechanism assumes a series of four steps systematising the heterogeneous catalytic
reactions: (1) adsorption of the molecules on the photocatalyst surface; (2) dissociation
of adsorbed molecules; (3) reaction of dissociated molecules to create products; and (4)
desorption of products [155]. The first step facilitates the decomposition process by adsorbing

the relevant species on the photocatalyst’s surface. In this context, the 12-hour conditioning
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period in darkness, during which the sample reaches the adsorption-desorption equilibrium,
significantly influences the sample efficiency estimation process. The conditioning time is
pivotal given the difference in the progress of the adsorption and photocatalytic processes, with
the former occurring faster. Consequently, considering that the processes progress in
a sequence, the reaction rate can be estimated for each process. Considering the objective
of photocatalyst application, the determination of efficiency rates should be attributed to
photocatalysis, which takes place when the semiconductor is activated. The L-H mechanism
includes contributions from both adsorption (represented by A) and photoreaction
(represented by k) (2.2). However, once adsorption-desorption equilibrium is attained, if
the sole variation concerns the concentration of the organic pollutant over time, the general

photocatalytic degradation can be expressed as:

dc
r=—— = k" (2.3)

n - the reaction order, typically in the range of 0 < n < 2.

when n=1 the equation (2.3) takes the form of the pseudo-first-order kinetic model, which
rewritten to alinear form allows obtaining thevalue as theslope of astraight line
of In(Co/Cx) vs. t[155,156].
C
In <_°) = kyt (2.4)
Cx

C, - the initial concentration of the pollutant,
C, - the remaining concentration of the pollutant.

The pseudo-first-order kinetic model (2.4) allows for obtaining ahigh and reliable
correlation coefficient when fitted to the experimentally acquired data. Additionally, taking
into consideration recent studies involving the TiO,-based photodegradation of the MB dye,
which revealed that the reaction followed the pseudo-first-order kinetic model [155], the use

of this model is sufficiently justified.
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2.5.3 Tests for the photocatalysts' durability/longevity evaluation

The photocatalyst activity is typically evaluated through short-term tests that conclude
within afew hours or upon complete pollutant decomposition. However, for potential
commercial applications, it is not only the initial efficiency that matters but also the ability of
the photocatalyst to retain its properties over prolonged periods of operation. Furthermore,
there is currently no standardised protocol for assessing photocatalyst longevity or durability.
Consequently, researchers have gradually developed their own methodologies to study long-
term behaviour, generally by mimicking the operational conditions. In many cases,
the efficiency is gauged based on model pollutant degradation, such as that of methylene
blue [157]. In the literature, there are three primary approaches for evaluating photocatalyst

longevity/durability:

1) Photocatalyst cycle testing, in which the sample undergoes repeated cycles of pollutant
degradation followed by regeneration (e.g., washing or thermal treatment). Performance
metrics, such as degradation rate, total removal efficiency, and regeneration efficiency, are
monitored over successive cycles [152,158-160].

2) Continuous long-term testing, whereby the photocatalyst is subjected to sustained
operational conditions in a continuous flow reactor, with performance metrics monitored
throughout the experiment [161,162].

3) Accelerated ageing, in which the photocatalyst is exposed to intensified conditions (e.g.,
high UV intensity, elevated temperatures) for extended durations. Changes in structural
integrity, surface chemistry, and photocatalytic activity are monitored to evaluate

the ageing mechanisms [163-165].

The objective of these tests is to assess the effects of simulated operational conditions on
the retention of photocatalytic performance and structural integrity, as well as to understand
the ageing mechanisms at play. This knowledge is critical for developing strategies to enhance
the longevity of photocatalysts. Notably, although there is a substantial body of research on

photocatalytic processes, only afew studies have addressed photocatalyst longevity; when
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durability data are presented, the efficiency is either maintained or only slightly decreases over

the test duration [157].
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3 Experimental procedure: powder synthesis, coatings spraying,
characterizations and evaluation of their performances

3.1 Powders preparation

The feedstock powders (FP) necessary to obtain the LPCS coatings are produced using
the sol-gel method, which allows for the production of homogeneous, amorphous TiO;
powders. The initial TiO, FP (called TiO>-0 powder) synthesis process is determined
experimentally on the previous work of the team [26]. Due to the low temperature of
the synthesis and room temperature drying process, powder naturally agglomerates and is
compatible with the LPCS deposition process. In addition to the production of TiO; initial
feedstock powder according to the procedure developed by theteam [26], a number
of modified syntheses are carried out. The modifications are performed to study the influence
of the solvent in the synthesis process on the TiO, powder’s morphology [142]. With this in
mind, when synthesising the TiO, feedstock powder, the solvent varied between methanol,

isopropanol, and acetone.
3.1.1 Chemical reagents

The syntheses described and presented in the experimental part of the thesis are performed

using the following reagents:

Table 3.1.1 Chemical reagents used for preparation and evaluation of the samples.

Substance (concentration) Chemical formula Manufacturer
Methanol
CHsOH CHEMPUR
(100.0%) ’
Isopropanol
CsH;OH P.P.H. “STANLAB” Sp. z o.0.
(100.0%) s STANLAB™Sp.z 0.0
Acetone
CHs).CO P.P.H. “STANLAB” Sp. z o.0.
(100.0%) (CH2). STANLAB"Sp.z 0.0
Ammonia water
NH,OH P.P.H. “STANLAB” Sp. z o.0.
(25.0%) 4 STAN Sp.zo.0
Titanium (1V)
isopropoxide Ti[OCH(CHj3)2]4 Sigma-Aldrich

(97.0%)
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3.1.2 Sol-gel synthesis of initial TiO2-0 powder

The sol-gel method is used specifically to synthesise the TiO, powder in an amorphous state.
The initial TiO,-0 powder synthesis started by measuring out all the reagents in accordance
with the proportions outlined in Table 3.1.2. All reagents are combined under a fume hood.
The mixing process of the reagents is facilitated by a magnetic stirrer. At first, water, which
played the role of both solvent and reactant and another solvent (isopropanol) is poured into
a flat-bottomed plastic flask. Next, the pH of the mixture is increased to a pH value of =11 by
adding a catalyst (ammonia water). The last step is to dropwise add the metal-organic
precursor (TTIP) into the turbulently stirred solution. The resulting sol is stirred for 2 hours

and subsequently dried at room temperature.

Table 3.1.2 Reagents and the volume proportions employed in the synthesis of the non-modified TiO, powders.

series isopropanol water ammonia water TTIP
(ml) (ml) (ml) (ml)
TiO,-0 105 17.5 10 22.5

“-added dropwise when stirred

3.1.3 Sol-gel synthesis of the TiO, powder using different solvents

The solvent choice is among the factors that can influence the agglomeration process,
especially when the agglomerates are formed naturally, without any external intervention.
The solvent properties impact both the rate of synthesis (and consequently, particle size) and
the self-organization time after synthesis (affecting agglomerate size) [166]. To assess
the influence of solvent choice on powder agglomeration three solvents are chosen: methanol,
isopropanol, and acetone. In order to maintain similar synthesis conditions, the amount
of solvent used is calculated in moles (based on the proportions of the reagents used in
the synthesis of the initial TiO, powder). This allowed for maintaining consistency among
the planned three syntheses. Additionally, to inhibit the TiO- crystallisation process and obtain
amorphous particles, the pH of the synthesis is elevated to 12 by adding a higher amount

of ammonia water [167]. The calculated proportions of the reagents are presented in
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the table (Table 3.1.3). The sequence of adding reagents remains unaltered; after the droplet
addition of the metal-organic precursor, each solution is mixed for two hours. Subsequently,

the powders are air-dried at ambient temperature.

Table 3.1.3 Reagents and the proportions employed in the synthesis of the TiO, powders using different reaction
media.

solvent solvent

series Silve:t volume number water ammoniawater  TTIP”
P (ml)  ofmoles  (ml) (ml) (ml)
(mol)
TiO2-IPOH  isopropanol 105 1.33 175 15 22.5
TiO.-MOH methanol 55.5 1.37 17.5 15 22.5
TiO,-ACE acetone 103.3 1.35 17.5 15 22.5

“-added dropwise when stirred

3.1.4 Sieving of the powders

After the TiO,-0 powder is dried, it is subjected to the sieving process. The sieving aims to
remove agglomerated particles larger than 63 um since such asize is not recommended for
the low-pressure cold spray process used for obtaining the coatings. Applying coarse powders
leads to obtaining porous and rough coatings with lowered cohesion [81,92,168]. The sieve
used for this process is compliant with the DIN ISO 3310 standard, the apertures are square-
shaped with aside of 0.063 mm (Labindex, Warsaw, Poland), and the process is performed
manually. As the powders TiO,-IPOH, TiO,-MOH, and TiO,-ACE are modified to determine
the effect of the synthesis on their agglomeration, and ultimately on the LPCS deposition

process, they are omitted from this procedure.

3.2 Coating deposition process
3.2.1 Low-pressure cold spraying (LPCS) of the coatings

The formation of the TiO, photocatalytic coatings on the substrate material is achieved via
low-pressure cold spraying using the DYMET 413 unit (Obninsk Center for Powder Spraying,
Obninsk, Russia), combined with the aerosol powder feeder RBG 1000 D (Palas GmbH,

Karlsruhe, Germany, Fig. 3.2.1).
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The aluminium alloy AW-1050A H14/H24 is selected as the substrate material, and for
the spraying, plates with dimensions of 20x20x4 mm? are used. Prior to the spraying process,
the substrate surface is degreased and grit-blasted with alumina powder (mesh 45).
The spraying process is conducted with the use of a standard circular de Laval nozzle (with
throat and outlet diameters of 2.5 and 5 mm). The feedstock powder is transported by
an aerosol powder feeder to the beginning of the divergent part of the nozzle by silicon
pipe (instead of the vibrating hopper supplied with the unit). The powder feeding rate is
calculated as approximately 12.8 mg/s. Nitrogen pressurised to 0.1 MPa is used as the feedstock
powder carrier gas and feeds powder radially into the de Laval nozzle. The movement of
the spraying gun is performed by a manipulator (BZT Maschinenbau GmbH, Leopoldshéhe,
Germany). When spraying, the air pressurised to 0.5 MPa and heated to 600°C is applied as
a working gas. The stand-off distance between the nozzle and the substrate material is constant

and equal to 10 mm.

Carrier gas "E Carrier gas 1. Gas supply

2. Compressor
Working gas Working gas 3. Powder feeder
%‘ % 4. Gas heater
mm 5, Supersonic nozzgle
N,
1
10 i s ™)
\1 \Z/ ab \3)

Fig. 3.2.1 the schematic arrangement of the LPCS system used for the photocatalytic sample spraying.

3.3 The characterization techniques and methodologies

In the experimental part of the thesis, in the first Section that concerns the characteristics of
the coatings - Section 4.2.1 - the presented average results concern asmaller number
of samples for specific sample type in contrast to the following Sections - Section 4.2.2 and
Section 4.2.3 where the number is increased. Therefore, results between these specific Sections

may differ due to the difference in the results accuracy. The relevant results for the referencing



54

samples (i.e. sample 0 and A) where obtained using new set of samples (not using the samples

for the Section 4.2.1).
3.3.1 Laser Diffraction

The laser diffraction technique is used to determine the particle size distribution (PSD) of
the synthesised powders. The characterisation is carried out using the HELOS BR R4 +
RODOS laser diffraction system (Sympatec GmbH, Germany). The powder is delivered to
the diffraction unit via a VIBRI dispersion unit (Sympatec GmbH, Germany) using an 80%
feed rate, a 0.5 mm gap width, and a 190 mbar vacuum. Then, the powder is fed to the detector
window using a 2-bar dispersal pressure. PSD statistics analysis is done in PAQXOS 3.1
software (Sympatec GmbH, Germany). The ISO 13320-1 standard is applied to calculate
the gz (xm) - fractional volumetric distribution density function and the @3 (xo) - cumulative
volumetric distribution function of the powder samples, where xx is the average particle size
for the measurement class and xo is the upper-end particle size of the measurement class.
Volume median diameters xzo, xs0and x9pare also calculated. These values quantify the spread
of particle sizes in a powder sample by volume, giving information about the size of fine (xz0),
medium (xs50) and coarser particle sizes (x90). The span of the examined powders is determined
according to theequation (3.1) to provide ageneral measure of the total width of

the distribution.

Xgg — X
Span = =1 (3.1)
X50

3.3.2 Scanning electron microscopy (SEM)

Observation of the powders and the coatings are performed using a Scanning Electron
Microscope (Hitachi S-3400 N, Tokyo, Japan) equipped with Secondary Electrons (SE),
Backscattered Electrons (BSE) detectors, and EDX system for elemental analysis if needed.
The powder specimens are mounted on a metal base using a sticky carbon disc and subjected
to carbon-coating prior to theobservations for increased material conductivity.

The metallographic specimens are prepared by cutting the sample in the middle of its length.
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The samples’ cross-sections are immersed in epoxy resin and afterwards, ground using
sandpaper with grit sizes of 180, 320, 600, 1200, and 2500, and then polished with diamond

suspensions containing particles of 3 um and 1 um, without etching.
3.3.3 Raman spectroscopy

To study the chemical composition of the samples, Raman spectroscopy analysis is carried
out using the Raman spectrophotometer LabRam HR800 (Horiba Jobin-Yvon, Japan). Each
spectrum is recorded at room temperature with an Ar* laser (1=514.55 nm) as an excitation
source. At least five measurements in different sample Areas are made on the surface of each

sample.
3.3.4 Powder X-ray diffraction (XRD)

X-ray diffraction (XRD) patterns of the samples are recorded on an X-ray diffractometer
Ultima 1V (Rigaku, Japan), with the CuKa anode serving as the irradiation
source (A = 1.54056 A). The XRD patterns are collected in the range of the Bragg angles 20
from 10° to 80°, a step of 0.05°, and an exposure time of 3 s per point. All samples are measured

at an ambient temperature.

3.3.5 Evaluation of thecrystallinity of thesamples’ structure (AMORPH

statistical program)

The recorded diffractograms of the samples are further analysed in terms of the samples'
crystallinity. The acquired XRD patterns are characterised by the AMORPH statistical program
[169]. The program utilises a Bayesian statistical approach, which allows for the interpretation
of both amorphous and crystalline structures. The program automatically sets the background,
amorphous (A4pa), and crystalline (Cpa) components in the material and, as a result, calculates
a fraction of the amorphous component for each posterior sample. At the same time, measured

degree of crystallinity (DOC) is determined from the relationship described in equation (3.2).

DOC% = Cpa/(Apg + Cpg) X 100 (3.2)
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DOC — the measured degree of crystallinity
Cpq — the integrated peak areas for the crystalline component
Apq — theintegrated peak areas for the amorphous component

The sample’s crystallinity is determined by analysing at least 2 diffractograms from different
samples of the same type and calculating the average from the obtained data. In the case of
the longevity study the sample size is increased to 5. The estimations concerned only
the chemically homogeneous TiO, materials consisting of both amorphous and crystalline

structures.
3.3.6 Scratch-test

Evaluating the mechanical properties of the LPCS TiO, coatings poses significant challenges
due to their porosity, rather low thickness resulting from using ceramic FP, and the high
difference between cohesive and adhesive strength. These features make known standard
testing unsuitable. For instance, ASTM C633-13(2021): Standard Test Method for Adhesion or
Cohesion Strength of Thermal Spray Coatings [170] specifies a minimum coating thickness
of 380 um, which in this case the LPCS TiO, coatings rarely achieve. Similarly, ISO 14916:2017:
Thermal spraying — Determination of tensile adhesive strength [171] requires specific surface
preparation that alters the as-sprayed state of LPCS coatings, which would make the testing
conditions incomparable to the coatings' operational conditions, making the results

inapplicable in real-world scenarios.

Moreover, the porosity of the LPCS TiO, coatings significantly influences their mechanical
behaviour by weakening their cohesion. In such cases, standards designed for adhesive strength
determination, such as ASTM C633-13(2021) [170], may primarily measure cohesive failure,
due to the significant difference between the cohesion and adhesion strength, leading to

ambiguous results.

Conversely, scratch testing, described in EN 1071-3:2005 [172], allows for testing coatings
of various thicknesses and evaluates the material in its unaltered state. At the same time, this
norm specifies that the roughness of the tested coatings should not exceed 0.5 um. The LPCS

TiO; coatings are likely to exceed this threshold due to inherent process characteristics. Such
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roughness might result in underestimated scratch-test data, as higher Ra values could lead to
premature or irregular failure modes that do not accurately represent the coating's cohesive or
adhesive strength. However, in order to mimic the operational state of the photocatalyst, it is
essential to preserve the coating's surface in its operationally relevant state; thus, no surface

processing should occur before testing.

Considering the constraints of available testing options the scratch-testing is deemed to be
most suitable and is chosen for the LPCS coatings evaluation. In the method, controlled forces
are applied through asharp indenter, simultaneously moving along previously defined
traversing length and generating scratches that simulate operational stress. In practice,
the researcher gains knowledge about forces that lead to distinct types of coating failure:
cracking, chipping, and delamination. Knowing this, one can predict whether the coating will

be able to withstand its working conditions.

The cohesion and adhesion values of the TiO, coatings are determined with ascratch
tester (CSM Instruments, Micro-Scratch Tester, CSM Instruments, Peseux, Switzerland) at
ambient temperature and pressure in theair. A Rockwell indenter (Graz, Austria) with
a diameter of 100 um (instead of the typical 200 um) is equipped to cause more intense damage
and observe critical loads sooner. The intended purpose of the coatings is to perform
the photocatalytic process in a liquid medium, meaning that the TiO, coatings are likely to
work under relatively low loads and in a non-aggressive environment. Hence the range of
the examination starts with a 30 mN load and ends with 30 N (with alinearly increasing
loading rate of 10 N/min and a speed of 4.5 mm/min). During the measurement, the normal
force (Fn), friction coefficient (x), and penetration depth (Pq) are recorded. Based on these
parameters (Fu, i, Pd) characteristic loads (Lc): Lcz — cracking of the coating; L.z - penetration
of the coating to the substrate in the middle of the scratch; along with the cohesion of
the coatings and adhesion of the coatings to the substrate, are specified. The surface damage
originating from the scratch tests was assessed with a polarised optical microscope that was

part of the scratch tester unit. The sample's cohesion and adhesion are determined by analysing
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at least 5 reports from different samples of the same type and calculating the average from

the obtained data. Each scratch is at least 6 mm long.
3.3.7 Diffuse Reflectance Spectroscopy (DRS)

The bandgap energy values (£z) of the TiO, coatings are examined with a UV-Vis
spectrophotometer equipped with a 75-mm integrating sphere (Specord 210, Analytik Jena,
Jena, Germany). The spectra are registered in the range of 200-800 nm with a Spectralon® as
the reference material. The Kubelka-Munk function is used to convert the recorded
reflectance (&) into the absorption coefficient (#(R), (3.3)), and the Tauc’s plot (/F(R)hv]?5 vs.
hv) is drawn to determine the bandgap energy (£g). The final values are determined based on
the 6 different results for each sample type.

(1-R)?

(3.3)
2R

F(R) =

3.3.8 Contact profilometry

The surface roughness (R, Rz) of the TiO, coatings is measured using a profilometer (Form
Talysurf 120 L, Taylor-Hobson, Leicester, United Kingdom). For the measurements,
the diamond stylus with a radius of 5 um is transversed in the contact mode. The measurement
parameters used for the examinations are: aforce of 0.75 mN and a speed of 1 mm/s along
the tracing length L¢£=15mm, with acut-off filter Ac=2.5mm. The sample's surface

roughness parameters are determined by analysing at least 5 different results for each sample

type.

3.3.9 The optical microscopy

To observe the macroscopic properties of the coatings’ top surface the optical microscope is
used. Examinations are performed at x10 magnification using a metallographic microscope
BX53M (Olympus, Tokyo, Japan) equipped with an Olympus UC90 camera with a nominal

resolution of 9 megapixels (MP) and a square pixel size of 3.69 x 3.69 um.
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3.3.10 Eddy current method

The thickness of the TiO, sprayed coatings is determined through a non-destructive eddy
current technique. The measurements are conducted with a Leptoskop 2042 apparatus (Karl
Deutsch, Wuppertal, Germany), and a probe dedicated to non-ferrous substrates is applied,
considering that samples are deposited on analuminium plate. The probe generates
the electromagnetic fields that create electrical currents in the conductive material beneath
the coating; changes in these currents are analysed to calculate thickness. Samples are measured
at 9 different points distributed across the coating surface of each 20x20 mm? sample.
In the Section 4.2.1 the presented average results are taken from two samples, for specific
sample type, whereas in the following Sections - Section 4.2.2 and Section 4.2.3 the final result

is determined by analysing at least 4 different samples of each type.
3.3.11 Setup for assessing photocatalytic characteristics

The self-made setup is designed for the photocatalytic properties assessment
by the degradation of the MB dye in the presence of artificial UV light. The system is
incorporated into the fumehood (Fig. 3.3.1), and the room temperature is controlled to be
21 £ 3°C. The selection of the photocatalytic process conduct parameters is carried out,
considering the MB decomposition 1SO 10678:2010 standard test flawed assumptions
described in the previous Section 2.5.1, as well as the photocatalytic reaction kinetics depicted

in (2.5.2).

1 - fume hood

2 - window sealed with the
aluminium film

3 - retort stand supporting
the UVA lamp

4 - UVA lamp (irriadiation
source)

5 - crystalline glass reactor

Fig. 3.3.1 the setup for assessing photocatalytic characteristics which is incorporated into the fumehood.
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The setup is designed to fit a maximum of 6 glass reactors (UV-transparent glass), each with
minimal inner diameter ®=2.5 cm at the base and maximal inner diameter ®=5.7 cm at its
highest part (h=4 cm). Above the reactors, the UVA lamp is set using two retort stands.
All reactors are arranged linearly along the radiation source since the UVA lamp bulb (model
TL-K40W10R ACTINC) geometry is oblong. The lamp light spectrum, as well as the light
intensity vs distance, is measured using astandard photodiode power sensor (S120VC,
Thorlabs). The lamp characteristics are presented in Fig. 3.3.2. The lamp spectrum ranges from
around 350 nm to 400 nm, with the maximum irradiance at 370 nm, a stabilisation time of 30

min is included prior to the irradiation process, for the lamp to reach a steady power output.
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Fig. 3.3.2 On the left, the spectrum of the UVA lamp is plotted in the violet, the solar light spectra plotted in
the background; and on the right, the powder output according to the distance from the UVA lamp.

The distance between each reactor and the UVA lamp is 75 mm long, which amounts to 110
mW. The surface/volume ratio of TiO, coating to MB dye is set experimentally to be
20x20 mm? and 30 ml respectively. The aim is to completely cover the sample in the dye
solution, yet not create an excessively high MB dye solution column above the sample which
would be an obstacle to the UVA irradiation needed to activate the sample. In this specific

arrangement, the height of the MB dye solution column is around 18 mm (Fig. 3.3.6).
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Fig. 3.3.3 Schematic representations of the LPCS-sprayed TiO, photocatalyst (on the left), the setup for assessing
photocatalytic properties with key dimensions (on the right).

3.3.11.1 Methylene blue dye and its solution control

The preparation of the MB dye solution is always carried out the day before the test and
consists of dissolving the methylene blue microscopic dye (POCH S.A)) in distilled water.
The dye concentration used for all the experiments was C» =1 pmol/L. The extent of MB
degradation in the solution is quantitatively estimated with a UV/VIS spectrophotometer (UV-
VIS Nicolet Evolution 100, Thermo Lab) by analysing the change in the MB absorbance peak

at 663 nm (Fig. 3.3.4, left).
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Fig. 3.3.4 On the left, are exemplary results of the methylene blue dye solution adsorption; on the right, is
the calibration curve for the used methylene blue dye, the reference point is taken from [149].

The measurement glass cells which served as the containers for the dye solution are

characterised by an optical length of 10 mm and transmittance (>80%). Additionally, to make
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sure that the quality of the dye is satisfactory the calibration curve is done separately (Fig. 3.3.4,

right).

Based on the premises presented in Section 1SO standards for ceramic semiconductors, both
the temperature and the pH of the methylene dye solution are monitored. After collecting
the data mean values are presented in Fig. 3.3.5. According to the literature the temperature
should be in the range of 23 + 2°C, on the other hand, pH is advised to be in the range of 5.0-
6.6 pH. In both cases (temperature and pH) there is an observable increase, however, none

of the values is out of the limit and the criteria are met.
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Fig. 3.3.5. The mean results of randomly selected 7 experiments where the temperature (on the left) and pH (on
the right) are recorded over time of the photocatalytic degradation. The error bars stand for the standard
deviation.

3.3.11.2 Methodology of the coatings’ photocatalytic properties assessment

Firstly, all tested samples are subjected to at least 24-h UV A exposure to clean the samples’
surface. The photocatalytic properties assessment process is modified and split into two
parts: (1) dark to reach adsorption-desorption equilibrium (also referred to as the conditioning

time); (1) photocatalysis in which each reactor was exposed to UVA radiation.

Additionally, as the literature states using two solutions of different concentrations leads to
a loss of the equilibrium, this is why for the experiments only one solution of the MB dye is
used. At first, the sample is conditioned in a solution with a concentration of C» =1 pmol/L
and then used for photocatalytic decomposition. In order to allow one person to conduct
the entire experiment, it is necessary to adopt a shorter conditioning time. The experiment is

carried out to ascertain the dependence of the photocatalyst’ adsorption on time and determine
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the shortest time of the conditioning process. The experiment lasts for 24 hours in which
the sample is submerged in the 30 ml MB dye solution, of concentration of €y =1 umol/L.
The degree of thedye adsorbed onto thesample’s surface is estimated via UV-Vis
measurements in the 30th, 60th, 90th, 120th, 180th, 240th and 1440th minute
of the experiment. Afterwards, the dependency adsorption [%] versus time [min] is plotted

in Fig. 3.3.6. Based on the acquired data the conditioning time is set to last 2 hours.
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Fig. 3.3.6 Results of the 24-hour MB dye adsorption experiment. On the left: adsorption of the MB dye onto
the surface of the different TiO, samples versus time. On the right, is the increase of the adsorption per time of
the experiment. In both cases, the vertical dash line symbolizes the set conditioning time - 2 hours.

After the conditioning stage, the reactors are moved under the UVA lamp to perform
the photocatalytic process. To control possible changes in MB concentration during UV
irradiation, a reactor containing only MB reference solution (RS) is also subjected to the test
and its concentration is observed as well. The absorbance values are converted into the dye
concentration using the beforehand prepared calibration curve for the MB aqueous solution.

The degradation efficiency (D) is calculated by the following equation (3.4):

C
D =-2x100% (3.4)
Co

Where Cy and Cp(both in mg L*) are the initial and remaining concentration of MB
in the solution, respectively, at any irradiation time (min). The kinetics of the photocatalytic
decolourization rate of MB is determined using the Langmuir-Hinshelwood kinetics model, as

given in the following equation (3.5):

In (%) = kyt (3.5)
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The pseudo-first-order rate constant (k) is calculated from the slope of the logarithmic plot
of the concentration-dependent function described by equation (3.5) versus irradiation
time (¢). The final degradation efficiency and reaction rate constant are determined based on

the results from at least 5 different samples of each type.
3.3.11.3 Evaluation of the coatings’ structure stability

The LPCS coatings’ structure stability is examined using the condensation humidity tests,
in compliance with DIN 50017:1982 Condensation water test atmospheres. Throughout
the test, a controlled atmosphere of 100% relative humidity and a temperature of 40 °C is
maintained to allow condensation on the test samples. The exposure time of the samples to
moisture was: 96, 192, 384, 768, and 1000 hours. To evaluate each type of coating, at least

5 samples underwent the experiment.
3.3.11.4 Evaluation of the recyclability/longevity of the coatings

The longevity of the LPCS coatings is evaluated by repetitive photocatalytic decomposition
of the MB dye. Each photocatalytic process is done as described in the previous
Section (3.3.11.2). The experiment is repeated four times per sample. In between
the photocatalytic processes, the coatings are exposed to UVA radiation, at the same time,
between the tests, the samples have one night of rest during which they are not subjected to any
actions. Then the curves describing the MB decomposition vs time, per each photocatalytic
process are prepared and stacked in one plot to present the difference between the cycles. To

evaluate the one type of coatings, at least 5 samples underwent the experiment.
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4 Results

4.1 TiO2 powders characterisation

In this Section, the properties of the sol-gel-synthesised powders are discussed. Firstly,
the initial powder TiO»-0 is characterised, and afterwards, its modifications, TiO.-IPOH,
TiO,-ACE and TiO,-MOH are presented. The effect of the solvent used in the sol-gel process
on the powders' properties is discussed, including LPCS-relevant properties (namely, particle
size and self-agglomeration). Following this, the feasibility of powder application in the LPCS

process is discussed.
4.1.1 Initial powder (TiO2-0) characterisation

The sol-gel-derived initial TiO,-0 XRD pattern and Raman spectrum are presented in
Fig. 4.1.1. Theinitial powder is amorphous, and no distinct peaks are visible in
the diffractogram. At the same time, the crystallisation process might have started, which is
indicated by the broad hump around 30° 26 [173]. The amorphicity of the structure is also

visible in the Raman spectra of the powder, where broad, low-intensity bands are present [174].
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Fig. 4.1.1 On the left, there are diffractogram, and on the right, the Raman spectrum of the TiO2-0- as-synthesised
powders.

The morphology of the as-synthesised TiO,-0 and sieved TiO,-063 powders is visible in
Fig. 4.1.2. The size of the created structures is approximately a few tens of micrometres, which
is consistent across both powders and remains unchanged after the sieving process. At higher
magnification, the observable smallest particle size is around 500 nm. The powder particles
form acomplex structure formed out of two discernible particle types: round-shaped

amorphous and sharp-edged particles, which might be crystalline. The crystalline particles are
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enveloped by the smaller amorphous ones, resulting in irregular agglomerate formation.

Structures resemble the sol-gel-derived TiO, powders reported in the literature [26].

TiO,-063 SE

Fig. 4.1.2 the SEM-SE images of the TiO,-0 initial (top row) powder and sieved TiO,-063 powder (sieve 63 um,
bottom row); left column: magnification x500; right column: x10 000.

The TiO.-0 initial powder particle size distribution (PSD) analysis shows a wide range
of particle sizes: from 0.5 um to 142.36 um, the volume median particle size is 11.51 pm.
The synthesised particles are characterised by bimodal granulometric distribution; the main
visible fractions are centred around 2.5 um and 50.0 um, with the latter as a predominant
share (Fig. 4.1.3). The bimodal distribution might be the result of the powder agglomeration

since such large structures are not noticed in the SEM observations.

After the sieving process (powder denoted as TiO.-063), the largest particles’ size is reduced
from 142.36 umto 81.57 um. A cutoff for particles larger than 63 um, resulting from the sieving
process, is successfully achieved. Similarly, the volume median particle size shifted towards
smaller values: from 11.51 pm to 6.55 um. The powder still presents a bimodal distribution;

however, after the sieving process, the main fractions are centred around 2 pm and 40 pm.
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Fig. 4.1.3 Particle size distribution of the synthesised TiO; initial and sieved powders, where density (q3) and
cumulative distribution (Q3) are presented. Each of the plots is characterised by the volume-weighted percentile
particle diameters of the synthesised powders.

The TiO,-0 powder agglomerated structure consists mainly of amorphous share, with
the presence of the crystals evidenced in the SEM observations. Combined with the LPCS
process, such astructure facilitates a more effective deposition process than the crystalline
powders [122]. Additionally, the TiO,-063 powder after the sieving particle size range is within

the range of the granulometry recommended for the LPCS workstation [175].
Summary

The sol-gel synthesis of the TiO,-0 powder yields an amorphous, self-agglomerating
powder. The initial powder particles can be divided into two groups: round-shaped amorphous
particles and sharp-edged particles, which might be crystalline, with the former being
the dominant type. The initial powder exhibits a bimodal granulometric distribution, with
the main fractions centred at 2.5 pm and 50.0 um. The larger particles likely result from
agglomeration of the primary particles, which constitute the first fraction. The irregular shape
of the agglomerates might enhance their kinetic energy in the deposition process, making
the coating less porous. Additionally, the sieving process effectively filters out particles larger

than 63 pm, improving suitability for the LPCS process.
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4.1.2 Solvent-modified  powders (TiO.-IPOH, TiO-ACE, TiO2-MOH)

characterisation

The powders synthesised using different solvents and a higher pH of 12 are all characterised
by very similar diffraction patterns; no distinct peaks are visible that correspond to the presence
of acrystalline phase, meaning that the powders are amorphous. All modified powders
- TiO.-IPOH (isopropanol), TiO,-ACE (acetone) and TiO.-MOH (methanol); have a visible
broad hump characteristic for the amorphous structure present in their diffraction
patterns (Fig. 4.1.4, left) [173]. The high amorphicity of the powders' structure is also recorded
in the Raman spectra of the powders. The visible bands are faintly pronounced (low and
broad) [189]. Between the three powders, there are no significant differences; therefore,

the solvent change in the synthesis process does not significantly affect the powders’ crystalline

structure.
200 4 anatase
*
¢ ¢ TiO.-0
198
*
TiO,-IPOH 391455
.- = * *  TO,IPOH
=& G
> >
7 o ACE G 2 301455  TiO,ACE
13 . I3 22
£ £
209
L
TiO,-MOH 389 423
TiO,-MOH
20 30 40 50 60 70 100 200 300 400 500 600 700
20 () Raman shift (cm™)

Fig. 4.1.4 On the left, there are diffractograms, and on the right, Raman spectra of the TiO2-0- as-synthesised and
solvent-modified powders: TiO,-IPOH, TiO,-ACE, and TiO,-MOH.

The morphology of the powders TiO.-IPOH, TiO,-ACE, and TiO,-MOH are presented
in Fig. 4.1.5. The most similar synthesis conditions, compared to the initial synthesis process,
are used for obtaining the TiO,-IPOH powder, where only the pH is increased. The TiO,-IPOH
powder morphology resembles the initial powder TiO,-0 microstructure, consisting of sharp-

edged grains and smaller, clustered particles, with the majority being the latter. The smallest
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observable particles are around 300 nm. The TiO,-ACE powder morphology is the most
similar out of the three modified powders to the initial TiO»-0 powder, the size of the smallest
observable particles is around 500 nm, which makes them slightly larger than those observed
for TiO.-IPOH. The powder TiO,-MOH has asimilar microstructure to the TiO.,-IPOH
powder; again, the smallest observable particles are around 300 nm. All powders are irregularly

shaped, which is favourable for LPCS deposition [66].
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Fig. 4.1.5 the SEM images of the TiO, powders synthesised using different solvents are presented in: the top row,
the TiO, IPOH powder; the middle row, the TiO,-ACE powder; and the bottom row, the TiO,-MOH powder, all
in topographic contrast. Left column: magnification x500; right column: x10 000.
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The modified powders have different PSD depending on the used solvent. The TiO.-1IPOH
powder agglomerates' size shifted towards larger diameter values (Fig. 4.1.6, top, right);
the TiO2-IPOH powder particle size range starts at 0.5 um and ends at 157.04 um. The volume
median particle size is 22.83 um, which is two times more than for the initial powder and results
from the agglomerate size increase. The bimodal granulometric distribution consists of two
main shares, the first centred around 2 um and the second around 64 um. The powder consists

of the majority of 64-um agglomerates.

Compared with methanol, isopropanol produces more moderate hydrolysis and
condensation rates due to its longer, branched alkyl chain, which introduces greater steric
hindrance. The complexity of the structure of the solvent directly influences the size of
the metal-alkoxide intermediates in the sol-gel process: longer, bulkier chains stabilise smaller
clusters by impeding their aggregation and slowing the formation of new nuclei. Smaller
alkoxide species react more rapidly, whereas larger species (such as those derived from
isopropanol) slow down overall reaction rates and favour particle growth over
nucleation [137]. Consequently, isopropanol-based syntheses yield larger, more aggregated

TiO, particles compared to the finer powders obtained using lower-molecular-weight solvents.

The TiO,-ACE powder, on the other hand, is characterised by the widest span value
(Fig. 4.1.6 bottom, left), meaning that those particles are the least uniform in size out of all
powders. The particle size distribution range starts at 0.5 um and ends at 130.23 um, which is
quite similar to the initial TiO,. The volume median particle size is 7.27, which is smaller than
the value recorded for the initial powder, meaning that the shares of the two main fractions
have changed for the acetone-based powder. The first fraction is centred around 2 um, and
the second, main one is around 64 um, yet for this powder, their shares are almost equal, which
shifted the volume median particle size towards smaller values. Those changes may be
the result of the higher polarity of the acetone, as well as its lower boiling point and
viscosity (Table 4.1.1), which increase the hydrolysis and condensation rates, making
the nucleation faster and allowing many nanoparticles to form at the same time, causing them

to attach to themselves and hinder their growth [137,166,176]. Additionally, a lower amount
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of hydroxyl groups present in the synthesis (caused by using aprotic solvent, such as acetone)

can also decrease agglomeration[177].

Table 4.1.1 Chosen solvents' physical properties [178].

Solvent Polarity Boiling Viscosity
type index point (°C) (cPoise)
isopropanol 3.9 82 2.30
acetone 5.1 56 0.32
methanol 51 65 0.60
X10=1.15 um 2z L.0{Ti0,-0 100 _ X1p=1.39 pm z 1.0{Ti0,- IPOH 100 _
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Fig. 4.1.6 Particle size distribution of the synthesised TiO, initial and solvent-modified powders, where
density (gq3) and cumulative distribution (Q3) are presented. Each of the plots is characterised by the volume-
weighted percentile particle diameters of the synthesised powders.

A noteworthy change occurred in the PSD of the TiO.-MOH powder, synthesised using
methanol. The agglomerate's size shifted towards larger values, and the difference between
the two main fractions’ shares increased (Fig. 4.1.6 bottom, right). The size particle range starts
at 0.5 um and ends at 166.76 um; the volume median particle size is 40.30 um. The smaller

fraction constitutes one-third of the main share and is centred around 2 um, the main fraction
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around 85 pum. Both acetone and methanol have the same polarity index, meaning that
the particles should be approximately the same size. However, methanol is asource
of additional hydroxyl groups in the synthesis and evaporates slower than acetone, which gives
more time for theinteraction between synthesised particles, ultimately creating

the agglomerates [177,179].

The particle size has increased for the TiO.-IPOH and TiO,-MOH powders, while
TiO,-ACE is characterised by thereduced particle size. This change is likely due to
the increased amount of the hydroxyl groups present in the alcohol-based syntheses, which
aids the agglomeration process [177]. The modified powders also vary in their homogeneity;
the most homogeneous is the TiO,-MOH powder (characterised by the lowest particle size
distribution span value), while the TiO,-ACE powder is characterised by the least uniform
particle size distribution. Compared to the typical cold-spraying particle size (5-100 um [175]),
the TiO,-IPOH and TiO,-MOH exceed the recommended range, which can result in lowering
the particles' in-flight speed and impact energy, which ultimately can decrease the deposition

efficiency and the coating’s thickness mechanical properties.
Summary

The solvent-modified powders TiO,-IPOH (isopropanol), TiO,-ACE (acetone) and
TiO,-MOH (methanol) are characterised by similar amorphous structures and particle
morphology, compared to the initial powder TiO,-0. All modified powders exhibit a bimodal
granulometric distribution, resembling the TiO,-0 powder. The modified powder's size
distribution changes depending on the solvent used. Synthesis based on isopropanol, which has
amore complex structure and lower polarity, leads to a more moderate synthesis process
compared to the rest of the used solvents. As a result, the TiO,-IPOH powder particles are
larger and more aggregated compared to TiO,-ACE powder. As for the TiO,-ACE powder, it
is the result of faster hydrolysis and condensation processes due to its higher polarity and lower
viscosity, resulting in a higher number of smaller particles. The TiO.-MOH primary particles
are similarly sized to those of TiO,-ACE powder; however, likely due to the higher amount

of hydroxyl groups present in the synthesis process, there are more agglomerates in methanol-
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based powder. Due to the increased powder particle size in TiO,-IPOH and TiO,-MOH,
the LPCS spraying efficiency might be reduced due to the lower kinetic energy of entrained

particles.
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4.2 TiO; LPCS coatings characterisation

This Section examines the chosen factors affecting the low-pressure cold-spraying of TiO,
powders, which are traverse speed, number of layers, and scanning step. Following this, these
factors influencing the TiO, photocatalytic coatings properties and long-term performance are

also assessed. The investigation is divided into three Sections:

e The first Section explores the impact of LPCS process parameters on the structure, surface
and mechanical properties of LPCS coatings;

e The second Section analyses the effect of the ageing process on the coating microstructure,
ultimately affecting their mechanical stability and photocatalytic efficiency;

e The third Section investigates how the TiO, feedstock powder properties
modification (mainly self-agglomeration) affects the LPCS process and obtained coating’s

properties.

By systematically addressing these aspects, this Section aims to provide a comprehensive
understanding of how powder characteristics, deposition parameters, and post-processing

conditions influence the functionality and durability of LPCS-deposited TiO, coatings.

The results and figures presented in these Sections are partly published in [78,180,181].

4.2.1 Influence of the LPCS parameters (scanning step, number of layers,

traverse speed) on the TiO; coatings’ structure and properties

the influence of low-pressure cold spraying (LPCS) parameters on the properties
of photocatalytic coatings is investigated by systematically varying chosen process parameters,
namely traverse speed, number of layers, and scanning step. The parameters examined in this
study are summarised in Table 4.2.1. For all experiments, TiO,-063 powder is used as
the feedstock material to deposit photocatalytic coatings. Other critical LPCS parameters,
including working gas temperature, gas pressure, carrier gas pressure, and stand-off distance
remain constant at experimentally determined values to ensure controlled conditions. This
Section builds upon previously published research [78], expanding on the effects of the LPCS

parameters on the TiO, phase composition, coating morphology, and mechanical properties.
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To ensure thestrength of the LPCS coatings created in this study, the working gas
temperature is set to the maximum operating value of 600°C, as higher temperatures improve
deposition efficiency and coating strength for both metallic and oxide powders [95,122].
Another critical parameter is the working gas pressure. While higher working gas pressures
facilitate particle deformation in ductile materials, they can lead to particle fragmentation and
substrate erosion when using oxide powders [182]. Furthermore, the pressure influences
the temperature drop in the divergent part of the nozzle, with higher initial pressures resulting
in greater cooling. Thus, the working gas pressure is experimentally optimised and fixed at

0.5 MPa to maintain adequate thermal energy for deposition [112].

Table 4.2.1 Low-pressure cold spray parameters used to spray the TiO, coatings using the TiO,-063 powder.

sample 0 A B C D E

traverse speed [mm/s] 5 5 10 10 10 10

number of layers 1 1 1 2 2 1

scanning step [mm)] 2 1 2 2 3 1

spraying time [s] 40 76 20 38 26 38

iy
working gas pressure [MPa] air, 0.5

working gas temperature [°C] 600
stand-off distance [mm] 10

(- sample 0 is the reference sample sprayed with the initial LPCS spraying
parameters.

The carrier gas (nitrogen) with FP particles is delivered to the start of the divergent section
of the de Laval nozzle through a silicon pipe (as described in Section 3.2.1). During this process,
the pressure and temperature of the working gas decrease due to expansion. In such
an arrangement, it is possible to use low pressures of the carrier gas [83], such as 0.1 MPa, as
used here. Additionally, for the carrier gas, bottled nitrogen with low moisture content is
chosen to ensure effective powder feeding and prevent moisture-related issues, which might

disrupt the deposition process.
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The stand-off distance determines the thermal and kinetic energy retained by the particles
at impact, directly affecting deposition efficiency. Excessively short stand-off distances can
significantly increase the effect of the bow shocks on the entrained particles, ultimately
reducing their velocity and disrupting the deposition process. Conversely, overly long stand-
off distances cause the reduction of the particle energy, lowering deposition efficiency [87]. For
the TiO,-063 powder, the optimal stand-off distance is experimentally determined to

be 10 mm.

The phase structure of the LPCS samples (TiO, coatings sprayed on aluminium plates with
varying parameters presented in Table 4.2.1) consists of a mixture of the amorphous-anatase
phases (Fig. 4.2.1). The samples’ XRD patterns show the presence of a crystalline phase;
the visible peaks are located at 25.25°, 37.85°, 48.00°, 53.90°, 55.05° and 62.70° 2theta and can
be attributed to the anatase crystalline structure. Moreover, in samples 0, B, C, and D,
the characteristic broad hump can be observed around 25° 2theta, which indicates a substantial
share of amorphous structure in the samples [26]. The additional peaks present in the sample
D diffractogram (located at 38.40°, 44.40° and 64.40° 2theta) correspond to the aluminium
phase. Their presence suggests that either the coating is extremely thin in some places, or it is
not fully covering the substrate material. The structure of the sprayed coatings is confirmed by
Raman spectroscopy; the characteristic bands of anatase located around 153, 398, 521, and

642 cm are present for all measured samples [26].

The difference in the thermal energy used during the deposition process can be indirectly
assessed by comparing the degree of crystallinity (DOC) of the sprayed coatings [21,183];
the results are presented in Fig. 4.2.1. The reference sample 0 exhibits a DOC of 14%, while
sample A, deposited with the longest uninterrupted spraying time (76 s), achieves the highest
DOC of 37%. Continuous spraying increases sample temperature due to the constant heat
input, resulting in more effective crystallisation of the coating TiO, amorphous structure [184].
This trend is observable in other single-layer samples; for instance, sample B, deposited in
20 s (process time reduced by half compared to reference sample 0), exhibits a DOC of 14%.

Sample E, deposited with a spraying time similar to sample 0 but with faster and denser nozzle
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movement, achieves a slightly improved DOC of 16%. Interrupted processes (e.g., two-layer
samples C and D) result in DOC values similar to the reference sample (16% and 12%,
respectively). While sample C, sprayed with a2 mm scanning step, yielded a continuous
coating, sample D, sprayed with a 3 mm scanning step, produced a thin or discontinuous TiO,
coating, which is confirmed by the presence of peaks characteristic of substrate material in
the XRD diffractogram for sample D (Fig. 4.2.1). Thus, scanning step value of 3 mm, combined
with atraverse speed of 10 mm/s, fail to meet the conditions necessary for successful TiO.

deposition, emphasising the critical boundaries for spraying continuous coatings.
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Fig. 4.2.1 On the left there are diffractograms and the DOC values of respective coatings, on the right, Raman

spectra of the low-pressure cold-sprayed samples: 0, A, B, C, D and E.

The cross-section microstructures of the LPCS coatings are presented in Fig. 4.2.2.

The substrate material, which is grit-blasted before the spraying process, exhibits high surface
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roughness. Regardless of theused LPCS process parameters, the substrate surface is
consistently coated, with no cracks or voids between the coating and substrate material.
The sprayed coatings’ structure comprises crystalline, sharp-edged grains embedded within
an amorphous, fine-particle TiO, matrix. The number of visible grains increases closer to
the substrate material. For the single-layer coatings, the crystalline grains form a continuous
interconnected matrix, as adjacent grains share boundaries (samples 0, A, B, and E), whereas
two-layer samples (samples C and D) exhibit less homogeneity, with smaller grain sizes, that
are not interconnected and have more pronounced boundaries with the amorphous matrix.
In the microstructure of coating the size of the visible grains decreases near the substrate-
coating interface, indicating higher material densification. What is more, enclosed pores are
present in all sprayed TiO, coatings; however, samples A and E (sprayed with smaller values of
the scanning step) exhibit near-interface regions that are largely free from pores, unlike
the other samples (0, B, C, and D). At the same time, the near-surface areas of all the coatings
are characterised by some degree of porosity and loosely connected particles are visible at
the surface. The visible pores are randomly distributed within the amorphous parts of
the structure and along the boundaries between the matrix and the crystalline grains. This is
particularly visible in samples 0, B, C, and E. Interestingly, apart from sample 0, all the coatings
from the mentioned set are sprayed with the increased traverse speed value of 10 mm/s,
suggesting that this value is too high to densify the sol-gel-derived TiO, powder. Sample A,
sprayed with reduced traverse speed, also shows some porosity in the top layer, however,
particles at the surface are firmly attached. Similarly, sample D demonstrates an improved top
surface, which compared to sample A presents a higher degree of porosity, but there are no
loosely attached particles visible. The lack of loosely attached particles in sample D might result

from the two-layer deposition process, which removed them from the coating surface.

Sprayed samples’ surface roughness examination (Fig. 4.2.2) and optical assessment
(Fig. 4.2.3), reveals the correlation between the scanning step value and the coatings’ surface
roughness. In general, denser scanning step values grant smoother surfaces [108], which is also

evident for other kinds of FP, such as metals [115].
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4 Grain
Amorphous structure

4 Pores

Fig. 4.2.2 the SEM SE images of the cross-section of the sprayed TiO; coatings: 0, A, B, C, D, and E. The coating
material is at the top of the picture, while the aluminium substrate is at the bottom. The exemplary characteristic
parts of the structure are highlighted with the arrows.
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Compared to sample 0, sample A, sprayed with a smaller scanning step and a traverse speed
of 5 mm/s, shows reduced surface roughness compared to the reference sample 0. The surface
of sample Ais more uniform and homogeneous (Fig. 4.2.2). Conversely, sample E, sprayed
with the same scanning step as sample A but a higher traverse speed (10 mm/s), displays
a nearly twofold increase in surface roughness compared to sample 0 (Fig. 4.2.2). Similarly,
sample B (sprayed with the same scanning step as sample 0 but with a higher traverse speed)
also shows slightly increased surface roughness. Typically, a higher traverse speed promotes
uniform particle distribution, reducing roughness [114]. However, in this case, this tendency
is not observed. In sample E, the denser scanning step might have increased the thermal energy
delivered during the deposition process, enabling loose particle attachment and promoting
higher surface roughness. In sample B, the deposition process might have occurred too rapidly
to deform and densify the top layer of the coating. In both cases, the coatings' surface roughness
increases due to loosely bonded particles remaining on the surface. This suggests that
agglomerated powders require severe deformation to achieve smoother surfaces, which is

possible when applying a denser scanning step.

Table 4.2.2 Measured roughness, thickness, cohesion and adhesion of the low-pressure cold-sprayed samples 0,
A, B, C, D, and E. The x is the mean value calculated, and the s is the standard deviation.

0 A B C D E
X S X S X S X S X S X S
Ra
60 08 43 10 64 08 70 11 70 08 95 16
(um)
(Eni) 326 40 254 48 340 36 381 61 374 35 602 88

Thickness (um) 81 17 189 26 91 22 95 28 69 21 125 20

Cohesion -

17 07 12 04 15 08 12 04 11 03 08 0.2
Lcl(N)

Adhesion -

72 24 >300 - 106 19 52 24 36 18 202 26
LcZ(N) -

(*) - the adhesion value exceeded the device's maximum load of 30.0 N.

The attempt to even the surface with the second layer sprayed in the valleys of the first

coating causes the increase of the LPCS coatings' roughness. The two-layer coatings (samples
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C and D) are characterised by increased roughness values, compared to the reference sample 0.
The roughness increase stems from afew reasons. Firstly, the larger scanning step values
used (for sample C scanning step value is 2 mm and 3 mm for sample D) promote greater
undulations in the surface profile, increasing surface roughness [115]. Secondly, the additional
gun passes in multi-layer spraying introduce further profile irregularities [185]. The surface
roughness effect on material performance is context-dependent and requires consideration of
the operational conditions. Smooth surfaces are generally favoured in engineering contexts due
to their positive effect on the material mechanical integrity [116]. Conversely, high roughness
is a critical property in biomedical applications, where textured surfaces promote the bonding

processes between the bone and the attached implant [185].

A
A

Sample /

e
250

Fig. 4.2.3 Optical micrographs of the LPCS TiO, coatings: 0, A, B, C, D, and E. The view presents the top surface
of the coatings in magnification x10.

The thickness of the samples varies significantly depending on the used spraying
parameters (Table 4.2.2). The reference sample 0 is characterised by a thickness of 80 + 18 um.
The highest coating thicknesses are achieved with the smallest scanning step values:
sample A measures 189 + 26 um and sample E measures 125 + 20 um. Coatings B and C,
sprayed with the same scanning step value as sample 0 but higher traverse speed, have

thicknesses of 91 £22 ym and 9528 um, respectively, making them comparable to
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the reference sample. Sample D, sprayed with the widest scanning step value (3 mm), is
the thinnest coating (69 + 21 um). These results indicate that smaller scanning step values
enhance material build-up,improve deposition efficiency and the coatings thickness, which is

in line with the literature [186].

Another factor enabling thickness customisation is the traverse speed value adjustment. In
LPCS processes, the thickness increases as the traverse speed decreases [184]. For samples
sprayed with dense scanning step (e.g., sample A, E), coating thickness increases at lower
traverse speeds. Yet, this trend is not evident for coatings obtained with wider scanning
steps (e.g., samples 0 and B). This suggests that the LPCS process may be not stable at this value
of the scanning step, making it more susceptible to other LPCS process instabilities, like for
example powder feeding inconsistencies. In such cases, the process instability factors can have

a significantly greater magnitude than the actually controlled parameters - traverse speed.

Additionally, applying asecond layer proves ineffective for material buildup. Coating
B (single-layer) and coating C (double-layer) are sprayed with the same traverse speed and
exhibit comparable thicknesses, despite the doubled spraying time duration for sample C.
Considering the fact that the LPCS coatings tend to be more porous in their top part [187],
the second-layer gun pass might have removed the weakly-bonded parts located at the top of

the TiO, coating, preventing the further build-up of the material.

The mechanical properties of the coatings are presented in Table 4.2.2, while the coatings’
surface characteristic damage is presented in Fig. 4.2.4. Chosen examples of characteristic
damage are presented in detail at the bottom of Fig. 4.2.4. The chipping of the small coating’s
parts (Fig. 4.2.4, left column) occurs before the material cracking (L. — cohesive failure). Such
material damage in the range of the small load indicates the brittleness and low cohesion of
the coating, typical for ceramic materials [188]. The cohesion (L) of TiO, coatings remains
relatively consistent across all samples, with recorded values of 1.9+0.4 N, 1.5+04 N,
22+08N, 1.3+£04N, 1.1£03N, and 0.8+0.2N for 0, A, B, C, D and E coatings,
respectively. The cohesion values suggest that, despite their predominantly amorphous

structure (as confirmed by XRD examination), the coatings exhibit brittleness, typical of oxide
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materials. The arc-shaped cracks, resulting from tensile stress, are visible only within
the scratch track (Fig. 4.2.4, middle column). This type of cohesive damage occurs when
the fracture strength of the coatings’ material is exceeded and is frequently observed in oxide
TS coatings [102,103]. Additionally, the LPCS process may sometimes be insufficient for
proper bonding of sprayed materials, particularly oxides [189], leading to increased porosity,
especially in the top part where the coating densification is less effective and in turn, decreased
cohesion [189,190]. In this case, SEM examinations confirm the presence of pores in all
sprayed coatings. Another factor affecting cohesion is surface roughness; rougher surfaces
typically exhibit lower mechanical stability [116]. The highest surface roughness is achieved for
sample E, which also exhibits reduced material cohesion. On further sliding, the damage
progresses into athrough-thickness cracking of the coatings. Simultaneously, two types
of damages are observed: conformal cracking and ductile tensile cracking, which possibly is
the result of the coating’s structure consisting of anamorphous matrix and embedded
crystalline (anatase) grains. In some cases the conformal cracking is caused by the increased
load, resulting from the material being pressed into the scratch track [188]. At higher loads,
the damage further evolves to buckle spallation, resulting in substrate exposure (L., — adhesive
failure); again the damage is limited to the scratch track area (Fig. 4.2.4, right column, white
patches along the scratch track). The lowest adhesion is observed for samples C and D (two-
layer coatings), with adhesive strengths of 5.2 +2.4 N and 3.6 + 1.8 N, respectively. Slightly
higher adhesion is observed in samples 0 and B, which differ only in traverse speed, achieving
adhesion values of 7.2 + 2.4 N and 10.6 + 1.9 N, respectively. The best adhesion results are seen
in samples A and E, sprayed with the smallest scanning step. For sample A, adhesion exceeded
the device’s maximum load and is estimated to be over 30 N, while sample E achieved
20.2 = 2.6 N. In the microscopic observations the adhesive failure occurs mostly locally, with
only small areas of the substrate exposed; full coating detachment is not observed (Fig. 4.2.4,
right column). However, for sample 0, damage progression is rapid, uncovering substantial
substrate areas during indenter sliding. At the end of each sample’s scratch track, piled-up
material is observed. The gathered material is the result of indenter movement; it is not bonded

with the coating and loosely rests in the scratch track.
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not observed

—30 um

Fig. 4.2.4 Optical micrographs of the surface damage caused by scratch testing of LPCS TiO, samples 0, A, B, C,
D, and E. The left column presents the small loads' damage, the middle column presents cohesive failure (Lcy),
right column presents adhesive failure (Lc;). The load is progressing from left to right (following the black arrow
at the bottom). The detailed exemplary damage is presented below, details a, b and ¢ correspond to small loads’
damage, L and L, respectively.
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Samples A and E, sprayed with the smallest scanning step and in asingle pass, exhibit
the best performance. This improvement may be attributed primarily to better material
compression, achieved through reduced scanning step values [191]. Additionally, the increased
thickness of these coatings correlates with higher adhesive strength. Cross-sectional analysis
of samples A and E (Fig. 4.2.2) shows increased homogeneity of their structures, compared to
initial sample 0, with sample A additionally displaying a densified region near the substrate,
which likely enhances adhesive strength [109,192]. Additionally, the increased crystallinity of
the sample A structure can positively affect the material, reducing the number of potential
notches as well as pores [189,190]. On the other hand, the two-layer coatings present lower
adhesive strength than the initial sample 0. The decrease in the adhesive strength is inversely
correlated with the scanning step value; the wider the distance, the lower the adhesion.
The lower adhesion may also result from the structure’s lower crystallinity and smaller grains
present in the material, which do not strengthen the structure through an interlocking

mechanism [193].

For the further evaluation of the TiO, coating’s properties, samples 0 and A are chosen.
Sample 0 serves as a reference, while sample A is chosen on the basis of the highest mechanical

strength (i.e., adhesion).
Summary

Modification of LPCS process parameters, such as scanning step, number of layers, and
traverse speed, enables the production of TiO, coatings varying in phase structure, surface
properties, thickness, and mechanical characteristics. Sprayed coatings consistently exhibit
a mixture of amorphous and anatase structures in varying ratios. The deposition time plays
acrucial role in defining the coating’s crystalline structure; an extended and uninterrupted
spraying duration promotes crystallisation, suggesting that phase composition can be

controlled through precise process time optimisation.

Among the chosen LPCS parameters, the scanning step has the most pronounced impact on

the TiO, coating properties, as it directly influences thickness, roughness, and adhesion
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strength. Reducing the scanning step results in smoother, denser coatings with an enhanced
adhesion, likely due to theincreased material density. The obtained results concerning
the effect of a traverse speed on the properties of the coatings do not show a clear tendency.
What is more, the number of layers does not significantly influence the final coating thickness,
as no notable improvement is observed when applying the second layer. Instead, the second
gun pass may induce surface erosion, reducing the coating thickness while increasing

roughness.

Based on the obtained results, samples O (reference) and Aare selected for further
examination. Sample A, fabricated with a reduced scanning step and a single-layer deposition,
demonstrates the most promising properties, including the highest crystalline fraction and
the strongest adhesion to the substrate. The traits make it the most promising candidate for

a durable photocatalytic coating, while sample 0 provides a baseline for comparative analysis.
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4.2.2 Influence of the ageing process (humid chamber test, multi-cycle dye

decomposition test) on the TiO: coatings’ structure and properties

The coatings’ 0 (initial, reference coatings) and a (the most durable coating based on
the adhesion strength results presented in 4.2.1) stability assessment involves two experiments,
the first consisting of the long-term ageing (1000 h) of the material of the coating in the humid
chamber to assess their structure stability. After the ageing process, samples are denoted as
chamber-aged samples 0% and A°®, The second experiment is based on the multi-cycle dye
decomposition tests to determine the photocatalytic activity and stability (4-cycle dye
decomposition test) of the samples, both before and after the chamber-ageing process. This

Section is based on the results published in [180] and [181].

Fig. 4.2.5 shows diffractograms (left) and Raman spectra (right) of as-sprayed samples 0 and
A (described in previous Section 4.2.1) and chamber-aged samples 0%° and A%,
The chamber-aged samples’ diffractograms present more pronounced anatase peaks present at
25.25°, 37.85°, 48.00°, 53.90°, 55.05°, 62.70°, 68.95° and 70.04° 2theta, compared to the as-
sprayed samples (0 and A). Peaks’ intensity increase is the result of the higher crystallinity of
the aged coatings’ structure. Additionally, new peaks characteristic of the brookite structure are
visible at 30.75°, 36.25°, 40.10°, 42.30°, 46.15°, 49.10°, 57.05° and 64.50° 26 [180]. The Raman
spectra of the samples (0, A, 0% and A!®) confirm the results from the XRD analysis.
The anatase bands are located at 149, 391, 513 and 631 cm™ and less intense brookite-related
bands at 256, 321, 368, 470 and 546 cm [38]. The estimated DOC ofthe chamber-aged samples
reveals that their crystallinity significantly increases after the ageing process (Fig. 4.2.5). Sample
0 crystallinity is 17 + 4%, increasing up to 72 = 6% in the 0'° sample. Similarly, the crystallinity
of sample A, which is 37 £ 11%, after ageing in the chamber reaches 78 + 4%. It seems that
regardless of the initial coating’s crystallinity the ageing process induces further material

crystallisation up to around 75%.

Based on the literature analysis, the temperature used in the chamber-ageing process (40°C)
is too low to trigger the further crystallisation of the as-sprayed coatings alone. However, it is

possible to induce the low-temperature crystallisation of such structures using water as
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a medium [194-197]. Both coatings subjected to the chamber-ageing process are exposed to
water vapour, which can penetrate the structure and provide the conditions needed for water-
assisted crystallisation. Water-assisted crystallisation predominantly yields the anatase phase
[194-197]. The anatase structure is promoted as a result of the increased number of hydroxyl
groups attached to the TiOs octahedra. In such conditions, the octahedra favour bonding
through face sharing, yielding an anatase structure [195]. However, in the case of samples 0*°®
and A the water-assisted crystallisation of the amorphous structure leads to
the crystallisation of the brookite phase rather than anatase. The literature indicates that
brookite TiO, crystallisation is promoted in oxygen-depleted environments [198] or by
introducing lower-oxidation-state cations (e.g., Ti3*, Fe3*) during synthesis [199]. This suggests
the existence of another factor influencing crystallisation apart from water vapour presence,
such that the brookite lattice is favoured during the structural organisation when samples are

subjected to chamber-ageing.
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Fig. 4.2.5 On the left there are diffractograms and the DOC values of respective coatings, on the right Raman
spectra of the low-pressure cold-sprayed samples: as-sprayed 0, A, and chamber-aged: 0% and A%,
The microstructures of the samples are presented in Fig. 4.2.6. The coatings’ microstructure

comprises two types of particles: smaller irregular-shaped particles — which serve as a matrix
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and are likely amorphous, and sharp-edged particles that are randomly distributed and may be
crystalline. The detailed description of the coatings 0 and A microstructure is presented in
the previous Section 4.2.1. Two grains observed at the sample’s a coatings/substrate interface
are the result of the grit blasting process, which can embed the Al,Os grains into the substrate
material. A comparison of the as-sprayed and chamber-aged samples reveals no discernible
differences in the TiO,coating structure or porosity, implying that the chamber-ageing process
does not significantly affect these properties. However, at the interface with the aluminium
substrate, anew, thin, continuous interlayer is observed, indicating oxidation
of the aluminium. Based on cross-sectional observations, the newly formed passivation layer
reaches up to 5 um in thickness; an order of magnitude greater than the naturally occurring
passivation layer, which typically measures only a few nanometres [200]. Considering that both
as-sprayed TiO, coatings are characterised by some porosity (Fig. 4.2.6), thevoids in
the structure may facilitate water penetration. Consequently, the substrate passivation process
could be accelerated by the water that penetrated the porous TiO, coating down to the substrate
[180]. Apart from the formation of the passivation layer, SEM analysis shows no other notable

changes caused by the ageing test, such as discontinuities, voids or cracks within the coatings.

The TiO; coating and the aluminium substrate show different mechanisms of ageing. Based
on the literature, these separate ageing processes can eventually interact, affecting each other.
In many cases, metallic substrate ageing triggers the migration of ions from the substrate to
the TiO,coating [201,202]. Additionally, in both as-sprayed coatings, the structure consists of
the amorphous and anatase phases, with the former being dominant, as evidenced by the DOC
estimation. This amorphous character of these coatings likely facilitates the AI** diffusion from
the aluminium substrate into the coating structure, as ion migration is more efficient in
defective and amorphous systems [203]. Additionally, the ionic radius of AP* (r,;3+ = 0.535 A)
and Ti* ions (rp;++ = 0.605 A) is similar, which makes it possible for the aluminium ions to
substitute the titanium ions within the octahedral sites. However, this substitution (AP*
replacing Ti*) introduces acharge imbalance due to aluminium’s lower valence.

The stabilisation of this system can be achieved through the formation of positively charged
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oxygen vacancies. Which, as mention before might promote the crystallisation of the brookite
rather than the anatase phase [204]. As mentioned, the chamber-ageing aloe is not sufficient
for triggering the crystallisation process, however, interaction with water vapour may provide
the necessary energy (via hydrolysis or surface-adsorbed moisture) [197]. This leads to
the conclusion that the crystallization of brookite must be related to the interaction of two
factors at the same time: water penetration and its interaction with the coatings and oxygen

depletion of the amorphous TiO; structure caused by the substrate passivation [180].

Grains

i

Amorphous structure
§ Porosity

passive
./inrcrlaycr

Fig. 4.2.6 the morphology of the 0, 01, A and A% selected samples. The pictures are taken in the topographic
contrast. The noticeable thickness difference between as-sprayed and aged samples is still within the expected
range (sample 0 thickness 118 + 49 um and sample A thickness 254 + 90 um).
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Both amorphous and crystalline TiO; structures are arranged out of TiOg octahedra [205].
However, to form a distinct crystal lattice, multiple TiOs octahedra adopt a specific spatial
configuration by sharing either an edge or a vertex (corner) (Fig. 4.2.7) [206]. Between these
two configurations, vertex sharing is preferred as it minimises Coulomb repulsion between two
adjacent ions of the same charge. As a result, the most thermodynamically stable polymorph,
rutile (Fig. 4.2.7.a), has the highest amount of vertex-sharing octahedra, followed by brookite
(Fig. 4.2.7.b), and then anatase (Fig. 4.2.7.c), which is built mostly from the edge-sharing
octahedra. In contrast to these crystalline forms, amorphous TiO; (Fig. 4.2.7.d) lacks long-
range spatial ordering, and some of its TiOs octahedra are partially hydrolysed. Partial
hydrolysis results in the retention of hydroxyl (-OH) groups that remain bound to titanium
ions. The interactions between TiOs units under water-assisted and oxygen-deficient

crystallisation conditions will therefore be examined in the paragraphs that follow.

The crystallisation of TiO, phases from this amorphous state proceeds through dehydration
and subsequent cross-linking process, where water molecules facilitate the bonding of adjacent
octahedra. Initially, a water molecule, via its lone electron pairs, links two hydroxyl (-OH)
groups from neighbouring octahedra. The reaction between the detached hydroxyl (-OH)
group from one octahedron and a proton (H*) from the adjacent octahedron creates a new
water molecule. The remaining oxygen atom, having lost the proton, forms an edge-sharing
bond with the second octahedron (Fig. 4.2.7.d). A higher concentration of hydroxyl groups
promotes frequent edge-sharing, driving the formation of anatase. At the same time,
the presence of water in the TiO, coating structure and its interaction with the aluminium
substrate which undergoes passivation, leads to the formation of an oxide layer at the coating-
substrate interface. This passivation process can draw oxygen from the surrounding TiO;
structure, potentially creating oxygen vacancies and affecting the crystallisation pathway.
These vacancies drive a spatial rearrangement of octahedra from an edge-sharing to a vertex-
sharing configuration (Fig. 4.2.7.e). Under conditions of significant oxygen deficiency, rutile
formation is favoured. However, in this case, the oxygen depletion is moderate, resulting in

the crystallisation of brookite rather than rutile [180].
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Fig. 4.2.7 Schematic representation of structural reorganisation of TiOg octahedral connectivity and configuration
with an indication of octahedra connected by edges or corners. Crystal structure of a) rutile, b) brookite, c) anatase
and d) amorphous phase. €) Formation of edge-sharing connection from corner-shared TiOs octahedra
containing residual hydroxyl groups in the water environment. f) Formation of edge-sharing connection from
corner-shared TiOg octahedra due to migration of oxygen vacancies. Adapted from [180].

The thickness of the as-sprayed samples 0 and A varies significantly due to variations in

the scanning step values (2 mm and 1 mm, respectively) used for the LPCS deposition. For
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sample A, where the scanning step is smaller, the TiO; coating is thicker compared to sample 0
(Table 4.2.3). The presented average thickness values show some variation for the as-sprayed
samples when compared to the data presented earlier in Section 4.2.1. Although, these
differences remain within the margin of measurement uncertainty. This variation may arise
from the fact that results presented in this Section onward are calculated from the increased

number of samples for each type, which introduces variability between separate samples series.

Table 4.2.3 Assessed thickness, cohesion and adhesion of the low-pressure cold-sprayed samples 0, A, 01, and
A% The x is the mean value calculated, and the s is the standard deviation.

0 A 01000 AlOOO
X S X S X S X S
Thickness (um) 118 49 254 90 141 41 256 91
Cohesion -
1.7 0.7 1.2 0.4 1.0 0.3 2.1 0.9
Lcl (N)
Adhesion -
7.2 2.4 >30.0" - 95 2.8 17.7 25
ch (N) -

(*) - the adhesion value exceeded the device's maximum load of 30.0 N.

In terms of structure, the most significant difference between the as-sprayed samples lies in
their crystallinity, which can further influence the mechanical properties of the TiO, chamber-
aged coatings. For this reason, the as-sprayed and chamber-aged samples are compared in
terms of cohesion and adhesion strength. In general, the surface damage follows the described
tendencies so far: at small loads, the chipping of all coatings happens, regardless of the coatings'
crystallinity (Fig. 4.2.8, left column). The example of the chipping is provided in Fig. 4.2.8a.
With the indenter load increase, the deformation of the coatings is visible, as the track after
the passing indenter appears. The cohesive failure takes the form of arc-shaped cracks
(Fig. 4.2.8b), which is the result of the tensile strength exceeding the coatings’ material integrity
[188], the cracks appear only in the scratch track (Fig. 4.2.8, middle column). Cohesion values
are similar across all the TiO, coatings, ranging from 1.02 to 2.1 N, despite the minor
differences in the value they fall within the error margin. With further load increase, when
the material is bent into the scratch track of the coating, damage evolves into conformal

cracking [188]. This type of damage appears almost simultaneously with the brittle tensile
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cracking in the A sample (Fig. 4.2.8c). For the rest of the samples, the damage evolution
takes longer. Additionally, for all scratched coatings the conformal cracking is limited to
the scratch track (Fig. 4.2.8, right). The adhesive strength measurements highlight the disparity
between samples 0 and A. Sample 0 exhibits the lowest adhesion (7.2 +2.4 N), while
sample A exceeds the device’s maximum load and is therefore denoted as >30.0 N; both are
described in detail in the previous Section 4.2.1. The chamber ageing process has
a contradictory influence on the sample; in the case of sample 0% it works in favour of
the adhesion, enhancing its value to 9.5 £+ 2.8 N. While the chamber-ageing of sample A results
in a significant reduction in adhesion, down to 17.7 £ 2.5 N. Similarly to the scratch-test results
of the coatings described in the previous Section 4.2.1, at the end of the scratch track left after

the indenter passing, the removed coating material has piled up.

The contradictory effects of the humidity-chamber ageing process on the coatings’ 0 and
a properties can be attributed to the adhesion mechanism at the coating-substrate interface.
While these mechanisms are well-established in principle, their application in this specific
context is still underexplored. The bonding of two materials results from several possible
interactions, which can be divided into two types: first, based on chemical/physical bonding,
and second, based on mechanical bonding (Fig. 4.2.9) [207,208]. The first one, namely
chemical/physical bonding, takes place at an atomic/molecular scale and arises from chemical
interactions such as covalent, ionic, and metallic bonding (including metallurgical bonding) or
Van der Waals forces which hold the atoms of the coatings and substrate together [88,209].
The second one, mechanical bonding occurs at a micro/macroscopic scale and depends mainly
on the material’s surface properties and the powder’s morphology. Ridges, grooves or
irregularities on the surfaces facilitate the physical interlocking of the materials [210], while
the suitable size and shape of the powders can promote the embedding of particles into surface
irregularities, enabling the mechanical bonding process [23]. Since the two bonding types
happen at different scales, they can occur in the same space simultaneously, and while chemical
interactions provide an essential bonding at the molecular level, the mechanical one can

strengthen the materials’ connection through physical contact [207].
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Fig. 4.2.8 Optical micrographs of the surface damage caused by scratch-testing of LPCS TiO, samples 0, 01, A,
and A%, The left column presents the small loads' damage, the middle column presents cohesive failure (Lc1),
right column presents adhesive failure (Lc;). The load is progressing from left to right (following the black arrow
at the bottom). The detailed exemplary damage is presented below; details a, b and ¢ correspond to small loads’
damage, L and L, respectively.

Identifying the main type of coating-substrate bonding in materials produced by thermal
spraying deposition processes is quite straightforward. Most of the TS methods utilise heat to
facilitate permanent chemical bonding coating and substrate materials [209,211]. However,
when a low-temperature technique, such as low-pressure cold spray is used, the determination
of the bonding mechanisms becomes more complex. Given the characteristics of the LPCS

process, mechanical bonding is expected to be the predominant factor [66]. Nevertheless,
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the use of sol-gel-derived amorphous TiO, feedstock powder increases the chances of chemical
interactions between the coating and substrate. Therefore, both bonding types are likely to
occur; yet, a deeper insight into the semicrystalline TiO, coating and aluminium substrate
material interactions is needed to discern the main bonding factor in the case of coatings 0, A,

01000 and AlOOOI

The amorphous TiO, feedstock powder is used for obtaining the coatings. Unlike
the commercially available powders, this TiO; sol-gel powder contains a lot of alkoxide and
hydroxyl groups attached to titanium ions remaining after synthesis. Some groups can remain
in their unaltered (-Ti-O-R) or hydroxylated form (-Ti-OH) [131] constituting an obstacle to
the crystallisation of the oxide network [137]. This TiO, powder is cold-sprayed onto
the aluminium substrate, which naturally oxidises, forming a surface layer of -Al-OH [212]. As
a consequence, at the interface between the layer and the substrate, three types of chemically
reactive groups can be present in the region: -Ti-OH and -Ti-O-R (both from the TiO,
coating), and -Al-OH (from the substrate). These groups chemically interact with each other
and link the natural passivation layer on the aluminium substrate to the TiO, coating (-Al-O-
Ti- or -Al-O-H-Ti) [212,213]. The amorphous nature of the feedstock powder influences
the number of chemical bonds formed; a higher amorphous content enhances the potential for
bond formation because the disorganised, thermodynamically unstable structure of low-
crystalline materials lowers the energy barrier for chemical bonding [214]. In addition,
the LPCS process itself can moderate the number of established bonds. A lower processing
temperature helps to preserve a higher amount of organic groups within the coating material,
thereby further facilitating chemical bonding [88,215]. In contrast, mechanical bonding arises
from the interlocking of crystalline grains present on the aluminium substrate, which is further
enhanced by theincreased surface roughness achieved through grit blasting [216].
Consequently, greater coating crystallinity enhances mechanical adhesion as the number
of interlocked crystalline grains increases. These two bonding mechanisms - chemical and
mechanical - and their relationship to the material's crystallinity (i.e., the proportion

of crystalline grains within the amorphous matrix) account for the notably different adhesion
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results observed for sample 0 and sample A. Sample 0, characterised by alow amount
of crystalline grains in the coating material, primarily attaches to the aluminium substrate
through chemical bonding. Whereas, sample A, with a more crystalline and densified TiO
coating structure, relies more on mechanical bonding than chemical for adhesion (Fig. 4.2.10,

samples 0 and A).
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MECHANICAL BONDING
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The mechanical bonds are the result of surface roughness.
The rougher the surface the higher the chance of interlocking

residual moisture (either on the substrate or in the sprayed
powder) can provoke a further reaction (hydrolysis) resulting
in either covalent or hydrogen bonding.

between the coating and substrate material. Additionally, the
greater the amount of crystalline grains properly embedded in
the substrate the stronger the bonding.

Fig. 4.2.9 the adhesive bonding mechanisms of the LPCS TiO, coatings on aluminium substrate. Adapted
from [181].

The chamber ageing process led to the overgrowth of the passivation layer in the interface
area from manometer range up to 5 um for samples 0% and A¥® (Fig. 4.2.10). The formation
of the aluminium passivation interlayer resulted in the creation of new Al-OH chemical bonds,
thereby promoting the creation of additional AI-O-Ti and AI-O-H-Ti bonds between
the interlayer and coating material [213,217]. The adhesion increase observed for sample 0%
stems from the described phenomenon, as increasing the number of chemical bonds in
the interface enhances the coating's adhesion to the substrate [213]. Another contributing
factor that affects the adhesion is the expansion of the substrate passive layer, which leads to
an increase in the surface area (at the nanoscale) where bonds can form (Fig. 4.2.10, sample
01%), However, in the case of sample A'°®, the reorganised substrate/coating interface did not
yield positive effects. In this case, expansion of the passivation layer, whilst promoting new
chemical bonds, may also diminish interface geometry (at the microscale). Without the main
driving factor (Fig. 4.2.10, sample A®) of the elevated mechanical adhesion of as-sprayed

coating A, its adhesion is reduced [207].
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Fig. 4.2.10 the interface analysis of the LPCS TiO, coatings. The interface region was analysed in terms of two
types of bonding mechanisms chemical (orange) and mechanical (blue).

The 1000-hour chamber-ageing process simulates the long-term operation of TiO,
photocatalytic coatings. Taking into account the effects of ageing on the as-sprayed coating
structure, sample A exhibits superior material stability for several reasons. Firstly, the initial
adhesion strength of sample A exceeds that of sample 0 which makes it a more durable
photocatalyst. Secondly, even after chamber-ageing, the adhesion of sample A remains twice
as high as that of sample 0%, Given the differences in crystallinity and initial adhesion
mechanisms between the two as-sprayed samples, it can be assumed that the initial crystallinity
of the photocatalyst is a key variable in predicting the effects of ageing on adhesion strength
of TiO, LPCS photocatalytic coatings. Although coatings with a predominantly amorphous
structure may experience an increase in adhesion over time, those with higher crystallinity and
bonding mechanisms based on mechanical interlocking ultimately demonstrate greater

durability.
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The band gap values and the light adsorption properties of the as-sprayed and chamber-
aged coatings are determined before the four-cycle dye decomposition test. The determined
band gap energies are comparable with the anatase phase band gap value (Fig. 4.2.11, left), with
minor variations (3.18 eV for A and A and 3.21 eV and 3.23 eV for 0% and 0) [218].
The small band gap value shifts might result from the differing crystallinity of the samples
[219]. The light absorption characteristics of the coatings are presented in Fig. 4.2.11 on
the left. Both as-sprayed and chamber-aged coatings are characterised by negligible adsorption
in the visible range (>400 nm). The highest absorption of the light is in the UV range

(<400nm), which is typical for the non-modified TiO, material [220].

The photocatalytic stability of the samples is estimated based on afour-cycle MB
decomposition test. The single decomposition test consists of three steps: the conditioning of
the samples, which allows them to reach the adsorption/desorption equilibrium;
the photocatalytic decomposition of the dye when the coatings are activated with the UVA
lamp; and the rest time in which samples are dried and their surface is cleaned with the UVA
irradiation. Afterwards, this single experiment is repeated up to four times using the same sets
of samples. Throughout the test, the coatings are irradiated with the UVA lamp (lamp

properties are characterised in 3.3.113.3.11.2).

10 16
HO
94 m o000 14
12
S = 10
Z 8
3 g °
C T g
4
2
O T T :[:::: T T U T L T O T T - T T T
26 28 30 32 34 36 38 40 42 44 456 200 300 400 500 600 700
phaton energy, hv (€V) wavelength (nm)

Fig. 4.2.11 On the left, the Tauc plots are used to determine the band gap energy values for the TiO, as-sprayed
coatings 0 and A and chamber-aged coatings 01°%° and A%, On the right is the Kubelka-Munk function plot for
the sprayed TiO, coatings, presenting their adsorption band.
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The first step of the photocatalytic reaction is the adsorption of the MB dye molecules onto
the photocatalyst surface, corresponding to a conditioning period of two hours prior to UVA
lamp activation. In the first cycle of the experiment, the as-sprayed samples 0 and a display
slightly different adsorption performances, with sample 0 adsorbing 11% and
sample A adsorbing 9% of the dye (Fig. 4.2.12 top, left). Over the next cycles, their adsorption
evens out around 8%. Due to the sample’s 0 significant adsorption variability, the difference
between the two samples becomes negligible. What is more, a reduction in adsorption is
observed for both as-sprayed coatings after the first cycle. This decline may be the result of
a reduction in the number of available adsorption sites on the coatings' surfaces after the initial
cycle. Adsorption is driven by the diffusion of the MB dye molecules, which attach to
the adsorption sites on the photocatalyst surface. While UVA irradiation degrades these
molecules, freeing some adsorption sites, dye molecules localised in less exposed areas, such as

pores, may remain intact, reducing the number of accessible sites [221-223].

The second step of the photocatalytic experiment involves the UVA lamp's activation and
the decomposition of the MB dye. Across the four-cycle experiment, as-sprayed samples
exhibit differing levels of efficiency. Sample 0 consistently decomposes approximately 20% of
the MB dye, while sample A achieves a slightly higher efficiency of around 24% (Fig. 4.2.12,
middle, left). Another difference between the as-sprayed samples is the consistency of their
results; sample A produces more consistent decomposition results over repeated cycles, while
sample 0 shows significant variance in activity. These inconsistencies may stem from
differences in the coatings’ crystalline structures: varying ratios of crystalline to amorphous
TiO, phases. The randomness of the amorphous structure hampers reproducibility, since its
defects, their’s concentration and type are difficult to predict, govern the photocatalytic process
[17]. On the other hand, a high crystallinity of the TiO, structure is known to slow down
the recombination of charge carriers, enhancing the photocatalytic process [224].
Furthermore, the kinetics of MB dye decomposition for the as-sprayed coatings outline
the differences between the samples (Fig. 4.2.12, bottom, left). For sample 0, a decline in

reaction rate is observed after the first cycle and then stabilises, whereas sample A demonstrates
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stable reaction kinetics throughout the test. The reducing efficiency of the more amorphous
sample 0 may result from the accumulation of partially oxidised intermediates on

the photocatalyst’s active sites, which gradually deactivates the coating [160].

As-sprayed samples Chamber-aged samples
M sample 0 M sample 010
M sample A M sample A
12 124
<101 \ 10
T 8- §.—,—~f ‘:§ 8
r—
2 61 6 ~Q
(o] o .
3 4 4] § o [ 0o
2 24
0 T T T T 0 T T T T
I If Y I 1] \Y
30 30
225y o 3 ¢ 254
= N FI :
§20y T 20 *——o —3%
§ 151 15 o——9— @ @
5 10- 10
3 ]
0O 54 51
0 T T T T 0 T T T T
| Il If \Y, I 1] \%
1.4-107 1.4-107
1.2:10° ¥ ¥ | 1.210%] -
o 1.01073 ¥ 1.0103 ~—— —
= 8.010“] 8.010*] M—
2 6.010"] 6.010%] ¥ v v \
4.010" 4.010™4
2.010™ 2.010™
0 O T T T T D-O T T T T
I If \Y, I 1] \%
Cycle Cycle

Fig. 4.2.12 the LPCS coatings’ photocatalytic performance details in the span of four cycles. At the top is
the amount of MB dye adsorbed. In the middle is the amount of the MB dye that is photocatalytically decomposed.
At the bottom, the pseudo-1st-order reaction kinetics values for the MB dye photocatalytic decomposition are
presented for samples per specific cycle.

The chamber ageing process affects both the adsorption and photocatalytic properties
of samples. After ageing, samples 01°° and A show reduced adsorption properties compared
to as-sprayed samples (Fig. 4.2.12 top, right). Sample 0°%° adsorbs around 7% of the dye in
the first cycle while sample A adsorbs 5%. Similarly, to as-sprayed samples, sample 0%

adsorption slightly drops, while sample A% adsorption is more or less constant and after
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the third cycle, they both reach similar values of 4%. From all the tested samples the best
adsorbent is sample 0, then sample A, sample 0°®and sample A®®, The same order is observed
for theincreasing crystallinity of the samples. Suggesting that the as-sprayed samples’

adsorption is connected to their crystallinity, which also affects their specific surface area [225].

The MB decomposition rate for sample 01°® which isaround 19% (Fig. 4.2.12, middle, right)
is comparable with the as-sprayed sample 0 (around 20%). On the other hand, the MB
decomposition rate for sample A®® (around 15%) is much lower than its as-sprayed equivalent
(around 24%). The reaction kinetics of sample 01°® resembles in value the results of as-sprayed
sample 0, however, a gradual decrease is observed over four cycles (Fig. 4.2.12, bottom, right).
Sample A% on the other hand, gives the lowest rate values of the reaction kinetics, which is

half of the value recorded for sample A.

Based on the analysed result there are two key distinctions between as-sprayed and
chamber-aged coatings that are evident and concern the photocatalysis. It appears that one of
the most significant differences in the properties of the coatings is the MB adsorption level.
From another perspective, when considering the structural changes that occurred as a result
of chamber ageing, the observed decrease in MB dye adsorption may be linked to changes in
the coatings’ degree of crystallinity. The origin of these differences and their impact on

the photocatalytic properties of TiO, coatings are discussed below.

The surface properties of the photocatalyst can be affected by their operation conditions.
Prolonged exposure to water vapour during the 1000-hour chamber-ageing process can reduce
the number of active sites on the photocatalyst surface. As mentioned earlier, the TiO, sprayed
coatings may have hydroxyl groups attached to titanium ions remaining after synthesis. Those
hydroxyl groups can facilitate the adsorption of the MB dye by the electrostatic attraction or
electron donor-acceptor interaction [226]. As a result their decrease on the surface , negatively
affect adsorption and decomposition efficiency of the photocatalyst [162]. This effect is
particularly evident when comparing samples Aand A The deactivation of
the photocatalyst can result from the MB dye products' presence on the TiO, surface [227]. In

some cases, 24 hours of UVA exposure in theair is insufficient to fully regenerate
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the photocatalyst's active sites [162]. As a result, species deposited on the photocatalyst surface
remain there, reducing its adsorption and decomposition performance [227]. Additionally,
considering the chamber-ageing is carried out in the humid atmosphere, the water vapour is
likely absorbed onto the photocatalyst surface. This in turn may cause the adsorption
of ambient CO, [162], creating optimal conditions for the carbonate ion formation on
the photocatalyst surface. These ions are known to scavenge the hydroxyl radicals, lowering

the photocatalyst's effectiveness [228,229].

The crystallinity of the coatings increased after the chamber-ageing process. While greater
photocatalytic decomposition efficiency is known to be enhanced in highly crystalline
structures [225,230], the chamber-aged samples exhibit reduced photocatalytic effectiveness.
The ageing-induced crystallisation of the photocatalysts could decrease the surface area of
the coatings’ structure, affecting their adsorption capacity and, in turn, their photocatalytic
effectiveness. Initially, the cold-sprayed coatings’ material consists of amorphous and anatase
phases, among which the former has the highest specific surface area [225]. With the increasing
crystallinity, the surface area of the structure reduces as the amorphous phase transitions into
crystalline. Additionally, the changed phase composition of the chamber-aged coatings might
also influence the photocatalytic properties. Brookite presence typically enhances
photocatalytic activity due to slightly higher conduction band energy compared to anatase.
This allows for electrons to transfer from the brookite to the anatase conduction band.
The energy difference between the phases’ conduction band energies lowers the chance
of electron-hole recombination, improving the photocatalytic process [219,231]. Based on
the decomposition and reaction rate constant results the appearance of brookite is not affecting
the coatings significantly, as the difference between thesample 0 and 0% jis within
the uncertainty range. This suggests that other factors i.e. photocatalyst surface state and

morphology have a more significant influence on the photocatalyst effectiveness.

The ageing process is anaturally occurring phenomenon present in all materials and
happens during the lifetime of the photocatalyst. The lower values of the adsorption and

decomposition for the chamber-aged samples align with the intuition that long-time exposure
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of the photocatalyst to the working conditions, which chamber-ageing is meant to simulate,
reduces their photocatalytic efficiency. One can thus stipulate that if as-sprayed samples were
subjected to many more working cycles, their adsorption and decomposition rates would
match those of the chamber-aged samples. The difference is especially visible in the A and A%
samples. Nevertheless, the photocatalytic activity decomposition test results reveal that
coatings present different, yet stable (with the uncertainty range) values of reaction kinetics
over four cycles for both as-sprayed and chamber-aged samples. This allows one to draw
aconclusion that if the regeneration process, such as UV irradiation, is included in
the photocatalytic process, the LPCS TiO, samples might operate in the 24-hour system
(corresponding to the full four-cycle decomposition test) and largely retain their initial

properties.
Summary

The chamber-ageing process induces the amorphous coating crystallisation process.
Simultaneously, the substrate passivation process leads to oxygen depletion in the TiO, matrix,
which is also exposed to the abundance of hydroxyl groups (from the penetrating water

vapour) shifting the crystallisation process from typically favoured anatase to brookite.

The structural and interfacial changes resulting from the chamber-ageing process affect
the coating’s mechanical properties. The initially low cohesion values are not affected by
the ageing of the samples. On the other hand, two adhesion bonding mechanisms between
the LPCS coatings and the aluminium substrate are distinguished - chemical bonding and
mechanical interlocking. The main bonding mechanism depends on the initial crystallinity of
the coating. For primarily amorphous coatings, the chemical bonding is the main bonding
factor, while more crystalline sample A relies more on mechanical interlocking. The chamber
ageing has a contrary effect on the coatings; the amorphous coating adhesion is enhanced due
to the increased amount of passivation layer-coating bonds established, while for the more
crystalline coatings, the adhesion decreases due to reduced interface area, which lowers
the mechanical interlocking between the coating and the substrate. Nevertheless, even after

ageing, the adhesion strength of the crystalline coating remains twice that of the aged,
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amorphous coating. Therefore, for long-term photocatalytic applications, maintaining a high

initial crystallinity is essential to ensure superior durability of LPCS-deposited TiO, coatings.

The overall photocatalytic decomposition highlights the significance of surface properties
in determining the coating performance. The coatings subjected to long-term ageing present
adsorption reduction and, in turn, a decrease in both the decomposition level and reaction rate
constant. This reduction likely stems from the decreased adsorption capacity due to the dye’s
products presence on the photocatalyst’s surface and reduced surface area of the photocatalyst
due to the lower fraction of the amorphous share in the aged coatings. At the same time,
the regeneration of the TiO, coatings is likely to retain the initial decomposition properties

over a four-cycle decomposition test.



106

4.2.3 Influence of the sol-gel synthesis parameters (solvent choice) on the TiO;

coatings’ structure and properties

In this Section, the effect of the sol-gel-derived TiO, powder properties (morphology and
self-agglomeration) on the LPCS process and the obtained coating’s properties is described. To
change the powder’s properties, the sol-gel synthesis is modified by varying the solvent.
Isopropanol, acetone, and methanol are the chosen solvents, and the resulting powders are
denoted TiO.-IPOH, TiO.-ACE, and TiO,-MOH, respectively. Additionally, to spray
the samples, parameters previously identified as optimal for achieving the highest
adhesion (sample A, described in Section 4.2.1) are used for spraying. The sprayed TiO,
coatings are marked as A-IPOH, A-ACE, and A-MOH.

The diffraction patterns of thesprayed coatings are presented in Fig. 4.2.13.
The diffractograms of the solvent-modified samples are similar to that of sample A described
previously. In the diffractograms the anatase phase is present at peaks 25.25°, 37.85°, 48.00°,
53.90°, 55.05°, 62.70°, 68.95° and 70.04° 2theta, the amorphous hump is no longer observable.
The Raman spectra of the samples also show bands corresponding to the anatase phase - for
samples A-IPOH, A-ACE and A-MOH at 149, 391, 513 and 631 cm™. In addition, sample
A-MOH exhibits weak extra bands at 256, 321, 368, 470 and 546 cm which might be attributed

to the presence of brookite [38].

The reference sample Ais characterised by the DOC of 37 £ 11%. The sprayed samples
A-IPOH, A-ACE and A-MOH have, respectively, crystallinities of 64 +15, 30+4 and
26 £10%. In the LPCS process, the coating’s crystallinity depends greatly on the initial
powders' crystallinity and the kinetic energy the particles have upon impact [76]. The analysis
of the powder’s phase structure reveals that all solvent-modified powders are amorphous, with
no clear evidence of any crystalline TiO, phase (Section 4.1.2). Assuming that these powders'
crystallinities are approximately at the same level, the difference in the coatings’ DOC values
must result from the kinetic energy that they have upon impact. The main features that
condition this energy are the powder’s size, morphology and density of the material, as they

determine the velocity of entrained particles when exiting the nozzle [66,76].
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Fig. 4.2.13 On the left there are diffractograms and the DOC values of respective coatings, on the right Raman

spectra of the low-pressure cold-sprayed samples: A, A-IPOH, A-ACE and A-MOH.

The most significant difference among the powders lies in their particle size distribution
(Table 4.2.4). The acetone-based powder is most similar to the non-modified sieved powder.
Given thesame LPCS deposition conditions, the A-ACE coating’s crystallinity closely
resembles the non-modified acoating. The methanol-based powder is characterised by
a higher fraction of large particles (agglomerates) with a mean diameter of around 85 pm.
Experimentally measured in-flight velocities for the TiO, agglomerates in the 40-100 um range
indicate a gradual decrease in impact velocity as the particle size increases [193]. Consequently,
the impact of larger particles is less intense, resulting in reduced crystallinity in the A-MOH
coating compared with coating A. Furthermore, the highest coating crystallinity is observed in
the A-IPOH sample. The isopropanol-based powder shows notable differences from the non-
modified sieved powder and exhibits two main particle fractions shifted towards coarser size
ranges and an elevated proportion of agglomerates, which are removed during the sieving
process in the TiO»-063 powder. It is highly probable that an increase in the agglomerates
fraction enhances the efficiency of the LPCS process. The simulations of the hydroxyapatite
powder, a different ceramic feedstock deposited via cold spraying, show that particles smaller

than 10 pm may be deflected by the bow shock and fail to contribute to the coating’s formation
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[232]. Although the exact threshold for TiO, powder may differ due to the significant density
difference between the materials (pHap=0.55 gcm= [233], price~4 gcm2[234]), there is a strong
likelihood that very small TiO, particles will rebound from the substrate. As a result,
an increased proportion of larger agglomerates can lead to intensified fragmentation and
deformation upon the high-energy-kinetic impact. This, combined with the strain-induced
crystallisation of the amorphous feedstock powder, results in increasing the crystallinity of

the A-IPOH coating.

Table 4.2.4 the particle size distribution characteristics of the powders used for spraying coatings A, A-TIPOH, A-ACE
and A-MOH.

TiO»-063 TiO2-1IPOH TiO,-ACE TiO,-MOH
X10 (LM) 1.05 1.15 1.02 1.54
Xso (M) 6.55 11.51 7.27 40.30
Xeo (M) 51.10 80.41 80.41 114.74
span 7.64 4.26 10.92 2.81

The cross-sections of the LPCS coatings are presented in Fig. 4.2.14. The microstructures
of the coatings resemble the coatings obtained using non-modified powder described in
Section 4.2.1. The coatings’ structure consists of the crystalline grains embedded into
the amorphous matrix. The amount of the visible grains increases towards the coatings-
substrate interface. Cavities visible in the coatings’ cross-section likely result from the removed
grains in the polishing process. The rough substrate is properly coated with the LPCS coatings
in all cases (A-IPOH, A-ACE, A-MOH). The pores are present in all solvent-modified coatings;
however, it seems that there are fewer in the near-interface area and more of them in the top

part of the coatings.

The roughness of the solvent-modified coatings varies depending on the used solvent.
The coatings A-IPOH and A-MOH resemble the reference sample A. Coating A-ACE,
on the other hand, is characterised by slightly increased surface roughness (Table 4.2.5).
In the cold-spray process, powder properties determine its deposition efficiency. When
the maximum possible thickness of the coatings is achieved and no further material is being

deposited, the tamping and hammering effect can still take place. The tamping effect comprises
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the compression of the already deposited material resulting from the impact of subsequent
particles [235]. Whereas the hammering effect refers to the deformation or fragmentation of
the striking particles, which influence the surface of the obtained coatings, increasing their

strength [236].

Amorphous structure

4 Pores

MO,-IPOH SE

TiO,-ACE SE —— 20 pm

Fig. 4.2.14 the SEM SE images of the cross-section of LPCS coatings: A-IPOH, A-ACE and A-MOH. The coating
material is at the top of the picture. While the aluminium substrate is at the bottom. The exemplary characteristic
parts of the structure are highlighted with the arrows.
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Typically, those effects are not as effective in the case of ceramic materials, as they are when
depositing ductile materials like metals; however, in this case, the agglomerates consisting
of brittle TiO, particles enable the deformation of the system. At the same time particles which
do not adhere to the coating will impact and bounce off the surface of the ceramic coatings,
smoothening the surface through the erosion process [125]. The powder used for spraying
the A-ACE coatings is characterised by the increased share of smaller particles, which may be
the reason for the higher roughness of the coatings since the smaller particles will facilitate

a less effective surface smoothening process.

Table 4.2.5 Assessed thickness, cohesion and adhesion of the low-pressure cold-sprayed samples A, A-IPOH,
A-ACE, and A-MOH. The x is the mean value calculated and the s is the standard deviation.

A A-IPOH A -ACE A -MOH
X S X S X S X S
Ra
4.3 1.0 4.23 1.1 4.8 1.2 43 0.8
(um)
R,
25.4 4.8 28.0 5.4 29.8 7.0 29.0 6.0
(um)
Thickness (um) 254 90 322 49 326 120 238 62
Cohesion -
1.2 0.4 0.8 0.3 05 0.2 0.8 0.2
Lc]_ (N)
Adhesion -
>30.0" - 28.3 0.8 25.7 3.2 27.0 2.8
ch (N) o

Furthermore, the modification positively influences the deposition efficiency of
the isopropanol- and acetone-based powders, leading to increased thickness of the coatings
A-IPOH and A-ACE compared to the reference sample A. At the same time, coatings A-ACE
and A-MOH are characterised by significantly less consistent thickness results (Table 4.2.5).
These inconsistencies are likely due to the distinct particle size distributions of the powders:
A-ACE powder contains a higher proportion of fine particles, whereas A-MOH is dominated
by large agglomerates. In the cold spray process, such inconsistencies often arise from
incompatibilities between the powder characteristics and the cold spray unit’s powder feeder
[22]. Specifically, powders with poor flowability or unsuitable particle size distributions can

disrupt the continuity of powder feeding, resulting in highly inhomogeneous coatings [237].
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By contrast, the A-IPOH coating exhibits both the greatest mean thickness and the lowest
variance, likely because, compared to the reference sieved powder - TiO,-063 -it is
characterised by aslightly increased agglomerate fraction, which can improve powder

flowability and ensure uninterrupted feeding during deposition.

The results of the scratch testing of the solvent-modified coatings are presented in (Table
4.2.5). Thesolvent modification of the TiO, powder has not improved the cohesion
of the obtained LPCS coatings, which remain brittle and are characterised by poor cohesive
strength [188]. The coatings’ surface characteristic damage is shown in Fig. 4.2.15, left column.
In the small loads range the chipping of the coatings is observed, and with the load increase,
the cohesive failure takes the form of arc-shaped cracks, visible only in the scratch track
(Fig. 4.2.15, middle column). The cohesive failureis 1.2 £ 0.4,0.8 +£0.3,0.5+ 0.2,and 0.8 £ 0.2
for coatings A, A-IPOH, A-ACE and A-MOH, respectively. Further damage progression
involves a through-thickness cracking of the coatings, observed only in the scratch-crack.
Afterwards, the conformal cracking of the coatings can be observed, which finally evolves into
buckle spallation, and in the case of all solvent-modified coatings, the adhesive failure can be
observed. Additionally, for the A-ACE coating, the buckle spallation extends out of the scratch
track (Fig. 4.2.16). Compared to the reference sample A, which adhesive strength exceeded
the maximum load of the unit (30 N) the adhesive strength of the solvent-modified coatings
decreased, giving the results of 28.3+0.8N, 25.7+3.2N, and 27.0+ 2.8 N, for A-IPOH,
A-ACE, and A-MOH, respectively.

The changes in adhesion of the solvent-modified coatings result from differences in powder
morphology at both micro- and macro-scales, namely, the surface texture of primary particles
and thesize oftheir agglomerates. Compared to the non-modified powder,
the solvent-modified powders are synthesised at an increased pH value. When comparing
the characteristics of non-sieved initial TiO,-0 and TiO,-IPOH powders (Table 4.2.4)
- synthesis conditions only varied in the pH- there is an observable increase of the large

particles fraction.
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Fig. 4.2.15 The optical micrographs of the surface damage caused by scratch-testing of the LPCS TiO, samples A,
A-IPOH, A-ACE, and A-MOH. The left column presents the small load's damage, the middle column presents
cohesive failure (Lci), right column presents adhesive failure (Lz). Theload is progressing from left to
right (following the black arrow at the bottom).

This suggests that increasing the pH may yield larger agglomerate particles. The pH sol-gel
synthesis increase enhances the effect of the repulsion between the titania species, retarding
the crystallisation process and yielding smaller particles with more developed surfaces
[238,239]. These textured particles subsequently agglomerate, and omitting the sieving step
leaves the largest agglomerates intact. The coatings sprayed out of the solvent-modified

powders are characterised by a reduced strength of the coating material (represented by both
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cohesion and adhesion). According to Herring’s law, the increase in the surface area of
the powder particles comprising the bulk material makes the sintering process less effective.
Cold-spraying of powdered materials involves generating deformation-induced heat. This
increase of temperature is responsible for strengthening the bonding of the adjacent particles;
however, for the more developed interfaces, the process is less effective [240]. Which suggests
that the sieving process has a positive influence on the strength of the coatings and should be

applied in order to increase the strength of the sprayed coatings material.
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Fig. 4.2.16 Optical micrographs of the LPCS solvent-modified TiO, coatings. The view presents the top surface of
the coatings after the scratch-testing examination.

The band gap value of thereference sample Ais 3.18 eV. Theband gap values
of the solvent-modified coatings are 3.07 eV, 3.10 eV, and 3.18 eV for A-IPOH, A-ACE, and
A-MOH, respectively, the isopropanol and acetone powders shifted towards smaller values
(Fig. 4.2.17). Moreover, the absorption of the solvent-modified coatings also has changed;
the highest absorption is still in the UVA range. However in the case of the A-ACE and
A-IPOH powders, there is an improvement in the absorption of the coating in the visible range
wavelength. The best absorption is observed for the A-ACE coating. These variations in optical

properties are likely influenced by differences in crystallite size, as smaller crystallites can lead
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to band gap narrowing [241]. Furthermore, the polarity of the solvents used in the sol-gel
process affects the hydrolysis and condensation rates, thereby influencing the crystallite size,
which also can affect the optical properties of the resulting TiO, coatings [242]. In some cases,
the visible light activity is attributed to the presence of trace amounts of Ti** species introduced
during high-pH synthesis. At elevated pH, strong electrostatic repulsion among the titania
species can generate structural defects, some of which facilitate the partial reduction of Ti*" to

Ti** extending the activity range of the sprayed coatings [238].
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Fig. 4.2.17 On the left the Tauc plots were used to determine the band gap energy values for the A, A-IPOH, A-
ACE, and A-MOH coatings; on the right, the Kubelka-Munk function plot A, A-IPOH, A-ACE, and A-MOH
coatings presenting their adsorption band.

The photocatalytic properties of the solvent-modified coatings differ from those
of the reference sample A. The adsorption capacity of sample A is 8.7%, whereas the modified
samples exhibit subtly lower adsorption values: 4.9% for A-IPOH, 6.0% for A-MOH, and 7.1%
for A-ACE (Fig. 4.2.18). Furthermore, the solvent-modified coatings demonstrate lower
photocatalytic degradation efficiencies: 16.0% for A-IPOH, 14.5% for A-MOH, and 20.9% for
A-ACE, compared to 24.4% for the reference sample A. This reduction in degradation
efficiency correlates with the decreased adsorption capacities, suggesting that the adsorption

properties of the coatings play a significant role in its subsequent photocatalytic degradation.
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Fig. 4.2.18 On the left, MB dye adsorption and decomposition in the presence of samples: A, A-IPOH, A-ACE,
and A-MOH. DARK refers to the conditioning time of thesamples - carried out in the darkness,
PHOTOCATALYSIS represents the process part of the process when the UVA lamp was on and
the photocatalytic decomposition is conducted; on the right, the pseudo-first-order kinetics and reaction rate
constant for the MB degradation process for samples: A, A-IPOH, A-ACE, and A-MOH.

The adsorption capacity of the photocatalyst is largely determined by its surface
characteristics [54], which in turn reflect the morphology of the sprayed powders. Therefore,
powder agglomeration may determine the surface properties of the deposited coatings.
The used powders’ particle size increases in the order: TiO.-ACE < TiO.-IPOH < TiO,-MOH.
Accordingly, A-ACE—deposited from the finest powder—achieves the highest methylene blue
degradation rate, consistent with its larger surface area. A-IPOH, derived from mid-sized
particles, exhibits intermediate activity, while A-MOH, prepared from the coarsest powder,
shows the lowest degradation efficiency [82]. Additionally, powders present slightly lower
effectiveness compared to the reference coating A, which is fabricated using the finest (sieved)

powder, likely increasing the coating’s surface area.
Summary

The solvent-modification of the TiO, powders results in the shift in powders particle size
distribution, which strongly influences low-pressure cold spray process deposition and
the coatings’ properties. The coating crystallinity depends primarily on the kinetic energy

of particles upon impact, which is conditioned by the particles size. A-IPOH exhibits
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the highest crystallinity due to its optimised feedstock size, while A-ACE and A-MOH, in
contrast, contain excessive fine and coarse fractions, respectively, and experience in-flight

deceleration, obtaining lower kinetic energy and resulting in less crystalline coatings.

The solvent modification of the initial TiO, powders affects the deposition efficiency of
the LPCS process. Compared to the unmodified sieved powder, the acetone- and isopropanol-
based powders show an increase in the thickness of the sprayed coatings. At the same time,
acetone- and methanol-based powders which are excessively fine or coarse, yield coatings with
thicknesses characterised by large result variability. Due to the high variability of the acetone-
based coating, the high thickness results should be regarded with caution. On the contrary,
the A-IPOH coating is characterised by the lowest variability of the mean thickness value,
which is likely due to the increased amount of agglomerates that facilitates better powder

feeding.

On the other hand, the surface roughness of the solvent-modified coatings changes only
marginally: A-IPOH and A-MOH remain comparable to the reference, while A-ACE shows

a slight increase, likely due to its smaller average particle size.

The mechanical properties of the solvent-modified coatings decrease slightly, likely due to
the larger surface area of modified powders particles which hinders sintering between splats
during the coating material formation. Additionally, the modification has a marginal effect on
the cohesion of the coatings. On the other hand, using the sieved TiO, powders may contribute
to the increase of the coating’s adhesion by facilitating more effective sintering process of the

sprayed splats.

Optical and photocatalytic properties vary among the modified coatings: band gaps for
A-IPOH and A-ACE are reduced relative to the reference sample A, which may be caused by
their crystallites reduced sizes, whereas A-MOH resembled the non-modified sample A.
Notably, the isopropanol-based and acetone-based coatings exhibit slightly enhanced visible-
light absorption. However, overall photocatalytic efficiency has not improved. Based on
the coating’s performance, it seems that the powder’s morphology and agglomeration played

a key role in the overall photocatalytic performance.
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5 Conclusions

This thesis investigates low-pressure cold-sprayed (LPCS) TiO, photocatalytic coatings,
focusing on feedstock powder synthesis via the sol-gel method, deposition parameters and

the evaluation of their photocatalytic performance and stability.

Section 1 presents abroader context of unconventional water-remediation methods,
particularly photocatalysis, and identifies gaps in scalable deposition techniques. Section 2
reviews the fundamentals of photocatalysis and TiO, as a photocatalyst, discusses various
deposition methods with emphasis on LPCS, and outlines photocatalytic testing
methodologies. Section 3 details the experimental procedures: sol-gel synthesis of TiO,
powders, LPCS deposition, and photocatalytic properties assessment and characterisation

techniques, for example, SEM, Raman spectroscopy, and XRD.

In Section 4.1 the results of the sol-gel syntheses of the TiO, material for the LPCS process
spraying are presented. The sol-gel-derived TiO, powders are shown to be initially amorphous
with a bimodal size distribution of primary particles and their agglomerates. The powders are
sieved after the synthesis, which removes larger agglomerates. Solvent modification
(isopropanol, acetone, methanol) alters agglomeration behaviour via differences in alkyl-chain
length, polarity and proticity. Isopropanol-based modification, where only pH is increased,
produces powders the most similar to the reference. Acetone-based synthesis vyields
an increased fraction of finer particles. Methanol-based synthesis also enables obtaining
an increased amount of smaller particles fraction; however, due to its protic character
the primary particles agglomerate more effectively than in acetone, making the agglomerate
fraction the dominant one. To study the effect of the agglomerates on their deposition process,

the powders are not sieved.

In Section 4.2., the characterisation of theLPCS TiO, coatings obtained from
the synthesised powders is presented. By varying LPCS process parameters, such as scanning
step, number of layers and traverse speed, coatings with partially crystallised (amorphous-

anatase) structures are produced. Their crystallinity increases with the uninterrupted spraying
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time. Among the tested variables which impact the spraying time, the scanning step has
the greatest influence on coatings’ properties: decreasing it increases thickness, density and
adhesion and smooths out surfaces. Adding layers increases roughness without altering other
properties. Traverse speed showed no clear effect. The obtained results show that through
proper parameter selection of the LPCS process, it is possible to customise the coating key
properties like phase structure, thickness, roughness and adhesion. From the samples
investigated in this part, two coatings — one reference and one with the highest adhesion - are

selected for further study.

In the subsequent part of this Section the long-term stability of the selected coatings is
assessed using chamber ageing and multi-cycle photocatalytic decomposition tests. Ageing in
a humidity chamber promotes further crystallisation and initiated passivation of
the aluminium substrate via water infiltration. The passivation layer draws oxygen from TiO;
coating, shifting the crystallisation pathway from anatase to brookite, ultimately yielding
amorphous-anatase-brookite structures. These changes have minimal effect on coating
cohesion but significantly impact adhesion strength. Initially, two adhesion mechanisms are
proposed — chemical bonding in coatings with dominant amorphous fraction in the structure
and mechanical interlocking in coatings with increased crystallinity. These two respond
differently to ageing: chemical bonding is strengthened by passivation, while mechanical
interlocking is weakened by grain encapsulation. Nevertheless, coatings with increased
crystalline share retain twice the adhesion of aged amorphous samples, suggesting that higher
crystallinity of the TiO; structure prolongs lifetime. Photocatalytic tests highlight the need for
photocatalyst regeneration: long-term aged coatings show reduced adsorption and activity,
whereas when subjected to cycle testing with regeneration between the cycles, the coatings
maintain stable performance. Amorphous coatings demonstrated higher adsorption, while
crystalline coatings exhibited more stable and efficient decomposition. These results suggest
that photocatalytic process design should include the periodic regeneration (e.g.,, UV
irradiation) of the photocatalyst, granting increased longevity and more effective long-term

operation.
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In the final part of this Section, the influence of TiO, solvent-modified feedstock powders
agglomeration on the LPCS deposition process and resulting coatings is analysed. The powder
agglomeration is conditioned by the used solvent: isopropanol-based powder yields the best
mechanical and photocatalytic results; acetone and methanol powders produce coatings with
high thickness variability. This results from the powders inadequate agglomerate sizes, which
make the deposition process unstable, possibly due to reduced kinetic energy of either the too
large or too small agglomerate sizes. Moreover, comparing the solvent-modified- and sieved-
powder-derived coatings, the increased mechanical properties of the latter suggest that limiting
the size of agglomerates aids the mechanical properties of the coatings. What is more,
isopropanol- and acetone-based coatings show slight activity in the visible light range.
However, the overall photocatalytic performance of the solvent-modified coatings is not
improved. Based on the coating’s performance, it seems that the powder’s morphology and
agglomeration played a key role in determining their photocatalytic activity. These findings
show the complex interplay of the TiO. feedstock material synthesis and kinetic deposition
process, at the same time showing a premise of awide range of material customisation,
assuming that the parameters of both processes are carefully chosen. Additionally, particle size
distribution analysis of solvent-modified powders suggests that employing powders with
a narrow size distribution (low span) could improve deposition efficiency and coating strength.
This aligns with the observed high thickness variance in coatings derived from powders with
either too fine or too coarse particles’ sizes, reinforcing the need for precise control of

the feedstock in LPCS applications.

This thesis contributes to the advancement of scalable, non-conventional photocatalyst
manufacturing routes by providing a systematic understanding of the adhesion mechanisms
between the oxide coating and metallic substrate, photocatalyst longevity, and the changes
these systems undergo when subjected to the long-term and multi-cycle ageing processes. This
work lays the foundation for future studies of the photocatalyst obtained with sol-gel-derived

TiO,feedstock powder and immobilised via the LPCS process and pinpoints further research
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directions in this field, such as increasing the coating material integrity, i.e. cohesion and

extending activity into the visible-light spectrum.
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Fig. 3.2.1 the schematic arrangement of the LPCS system used for the photocatalytic sample
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Fig. 3.3.6 Results of the 24-hour MB dye adsorption experiment. On the left: adsorption of
the MB dye onto the surface of the different TiO, samples versus time. On the right, is
the increase of the adsorption per time of the experiment. In both cases, the vertical dash line
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Fig. 4.1.2 the SEM-SE images of the TiO.-0 initial (top row) powder and sieved TiO»-063

powder (sieve 63 um, bottom row); left column: magnification x500; right column: x10 000.66

Fig. 4.1.3 Particle size distribution of the synthesised TiO; initial and sieved powders, where
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Fig. 4.2.1 On the left there are diffractograms and the DOC values of respective coatings, on

the right, Raman spectra of the low-pressure cold-sprayed samples: 0, A, B, C,DandE........ 77

Fig. 4.2.2 the SEM SE images of the cross-section of the sprayed TiO, coatings: 0, A, B, C, D,
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Fig. 4.2.6 the morphology of the 0, 019, A and A selected samples. The pictures are taken
in the topographic contrast. The noticeable thickness difference between as-sprayed and aged
samples is still within the expected range (sample 0 thickness 118 +49um and
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