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ABSTRACT

The objective of the thesis was to produce a titanium dioxide shell on spherical pure titanium
powder that had heterojunctions of anatase and rutile nanostructures with photocatalytic properties
for cold gas dynamic spray applications. This would be the first step in the global project of
sprayable titanium dioxide coatings for self-sanitizing surfaces. A heterogeneous structure would
provide the stability and closer band gap to the visible light spectrum from rutile and the high
photocatalytic reactivity from anatase. The presence of heterojunctions could increase the photo-
reactivity by promoting charge separations and promote reactions under visible light with a smaller
band gap. Cold gas dynamic spray would provide the mechanism to consolidate this material
without unwanted phase transformations from anatase to rutile at higher temperatures. As the
temperatures are below the metals melting point, a combination of ceramic titanium dioxide and

ductile titanium would assist in successful deposition via cold gas dynamic spray.

Preliminary experiments were completed on readily available titanium plates to observe potential
growths and compare the results to reference literature. The final powder production procedure
included a hydrogen peroxide, melamine, and nitric acid chemical bath at 80 °C for twelve hours
followed by calcination for one hour at 450 °C. This experimental procedure yielded the growth of
spiked nanorods with nanoflower aggregates seen through scanning electron imaging. X-ray
diffraction verified the presence of anatase and rutile structures, and Raman spectroscopy verified
the titanium dioxide shell was predominantly anatase near the titanium core, with anatase and rutile
heterojunctions at the outer part of the titanium dioxide shell. Photocatalytic testing was completed
by subjecting the titanium dioxide in deionized water to methylene blue, an organic dye commonly
used as an indicator for evaluating photocatalytic performance, and an ultraviolet light source to
produce reactive oxidizing species that accelerate the decomposition of methylene blue. The
experimental powders photocatalytic reactivity was compared to that of two commercial powders,
Altair and Neoxid. Methylene blue adsorption and subsequent decomposition by the powders was
characterized through microplate light absorbancy readings. The experimentally produced powder
performed comparable to the commercial powders, verifying its photocatalytic properties under
ultraviolet light. Dynamic vapour sorption was completed on all three powders to characterize the

surface areas and adsorption properties of the experimental and commercial powders to provide
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further understanding of photocatalytic results. The commercial powders had different particle
size, specific surface areas, and dynamics of adsorption when compared to the experimental

powder, which would impact photocatalytic behaviour.

Although the experimental powder did not have superior photocatalytic reactivity to those of the
commercial powders, the motivation is the presence of a ductile titanium core would plastically
deform below its melting temperature to promote deposition efficiency in cold gas dynamic spray
applications and produce a successful photocatalytic titanium dioxide coating. Solely ceramic
titanium dioxide powders, like Altair and Neoxid, experience brittle impingement and poor
deposition from lack of plastic deformation and metallurgical bonding. Overall, successful growth
of heterogeneous titanium dioxide shells was grown on titanium powder that possessed
photocatalytic properties comparable to commercially available powders to be applied in cold gas
dynamic spray applications. The work completed created a strong foundation for project

development and expansion.
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1 INTRODUCTION

1.1 Background

Titanium dioxide (Ti0,) is widely used in industrial applications, including wastewater treatments,
air purifying, and outdoor and glass coatings, due to its photocatalytic properties, chemical
resistance, stability, and cost efficiency. It holds high appeal as a coating material because of self-
cleaning properties when exposed to organic pollutants via accelerated decomposition [1]-[15].
As an effect of the coronavirus pandemic, research into efficient photocatalytic TiO, coatings have
become of great interest in the field of self-disinfecting surfaces [13], [15]-[24]. TiO, is a pre-
existing pigment additive to white paint to increase its brightness and opacity, but further research
is being completed to utilize its photocatalytic reactivity as a disinfectant within a painted wall
[10], [23]-[32]. TiO, coatings are also promising in dental and medical metallic implants and
prosthesis as TiO, is antimicrobial and biocompatible [33]-[36]. Commercial disinfectants that
require persons for application cannot maintain constant sanitization of surfaces, whereas self-
cleaning surfaces hold the potential for assisting in limiting infection in both public, such as

medical and high traffic areas, and private environments, such as in the home or body.

In crystallography, when a solid chemical compound contains more than one crystalline form it is
referred to as polymorphism. TiO, has three primary natural polymorphic structures: brookite,
anatase, and rutile (Figure 1.1). Brookite possesses a rhombohedral crystal structure and is difficult
to obtain in its pure phase, making it unstable and difficult to work within laboratory settings [9],
[37]-[41]. Anatase and rutile are primarily used because they possess tetragonal crystal structures

that provide stability necessary for easy and safe industrial applications.

Rutile

Anatase

Figure 1.1: Anatase, brookite, and rutile crystal structures [23].
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Rutile is the most thermodynamically stable TiO, polymorph and, with a band gap of about 3.0
eV, absorbs photons at slightly longer wavelengths than anatase, closer to the visible region. In
pure form, however, rutile generally exhibits lower photocatalytic activity due to faster charge
recombination, so strong surface redox reactions are more effectively achieved when rutile is
combined with anatase in a heterojunction structure. Rutile is used for applications that prioritize
material stability, durability, and opacity. It reflects more light than other forms of TiO, because
of its high refractive index. Its opacity makes it the choice for paint pigments to lower necessary
coatings and its refractive index preserves colour under sun exposure, as well as offering other sun
protection in additional applications such as sunscreens and other optical coatings like lenses. Its
high temperature tolerance and semi-conductivity also make it the selection in electronics for metal
dielectric barriers, a layer of metal insulator separating conductive metals [23], [24], [42], [43].
Anatase is metastable and more reactive under ultraviolet (UV) light than rutile due to its more
open crystal structure, slower charge recombination, and larger band gap (3.2 eV) that allows for
strong UV light absorption. Anatase is primarily seen in applications for its photocatalytic
properties like air and water purifying, self-cleaning surfaces, and antimicrobial coatings. Anatase
is also generally cheaper than rutile, making it a cost-effective option [9], [15], [23], [24], [32],
[40], [41], [43]-[46].

TiO, begins to undergo an irreversible phase change from anatase to rutile when temperatures
surpass 610 to 915 °C because anatases instability causes its particles to adhere and become larger
particles which become the interfaces for rutile phase nucleation. The phase change temperature
threshold varies due to initial TiO, preparation conditions [38], [40], [47], [48]. Calcination is a
thermal treatment applied to materials to alter their composite properties and improve thermal
stability, often by increasing crystallinity and inducing phase changes. While it can help maintain
certain morphological features, it may also cause particle growth or densification depending on
temperature and duration. For anatase, calcination at around 450 °C can strengthen weak
amorphous anatase structures by decomposing hydrogen titanate structures and improve

crystallinity [38], [40], [49]-[56].

Studies have shown higher reactivity in anatase-rutile mixtures because of the presence of

heterogeneous interphase junctions. As a result of the differences in lattice structure,



heterojunctions create localized disorder between anatase and rutile that contain different energy
band structures. The combination of both structures enhance the redox reaction properties,
decrease bulk recombination, and lead to an increase in carrier separation efficiency at the
interface, thus allowing for overall higher reactivity in the junction than either single phase
material [10], [11], [32], [39]-[41], [44], [57]-[62]. Research has also shown promise in
heterojunction presence assisting in photocatalytic activity in the visible light range, utilizing
rutile’s higher response closer to the visible light range, and the higher reactivity of anatase.
Historical methods of increasing TiO, reactivity under visible light require additives such as metal
and non-metal doping or co-doping, coupling with a narrow band gap semiconductor, surface

sensitizations, and depositing noble metals [40], [45], [56], [58], [60], [62]-[67].

This thesis work is the production of heterogenous photocatalytic TiO, powder, as the first step in
the global project of the development of heterogenous photocatalytic coatings for self-sanitizing
surfaces on pre-existing structures. This holds appeal in public spaces like transit, hospitals,
playgrounds, and other high traffic patron areas that are prone to the transfer and spread of germs
and bacteria. Utilizing and enhancing the natural properties of TiO, can eventually assist in
facilitating safe and clean public environments. Reactive coatings under visible light would be
applicable in areas with artificial indoor lighting and areas that receive bright natural light. These
surfaces would not need designated exposure but would be able to self-sanitize consistently under
visible light. UV reactive TiO, coatings are attractive in the medical field and other controlled
environments, where UV exposure can be integrated into sanitizing procedures to enhance surface
disinfection within monitored settings. Additionally, successful development of self-sanitizing
surfaces through natural enhancement reduces the use of artificial cleaning agents which can be

potentially harmful to both patrons and the environment.

There are currently many application techniques for TiO, coatings that include physical/chemical
vapour deposition and sol-gel techniques [32], [41], [68]. Thermal spray processes have been used
due to their fast deposition rates, flexibility on powder and substrate selection, and capability of
coating large surfaces. A large challenge in thermal spray deposition of TiO, coatings is
maintaining the nano-structured heterojunctions because high process temperatures lead to grain

growth and anatase-to-rutile phase transitions [32], [41], [68].



Cold gas dynamic spray (CGDS) operates within a temperature range that preserves powder
mechanical properties and morphology, preventing anatase-to-rutile phase transformations. TiO,,
as a ceramic, exhibits low deposition efficiency in CGDS because it cannot convert kinetic energy
into plastic deformation, resulting in brittle impingement, poor adhesion, and uneven coatings. In
contrast, titanium (Ti) powder is highly sprayable by CGDS due to its ductility below the melting
point, enabling the necessary plastic deformation and strain for successful deposition. The
objective of this work is to produce a TiO, shell on commercially pure titanium (CP-Ti) powder.
Through heat treatment chemical bath and calcination anatase-rutile nanostructures can be grown
and on CP-Ti powder. The presence of nanostructures increases the specific surface area (SSA)
and heterojunctions create lattice disorder, which both encourage charge separation and
subsequent photocatalytic activity when TiO, is exposed to a UV light source. Additionally, the
development of highly reactive heterogeneous TiO, with a narrower band gap could lead to
reactivity in the visible light field [60]. The combination of having good deposition efficiency from
the ductile CP-Ti powder and maintaining the photocatalytic heterojunctions in TiO, nanostructure

is the initiative behind producing powder using this methodology [69].

1.2 Research Objectives

The motivation of the research presented in the thesis is a project undertaken by the University of
Ottawa Cold Spray Research Laboratory surrounding the production of a TiO, shell on a CP-Ti
spherical powder as a critical first step to the global project of self-sanitizing coatings. The
objective is to successfully produce anatase-rutile heterojunctions within the TiO, shell that
possess comparable photocatalytic properties as commercially available TiO, powders. The goal
of producing this powder is to allow for the deposition by CGDS like CP-Ti while maintaining the

reactivity of TiO,. The following steps were completed to fulfill this objective:

1. Preliminary development of methodology to grow heterogenous TiO, shell on CP-Ti
plates. Analysis of TiO, growth through Scanning FElectron Microscope (SEM)
characterization.

2. Development of powder methodology to grow heterogenous TiO, shell on CP-Ti powder.

Analysis of TiO, growth through Scanning Electron Microscope (SEM) characterization.



3. Verification of heterogenous nanostructures on powder through X-Ray Diffraction (XRD)
and Raman spectroscopy.

4. Development of photocatalytic testing methodology and photocatalytic characterization of
experimental and two commercial powders, Altair and Neoxid. Characterization of
experimental and commercial powders through dynamic vapour sorption (DVS) to connect

surface features to photocatalytic properties.

1.3 Thesis Outline

The thesis is composed of seven chapters. The chapters and their contents are outlined in this

section.

Chapter 1 includes an introduction of background information, motivations, and the objectives of

the research.

Chapter 2 is composed of the literature review, containing relevant information on the topics
covered within the research. It begins by covering TiO, photocatalytic properties, previous studies

of TiO, growth on Ti, and cold gas dynamic spray application.

Chapter 3 explains the overviews of equipment, their theories and processes, used to analyze and

verify results.

Chapter 4 presents the preliminary research detailing the evolution of the chemical bath procedure

used to grow the TiO, shell on Ti plates and the SEM results.

Chapter 5.1 explains the methodologies of the experimental procedures to develop CP-Ti powder
with TiO, shells. Chapter 5.2 contains the experimental procedure and SEM characterization
observations. Chapter 5.3 and 5.4 outline how the growth of TiO, shells and the desired
heterojunctions were verified through XRD and Raman spectroscopy. Chapter 5.5 includes the
procedures and results of photocatalytic testing, including the comparison with commercial
powders. Chapter 5.6 includes the results of DVS. Surface area properties are discussed and the

potential relations to photocatalytic activity.



Chapter 6, the conclusion of the thesis, summarizes the experimental procedures and results.

Chapter 7 discusses future work, as there are various avenues that this research can be altered
and/or expanded on. This chapter was included as the research is novel for both the University of
Ottawa and the University of Ottawa Cold Spray Research Laboratory. This final chapter is

followed by the references.



2 LITERATURE REVIEW

This section outlines the foundational knowledge of TiO, necessary to achieve the experimental
objectives. This includes the chemistry of the photocatalytic reaction, experimental procedures of
developing TiO, onto Ti, and the CGDS process and parameters, along with literature of TiO,

deposition via CGDS.

2.1 Photocatalytic Mechanism of Titanium Dioxide

The term ‘photocatalysis’ originates from the words light and catalysis and can be defined as a
chemical reaction that is induced by the photo-absorption on a semiconductor. The semiconductor
is referred to as the photocatalyst, and the reaction happens along the surface which remains
unchanged during and after the reaction [70]. A photocatalyst utilizes the energy brought by light
and can promote reactions that are unfavourable under thermodynamic laws, such as splitting
water into hydrogen and oxygen [70], [71]. TiO, is a heterogenous photocatalyst because the

semiconductor (solid) and reactant (fluid) are in different phases [72]-[74].

Photocatalysis occurs in the following stages [70]-[72]:
1. Diffusion within a fluid phase to the surface of the photocatalyst.
2. Adsorption of reactants along the surface of the photocatalyst.
3. Redox reaction between the absorbed reactants and photocatalyst.
4

. Desorption of the products from the surface of the photocatalyst.

The above process can occur in liquid or gas phases and in stage three the chemical reaction allows
for the degradation of pollutants. A redox reaction occurs when a chemical reaction facilitates the
exchange of electrons between atoms or molecules. Gaining electrons is reduction, and giving
electrons is oxidation. For a redox reaction to occur, there needs to be redox potential differences

between the chemical species [11], [71], [72], [74].

The energy difference between the valence band (VB) and conduction band (CB) is referred to as

the band gap (E;) and measured in electron-volts (¢V). Materials are classified into three categories
based on their Eg [39], [41], [71], [72], [74]-[76]:

e Metal / Conductor



o Possess no Eg because the VB and CB overlap.

o Are highly conductive as electrons are continuously available to move.
e Semiconductor

o Possess small Eg.

o Are conductive as electrons can jump from the VB to CB.
e Insulator

o Possess a large Eg.

o Are low in conductivity as electrons are unable to jump from the VB to CB.

The photocatalytic mechanism of TiO, works by the absorption of a photon with enough energy
(hv) to produce movement of electrons from the VB to the CB in the lattice structure, forming
conduction band electrons (e”) and valence band holes (h'), electron-hole pairs, upon UV

photoexcitation (Equation 2.1) [9]-[14], [41], [71], [72], [741, [75], [77], [78].
TiO, + hv - e~(Ti0,) + h*(Ti0,) 2.1

TiO, has a band gap of 3.0 — 3.2 eV depending on its nanostructure composition. Both e~ and h*
contribute to electrical conductivity and although holes may give the appearance of moving, they
are freed space, and a neighbouring electron will move to fill the space which can give the illusion

of positively charged movement (Figure 2.1) [75].

:

EVB

© © © © © & © 6
h+

Figure 2.1: Photogenerated electron-hole pair.
TiO, is a semiconductor ceramic that when irradiated with an energy source above 3.0 - 3.2 eV,
like ultraviolet light, produces electron-hole pairs that react with light and oxygen. The
photogenerated electron-hole pair will either produce a non-productive reaction, like charge

recombination, or successfully migrate to the TiO, surface. At the surface, the pair will react with
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oxygen (0,) and water (H,0) in the environment to form reactive oxidizing species (ROS). [10],

[11], [13], [14], [71], [74], [77]-[82].

ROS are naturally occurring oxidizing agents that when exposed to a catalyst can accelerate the
breakdown of organic matter through increased redox reactions. Increased redox reactions on
biological systems lead to oxidative stress by producing more ROS than the organic matter can
combat. The application of increasing ROS on systems to combat pollutants, like bacteria and

viruses, could be used as a form of natural sanitization [83]-[85].

Utilizing the TiO, surface as the photocatalyst and subjecting it to UV light, H,0 reacts with h*
to produce ROS called hydroxyl radicals (- OH) (Equation 2.2). This reaction also produces
hydrogen molecules (H3g) [11].

h* + H,0 - OH + H} 2.2

Simultaneously, O, reacts with e~ at the TiO, surface to produce further ROS as oxygen radicals

/ superoxide anions (03 ) (Equation 2.3) [11].
0, +e —0; 2.3

Figure 2.2 shows the photocatalytic reaction process that results in successful movement of the
electron-hole pair to the surface of the TiO, and produce ROS which then react with organic

compounds and produce organic pollutant end products [11].

Ultraviolet
Source
Superoxide Anion
0;
0, e co,
Photocatalyst TiO, Organic Pollutants
H,0 h* < H,0
N BT
-OH ~

Hydroxyl Radical
Figure 2.2: Titanium dioxide photocatalytic mechanism.

9



The production of O; and - OH generate additional ROS by producing hydrogen peroxide (H,0,)
(Equation 2.4 and 2.5) ultimately leading to more hydroxyl radicals (- OH) and hydroxyl ions
(OH7) (Equation 2.6). Additionally, O, can react with H;{q and produce hydroperoxyl radicals

(- OOH) ( Equation 2.7) [10], [11], [13], [14], [71], [74], [77], [79]-[81], [86].

-OH + - OH - H,0, 2.4

20; + 2H3; - H,0, + 0, 2.5
0; + H,0, »>-OH+ OH™ + 0, 2.6
03 + Hi, =+ 00H 2.7

ROS can be broken down into two categories of radical (highly reactive) or non-radical (less
reactive). Radical ROS are free radicals with unpaired electrons and operate by one-electron
oxidation resulting in lower activation barriers and quick electron exchange. A result of having
higher redox potential is stronger oxidation and diffusion rates when in contact with organic
matter. 0,, - OH, and - OOH are all highly reactive radical ROS and are the predominant
contributors to the accelerated decomposition of organic matter. Figure 2.3 shows the chemical

structures of the radical ROS where - denotes unpaired electrons [79].

LI ] LN o0 LN J [ N ]
o [ ] [ ] ° ) ° o °
[ L] ® L] ®
[ I ] LN ] o0 LN ] *o®
Figure 2.3: Chemical structures of oxygen, hydroxyl, and hydroperoxyl radicals.

H,0, and OH™are non-radical ROS because they do not possess unpaired electrons, as seen in
Figure 2.4 and are stable molecules that operate by two-electron oxidation. Non-radical ROS do
not strongly contribute to accelerated breakdown of organic matter because they lack unpaired
electrons for strong redox reactions. They are still derived from O, and H,0 and their cellular

processes can result in oxidative stress, which can contribute to minor organic matter breakdown.

[10], [11], [14], [77].
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Figure 2.4: Chemical structures of hydrogen peroxide and hydroxyl ions.

ROS continue to create redox reactions while exposed to a catalyst through the continued transfer
of electrons. This is seen in the cyclical production of H,0, and - OH in Equations 2.4 and 2.6. An
additional example would be the production of OH™ could lead to additional - OH by interacting
with the VB band energy level h*charge carriers (Equation 2.8) [10], [11], [14], [77].

h* + OH™ - -OH 2.8

TiO, photocatalytic reactivity can be measured by creating an aqueous solution with an organic
dye, adding TiO, and subjecting it to a UV light source. The organic dyes decomposition is
accelerated by ROS and reactivity is quantified by measuring the light absorbance of the aqueous
solution with the dye over time. Organic dyes used include methylene blue (MB) and rhodamine

B [44], [70], [78], [87]-[90].

2.2 Titanium Dioxide Development on Titanium

Studies have shown successful TiO, growth on Ti plates using H,0, [78], [91]-[100]. Proposed
explanations for the chemical reactions are attributed to the oxidizing properties of H,O0, which
react with Ti to form TiO, (Equation 2.9). At temperatures around 80 °C, the presence of hot water
and H,0, can hydrolyze TiO, resulting in titanium tetra hydroxide (Ti(OH),) (Equation 2.10 and
2.11) and hydrated titanium (TiO,nH,0, where n is a positive integer) (Equation 2.12).
Hydrolyzed and hydrated titanium generate a slightly negatively charged surface (Equation 2.13
and 2.14) which contribute to the formation of surface nanostructures, like anatase and rutile [91],

[94].

Ti + H,0, - TiO, + H, 2.9
2H,0, — 2H,0 + 0, 2.10
Ti0, + 2H,0 — Ti(OH), 2.11
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Ti0, + nH,0 - Ti0,nH,0 2.12

(Ti — OH) + H,0 - [Ti— 0]~ + H;0* 2.13

TiO,nH,0 + OH™ — HTiO3nH,0 2.14

Sisman et al. applied Ti films (100 nm and 1 pm) to alumina by sputtering and soaked samples in
diluted H,0, (15 and 2 weight percentage (wt %)) at 80 °C for 20 hours. The samples were
annealed at 450 °C for 4 hours. SEM images showed micro cracks in samples with thicker films
and higher H,0, concentrations (Figure 2.5). XRD peaks indicated rutile nanostructures [91]. A
similar study by Sun et al. used Ti plates soaked in 30 wt % H, 0, at 80 °C for 24 hours, then water
at 80 °C for 72 hours. SEM images showed micro cracks and XRD confirmed the presence of

crystalline anatase nanostructures [94].

Figure 2.5: SEM images of TiO, surface (a) 1 pm Ti film in 15 % H,0;, and (b) 100 nm Ti
film in 2 % H,0, [91].

Wu et al. subjected Ti plates to 30 wt % H,0, at 80 °C for 5 hours and then distilled water at 80
°C for 72 hours. XRD patterns confirmed poorly crystallized anatase nanostructures in the plates
prior to the hot water soak and well crystallized anatase afterwards. The samples photodegraded
rhodamine B directly to end products [78]. They also took Ti plates in 30 wt % H,0, at 80 °C for
72 hours and placed in an oven at 450 °C for 1 hour noted the thermal treatment kept the ordered
nanostructure and improved crystallinity [98]. Another experiment they completed placed
ultrasonically rinsed Ti plates into 15 wt % H,0, at 80 °C for 1 hour, followed by calcination at

300 °C for 1 hour. Successful growth of anatase microstructures was verified through XRD [93].
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Calcination is the process of heating a material at a regulated temperature in a controlled
environment to induce morphological and functional changes to the material [49], [54], [101]—
[103]. Calcination is a post-treatment to chemical baths where TiO, is subjected to higher
temperatures to induce crystallinity, control phases, alter surface area, and remove impurities.
Experiments have noted that calcination temperatures ranging from 300 to 700 °C for durations
within 1 to 4 hours have increased the photocatalytic properties of TiO, due to heterojunctions
with a high anatase to rutile ratio that produces smaller particle sizes, faster charge separations,
higher crystallinity, and narrowing of the band gap. As calcination temperatures increase above
300 °C crystallite size, crystallinity, and particle size also increase as amorphous or weaker
crystalline TiO, transitions to anatase. Anatase’s larger band gap, oxygen vacancies, and open
crystal structure provides superior oxidizing capabilities, charge separation, and active sites for
ROS generation to rutile. Anatase begins transitioning to thermally stable rutile around
temperatures exceeding 600 °C as anatase’s instability causes particles to stick together and create
interfaces for rutile phase nucleation. Temperatures exceeding 700 °C demonstrate lower
photocatalytic reactivity from high rutile presence creating larger crystallite sizes, and smaller SSA
and pore volume from aggregation and agglomeration resulting in decreased available surface area
for reaction sites and increased charge recombination [6], [10], [11], [40], [48], [62], [104]-[109].
Phromma et al. noted that at calcination temperatures of 800 °C the TiO, particle size had
exponentially increased compared to lower calcination temperatures due to large rutile crystallites
and particle agglomeration. The band gap decreased as the temperature and rutile structures
increased, but the photocatalytic activity overall decreased as anatase decreased. The strongest
photocatalytic activity was seen in powder with the highest anatase to rutile ratio that possessed
the largest kinetic constant (k) [106]. Li et al. stated that calcination of nitrogen doped TiO, at 450
°C for 2 hours produced heterogeneous powder with superior photocatalytic behaviour in MB

degradation than powders calcinated at other temperatures and longer durations [107].

Successful charge separation of photogenerated electron-hole pairs to the surface of TiO, for ROS
generation is required for photocatalytic reactivity. Higher SSA provides more pathways for
charge separation and active ROS sites along TiO, allowing more organic pollutants to be adsorbed
along the surface and broken down under photoexcitation. Increased porosity in the structural

framework also increases SSA and can reduce the distances required for the electron-hole pairs to
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travel to the surface for ROS generation [11], [40], [56], [58], [109]-[111]. Qin et al. remarked
that decreased SSA with decreased TiO, crystallinity and increased amorphous components
exhibited higher rates of charge recombination and lower photocatalytic activity [111]. Zhao et al.
grew nanowires grown on TiO, and concluded the powder with the highest SSA, pore volume,
and highest k exhibited the highest pollutant degradation [56]. Zhu et al. found that tin doping
TiO, increased its SSA, decreased charge recombination, and improved visible-light adsorption
[61]. Grover et al. grew elongated porous TiO, nanowires seen through SEM and transmission
electron scanning microscope (TEM) (Figure 2.6) that exhibited high SSA with improved charge

separation and accelerated organic pollutant decomposition [58].

I
Figure 2.6: Grover et al. a) SEM and b) TEM images of TiO, nanowires [58].

Nanostructures like nanowires, nanorods, nanotubes, nanoflowers, and nanosheets can increase
SSA that promote fast charge transfer rates and low bulk recombination, promoting photocatalytic
activity. Single one-dimensional forms of TiO, have higher rates of bulk recombination, which
result in less electron-hole pairs reaching the surface to form ROS. Heterostructure junctions push
the separation of the electron-hole pairs because of the anatase-rutile dislocations of the CB and
VB positions in the lattice structure, this suppresses bulk recombination and favours the migration

of charges to the surface for redox reactions [10], [11], [40], [41], [56], [58]-[61], [99], [112].

Wu et al. placed Ti plates in 50 mL 30 wt % H,0, at 80 °C for 72 hours. It was rinsed with
deionized water and air dried. Additionally, 20, 50, and 100 mg of CP-Ti powder was placed into
100 mL 30 wt % H,0, at 80 °C for 72 hours. Both the plates and powder had anatase and rutile
nanostructures verified through SEM (Figure 2.7). Further experiments were done with chemical
additives to the H,0, and concluded the additions of fluorine ions and sulfate ions helped anatase

formations [92].
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Figure 2.7: Wu et al. SEM image of Ti plate after sdl:ing i 30 wt % H,0, at 80 °C for 72
hours [92].

Introducing additives can alter the pH of H,0, baths and subsequently alter nanostructures shape
and compositions of rutile and anatase. Wu et al. added nitric acid (HNOjz) and
hexamethylenetetramine (HMT) to H, 0, noted that the rise in ammonia from HMT correlated to
decreasing acidity and the formation of anatase nanoflowers, and that increasing HNO; increased
acidity and promoted anatase and rutile growth [99]. Similar results were seen when adding HNO;
and melamine (C3N3(NH;)3) as the hydrolysis of C3N3;(NH;); releases ammonia resulting in
a similar effect as HMT on the system. After calcination at 450 °C for 1 hour nanowire
formations of rutile and anatase with nanoflower aggregates were seen by SEM (Figure 2.8)

and presented photocatalytic properties comparable to commercial powder [100].

Figure 2.8: Wu et al. SEM morphology of nanowire and nanoflower aggregates following
H,0,, HNO3; and C3N3(NH;)3; chemical bath and calcination at 450 °C for 1 hour [100].

The chemical bath pH also affects the rate of Ti oxidation and morphology synthesized TiO,.
Acidic conditions (pH ~1- 4) facilitate slower reactions and more uniform TiO, formations,
with neutral conditions (pH ~6-7) providing safer handling environments and moderate

reactions, and alkaline conditions (pH ~8-12) facilitating faster reactions that could
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potentially produce nanostructures with more SSA. Rutile development is favoured in acidic
conditions and anatase development is favoured in alkaline conditions. A chemical bath of a
pH too high or too low can produce single phase nanostructures. [96], [99], [100], [113]-
[116].

Qin et al. developed anatase-rutile heterojunctions on layered titanium carbide calcinated from 300
to 700 °C for one hour and evaluated for photocatalytic activity and hydrogen evolution under
visible light. The most successful visible light photodegradation was achieved on the sample
calcinated at 500 °C. There was increased photocatalytic reactivity at the heterojunction interfaces
from overlapping band structures that lead to increased charge separations. Strong electron transfer
from rutile to anatase created a positive charge region at the rutile heterojunction interface, and a
negative charge region at the anatase heterojunction interface. The result was an electric potential
difference that increased separation charges and directed the movement of electrons [60]. Zhao et
al. enhanced pre-established anatase-rutile heterojunctions in TiO, powder through a chemical
bath of H,0,, HNO3, and C3N3(NH,;)3, and then calcinating at 450 °C for 1 hour for reactivity in
visible light [56]. Etacheri et al. developed oxygen-rich anatase TiO, that reacted under visible
light through in-situ generation of O, through thermal decomposition of peroxo-titania complexes
[117]. Kusumawardani et al. observed that the ideal calcination temperature for nitrogen doped
TiO,to be 450 °C, as temperatures above 450 °C decreased the nitrogen content. The presence of
nitrogen narrowed the band gap and increased reactivity closer to the visible light range [118].
Other studies have introduced metals, non-metals, and semiconductors with narrow band gaps to

assist in bringing the photo reactivity of TiO, into the visible region [40], [45], [58].

There is also the possibility to develop nanomaterials that have multi-structural dimensions to
increase variation in surface ratios, surface defects, and exposed crystal facets to increase
reactivity. Zero-dimensional structures include nanoparticles and quantum dots; one-dimensional
includes nanotubes, nanowires, nanorods, and nanofibers; two-dimensional includes nanosheets;
and three-dimensional includes spherical, porous framework. Varying crystal planes of the same
polymorph have different levels of reactivity from exposure, surface ion bonding, and surface
energy. For example, anatases crystal plane (001) tends to collect h* making is a better reductant

and e~ tend to flow to (101) having better oxidative activity [112]. Preferred growth is
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predominantly seen along the stable crystal planes of (101) in anatase and (110) in rutile [11], [38],
[47], [60], [61], [112].

Overall, literature has stated that H,0, could successfully assist in developing both rutile and
anatase nanostructures on Ti surfaces. Heterogeneous nanostructures promote photocatalytic
activity by increasing charge transfers and inhibiting bulk recombination [10], [11], [40], [41],
[56], [58], [59], [99], [112]. Adding additional chemicals has the potential to alter the
nanostructural geometry by pH to promote anatase-rutile growth [92], [95]-[97], [99], [100].
Subsequent thermal treatments at high temperatures remove the amorphous structures and

strengthen the crystallinity of the anatase formations [78], [91], [93], [94], [97]-[100].

2.3 Titanium Dioxide and Cold Gas Dynamic Spray

TiO, is wildly used in numerous industries, including the medical field, due to its mechanical
stability, corrosion resistance, hard tissue compatibility, and biocompatibility. There is appeal in
coatings for medical settings surfaces, surgical implants, and prosthesis [33]. There is also a large
interest in environmental studies for purification, filtration, and sterilization [119]. Successful and
effective deposition via CGDS holds appeal in industrial, environmental, and medical coatings

[33], [119], [120].

CGDS is a technique that produces coatings from powder particle impingement upon a solid
substrate at temperatures below the powder materials melting point. Particle sizes typically range
from 5 to 100 pm and are accelerated to high speeds by injection into a supersonic stream of
pressurized inert gas within a converging-diverging de Laval nozzle (Figure 2.9). The gas within
the main line is heated up to 1000 °C to create high velocity flow that converts thermal energy to
kinetic, resulting in gas velocities ranging from 300 to 1200 m/s. The powder particles having
more inertia than the gas will gain speed as they travel but will move at velocities lower than the
gas stream. The powder particles are fed from the powder feeder and pre-mixed with gas in a
separate line before injecting into the main preheated gas line, either before or after the throat of
the nozzle and deposition occurs when the particle impact velocity exceed the required critical
velocity. Upon impact, the powder particles undergo inelastic collisions, resulting in plastic
deformation, high strains, and heat, causing localized deformation and adherence to the substrate

or previously deposited particles [15], [33], [69], [119]-[127].
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Figure 2.9: Cold gas dynamic spray set up [128].

Factors that contribute to a powders efficient deposition include the powder material properties
(size, distribution, temperature, geometry, composition), process gas parameters (molecular
weight, temperature, pressure), powder feed rate, nozzle parameters (dimensions, angle of
injection, distance to substrate), substrate material properties (composition, hardness, surface

preparation), and the particle impact velocity and temperature [122], [123], [125].

As the powder particles remain below their melting points in CGDS, the solid-state depositions
have low degrees of residual stress and preserve the material properties. Original grain structures
are maintained but can potentially deform upon impact. In multi-layered coatings the initial layers
will show higher levels of deformation than the subsequent layers because of powder compaction

[15], [69], [122], [123], [125], [126].

The yield strength of the powder and/or the substrate must be exceeded upon impact to promote
the necessary kinetic energy transformation to plastic deformation. As a result, powder and
substrate materials are typically selected that possess relatively high plasticity. High strength
materials, like ceramics, are considered difficult to spray and struggle produce buildable layers as
deposition is typically due to embedment into the substrate and less commonly particle-particle.
Successful deposition of mixed ceramic and metal powders has been achieved where the ceramic
powder did not plastically deform but was enveloped within the malleable metal powder upon the
substrate. Introducing a ductile metal into the system provided the plastic deformation required for

more efficient deposition [123].
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The ceramic nature and properties of TiO, restricts adequate adhesion of the powder particles to a
substrate because of the lack of plastic deformation. High spray temperatures can also lead to
anatase to rutile phase transformations within the TiO, particles. The outcome of undesired phase
changes would alter the photocatalytic properties of the powder and consequently the coated
surface. CGDS operates at lower temperatures than other spray coating techniques, typically 300
°C to 1000 °C, which allows for temperature variations that can prevent unwanted phase changes

[15], [32], [33], [69], [119]-[121], [123], [129]-[131].

Successful CGDS deposition of TiO, with the intent of preserving its photocatalytic properties has
been achieved on various substrates by applying high particle velocities to promote impingement
through the native oxide layer on the substrate and particle-particle embedment, and with low
process gas temperatures to avoid phase transformations. Although, deposited ceramic layers were
thin which lack durability and scratch resistance for adequate coatings [15], [33], [69], [119]-
[121], [129]-[131].

Herrmann-Geppert et al. deposited heterogeneous TiO, powder composed initially of 10% rutile
and 90% anatase using nitrogen, helium, and argon at various temperatures up to 800 °C and then
calcinated at 450 °C for 30 minutes. XRD on the deposited powders showed similar diffractograms
of the nitrogen and argon samples to the original powder, whereas the helium sample exhibited a
ratio of 30% rutile and 70% anatase. When tested for photoelectrochemical reactivity, the nitrogen
sample demonstrated the highest reactivity, with the helium sample having the lowest. The
deposited powders had good or only moderate adhesion to the substrate, which is a common result
from the brittle nature of ceramic TiO, in CGDS [130]. Yamada et al. deposited anatase TiO,
powder was at temperatures up to 400 °C by nitrogen and helium. XRD results of the deposited
powder showed the presence of anatase structures in both samples. Although, the anatase peaks
had shifted with the increased temperature potentially indicating the presence of residual stresses.
Photocatalytic testing using a pollutant and simulated sunlight showed photocatalytic properties in
both samples. It was noted that higher gas temperatures correlated to thicker coatings, which is
commonly seen in metallic CGDS applications as higher temperature impacts the gas and particle
velocity and softens the material to improve deposition [129]. Some studies noted that ductile

substrates were able to plastically deform and allow shear instabilities upon ceramic TiO, powder
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impact to promote deposition. One study selected substrates with materials of varying ductility’s
[131]. Another study annealed austenitic stainless steel, SUS 304, for a softer substrate that

possessed a thicker oxide layer and demonstrated stronger adhesion [121].

CP-Ti powder demonstrates increased deposition efficiency in CGDS applications. The particle
ductility promotes the successful conversion of kinetic energy to plastic deformation, strain, and
heat upon impact to a substrate resulting in stronger, thicker, and more even coatings [132]-[135].
Deposition by CGDS also prevents a phase change from CP-Ti to TiO, as it readily reacts with O,
at high temperatures which can negatively impacts its adhesion to the substrate [134], [136]. CP-
Ti deposited well using both nitrogen and helium gas at temperatures ranging from 350 °C to 800
°C [124], [129]-[132], [135], [136]. A study also concluded that high particle velocities of 1140
m/s and preheating a Ti substrate to 400 °C resulted in higher substrate deformation and increased

adhesion [124].

Developing a TiO, shell on CP-Ti could achieve a combination of desired photocatalytic properties
from TiO, and efficient spray deposition from ductile CP-Ti as both powders have shown
successful deposition following similar spray parameters. The low temperatures of CGDS would
prevent element transformation from CP-Ti to TiO,, which would affect the deposition efficiency,
and anatase to rutile phase change in TiO,, which would affect the photocatalytic properties. The
ductility of the CP-Ti powders could provide the necessary inelastic collisions required for plastic

deformation and strain to successfully deposit photocatalytic TiO, coatings.
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3 ASPECTS OF EXPERIMENTATION

This section outlines the equipment used in the preparation, development, and analysis of TiO,
growth on Ti plates and CP-Ti powder. The application of this equipment regarding the thesis are

explained under Chapters 4 and 5 in the experimental procedures.

3.1 Titanium Dioxide Preparation

The following section contains the equipment used in sample preparations and heating sources for

the chemical baths and calcinations required to grow TiO, on Ti.

3.1.1 Grinding and Polishing Machine
Experiments with Ti plates, 9 mm diameter and 4 mm height, were given a rough or polished
surface finish by using a Struers TegraForce-5 machine (Figure 3.1) (Mississauga, CAN). Powder

preparation for Raman spectroscopy also included polishing following powder being secured into

epoxy.

Figure 3.1: Struers TegraForce-5 used for ground and mirror polish finish on plates.

3.1.2 Water Bath

The Cole-Parmer RH-400 Standard Heated Circulating Bath, Standard Housing, 7 L; 120 V
(Figure 3.2) (Quebec City, CAN) provided a closed system, fluid circulation, and constant
temperature control. The water bath was set to the desired experimental temperature and then glass
flasks containing the chemicals and Ti plates or powders were placed within to develop TiO,

growth.
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Figure 3.2: Cole-Parmer RH-400 Standard Heated Circulating Bath [137].

3.1.3 Oven

A Carbolite Laboratory High Temperature (LHT) oven (Derbeyshire, GBR) was also used for
chemical experiments to determine if the form of heating affected TiO, development. The oven
was ultimately used to scale up powder production as the ovens larger size allowed for larger

beakers than the water bath (Figure 3.3).

Figure 3.3: Carbolite LHT oven.

The oven used for experimentation had a thermocouple to verify the temperature. It was seen that

when the temperature was set to 88 °C the internal temperature maintained 80 °C (Figure 3.4).
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Figure 3.4: Oven maintained at 80°C when set to 88°C.

3.2 Titanium Dioxide Characterization

The following sections outline the equipment used for the verification of heterogeneous TiO,
growth on Ti by high magnification images, and phase composition and chemical structure

analysis.

3.2.1 Scanning Electron Microscopy

An SEM was used to produce high magnification images of plates and powder for visual
characterization of growths before further verification methods. It operates by subjecting the
sample to a high energy electron beam and uses detectors to catalogue the interactions and provide
information on chemical composition, structure, and shape in a vacuum sealed chamber [138]—
[141]. SEM is widely used for its high magnification, large depth of focus, adequate resolution,
and ease of use [139]-[144]. The primary electrons of the beam penetrate the surface of the sample
to a depth of a few microns and produce secondary electrons, backscattered electrons, and
characteristic x-rays (photons). Primary electrons that travel through the sample with either no or
minor interactions are catalogued as transmitted electrons and occur if the sample is thin enough

for them to pass through [138]-[141], [143]-[145].

Secondary electrons are a low energy result of inelastic collisions and characterize the topography
and morphology of the sample up to the first few nanometers. They assist in providing a high-
resolution image because they are in a highly localized region around the electron beam source.
The presence of secondary electrons can be promoted on the surface by coating the sample with a

conductive material [139]-[142], [145].

Backscattered electrons (BSE) result when elastic collisions occur with the primary electrons and

sample. As there is no energy loss, further information of the sample structure can be obtained.
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BSE signals are well correlated with element atomic numbers which can be used for topography,
structure, and element distribution [139]-[142], [145]. X-rays are emitted when electrons are
dislodged from precise atom orbits in the sample. The emitted X-rays have the energy

characteristics of the atom in which it originated and can therefore provide elemental information

[139], [140], [145].

SEM is composed of the following (Figure 3.5) [138]-[141], [144], [145]:
e An electron source (gun).
e Series of electron lenses, including an objective lens, to direct the electron beam.
e Scanning coils that deflect the beam for raster scanning.
e Secondary, backscattered, and x-ray detectors.
e Sample stage.
e Infrastructure requirements:
o Power supply.
o Vacuum system.
o Cooling system.
o Vibration-free floor.

o Absence of ambient magnetic and electric fields in environment.
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Figure 3.5: Components of SEM.
The Zeiss EVO-MA10 (Oberkochen, DEU) was used to examine plate and powder samples
(Figure 3.6). Prior to SEM analysis, the samples were adhered to the sample holder using thin
double-sided tape and gold sputtered to render the surface conductive to electrons and provide

better images by avoiding local electron accumulation and charging.
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Figure 3.6: Zeiss EVO-MA10 SEM.

3.2.2 X-Ray Diffraction

XRD was used to verify the presence of heterogeneous TiO, nanostructures. XRD is a non-

destructive rapid analysis technique that can identify phase compositions of crystalline substances

[146]-[151]. X-ray diffractometers are composed of a cathode x-ray tube, sample holder, and x-

ray detector. The cathode x-ray tube filament is heated to accelerate electrons and target collimated

x-rays at the sample by applying a voltage.

The XRD setup is composed of the following [146], [152], [153]:

Sample stage, along the 0 axis.

X-ray source, along the 0 axis with wavelength A.

Goniometer, a precision device that positions and rotates the sample and/or detector to
measure diffracted x-ray angles.

Optical system, including foils or monochromators, and beam slits to shape and control x-
ray paths. These can be located on the incident beam side before the sample or the

diffracted beam side before the detector.

Detector, along the 20 axis.

The goniometer rotates the sample in the pathway of the collimated x-ray beam of wavelength A

at angle 8 with the detector rotating at an angle of 20. This geometry can be seen in Figure 3.7

[146], [152]-[156].

25



X-ray Source Dieuy

Incident Beam

Diffracted Beam

Sample 4

Figure 3.7: Goniometer geometry of XRD.

Diffraction is achieved by creating monochromatic x-rays by filtering using foils or crystal
monochromators. When the geometry of the incident x-rays impinging upon the sample satisfy
Bragg’s law (Figure 3.8), then constructive interference causes diffracted x-rays, and peaks of

intensity are recorded.

Xray . 7 X-ray

incident | - " . diffracted

beams . Tw e beams
~ . . e e r

o
2

]

Figure 3.8: X-ray diffraction within crystalline layers when satisfying Bragg’s Law.

Braggs law is seen in Equation 3.1, where d is the spacing in the family of crystalline lattice planes
that reflect the x-rays of wavelength A at an angle 6 (n being a positive integer) [146], [147], [155].
Obtained x-ray spectra contain specific wavelengths coinciding with specific elements and provide
material data [151], [155].

2dsinB=nA 3.1

The XRD setup used a Rigaku Ultima IV X-ray diffractometer (Tokyo, JPN) equipped with a
sealed tube Cu Kalpha source of A = 1.54184 A (Figure 3.9).
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Figure 3.9: Rigaku Ultima IV X-ray diffractometer [157].

3.2.3 Raman Spectroscopy

Raman spectroscopy complemented XRD to confirm successful heterogeneous growth. XRD
revealed the overall crystal structure, while Raman provided molecular insights into the TiO, shell
composition near the surface. Raman spectroscopy is a non-destructive analysis technique that can
provide information on the chemical structure and crystallinity interactions of the sample. It is a
scattering technique based on the Raman effect that analyzes the wavelengths of the laser directed
and deflected from the subjected sample. The Raman effect states that the frequency of scattered
radiation is different from the incident radiation. Typically, upon contact, most scattered
frequencies are equal to that of the incident source and are Rayleigh scattering, as it is an elastic
interaction. A lesser amount is scattered due to inelastic collision at a different frequency which is
Raman scattering. When the incident laser inelastically collides with the molecules of the sample
and produces scattering, those frequency shifts can determine the composition of the sample on a
molecular level. The frequencies are measured and recorded through the scattering colliding with
a detector. The frequency shift between the incident light and Raman scattered light is called a
Raman shift. Raman shifts are compared to known values of chemical structures, morphology, and

crystallinity interactions to determine the specifics of the sample. [158]-[165]

A Raman spectroscopy setup is comprised of the following (Figure 3.10) [159], [161], [164],
[165]:

e A monochromatic light source.

e The mounted sample.

e Detectors to record scattering.

e A stable environment that is fully sealed to prevent exposure to users.
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Raman scattering is a weak phenomenon compared to Rayleigh and so the detectors are typically
equipped with a device, like a notch or edge filter, to remove the Rayleigh component [160]-[162],
[165].
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Figure 3.10: Components of Raman spectroscopy.

Raman spectroscopy was completed using a HORIBA XploRA Plus Raman Microscope
(Burlington, CAN) (Figure 3.11).

Figure 3.11: HORIBA XploRA Plus Raman Microscope [166].

3.3 Photocatalytic Reactivity Characterization

The following section outlines the equipment used to conduct photocatalytic testing on
experimental and commercial powders by generating a UV light source, measuring organic matter
degradation by light absorbance, and characterizing the powders surface area which affects

adsorption properties.

3.3.1 Microprocessor Controlled Light System

The microprocessor-controlled light curing system can artificially create UV light in a closed
system (Figure 3.12). It produces a fast, repeatable, and consistent UV output by using a metal
halide type arc lamp powered by a regulated switch-mode power supply, and a precise timer-

controlled shutter to regulate light exposure duration [167].
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Figure 3.12: Components of IntelliRay UV box.
The microprocessor-controlled light curing system was the Uvitron IntelliRay 600 (Massachusetts,
USA) (Figure 3.13). It can operate from 35 to 100% of its total power, which is controlled by its
front panel [167]. The IntelliRay is stored in a UV safe room within the University of Ottawa so
that experiments are not affected by either natural sunlight or artificial light from overhead

lighting.

Figure 3.13: Uvitron IntelliRay 600.

3.3.2 Microplate Reader

Microplate readers can measure the absorbance in liquid samples. Liquid samples are placed
within a well plate within the microplate reader. The microplate reader measures absorbance by
using a light source to illuminate the sample along a wavelength specified by the user upon set up
and is selected by an optical filter or monochromator. The detector, a spectrometer, is located on
the other side of the well and measures how much of the initial light is transmitted through the

sample (Figure 3.14) [168]-[170].
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Figure 3.14: Components of BioTek Synergy H1 Multimode Reader's absorbance measurer
mechanism.

Light transmission is affected by the concentration of molecules within the sample in the wells.
Optical density (OD) or light absorbance (A) of the sample (Equation 3.2) [169]:
Ay = logy (ITO> 32
Where:
e Ais the specified wavelength that passes through the sample
e [ is the incident light intensity

e [ is the transmitted light intensity

The BioTek Synergy H1 Multimode Reader (Vermont, USA) was the microplate reader used in
experimentation to measure the amount of MB desorption in the presence of TiO, in a mixed

aqueous solution (Figure 3.15) [170], [171].

Figure 3.15: BioTek Synergy H1 Multimode Reader [170].
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Samples were taken at 5-minute intervals, centrifuged, and pipetted into well plates for measuring.
VWR 48 Well Treated Tissue Culture Plates were used to hold the samples. The well plates are
sterilized with gamma irradiation, clear, and were used within their 3-year shelf life (Figure 3.16)
[172].
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Figure 3.16: VWR 48 Well Treated Tissue Culture Plate dimensions [172].

3.3.3 Dynamic Vapour Sorption

DVS measures how quickly and how much of a solvent is adsorbed by a sample through
gravimetric sorption and can obtain data on the surface area characteristics of the sample. It is done
by varying vapour concentration surrounding the sample and measuring the change in produced
mass. DVS requires little sample preparation, primarily the sample being dry before DVS, and no
sample destruction [173]-[177]. DVS measures the adsorption and desorption of moisture by
flowing a carrier gas at a specific relative humidity (RH) to the suspended sample housed in a
weighing mechanism. Factors that can affect readings and stability of the DVS equipment are
moisture and temperature, so sensors are located below the housed sample and reference holder.
The RH is accomplished by mixing dry and saturated vapour gas and releasing in proportions by
mass flow controllers. For baseline stability, there is a microbalance with a reference holder to
account for the effects of vapour sorption on the sample holder itself (Figure 3.17) [173], [174],
[176], [177].
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Figure 3.17: Components of DVS set up.

In DVS, Sggr refers to the Brunauer-Emmett-Teller (BET) specific surface area that is calculated
using monolayers data at relative humidity (RH) by the solid surface of a reference mass (Mf).
When there is a strong interaction between both the vapor molecules and the solid surface, along
with the interactions between the vapor molecules themselves, the vapor is adsorbed as a
monolayer on the surface, as opposed to being adsorbed in nonuniform clusters. There is the
potential of additional complete monolayers forming upon the initial monolayer to create

multilayers, indicating a heterogenous surface [178]-[182].

Monolayer data of vapor adsorption is measured through its association to relative pressure, P/P,,
where P is the partial vapor pressure of the sample in the system and P, is the saturation vapor
pressure at the same temperature. Brunauer states there are five types of isotherms, which is the
relationship between the amount of vapor adsorbed and the relative pressure at a given temperature
to provide the monolayer, multilayer, or condensation characteristics. The five types surface
features are summarized below, and the BET curves are shown in

Figure 3.18 [178], [179], [183]-[185].

e Typel
o Quick uptake at low pressure followed by a plateau at saturation that indicates
monolayer adsorption of a microporous material with pore diameters less than 2
pm.

e Typell
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o S-shaped curve that indicates complete initial monolayer formation and beginnings
of multilayers of a non-porous or macroporous material with pore diameters larger
than 50 um.

e Typelll

o A weak interaction with no asymptote in the curve indicates no monolayer is

formed and BET is not applicable.
e TypelV

o Capillary condensation occurs where the rate of adsorption is quicker than
desorption indicating initial monolayer formation and beginnings of multilayers of
a mesoporous material with pore diameters between 2 — 50 pm.

e TypeV
o A weak interaction producing a graph similar to Type IV. Multilayer formation

begins before initial monolayer completion and BET is not applicable.
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Figure 3.18: Brunauer’s five types of adsorption isotherms [178].

DVS was completed at the National Research Council (NRC) (Ottawa, CAN) on the developed
experimental TiO, powder and the two commercial TiO, powders, Altair and Neoxid. DVS was
done to characterize the surface areas of the powders and understand the adsorption behaviours for

how that could affect photocatalytic activity. The NRC DVS set up can be seen in Figure 3.19.
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Figure 3.19: NRC DVS set up.
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4 TITANIUM PLATE TREATMENTS

4.1 Methodologies

Experiments were first completed on Ti plates to observe if a successful growth of TiO, was
achieved by chemical bath. Ti plates were used for two reasons; much of the reference literature
conducted experiments on Ti plates and could be used for comparison, and because they were
readily available whereas there was a delay in obtaining Ti powder. Additionally, the large surface
area of Ti could allow for quick verification of seeing apparent growth along the surfaces with the
naked eye. The following section discusses the procedures and outcomes of the titanium plates.
The plate experiments were referenced as T-#, where T symbolized ‘plate’ and the # is a plate

batch that underwent a chemical bath.

All experiments with Ti plates, 9 mm diameter and 4 mm height, were roughly surface finished
utilizing 200 grit grinding disc or polished utilizing 1200 grit polishing disc. A finishing was
completed because the Ti plates were cut from a Ti rod and had rougher surfaces. Plates were
surface finished to remove surface oxidation, immediately ultrasonically cleaned, and then then

added to the chemical bath.

An acrylic gel tape was used to attach the plates to the machine sample holder for polishing because
the plates were too small to fit into the machines sample holders. They were affixed with the gel
to the base of a sample holder; this method proved efficient in ensuring plate surface contact to the
grinding and polishing faces since using a thinner tape resulted in the plates detaching from the

sample holder.

4.1.1 Hot Plate

Through literature it was seen that experiments had success in developing TiO, nanostructures on
Ti using a H,0, bath [78], [92], [93]. A preliminary experiment (T-1) was completed using a
Fisher Scientific hot plate and glass beaker before the water bath was received. Two Ti plates were
roughly surface finished utilizing 200 grit grinding surfaces, ultrasonically cleaned in deionized
water, and placed in 50 mL of H,0, at 80 °C on a hot plate under a fume hood. The experiment

used 30 wt% H,0, from Fisher Scientific. A thermocouple was placed into the H,0, to verify its
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temperature (Figure 4.1). The experiment was to be maintained at 80 °C for 3 days. The plates
were left to dry for two days under the fume hood before SEM imaging.

=

Figure 4.1: Initial eperiment with beaker, hot plate, and thermocouple.

4.1.2 Hydrogen Peroxide Chemical Bath

Ti plates were roughly surface finished utilizing 200 grit grinding disc or polished utilizing 1200
grit polishing disc and placed in a 125 mL flask that contained 100 mL of H,0, at 80 °C for 72
hours. The experiments used 30 wt% H,0, from Fisher Scientific. The purpose in initially using

a water bath was to promote circulation and increase even heat transfer throughout the flask and

H,0,.

The experimental set up had the flask held by an external arm and a coated carboard cover was
used with a hole the diameter of the flask top to allow the flask to extrude from the water bath.
The stopper in the flask had a small hole to prevent chemical pressure and gas buildup, minimize
evaporation of the H,0,, and be large enough to insert a thermometer to verify the internal flask
temperature. The entire water bath set up was also placed under a closed fume hood (Figure 4.2).
All samples were ultrasonically cleaned in deionized water prior to chemical immersion and
subsequently rinsed three times with deionized water upon experiment completion and air dried

before SEM imaging.
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Figure 4.2: Initial water bath set up without bath cover.

Three independent batches were completed using the second experimental set up. All batches were
surface finished, ultrasonically cleaned in deionized water, dried with compressed air, and
submerged in H, 0, for three days. Each step began immediately following the completion of the
previous. Batches T-2, T-3, and T-4 were conducted of similar chemical bath parameters while the
experimental set up was being developed. The objectives were liquid retention and consistent,
promising results. Batch T-2 used coated cardboard as its cover and experienced water loss. A
plastic cover was used for Batches T-3 and T-4. Plate surface finishes, H,0, final volume, and
water level decreases are in Table 4.1.

Table 4.1: First plate experiments completed in H, 0, bath.
Batch  Surface Finish Final H,0, Volume Approximate Decrease in Water Level

T-2 Polished 75 mL 3cm
T-3 Polished 60 mL 1 cm
T-4 Rough 65 mL 1 cm

Water loss presented a concern early on as the water bath was not efficiently covered. The external
arm used to hold the flask prevented submersion further than the 100 mL mark on the flask. The
arm was replaced with a flask weight that allowed the provided water bath cover to be used and
create a better seal (Figure 4.3). This set up proved to prevent water loss within the water bath and
maintain temperature. Ti plates were roughly ground or polished and placed in a 250 mL flask that

contained 100 mL of H,0, at 80 °C for 72 or 96 hours.
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Figure 4.3: Water bath set up with flask weight and in water bath without cover on.

Three batches of five variations were first completed. T-5, T-6a, and T-6b were covered with a
plastic cover that had a hole to note if gas buildup would be a concern and if there needed to be an
outlet for pressure and/or fumes. T-6a and T-6b were prepared at the same time and part of the
same experiment, except T-6b was removed from the water bath 24 hours later. The same was
done for T-7a and T-7b, except the water bath cover was used. Plate surface finish, experiment
duration, and the heating equipment used are outlined in Table 4.2.

Table 4.2: Subsequent plate experiments completed in H,0, bath.

Batch Surface Finish Duration (hours) = Heating Equipment
T-5 Polished 72 Water bath
T-6a Polished 72 Water bath
T-6b Polished 96 Water bath
T-7a Polished 72 Water bath
T-7b Polished 96 Water bath

4.1.3 Hydrogen Peroxide, Nitric Acid, & Melamine Chemical Bath

Undesirable results were obtained through H,0, experiments. The primary reference literatures
utilized a brand of H,0, from Sinopharm Group Co. (Shanghai, CHN) [78], [92], [93], [95].
Industrial and technical grade H,0, ranging from 30 to 50% in concentrations have the possibility
of housing impurities due to permissible stabilizers and trace contaminants [186], [187]. The
presence of certain impurities in the Sinopharm Group Co. H,0, different to Fischer Scientific
H,0, could affect the interactions between the Ti and H,0, and subsequent experimental results.
The chemical bath procedure was redeveloped to include HNO3, to increase acidity and control
uniformity, and C3N3(NH,)3, to improve charge separation and band structure. As C3N3(NH,)3

hydrolyzes to urea and then ammonia it creates a pH environment together with HNO; and H, 0,
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that supports the growth of nanorods and nanowires [97]-[100], [188]-[190]. The chemical
specifications can be seen in Table 4.3.

Table 4.3: Chemical specifications for plates in H,0,, HNO3, and C3N3(NH,)3 bath.

Chemical Annotation Supplier Concentration Amount Used
Hydrogen peroxide H,0, Fischer Scientific 30 wt % 50mL

Nitric acid HNO; Fisher Scientific 68-70 wt % ImL

Melamine C3N3(NH,); Fischer Scientific 99 % 60 mg

The chemical bath duration was also decreased to 12 hours as nanostructural growth would be
present at that stage [95], [97]. Calcination on select samples was completed 450 °C for 1 hour to
observe the changes in morphology if hydrogen titanate nanostructures were initially grown and
thermally transformed to anatase with improved crystallinity and higher SSA [56], [62], [78], [90],
[98], [100], [105].

In summary the following changes were made:

e The addition of HNO3, and C3N3(NH,)3 to the chemical bath.

e Reduction in experiment duration to 12 hours.

e Experiments conducted in an oven.

e Plates were placed in chemical bath immediately after ultrasonic mixing and prior to
heat subjection, meaning they had a cold start. Previously the H,0, had been brought
up to 80 °C prior to adding plates.

e (Calcination at 450 °C for 1 hour was completed on select samples to observe changes

in morphology.

The final batches of plate experiments were done in two batches with four variations. T-8a and T-
8b were prepared with different surface finishes, placed in the same chemical bath in the water
bath, and calcinated 450 °C for 1 hour. T-9a and T-9b were prepared together, placed in separate
chemical baths in separated heating equipment (T-9a in the water bath and T-9b in the oven), and
not calcinated. Plate surface finishes, experiment duration, heating equipment used, and if the

plates were calcinated are seen in Table 4.4.
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Table 4.4: Plate experiments completed in H,0,, HNO3, and C3N3;(NH,)3 bath.

Batch Surface Finish Duration (hours)  Heating Equipment Calcinated
T-8a Polished 12 Water bath Yes
T-8b Rough 12 Water bath Yes
T-9a Rough 12 Oven No
T-9b Rough 12 Water bath No

4.2 Microstructure Analysis

4.2.1 Hot Plate

The SEM images (Figure 4.4) presented no nanostructural growth on T-1. The Ti plates ground
surface remained unchanged. No apparent change in the plates surface could have been due to the
experimental set up factors, such as the open beaker system, surface oxidation on the plates,
heating via conduction at the bottom of the beaker, the Ti to H,0, ratio, or contamination from

the thermocouple which had been used in previous laboratory experiments.

20 pm Mag = 0.50 KX |2 um Mag = 5.00 KX |

Figure 4.4: SEM at a) 0.50 KX and b) 5.00 KX of Ti plate from H,0, bath on hot plate that
experienced complete evaporation.

4.2.2 Hydrogen Peroxide Chemical Bath

At the end of T-2 the H,0, level had decreased from 100 mL to 75 mL (Figure 4.5). With a new
water bath cover, T-3 and T-4 exhibited a larger decrease in H,0, but better water retention in the
water bath. All three batches had identical preparations and set ups, except for T-4 having a
different surface finish procedure. The black line in Figure 4.5 marked the maximum water line in
the water bath. After 3 days, the water decreased. The arm restricted the depth in which the flask
could be submerged in the bath. At the beginning of experimentation, the 100 mL of H,0, was
just under the water line, but upon the completion of the three days the flask was submerged to the

50 mL mark, leaving the top 25 mL of the remaining H,0, not submerged in the 80 °C water.
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Figure 4.5: Batch T-2 in water bath after three days.

When the experiments were removed from the water bath after three days the H,0, had a murky

appearance and a thin blue-grey film could be directly seen on the plates (Figure 4.6).

Figure 4.6: Batch T-3 plates inside flask upon removal from water bath.

The thin blue-grey film remained on the plates following rinsing with deionized water and drying
(Table 4.5), indicating that not only was there growth on the plates, but that it presented adhesion
which could withstand the thrice rinsing, drying, and handling to prepare for SEM.
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Table 4.5: Plates prior to SEM for Batches T-2 to T-4.
Batch T-2 Batch T-3 Batch T-4

CAL Yoo v a =

Plate surface sides that were

faCing upward in flask dur@ng Plate surface sides that were Plate surface sides that were
'C}‘lemlcal bath ShOWIHg facing upward in flask during facing upward in flask
iridescent film along left plate  chemical bath showing blue- during  chemical  bath

and blue-grey film along right grey film. showing blue-grey film.
plate.

I Side of plate showing uneven

Plate surface sides that were in  layer of blue-grey film.
contact with bottom of flask

during chemical bath showing

that each plate had an

iridescent film on one side and

blue-grey film on other side.

=

The only batch to present an iridescent appearance was T-2, which also experienced the most water
loss in the water bath and the lowest decrease in H, 0, level. The loss of water could have produced
lower reactions between Ti and H,0, due to lack of temperature control at 80 °C as majority of
the flask was not submerged in the water bath. Evaporation of H,O in the flask would increase the
concentration of the H,0, breakdown products and affect the pH by slightly raising its acidity.
Additionally, even though the top of the flask was covered, the coated cardboard cover could have
introduced elements that interacted with the experiment. The uncontrolled experimental
environment created higher fluctuations in temperature, H,O evaporation, H,0, decomposition,

and potential contamination than in the subsequent experiments.

T-2 had flaked deposits along the surface of the Ti plate that resembled if growth had developed
along the surface and then curled inward resulting in poorer adhesion and cracking (Figure 4.7 a)
and b)). It appeared the growth had begun development and then lacked the necessary conditions

to maintain an even coating and continue upward growth. Along the flaked pieces of coating, a
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network of slightly convex textures could be seen, especially at 1.50 KX magnification (Figure 4.7
c)). The convex growths appeared to potentially be the preliminary development of nanoroads
growth as seen in literature (Figure 2.7). The cross section of the flaked coatings was fibrous,
showing upward growth from the Ti plate (Figure 4.7 d)). The upward growth and then beginning
of convex texture could be congruent with the beginning of a base that progresses to nanostructural

growth.

20 um Mag =020 KX |20 um

3

Mag = 1.50 KX |1 pum Mag = 5.00 KX

Figure 4.7: SEM images of T-2 at a) 0.20 KX, b) 0.50 KX, ¢) 1.50 KX, and d) 5.00 KX.
Experienced significant water bath evaporation resulting in uneven, poorly adhered
deposits with perpendicular growth to plate surface.

T-3 had a more even coating along its surface which had not curled inward but did present cracking
predominantly near the edge of the plate (Figure 4.8 a)). The network of convex growths surface
seen in T-2 was much more apparent in T-3 with clear pores along the surface (Figure 4.8 b) and
c)). The growth appeared more even, textured, and covered more of the Ti plate surface. It appeared
to be more successful than T-2 while still not producing optimal results. It appeared the base of
nanostructural growth was present with slight porosity (Figure 4.8 d)) but lacking the conditions

to achieve further structural growth.
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Figure 4.8: SEM images of T-3 at a) 0.15 KX, b) 0.50 KX, ¢) 1.50 KX, and d) 5.00 KX.

Improved water bath retention resulted in more even and better adhered convex, porous
growths along the plate surface.

T-4 was completed identical to T-3 for experimental consistency and presented similar results of
textured, porous growth that evenly coated the Ti plate (Figure 4.9 a)). It also showed cracking
throughout, but no pieces curled inward like in T-2 (Figure 4.9 b) and c)). The convex surface
network provided promising results of potential early stages of nanostructural growth with
increased porosity and SSA for increased active sites and ROS generation for photocatalytic

activity (Figure 4.9 d)).
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Figure 4.9: SEM images of T-4 at a) 0.25 KX, b) 1.00 KX, ¢) 2.50 KX, and d) 4.13 KX.
Improved water bath retention resulted in more even and better adhered convex, porous
growths along the plate surface.

The experimental procedure with the flask weight provided environmental control where the water
and H,0, levels were maintained. T-5 exhibited a blue film with equal coverage on the plates. T-
6a and T-7a had a yellow film on the plates with T-7a having more coverage. T-6b had a dark grey
film and T-7b had an inconsistent blue film. All layers were darkened after gold sputtering before
SEM imaging (Figure 4.10).

Figure 4.10: Sampes before (left) and after (right) gold spatter prior to SEM imaging.
T-5 presented the most even growth with the most coverage along the Ti plate (Figure 4.11 a)). It
also had less cracking, and the presented cracks were thinner than those previously seen (Figure
4.11 b)). T-5. maintained the porous surface with convex growths, but with more texture and

complexity (Figure 4.11 c) and d)). The growth appeared be better adhered than T-2 to T-4 batches.
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Figure 4.11: SEM images of T-5 at a) 0.50 KX, b) 1.00 KX, ¢) 1.50 KX, and d) 4.13 KX.
First experiment with flask weight ensured complete submersion of H,0, in flask below
water line. Growths presented less cracking with more diverse textual growths along plate
surface.

T-6 did not have the porous surface network previously seen, it was rough with no apparent
porosity present (Figure 4.12 a)). Slight fibrous was seen in T-6b (Figure 4.12 b)) and not on T-6a
(Figure 4.12 c)). Higher magnification did not show the growth to have porous nature (Figure 4.12
d)). The addition of water evaporating and condensing into the flask raised the volume from 100
mL to 125 mL, diluting the H,0, concentration altered the conditions and negatively impacted

growth development.

46



.,',‘-5—6 e o

O
—

10 pm Mag = 0.50 KX

T I
v

2 um - I Mag 200KX 2 Mag = 200KX
Figure 4.12: SEM images at a) 0.05 KX of the edges of T-6a and T-6b, b) 0.50 KX of T-6b,
¢) 2.00 KX of T-6a, and d) 2.00 KX of T-6b. The addition of condensed water from the

water bath diluted the H,0,.

The growths along T-7a and T-7b had more successful growths than previously seen (Figure 4.13
a)). The growths along T-7a and T-7b were the first seen to have two clear layers grown one on
top of the other (Figure 4.13 b) and ¢). The lower layer was rough with no clear directional growth,
where the top layer grew upwards, congruent with what had been seen in previous batches. They
both had convex, porous layers with cracks and appeared to have the beginning of desired
nanostructures in spiked appearance (Figure 4.13 d)), corresponding to nanorods seen in literature
(Figure 2.7). T-7b had an additional 24 hours of H,0, submersion and had stronger spike
formations. These results appeared to be further progressed than what was seen in previous batches
that had a porous surface without the beginning of spiked growth. The growth was in line with the
desired results, while still being smaller, further indicating an adjustment needed to be made to the

experimental procedure.
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Figure 4.13: SEM images at a) 0.05 KX of the edges of T-7a and T-7b, b) 2.00 KX of T-7b,
¢) 2.00 KX of T-7a, and d) 4.13 KX of T-7b. The addition of condensed water from the

water bath diluted the H,0,.

It was seen in literature that cracks occurred in Ti plate growths when the H,0, concentration was
too high and Ti was immersion too long as thicker layers carried higher risks of cracking upon
removal and drying[91], [93], [94], [99]. This indicated the experimental procedure was too long
with too much H, 0, as growths cracked, but the beginning of the desired nanostructures indicated
with more time, potentially further growth could occur. This prompted revising the chemical bath
with the aim of reducing time and increasing growth by additives that could alter the pH to promote

anatase and rutile heterojunctions.

4.2.3 Hydrogen Peroxide, Nitric Acid, & Melamine Chemical Bath

The results with the new chemical bath produced diverse growths with apparent low porosity. In
T-8, the growths varied in height, having smooth surfaces with cracks throughout (Figure 4.14).
Overall, there was a clear increase in growth on the Ti plate, but the desired nanorod or spike
formations were not present. No change in results was seen between ground and polished surfaces
on the Ti plates prior to immersion in the chemical baths. It was concluded that for the plates,

oxidation did not play a large factor in the results regarding the amount and appearance of growths.
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Figure 4.14: SEM images at 1.00 KX of a) T-8a and b) T-8b as the first experiment
following the updated chemical bath of H,0,, HNO3, and C3N3(NH;)3 exhibiting highly
textured surfaces with low apparent porosity.

T-9a and T-9b were completed with plates prepared together and then placed into two chemical
baths, one for the oven and one for the water bath, respectively. At the end of experimentation T-
9a was clear, dark orange in colour, with T-9b being a murky, deep yellow (Figure 4.15). Literature
stated that H,0, could turn an orange-yellow colour with the release of titanium ions and that the
eventual decrease in orange-yellow colouration indicated the H,0, has been consumed [92], [93].
This indicated that both experiments did not fully consume all H,0, and that T-9b appeared to
have utilized more H,0, than T-9a. Both plates looked similar in appearance upon removal from

their chemical baths and rinsed thrice with deionized water.

Figure 4.15: Batches T-9a and T-9b at end of chemical bath.

T-9a had similar topography to T-8 with lots of texture (Figure 4.16 a) and b)) but lack of porosity
(Figure 4.16 ¢) and d)). The volume of the beaker placed in the oven dropped from 50 mL to 20
mL, whereas T-9b in the water bath experienced no volume loss. The oven experiment was sealed
with thin plastic, which proved to be inefficient in retaining liquid and evaporation created

inconsistent pH conditions.
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Figure 4.16: SEM images of T-9a at a) 0.50 KX, b) 1.00 KX, c¢) 2.00 KX, and d) 5.00 KX
which experienced significant evaporation. The growths presented low apparent porosity
but with highly textured surface.

Cracking occurred in T-9b, but continuous growth incorporated it into new growth creating a
strong and consistent geometry along the plate (Figure 4.17 a)). The coating appeared thick, with
the highest surface area in appearance out of all plate experiments with its extremely porous
framework (Figure 4.17 b)). As predicted by the yellow colour and liquid retention in the flask
upon removal from the water bath, T-9b exhibited a more porous and higher SSA surface than T-

9a, with sponge-like topography (Figure 4.17 c) and d)).
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Figure 4.17: SEM images of T-9b at a) 0.50 KX, b) 1.00 KX, ¢) 2.00 KX, and d) 5.00 KX
which efficiently retained liquid levels. The growths presented high apparent porosity and
SSA with a sponge-like surface.
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W= 100 mm Photo No. = 214 Time :16:43:10

Ultimately promising results were developed on the Ti plates with highly porous, even
nanostructural growth. A consideration in experimentation could be the amount of Ti present in
the chemical baths. When compared to literature, samples were typically much smaller than the 9
mm diameter and 4 mm height plates used. Additionally, the chemical bath remaining yellow in
colour suggests there was more H,0, available for consumption. Ultimately, the plate experiments
confirmed growth on Ti and the experimental procedure was refined while powder was in transit.

Upon the receival of powder, the priority was shifted to powder experiments.
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S TITANIUM POWDER TREATMENTS

5.1 Methodologies

Powder experiments overlapped with plate experiments (T-5 to T-10). Ti powder was the primary
choice of material for experimentation since the objective was powder development for CGDS,
and powder experiments began upon its delivery. The Ti powder used was Advanced Powders and
Coatings (AP&C) spherical grade 1 CP-Ti with particle size 15 - 45 pm and a typical oxygen
content of 0.16 wt % [180]. SEM images showed the CP-TI powder particles were smooth and

spherical with no textured surface growths prior to experimentation (Figure 5.1).

20ym EHT 500kV S)g IA SE1 Date :15 Mar 2021
WD =130 mm Photo No. = 10419 Time :12:06:06

Figure 5.1: SEM image of untreated CP-Ti powder.

The CP-Ti powder was opened under vacuum within a glove box and 1-gram (g) samples were

placed in glass vials (Figure 5.2).

Figure 5.2: Glove box under vacuum with scale used for CP-Ti powder separation.

The vials were individually sealed and then vacuum sealed. The powder container was sealed in

the same manner (Figure 5.3).
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Figure 5.3: CP-Ti powder separated and resealed.

The powder experiments were referenced as P-#, where P symbolized ‘powder’ and the # was the
batch of powder that underwent the same chemical bath. For SEM imaging, the powders were
adhered to the sample holder using thin double-sided tape and then gold sputtered to render the
surface more conductive to electrons and provide better images by avoiding local electron

accumulation and charging

5.1.1 Hpydrogen Peroxide Chemical Bath

The experimental procedure established with the plates in 4.1.2 was carried over to the powder,
except the powder did not require a surface finish procedure. Chemical bath specifications are seen
in Table 5.1.

Table 5.1: Chemical specifications for powder in H,0, bath.

Component Annotation Supplier Concentration
Titanium powder CP—Ti AP&C -
Hydrogen peroxide H,0, Fischer Scientific 30 wt %

The powder was removed from its vacuum seal, measured, and immediately added to H,0, which
was either preheated to 80 °C (hot start) or at room temperature (cold start) (

Figure 5.4). The purpose of having hot and cold starts was to note a difference in results between
powders that were subjected to an immediate 80 °C or were gradually warmed up with the H,0,.
After 72 hours in the H,0, bath, in either the water bath or oven, the powder was rinsed three
times with deionized water and let dry completely before SEM imaging. Experiments were
completed in both the water bath and oven to compare different heating methods and see if
convective heating through circulating water provided consistent temperature to the H,0, that

altered results when compared to stationary air in an oven.
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Figure 5.4: CP-Ti powder added to H,0,.

Five powder batches were completed using this methodology (Table 5.2). P-5 was scaled up
proportionally to note any changes in results. A benefit of the oven was that due to its size it
allowed for larger batch sizes than the water bath.

Table 5.2: Powder experiments completed in H, O, bath.

Batch Start Heating Equipment CP-Ti (mg) H,0, (mL)
P-1 Hot Water bath 100 100
P-2 Cold Water bath 100 100
P-3 Cold Oven 100 100
P-4 Cold Water bath 100 100
P-5 Cold Oven 200 200

5.1.2 Hydrogen Peroxide, Nitric Acid, & Melamine Chemical Bath

The procedure established with the plates in 4.1.3, was carried over to the powder, except the
powder did not require a surface finish procedure. The chemical bath component specifications
can be seen in Table 5.3.

Table 5.3: Chemical specifications for powder in H,0,, HNO3, and C3N3(NH,); bath.

Component Annotation Supplier Concentration
Titanium powder CP—Ti AP&C -
Hydrogen peroxide H,0, Fischer Scientific 30 wt %
Nitric acid HNO; Fischer Scientific 68-70 wt %
Melamine C3N3(NH,)3 Fischer Scientific 99 %

The chemical bath was ultrasonically mixed for 10 minutes to combine the H,0,, C3N3(NH,)3,
and HNOs, the CP-Ti powder was then added and the beaker was placed in either the oven
or water bath at 80 °C for 6, 8, 12, or 24 hours. At the conclusion of the chemical bath, the powder
was rinsed three times with deionized water and let air dry under the fume hood before potential
calcination at 450 °C for one hour. Calcination was added as a last step to the experimental powder

procedure to decompose the hydrogen titanate nanowires to anatase. The final powder procedure
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can be seen in Figure 5.5 where the calcination in step 5 is notated in grey as it was not completed
for all powder experiments. Complete experimental parameters are included in tables later in this

chapter section.

1. Chemicals 4. Powder 5. Calcinated at

added to beaker

3. Beaker placed
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Figure 5.5: Experimental powder procedure broken down by steps. 1. Combine H,0,,
C3N3(NH;)3, and HNO3 and ultrasonically mix. 2. Add CP-Ti powder. 3. Place in either
the oven or water bath at 80 °C for experiment duration. 4. Remove powder from chemical
bath, rinse thrice with deionized water and let air dry. 5. Select experiments were
calcinated 450 °C for one hour.

Experiments P-#a and b were of the same powder vial and chemical bath with variation in if they
were calcinated at 450 °C for one hour. Experiment durations, heating equipment, if calcinated,

and if vacuum sealed are outlined in Table 5.4.
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Table 5.4: Powder experiments completed in H,0,, HNO3, and C3N3(NH,)3; bath.

Batch Duration He.ating Calcinated Vacuum Sealed
(hours) Equipment Powder
P-6 24 Water bath No Yes
P-7a 12 Water bath No Yes
P-7b 12 Water bath Yes Yes
P-8a 12 Oven No Yes
P-8b 12 Oven Yes Yes
P-9a 12 Oven No No
P-9b 12 Oven Yes No
P-10a 12 Oven No Yes
P-10b 12 Oven Yes Yes
P-11a 12 Oven No No
P-11b 12 Oven Yes No
P-12a 12 Oven No Yes
P-12b 12 Oven Yes Yes
P-13a 12 Oven No No
P-13b 12 Oven Yes No
P-14 12 Oven Yes No

The chemical amounts used for every experiment are outlined in Table 5.5. Experiments were
scaled up by two for P-9a to P-14.
Table 5.5: Chemical amounts used in H,0,, HNO3, and C3N3;(NH,)3 bath.

Batch CP-Ti H,0, HNO3 C3N3(NHy)3
(mg) (mL) (mL) (mg)

P-6 50 50 1 6
P-7a & P-7b 50 50 1 6
P-8a & P-8b 50 50 1 6
P-9a & P-9b 100 100 2 12
P-10a & P-10b 100 100 2 12
P-11a & P-11b 100 100 2 12
P-12a & P-12b 100 100 2 12
P-13a & P-13b 100 50 2 12
P-14 100 100 2 12

Once the chemicals were combined, they were ultrasonically mixed until the melamine powder

had fully dissolved. This typically took 5-10 minutes as the melamine would clump together. The
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powder was added once the chemical bath was uniform in appearance (Figure 5.6). All experiments

completed with the updated chemical bath were cold starts.

Figure 5.6: P-6, CP-Ti powder added to flask containing ultrasonically mixed chemical

bath.

The procedure was scaled up to produce more powder. The chemical specifications and amounts

are outlined in Table 5.6.

Table 5.6: Chemical specifications and amounts used in scaled up H,0,, HNO3;, and

C3N3 (NHz)g bath.

Chemical Annotation
Titanium powder Ti
Hydrogen peroxide H,0,
Nitric acid HNO;
Melamine C3N3(NH,);

Supplier Concentration Amount Used
AP&C - lg
Fischer Scientific 30 wt % 1000 mL
Fischer Scientific 68-70 wt % 20 mL
Fischer Scientific 99 % 120 mg

Experiments were completed on powders for 6, 8, and 12 hours to compare the differences in

apparent nanostructural growth. The start temperature, duration, heating method, and if calcinated

at 450 °C for 1 hour are outlined in Table 5.7.

Table 5.7: Scaled up powder experiments completed in H,0,, HNO3, and C3N3(NH,); bath.

Batch Start Duration (hours) Heating Equipment Calcinated
P-15 Cold 12 Oven Yes
P-16a Cold 6 Oven No
P-16b Cold 6 Oven Yes
P-17a Cold 8 Oven No
P-17b Cold 8 Oven Yes
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5.2 Microstructure Analysis

5.2.1 Hydrogen Peroxide Chemical Bath
Upon removal from the water bath, the H,0, bath was clear with white precipitates floating

throughout (Figure 5.7). Literature noted that white precipitates could form in an H,0, bath with
Ti[92].

Figure 5.7: Batch P-1 after removal from water bath.

The powder did not change colour after the H,0, bath but the powder particles did aggregate to

each other creating flake-like appearance after thrice rinsed with deionized water (Figure 5.8).

Figure 5.8: Batch P-1 after three rinses in deionized water.

Upon drying, the powder particles appeared to separate and be a darker grey than the original Ti
powder. The powder was adhered to the SEM holder with thin double-sided tape and gold
sputtered. P-1 did not present signs of desired nanostructural growth when compared to literature
at the same magnifications (Figure 2.7). Instead, P-1 had brittle flaky layers of amalgamated
spherical CP-Ti particles with cracks throughout (Figure 5.9 a), b) and c¢)). Some porous
characteristics could be seen at higher magnifications but overall, the layers appeared dense and

brittle (Figure 5.9 d)).
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Figure 5.9: SEM images of P-1 at a) 0.02 KX, b) 0.20 KX, ¢) 0.50 KX, and d) 4.14 KX
completed in H,0, and water bath with a hot start. Powder amalgamated together and
showed low apparent porosity.

P-2 and P-3 were conducted at the same time with P-2 in the water bath and P-3 in the oven. P-2
was conducted identical to P-1 apart from a cold start. P-3 had a concave glass cover placed on top
for H,0, retention. P-3 did not have any liquid H,0, left in the beaker by the end of the 72 hours,

confirming the concave glass beaker cover was not sufficient in liquid retention (Figure 5.10).

Figure 5.10: P-3 at the end of 72-hour oven experiment.

SEM imaging was completed on P-2 and P-3 together. It was expected to not see much, if any,
growth on P-3 as the liquid had evaporated and was not available to the powder to react. P-2
presented similar results to P-1 showing the growth around the particles (Figure 5.11 a)) with low
apparent porosity (Figure 5.11 b)). Although P-1 had more amalgamation into flaky layers,

whereas P-2 did not form layers amongst the individual powder particles. The difference in

59



experimental procedure was that P-1 had a hot start where the H,0, was brought up to temperature
before the Ti powder addition. The temperature shock caused the particles to adhere together,
which was not seen when the powder was heated up with the H,0,. P-3 powder particles remained
smooth which was due to the H,0, loss by evaporation and no growth was observed (Figure 5.11

¢) and d)).

10 um Mag = 1.00KX |2 um Mag = 4.14 KX

Figure 5.11: SEM images of P-2 at a) 0.50 KX and b) 4.14 KX completed in the water bath.
Powder did not amalgamate together and showed low apparent porosity. SEM images of P-
3 atc) 1.00 KX and d) 4.14 KX completed in the oven. Complete H, 0, evaporation
occurred, and powder surface remained smooth.

P-4 was conducted identical to P-2 in the water bath with a cold start. A 500 mL flask beaker was
used for P-5 with a cold start, and the flask stopper was reused from early experiments in section
4.1.2. This yielded better H, 0, retention with white precipitates forming (Figure 5.12). As a larger
flask was used, the dosages were also doubled; 200 mg of powder was placed in 200 mL of H, 0,

to gauge if scaling up the experiment impacted results.
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Figure 5.12: P-5 at beginning and end of 72-hour oven experiment showing successful H,0,
retention.

The H,0, levels were maintained over 72 hours in both P-4 and P-5 experiments with white

precipitates developing (Figure 5.13).

Figure 5.13: P-4 and P-5 at the end of 72-hour experiments.

P-4 produced similar results to P-1 and P-2 with flakes and rough surfaces along the Ti powder
particles. There was clear growth, but no clear nanostructural growth (Figure 5.14 a) and b)). P-5
was also alike to previous experiments with rough surface texture along the powder particles
(Figure 5.14 ¢) and d)). Undesirable plate and powder results prompted re-evaluation of chemical

bath methodology, and the experimental procedure was adjusted.
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Figure 5.14: SEM images of P-4 at a) 2.00 KX and b) 4.14 KX completed in the water bath.
Powder had growths, but low apparent porosity. SEM images of P-5 at ¢) 1.00 KX and d)
4.14 KX completed in the oven. Efficient H, 0, retention resulted in more growths, but
with low apparent porosity.

5.2.2 Hpydrogen Peroxide, Nitric Acid, & Melamine Chemical Bath

P-6 was the first powder experiment completed with the new chemical bath composition. Vacuum
sealed powder was placed into the chemical bath for 24 hours in the water bath. By the end of the
duration the chemical bath turned a deep yellow, and the powder was a dark grey (Figure 5.15).

Figure 5.15: P-6 upon a) removal from water bath and b) after rinsing with deionized
water.

SEM images of P-6 showed the continuation of cold starts prevented powder aggregation (Figure
5.16 a)). It exhibited smooth spherical shell growth with rivets running throughout (Figure 5.16 b)

and c)). Clear nanostructural growth was not present with a smooth surface and low apparent
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porosity and SSA (Figure 5.16 d)). These results were the first instance of seeing cracking

throughout the Ti shell itself. The shells appeared dense with low surface areas.

o ‘\f‘ (
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Figure 5.16: SEM images of P-6 at a) 0.10 KX, b) 0.50 KX, ¢) 2.00 KX, and d) 5.00 KX as
the first powder experiment completed with new chemical bath of H,0,, HNO3, and
C3N3(NH;)3 in water bath and not calcinated. Powder had growths with cracking and
smooth surface.

P-7 and P-8 were conducted at the same time with P-7 using the water bath and P-8 using the oven.

Both had good liquid retention and were cloudy and yellow-orange in colour (Figure 5.17).

0 e -

Figure 5.17: P-7 and P-8 after removal from heat sources.

P-7 and P-8 powders were each separated into two batches, un-calcinated (a) and calcinated at 450
°C for 1 hour (b). P-7a had a smooth shell with no crack formations like seen in P-6 (Figure 5.18
a)). There was minor porosity, but still low in apparent surface area from lack of porous growth

(Figure 5.18 b)). P-7b presented minor cracks, potentially from the calcination process heat (Figure
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5.18 ¢)). There was increased surface texture and slightly more porosity than in P-7a (Figure 5.18

d)).

Mag =2.00KX | um Mag = 5.00 KX

Figure 5.18: SEM images of P-7a: not calcinated at a) 2.00 KX and b) 5.00 KX. Smooth
surface with slight porosity. SEM images of P-7b: calcinated at ¢) 2.00 KX and d) 5.00 KX.
Cracking with slightly increased apparent porosity.

P-8a was comparable to P-7a in appearance, with smooth surfaces (Figure 5.19 a)) and minor
porosity along the shells (Figure 5.19 b)). P-8b had the most promising powder results with
nanostructural growth and increased porosity following calcination (Figure 5.19 c)). The
nanostructural growth resembled nanorods with spike formations and some spiky cluster deposits,

resembling nanoflowers, along the powder particles (Figure 5.19 d)).

64



P

Mag = 5.00 KX

-

e

2

A’ : .7 -
B et 2
"

Y

{ 2 um Mag =2.00 KX |2 um Mag = 5.00 KX

Figure 5.19: SEM images of P-8a: not calcinated at a) 2.00 KX and b) 5.00 KX. Smooth
surface with slight porosity. SEM images of P-8b: calcinated at ¢) 2.00 KX and d) 5.00 KX
with nanoflowers highlighted. Increased porosity and nanostructural growth following
calcination.

The HNO; that had been used for experiments was found in the chemical storage of the uOttawa
Cold Spray Lab. It did not have a visible expiration date on the bottle. As it was the only chemical
not purchased for these experiments and the purchase / expiration date could not be confirmed, a
new bottle was purchased. All experiments onward (P-9 and all subsequent powder experiments)

were conducted with the new HNO3 purchased from Fischer Scientific.

P-9 and P-10 were conducted at the same time. P-9 powder was opened and let sit before being
added to the chemical bath, whereas the powder was immediately added to P-10. The objective of
this was the see if oxidation was a concern with the powder and if it affected the results. Similar
methodology was completed on the plates with polishing before immediate or delayed chemical
submersion and no change in results was noted. Both beakers were placed together in the oven

with thin plastic film on top to avoid evaporation (Figure 5.20).
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Figure 5.20: P-9 and P-10 after 12 hours in oven.

The results with the new HNO3; produced more growth with clear nanostructural rods ending in
spikes. This confirmed that a prominent error in previous experiments was the usage of old HNO;
which had likely decreased in potency over time. The efficacy of HNOj increases acidity,
decreases the pH level, and promotes anatase-rutile growth. As a result, expected growth was not
previously achieved on the Ti powder because the chemical bath was not at a pH level that
facilitated effective anatase and rutile formations. Anatase growth is cultivated in more alkaline
conditions with higher pH levels, the growths seen in previous experiments reasonably possessed

minimal anatase growth with low surface area.

P-9a showed high porosity in spongelike appearance with increased nanoflowers spanning the
powders surfaces (Figure 5.21 a) and b)). The nanostructures were interconnected in a web-like
system (Figure 5.21 c¢) and d)). It had increased SSA which would support numerous points of

contact for ROS reactions and pollutant degradation.
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Figure 5.21: SEM images of P-9a: not calcinated, which was the first experiment completed
with the new HNOj3, at a) 0.50 KX, b) 1.00 KX ¢) 2.00 KX and d) 5.00 KX. Powder had
clear nanostructural growth of sponge-like connected networks with nanoflowers
(highlighted).

Calcination at 450 °C for 1 hour was completed with the intent of deconstructing hydrogen titanate
nanowires and improving the crystallinity of anatase structures (Figure 5.22 a)) with the presence
of nanoflowers maintained (Figure 5.22 b)). P-9b, which was powder from the same experimental
batch at P-9a except calcinated, had deconstructed the web-like interconnected system into

nanorods that grew to points at the end, providing a spiky look in appearance (Figure 5.22 c) and

d)).
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Figure 5.22: SEM images of P-9b: calcinated at a) 0.50 KX, b) 1.00 KX highlighting
nanoflowers, ¢) 2.00 KX and d) 5.00 KX. Powder had deconstructed the interconnected
network to spiked nanorods.

There was also the presence of titania aggregates along the surface in P-9 powder, which resembled
flower-like nanostructures seen in studies (Figure 5.23). Within the studies it was noted that
nanoflower aggregates were typically seen to only exist along the top layers of titania. It is
remarked that the nanoflowers growth patterns were affected by the HNO3; concentration [95],
[99], [100]. This aligns with observable nanoflower aggregates forming in powder experiments

that used effective HNOs.

H ;7‘5.4 =

7 Fiur 5.23: Nanoflowers fro reference literature a)[100] and b) [95].
P-10a exhibited different results than those seen in P-9a with the particles appearing to have more

strongly attached together (Figure 5.24 a)). It presented less visible porosity with smaller nanorods
and areas that had low-profile rough surfaces (Figure 5.24 b)). It also lacked the web-like spongy
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texture that P-9a had. Spiked nanorods were still present and it was considered that the SEM
images were taken on a location that was pressed against the beaker which could have potentially
produced a flatter surface. This was speculated because the flatter areas are seen on the most
outward presenting surfaces with the nanorod structures seen in the portions between powder
particles. P-10b had growths extended to spikes and while there were fewer flat areas, they were
still present (Figure 5.24 ¢)). It presented similar results to P-9b with strong formations of nanorods
following calcination at 450 °C for one hour (Figure 5.24 d)). P-9b and P-10b presented the most
promising results thus far closely resembling reference literature SEM images developing TiO,
shells on Ti powders (Figure 2.7). There were not notable differences between P-9 and P-10

regarding adding the Ti powder either immediately or delayed to the bath upon being unsealed.

: Y I
2y Mag=2.00KX |3 um Mag = 5.00 KX

Figure 5.24: SEM images of P-10a: not calcinated at a) 1.00 KX highlighting particle
adhesion and b) 2.00 KX highlighting flat surfaces. Powder had nanostructural growth
with many flat areas. SEM images of P-10b: calcinated at c) 2.00 KX highlighting flat
surfaces and d) 5.00 KX. Nanostructural growth improved and nanorod growth became
more defined.

P-11, P-12, and P-13 were conducted at the same time. P-11 was completed like P-9 with the
powder being open prior to the experiment. P-12 was conducted like P-10 with the powder being
added immediately after being unsealed. The previous experiments were repeated to verify result

consistencies. P-13 was conducted with half the amount of H,0, to see how the shell growth was
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affected. All the experiments had the powder separated following the oven, rinsing and drying,

and half was calcinated. A thin plastic film was used again to avoid liquid loss (Figure 5.25).

P-11a had similar results to those previously seen with nanorods throughout and areas with flat
surfaces (Figure 5.26 a)). After calcination at 450 °C for one hour, P-11b had distinguished
nanorods, but still had the areas with smoother surfaces present (Figure 5.26 b)). P-12a, like P-
10a, had nanorods between particles with flatter areas along the outermost parts of the particles
(Figure 5.26 c)). P-12b had more defined nanostructural growth than that seen in P-12a. Like P-
10b, the flat areas on the surface seemed to minimize following calcination and the nanorods

appeared more defined (Figure 5.26 d)).

70



2 um Mag =2.00KX |2 um Mag = 2.00 KX

Figure 5.26: SEM images at 2.00 KX of a) P-11a: not calcinated, b) P-11b: calcinated, c) P-
12a: not calcinated d) P-12b: calcinated. Growths exhibited improved crystallinity
following calcination.

P-11b and P12b verified the results found in P-9b and P-10b powder batches with defined nanorod
growths that grew to spiked tips. Better SEM images of nano formations were seen in the
calcinated batches, substantiating that the addition of calcination at 450 °C for 1 hour did
strengthen the crystallinity of the TiO, shell. Furthermore, discrepancies in results were not seen
when comparing the oxidized vs. non-oxidized powders, concluding that the powder being
exposed to air for extended periods of time before chemical bath submersion did not alter the
nanostructural growths. Powders prepared in the oven yielded successful growths indicating that

a water bath was not required for circulating heated water opposed to air as a heating source.

Reducing the amount of H,0, had the expected effect of reducing the nanostructural growths on
the Ti powder particles (Figure 5.27 a)). There were still nanorod formations that grew to spiked
ends, but they did appear smaller in size than other powder batches with lower visible porosity
(Figure 5.27 b)). After calcinating P-13 powder at 450 °C for 1 hour, flat areas like previously seen
were noted again (Figure 5.27 c)). Calcinating P-13 powder at 450 °C for 1 hour did increase
porosity and define the nanorods which did continue to appear shallower than the experiments

with twice the amount of H,0, (Figure 5.27 d)).
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Figure 5.27: SEM images of P-13a: half nitric acid and not calcinated at a) 1.00 KX and b)
5.00 KX. Less nanostructural growth than in previous experiments. SEM images of P-13b:

half nitric acid and calcinated at ¢) 2.00 KX highlighting flat surfaces and d) 5.00 KX.
Powder had more defined growth following calcination.

P-14 was the first experiment using a polytetrafluoroethylene (PTFE) cover. PTFE was ordered
specifically for the powder experiments to avoid potential cross contamination as the thin plastic
film was already in the laboratory’s inventory, like the initial HNO5; used in the preliminary
experiments prior to P-9. It was selected because of its durability, hydrophobicity, and temperature
and chemical resistance. Its flexibility meant it could be secured with a band around the 150 mL

beakers to minimize evaporation (Figure 5.28).

Figure 5.28: Batch P-14 in oven prior to 12 hours with PTFE cover.

The powder was opened prior to being added to the chemical bath and calcinated at 450 °C for 1

hour after the oven, rinsing, and air drying. P-14 had many tiny nanorods throughout the shells of
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the powders with less flat areas (Figure 5.29 a)). Nanoflowers were also present (Figure 5.29 b)
and c)). The nanorods appeared more densely placed that previously noted which could indicate
higher SSA due to more spikes or lower SSA due to potentially less porosity in the shell (Figure
5.29 d)).

2 im Mag=2.00KX |2 um Mag = 5.00 KX

Figure 5.29: SEM images of P-14: calcinated, which was the first experiment to use a PTFE
cover, at a) 0.20 KX, b) 1.00 KX, ¢) 2.00 KX, d) 5.00 KX highlighting the presence of
nanoflowers.

In summary, the powder experiments P-9 to P-14 exhibited nanostructures on the CP-Ti powder
that aligned with the literature after new nitric acid was introduced. Powder experiments prior to
P-9 did not have the right chemical bath conditions, negatively impacting the pH level, to promote
the growth of anatase and rutile nanostructures. Calcinated powder at 450 °C for 1 hour did present
the most promising SEM images with defined nanorods that grew to pointed tips, spiked in
appearance. Concluding that calcination did strengthen the crystallinity of the grown TiO, shells
by decomposing the hydrogen titanate nanowires. There was no apparent difference in experiments
completed in the water bath or the oven. Concluding that the heating method of circulating water
or noncirculating air did not ultimately alter the heating of the chemical bath enough to negatively
affect the results. Nor was there a notable difference in powders added immediately or left exposed
to the air prior to being added to the chemical bath. Concluding that oxidation by exposure to air
prior to chemical bath immersion did not negatively affect the results. Therefore, the heat transfer

methods and potential surface oxidation did not present concerns in affecting the experimental
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powder results. As a result, the experimental powder production could be scaled up in the oven as

it could accommodate larger beakers than the water bath could accommodate larger flasks.

P-15 was the first scaled up experiment to produce more powder for nanostructural
characterization and photocatalytic reactivity testing. The PTFE was continued to be used, and a
metal clamp held it in place on the 1 L beaker. Its thickness and slight rigidity provided the
structure necessary to be used with the metal bracket in the scaled-up experiments and create a
strong seal to avoid evaporation loss. This was preferred as the metal bracket would slip down if
used with the thin plastic film. The bath turned a yellow-orange colour and contained white

precipitates, congruent with the smaller batch experiments (Figure 5.30).

/// |
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Figure 5.30: P-15 at a) the beginning and b) end of 12-hour oven experiment.
The powder was dark grey in appearance and the powder amalgamated into flakes following the

chemical bath and retained their flakes after calcination. The flakes were delicate and slight

aggravation or soft grinding resulted in powder particle separation (Figure 5.31).

Figure 5.31: P-15 a) after rinsing, b) air dried before calcination and c) after calcination.

The powder was adhered to the sample holder with thin tape and gold sputtered prior to SEM

imaging. SEM images were already acquired for 12-hour powder, but images of the flake’s
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formation were the objective. SEM images of P-15 targeting the flat flake portions revealed an
almost flat uniform surface. The surface had a fibrous texture appearing that the nanostructural
growth had fused together, consequently joining powder particles to each other and creating a flat
base along the bottom of the beaker (Figure 5.32 a)). The powder particles at unjointed areas and
facing upward produced results as seen previously with distinct spiked nanorods in calcinated 12-

hour powders (Figure 5.32 b)).

2 um Mag =250 KX |1 pm Mag = 5.00 KX

Figure 5.32: SEM images of P-15: calcinated, which was the first experiment scaled up, at
a) 2.50 KX showing the flat surface from agglomerated particles and b) 5.00 KX showing
nanorod formations with spiked ends.

Powder subjected to the chemical bath for 6 hours produced powders with minor nanostructural
growth prior to calcination (Figure 5.33 a) and b)). The results were alike to P-13 which had half
hydrogen peroxide. Upon calcination at 450 °C for one hour, the 6-hour powder had distinct
nanostructural growth comparable to the 12-hour powders. It also had a strong presence of
nanoflowers along the powder shells (Figure 5.33 c)). The crystallinity appeared to have
significantly improve following calcination based on the SEM images (Figure 5.33 d)). P-16b was

not like P-13b, which did not significantly improve following calcination.
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Figure 5.33: SEM images of P-16a: not calcinated at a) 1.00 KX and b) 2.50 KX and P-16b:

calcinated at c¢) 1.00 KX and d) 2.50 KX exhibiting more crystalline nanorods and
nanoflowers after calcination.

P-17a, which was subjected to the chemical bath for 8 hours, was similar to P-16a where there was
nanostructural growth, but it appeared smaller and less defined than in the 12-hour powders (Figure

5.34 a) and b)). P-17b was similar in appearance to both P-16b and the 12-hour powders with

spiked nanorods and nanoflowers on top (Figure 5.34 ¢) and d)).
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Figure 5.34: SEM images of batches P-17a: not calcinated at a) 1.00 KX and b) 2.50 KX
and P-17b: calcinated at ¢) 1.00 KX and d) 2.50 KX exhibiting more crystalline nanorods
and nanoflowers after calcination.

The addition of HNO3, and C3N3(NH,)5; to the initial H,0, chemical bath provided a pH
environment that favoured more desirable growth of spiked nanorods with apparent high surface
area for increased active sites for ROS generation. The chemical bath pH determines the phase and
formations of TiO, synthesized. pH testing and experiments altering the chemical quantities and
bath duration could produce more photocatalytically enhanced powder. The spiked nanorods
appeared longer and more refined following calcination. It appeared that the chemical bath
produced hydrogen titanate nanowires that increased in crystallinity following calcination [40],
[56], [67], [191], [192]. Increasing calcination temperature or duration would affect crystallinity,
crystallite size, and particle size with the ideal parameters for the photocatalytic reactivity
dependent on the TiO, synthesis. Researchers have noted temperatures ranging from 450 to 650
°C and durations ranging from 1 to 4 hours produced the most promising results characterized by
enhanced photocatalytic activity. Although the calcination parameters differed, the most optimal
results carried the features of the highest anatase to rutile ratio, largest SSA, largest pore volume,

and smallest k [6], [10], [11], [40], [48], [62], [104]-[109].

In conclusion, spiked nanorods were developed on CP-Ti powders through a chemical bath of

H,0,, HNO;, and C3N3(NH;); which were found more distinct in structure by SEM images
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following calcination at 450 °C for 1 hour. It was concluded that utilizing a water bath or oven as
a heating source produced identical results. It was also seen that exposing the powder to air for an
extended time prior to chemical immersion did not influence the results. The powder production
was successfully scaled up, and powders were developed for 6, 8, and 12 hours. There appeared
to be smaller nanorods on the 6- and 8-hour powders prior to calcination, but afterwards they were

very similar to the 12-hour powder SEM images.

5.3 X-Ray Diffraction Analysis

5.3.1 Methodology

XRD was utilized to confirm if the desired TiO, nanostructures, anatase and rutile, were present
in the CP-Ti particle shells. Calcinated powders of 6- and 12- hours developed using a H,0,,
HNO;, and C3N3(NH,); bath following the methodology outlined in were analyzed. The most
promising SEM images were seen on calcinated powders. As there was not a strong difference in
the 6- and 12-hour powder SEM images, both were chosen to confirm if the time durations

produced comparable results.

5.3.2 Results

Diffraction peaks of rutile occur around 27.4°, 36.0°, 41.2°, 44.0°, 54.3°, 56.6°, 62.7° and 69.0°
which correspond to the crystal planes of rutile (110), (101), (111), (210), (211), (220), (002), and
(301) respectively. Diffraction peaks of anatase occur around 25.3°, 37.8°, 48.1°, 53.9°, 55.1°, and
70.3° which correspond to the crystal planes (101), (004), (200), (105), (211), and (220),
respectively [47], [59]-[61], [104], [106], [181]. 6-hour and 12-hour XRD data was plotted and
compared to XRD data markers for titanium (mp-46), rutile (mp-2657) and anatase (mp-390)
nanostructures from The Materials Project database (Figure 5.35) [182], [193]-[284]. Both graphs
had their largest peaks coinciding with Ti, followed predominantly by anatase peaks, and less rutile

peaks.
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Figure 5.35: 6- and 12-hour powder XRD graphs with Ti, anatase and rutile for reference.

Highlighted in Table 5.8, peaks around 35°, 38°, and 40° coincide with Ti. Strong peaks around
25°nd 53° align with anatase and the crystal planes of (101) and (105), with smaller peaks
coinciding with additional crystal planes. Rutile had two peaks around 44° and 63° of the (210)
and (002) planes. The results indicate stronger anatase over rutile growth in multiple crystal
dimensions. Predominant growth in the one-dimensional plane for each structure is expected as

the SEM images indicated nanorod growth, a one-dimensional structure.

Table 5.8: XRD peaks with indicated structure and crystal plane for 6- and 12-hour powders.

6-h(;:lzll: (z:;'der 12-h;::kP((:;vder Indicated Structure Crystal Plane
25.56 25.38 Anatase 101
35.04 35.06 Titanium 110
38.34 38.40 Titanium 101
40.12 40.16 Titanium 101
44.52 44 .42 Rutile 210
48.1 48.26 Anatase 200
52.98 53.04 Anatase 105
55.3 55.22 Anatase 211
62.88 62.9 Rutile 204
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5.4 Raman Spectroscopy Analysis

5.4.1 Methodology

Like XRD, the purpose of using Raman spectroscopy was to confirm the presence of the desired
Ti0, nanostructures, anatase and rutile. XRD was performed on whole powder particles to provide
the composition at a surface layer. Raman was performed on cross sectional powder particles
providing additional structural information from the core CP-TI particle through the thickness of
the TiO, shell.

Challenges primarily faced were that loose powder samples could not effectively be subjected to
Raman spectroscopy due to movement and that they could not conveniently provide a cross section
due to small size. The 6- and 12-hour powder were placed in green resin and gently polished to
create stable cross sections for analysis. Low (Figure 5.36 a) and b)) and high contrast (Figure 5.36
c¢) and d)) SEM images display a cross-sectional view of TiO, shells grown on CP-Ti powder with

measured thickness ranging from ~ 2.5 pm to ~ 2.7 pm.

Mag=250KX |1 pum Mag = 5.00 KX

Mag = 2.50 KX Mag = 5.00 KX

Figure 5.36: SEM images of cross sectional 12-hour powder showing TiO; shell on CP-Ti
powder for Raman analysis at low contrast a) 2.50 KX and b) 5.00 KX and high contrast c)
2.50 KX and d) 5.00 KX with thickness measurements.
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Successful analysis was completed on the cross sections of the powder placed in resin, and
crystallinity was able to be determined and verified. High resolution Raman maps were made that
highlighted two regions within the TiO, shell:
e Proximal Region (PR) was along the inner TiO, shell and closest to the CP-Ti particle core.
e Distal Region (DR) was along the outer TiO, shell and farthest from the CP-Ti particle
core.

Light microscopy images of the scanned regions, highlighted in yellow, for Raman spectroscopy

is shown in Figure 5.37 with the PR and DR regions highlighted.

6H 12H

== 6H-Proximal e==6H-Distal === 12H-Proximal === 12H-Distal

Figure 5.37: LM images of cross sectional 6- and 12-hour powder. Scanned regions in
yellow for Raman spectroscopy with PR and DR regions highlighted.

5.4.2 Results

Characteristic Raman bands for anatase and rutile forms were recognized in the spectral
fingerprints for the 6- and 12-hour powders. The measured PR and DR vibration wavelengths from
Raman scattering were compared to the active vibrational modes in the crystal structures of anatase
and rutile with anatase possessing six (A1 + 2B, + 3E,) and rutile possessing four (A, + By +
B, + Eg) [285]-[287]. The active mode notations reference points and their symmetry in TiO,

molecules for Raman characterization [288]-[291].

The plotted Raman spectra in Figure 5.38 have the following peaks which align with the known

active modes at Bjgat402cm™", Ajgat522cm™ , and E, at 640 cm™'in anatase and
Eg; at430 cm™"and A;g at 610 cm™"in rutile [37], [287], [292]. The strong anatase peaks and

lack of rutile peaks in the PR regions (blue and grey) indicate primarily anatase structures on the

inner part of the TiO, shell. Rutile peaks are present along with anatase peaks in the DR regions
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(green and red), indicating a heterogenous crystal structure along the outer regions of the TiO,

shell.
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Figure 5.38: Raman spectra of the PR and DR regions of 6- and 12-hour powders.

Contrast maps generated from signal intensity of representative anatase (640 cm™!) and rutile
(430 cm™1) identified distinct regions of anatase in both PR and DR regions and rutile in DR
regions in both the 6- and 12-hour powders. Shown in Figure 5.39, with a dashed line identifying
the CP-Ti border, during anatase signal intensity (grey and blue) both PR and DR regions are
illuminated, whereas during the rutile signal intensity (red and green) only the DR region is. The
illuminated regions are highlighted in square brackets for each image. Results suggested that in
both the 6- and 12-hour powders the PR was predominantly anatase and the DR was a mixture of

both anatase and rutile crystalline forms of TiO,.
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I e GH-ANatase = 6H-Rutile w== 12H-Anatase w1 2H-Rutile‘

Figure 5.39: Contrast maps of scanned regions generated from the representative signal of
rutile (430 cm™1) and anatase bands (640 cm™!) with the CP-Ti border identified by
dashed line. Illuminated regions highlighted with square brackets identify anatase (grey
and blue) presence in PR and DR regions and rutile (red and green) presence in DR region.

5.5 Photocatalytic Testing

5.5.1 Methodology

The next step after verifying the growth of anatase and rutile nanostructures was to test its
photocatalytic behaviour. Calcinated 6- and 12-hour powders were subjected to organic pollutant,
methylene blue (MB), and mixed into deionized water to create a slurry. 1 L of MB solution was
prepared by mixing 0.5 g of MB with 1 L of deionized water to produce a 500 ppm (parts per
million) concentration. 0.01 g of TiO, was added to 48 mL of deionized water and ultrasonically
mixed for 15 minutes. Then, in a UV safe room under a fume hood, 2 mL of 500 ppm MB was
added and magnetically mixed for 30 minutes to achieve adsorption - desorption equilibrium.
These parameters were selected by utilizing available equipment and referencing literature to have

a baseline for comparison [44].

After 30 minutes and while still mixing, 5 mL samples were removed from the beaker and placed
in glass vials before UV exposure. Vials were used because samples were removed at 5-minute
intervals from the UV box and it was unsure if altering the concentration by 5 mL in a single larger
sample size during every time interval could affect performance. Samples were subjected to 75%
of 600W. Samples were removed from the light source at timed intervals and centrifuged at 6000
rpm for 10 minutes to separate the powder from the MB. 1 mL from the MB samples was then

pipetted into well plates for plate reading to measure light absorbance (A).

&3



Experiments were also conducted with commercial anatase powders already in the University of
Ottawa Cold Spray Lab inventory, Altair and Neoxid, for performance comparison. SEM images
were taken of the powders to see the surface level differences (Figure 5.40). Both The Altair and
Neoxid powders had similar particle size, both being smaller than the 12-hour powder with all
three presenting different surface morphologies. Altair had a rough surface with no clear
nanostructural type. Its surface morphology appeared diverse with many non-symmetrical
obtrusions giving it an uncharacterized geometry. On the other hand, Neoxid presented a uniform
morphology of nanospheres of uniform thickness encompassing the total circumference of each
particle. In some instances, cylindrical nanorod formations were noted which gave the appearance
of nanospheres that had fused together. The 12-hour powder presented non-uniform thickness of
spiked nanorods that grew to a point as they elongated. Its nanostructure layer appeared to have

the most depth out the three different surface morphologies.
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Figure 5.40: SEM images of a) Altair, b) Neoxid, and c) 12-hour powder at 5.00KX
magnification.

By decreasing the magnification, aggregates on the nanorods could be seen on the 12-hour powder
(Figure 5.41 a)). The aggregates exhibited similar morphological shape to studies that successfully
grew nanoflowers [95], [99], [100]. In theory, the presence of additional growths would contribute
to higher surface area and more locations for ROS generation. Alternatively, in some areas it
presented like the nanorods had fused together creating smoother surfaces (Figure 5.41 b)). Which

would in turn decrease porosity and surface area, also affecting ROS generation locations.
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Mag = .00 KX Mag = 2.00 KX
Figure 5.41: SEM images of 12-hour powder batches at a) 1.00KX and b) 2.00KX
magnification.

Experiments were also completed that placed the 150 mL beaker used for mixing directly into the
UV box and samples were pipetted out of the single slurry vessel every 5-minutes. The primary
reason vials were used was to limit the effects of altering the volume and potentially component
concentrations every S-minutes could have on the overall system. For example, the first 5 minutes
would be exposed to 50 mL, then 10 minutes would be exposed to 45 mL, and so on. Alternatively,
changing the procedure a larger birds-eye surface area for UV exposure could result in better
reactivity due to more direct exposure to TiO,. Both vial and beaker experimental procedures are
shown in Figure 5.42 where steps 1, 2, and 4 were completed in a UV safe room. Step 3 was
completed just outside the UV safe room as this was where the centrifuge was located. The

microplate reader was also located outside of the UV safe room.
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1. Powder added to
deionized water,
mixed. MB added.
mixed

2b. Beaker placed 3. Samples removed
into UV box and 5 every 5 minutes and
mL samples centrifuged at 6000
removed. pm for 10 minutes.

i
|
|

000
oEe Q00O

2a. 5 mL samples
placed into vials and
placed into UV box.

4. Samples prpetted
into well plates for
absorbance reading.

Figure 5.42: Photocatalytic testing procedural steps. 1. TiO, added to beaker and mixed for
15 minutes, MB added and mixed for 30 minutes. 2a. 5 mL samples placed into vials and
then placed into the UV box OR 2b. The beaker is placed into the UV box and 5 mL
samples are pipetted out. 3. Samples are removed every S minutes and centrifuged at 6000
rpm for 10 minutes. 4. Samples are pipetted into well plate for absorbance reading.

5.5.2 Results
5 mL vials were removed every S5-minutes from the UV box, centrifuged, and then 1 mL was

pipetted into well plates for absorbance readings (Figure 5.43).

Figure 5.43: MB and TiO, aqueous slurries after UV exposure, centrifugation, and being
pipetted into well plate for light absorbance readings.

Comparing the 6- and 12-hour powders in vials revealed that they followed similar paths, with the
12-hour powder decomposing more MB than the 6-hour powder (Figure 5.44, where V denotes

vials and the measurement at 0 minutes is a sample of the MB and TiO, slurry after 30 minutes of
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mixing with no UV exposure). This indicated that the 12-hour powder was more reactive than the
6-hour powder. As a result, the 12-hour powder was used as the reference when comparing to

commercial powders.

Methylene Blue Degradation in Experimental Powders in Vials
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Figure 5.44: Plotted MB degradation in 6- and 12-hour powders after 30 minutes of UV
exposure in vials.

Visually comparing the commercial powders to the 12-hour powder; immediately upon mixing
with deionized water in the beaker with the powders, Neoxid was white and cloudy creating an
opaque slurry. The Altair slurry was minorly cloudy becoming translucent, and the 12-powder was

not cloudy in appearance, remaining transparent (Figure 5.45).

Figure 5.45: TiO, powders mixed with deionized water, prior to MB addition and UV
exposure.

After 30 minutes of mixing in the MB and prior to UV exposure, both the Altair and Neoxid were
cloudy, akin to how they appeared prior to MB addition. As a result, the slurries looked lighter in

appearance, but the lightness could be attributed to the effect of the powder in water and its
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transparency, and not to MB being adsorbed (Figure 5.46 a)). After 30 minutes of UV exposure
all three samples had turned lighter blue with Altair being the lightest in colour, followed by
Neoxid, and then the 12-hour powder (Figure 5.46 b)).

Figure 5.46: MB slurries in vials a) before and b) after 30 minutes of UV exposure.

Absorbance readings showed that all three powders started with similar MB concentrations and
that after 30-minutes of exposure the Altair had adsorbed the most MB, followed by Neoxid, and
then the 12-hour powder. At 5- and 10-minutes, the 12-hour powder had adsorbed more than
Neoxid. All three powders showed higher absorption in the first 15 minutes, than when compared

to the last 15 minutes. Indicating higher reaction rates immediately upon UV exposure (Figure
5.47).
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Methylene Blue Degradation in Experimentally Produced Powder and
Commercial Powders
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Figure 5.47: Plotted MB degradation in Altair, Neoxid, and 12-hour powders after 30
minutes of UV exposure in vials.

Completing the experiment without vials and leaving the 50 mL slurries in the 150 mL beakers
with 5 mL being removed every 5-minutes showed better MB adsorption in both the 6- and 12-
hour powders. Interestingly, they recorded similar values to the 15-minute mark before the 12-
hour powder adsorbed more MB than the 6-hour powder up to the 30 minutes of UV exposure.
The results indicated that having a larger surface area for UV exposure resulted in higher
photocatalytic activity. Additionally, the 12-hour experimental powder may have had the ability
to maintain increased MB adsorption than the 6-hour powder for longer durations (Figure 5.48,

where V denotes vials and B denotes beakers).
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Methylene Blue Degradation in Experimental Powders in Vials
Compared to Beakers
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Figure 5.48: Plotted MB degradation in 6- and 12-hour powders after 30 minutes of UV
exposure in vials and beakers.

The Altair, Neoxid, and 12-hour powder beaker slurries prior to UV exposure did not present the
same notable differences in appearance as in the vials. Due to the higher volume of slurry, less
transparency characteristics were noted and all three appeared dark blue in appearance, with
Neoxid presenting slightly more opacity (Figure 5.49 a)). The most notable change was seen after
30 minutes of UV exposure where the Neoxid slurry was almost fully void of blue colouring,
reverting to a pale blue, cloudy mixture, similar to its appearance prior to adding MB (Figure 5.49
b)). Due to the lack of blue in appearance correlating to the absence of MB, Neoxid could be
expected to have the highest photocatalytic activity.

Figure 5.49: MB slurries in beakers a) before and b) after 30 minutes of UV exposure.
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As predicted, the Neoxid slurry in the beaker showed the most photocatalytic activity out of all
vial and beaker experiments. For both Neoxid and the 12-hour powder, there was more reactivity
when exposed to UV in the beaker than in the vials. The B-12-hour powder beaker showed the
highest 5-minute interval of adsorption in the first 5 minutes, and B-Neoxid in 15-20-minute where
it overtook the 12-hour powder in overall adsorption. Interestingly, the Altair powder performed
better in the vials than the beaker. Samples were pipetted out near the surface of the slurry with
the intent of removing the least amount of TiO, ifit had settled to the base of the beaker. Depending
on the characteristics of the powder, if the Altair powder remained well-mixed and suspended in
the slurry, more could have been removed than the other powders every 5 minutes. The potential
overall decrease in TiO, concentration could affect its photocatalytic performance. Overall, the
produced 12-hour powder performed similarly to the commercial powders, not exhibiting superior
photocatalytic activity, indicating it did not possess the reactivity threshold required to react under

visible light.
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Methylene Blue Degradation in Experimentally Produced
Powder and Commercial Powders
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Figure 5.50: Plotted MB degradation in Altair, Neoxid, and 12-hour powders after 30
minutes of UV exposure in vials and beakers.

Studies have seen that increasing the available surface area for reactions increases photocatalytic
activity because the generation of ROS occur at the TiO, surface [78]. This correlated to observed
higher reactivity in beakers than vials because more TiO, was present in the single location that
provided a larger surface area for UV exposure. Additionally, as seen in the SEM images of the
powders (Figure 5.40), both commercial powders were smaller in particle size than the
experimental powder. Even by conducting experiments based off measuring the same mass of each
powder, the commercial powders would have more surface area to promote more ROS generation.
Furthermore, the format of this photocatalytic test was impacted by the powders behaviour when
suspended in a slurry, which are a result of the material properties such as nanostructure type and
shape, surface area size and morphology, and particle size and density. In CGDS, the powders

suspension properties in deionized water would not affect its photocatalytic reactivity.
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The photocatalytic behaviour of the powders in the slurry could be affected if a method of mixing
was presented throughout UV exposure. For example, continuous magnetic stirring, although this
was impossible due to the size of UV box and inability to run electronics inside while the machine
was on. Or potentially mixing the slurries after each UV exposure to redistribute the powder. The
current methodology pipetted samples near the top of the vials and beakers, centrifuged, and once
again pipetted samples near the top of the centrifuge tubes into the well plates. The purpose of this
was to ensure no powder particles were placed into the well plates. If samples were continuously
mixed throughout exposure there would have been a higher chance of powder particles in the well
plates. This methodology did not guarantee powder particles were not in the well plates which
could have affected the readings. To avoid this in future experimentation it is recommended a
blank absorbance reading is taken of the powders each within water and without MB. Subtracting

this reading from those measured ensures the powder is not affecting the MB absorbance results.

Factors that could influence the absorbance readings and experimentation reproducibility include
the following:
e Mixing.
o Particle suspension behaviour resulting in uneven suspension, settling, or grouping.
e Sample Volume.
o Slight variations would alter optical pathways in microplate reader.
e Time.

o Delays and variations between removing samples from UV box, centrifuging, and
plate readings could have allowed adsorption and desorption to continue causing
inconsistent time-point readings.

e Ambient Light Exposure.

o Although the mixing and UV box experiments were completed in a UV safe room,
both the centrifuge and microplate were located outside. The exposure to ambient
light and duration could alter the photocatalytic reaction rates.

e Temperature.
o Variance in temperature would affect the adsorption and photocatalytic behaviour.
e Centrifugation.

o Removing powder from samples could also remove MB dye adsorbed.
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o Fine particles that remain could alter absorbance readings.
e Sample Holder.
o Residues, scratches, and geometry could scatter light and affect transmission in
both the UV box and microplate reader.
e Microplate Settings.

o Wavelength accuracy, slit width, and scanning speed can cause small deviations.

As previously discussed, the experimental powder synthesis procedure could be analyzed step by
step to produce more reactive powder. Variation to the chemical bath and calcination parameters
to control the nanostructures and geometry for higher UV reactivity and / or visible light reactivity.
Considering that the breakdown of C3;N3(NH,); introduces nitrogen (N) atoms which can
substitute for oxygen in the TiO, lattice and potentially create N-doped TiO,. N-doping can
narrow TiO, band gap and enhance photocatalytic reactivity in the visible light range [12],
[40], [50], [56], [67], [190], [293], [294]. Although, at higher calcination temperatures the
nitrogen content decreases [118]. Considering this, the optimal chemical bath and calcination
parameters could vary for enhanced photocatalytic activity under UV with higher anatase
presence or photocatalytic reactivity closer to the visible light range with higher rutile phase
and N-doping. The confirmation of synthesizing photocatalytic TiO, using the established
methodology in this work allows for advancement in precise experiments to optimize the

developed powder.
5.6 Dynamic Vapour Sorption

5.6.1 Methodology

The DVS performed used octane as the solvent and dry TiO, powder as the sample. DVS was
completed on powders to measure the isotherms and surface properties of experimental and
commercial powders that influence photocatalytic properties. 1.5 g samples of Altair and Neoxid
along with two 0.1 g samples of calcinated 12-hour powder from two separate batches were

provided.

5.6.2 Results
The powders were analyzed at around standard octane sorption temperature (Tyct), 25 °C, which

allowed for optimal conditions to analyze and compare sorption behaviours and the BET specific
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surface areas (Sggr) were obtained (Table 5.9). Altair exhibited the largest Sggr, with Neoxid
presenting the smallest. The 12-hour powders were in the middle.

Table 5.9: M,..s and Sggt of DVS powders.

Sample Vial Powder Toct (°C) M;s (mg) Sger M?/g
1 Altair 253 16.97 17.3
2 Neoxid 253 10.46 3.8
3 12-hour powder sample 1 24.2 19.18 11.7
4 12-hour powder sample 2 23.9 11.67 11.4

Altair presented large Sggr with minor impurities and relatively uniform mesopores. It displayed
a Type II S-shaped isotherm. The uptake at the top of the rise in the curve at around 60% indicates
the completion of the monolayer and the beginning of a second monolayer. There was no strong
indicator to confirm a completed second monolayer, confirming a homogeneous surface composed

solely of anatase (Figure 5.51).
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Figure 5.51: DVS results of commercial Altair powder.

Neoxid presented a smaller surface area which made the BET curve harder to achieve. The smaller
SgeT could be associated to either larger particles or a higher powder density. As the Neoxid and
Altair seemed comparable in particle size from the SEM images, the smaller Sggt could then be
attributed to higher powder density. Neoxid could also be categorized as a Type II isotherm with
the completion of the monolayer at around 35% (Figure 5.52). Like Altair, it did not have

completion of a second monolayer also concluding a homogenous anatase surface.
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Figure 5.52: DVS results of commercial Neoxid powder.
Neoxid powder having high density could provide the justification for its photocatalytic testing
results where it outperformed the other two powders exclusively in the beakers. If the powder had
notably different density and settled quicker and more efficiently to the bottom of the beaker then
possibly more powder avoided being pipetted out every 5 minutes. Furthermore, potentially
stationary powder at the bottom of the beaker created a better environment for ROS generation
than powder particles suspended and moving in the slurry. Powder particles settling to the base of
a beaker and potentially being in contact with each other could have created a larger surface for
ROS reactions. Contrastingly, Altair having a large Sggr could then be congruent with a lower
density, promoting better suspension in the slurries. If so, Altair performing with more degradation
in the vials could be attributed to more exposure because of the moving TiO, particles. The vial

design tapers at the top, which could result in less direct UV exposure to the base of slurries.

There was no significant difference between the two samples of 12-hour powders. They presented
a prominent hysteresis loop which is seen when there is a gap between the adsorption and
desorption curves indicating the sample material adsorbed more octane than it released at the same
RH (Figure 5.53). The area between the sorption and desorption curves indicated octane trapped
in the mesopores resulting in capillary condensation. Capillary condensation is a phase
transformation where the pores of the powder would be filled with liquid-like phase of octane
[178]. This type of hysteresis loop is typically seen in platy particles and/or complex
interconnected networks of slit-shaped mesopores as the geometry contributes to a faster
adsorption rate than desorption rate. The 12-hour powders had the most uniform surface and were

Type IV isotherms with clear multilayer adsorption indicating highly porous adsorbents. The first
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monolayer was completed around 45% with the second monolayer being completed around 68%.

The presence of two clear monolayers could be due to the heterogeneous nanostructures, anatase

and rutile.
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Figure 5.53 DVS results of both 12-hour powders plotted together.

The experimental powders having multilayer adsorption indicating highly porous adsorbents was
extremely favourable as those results are congruent with strong ROS generation zones. The
photocatalytic procedure may have not promoted optimal reactivity in the experimental powder.
For example, how changing to a larger slurry vessel improved Neoxids performance and
subsequent results significantly. The plot from Figure 5.50 was re-plotted measuring the
absorbance over Sggr with respect to time. Applying this fraction provided data points of

absorbance per 1 m? /g of each powder for comparison (Figure 5.54).
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Methylene Blue Degradation in Experimentally Produced
Powder and Commercial Powders Utilizing Specific Surface
Areas (S_BET)

0.8
A
0.7 2
)
~ 0.6 A
&
— 0.5
= N
R 0.4
v A
—~ 0.3
: s,
3 0.2 X x
g B ﬁ m X X X %
—8 0.1 O th E ry
: L
< 0
0 5 10 15 20 25 30

Exposure Time (min)
O V-Altair powder A V-Neoxid powder X V-12-hour powder
O B-Altair powder B-Neoxid powder + B-12-hour powder

Figure 5.54: Plotted MB degradation in Altair, Neoxid, and 12-hour powders after 30
minutes of UV exposure in vials and beakers utilizing Sggr.

Neoxid exhibited the highest rate of change over time. This was expected as it had a significantly
smaller Sggt to that of Altair and the 12-hour powder, providing it with the highest starting value
at O-minutes. Interestingly, the V-Neoxid powder had the poorest performing absorbance at the
30-minute mark, different from Figure 5.50 which was the V-12-hour powder. Due to their high
Sget differential, the Altair powder had the highest absorbance at the 30-minute mark, whereas
Neoxid did in Figure 5.50. The V-Altair and B-Altair had the closest final absorbance at 30-
minutes than the other powders when comparing the same powders behaviour in vials and beaker.
Altair having the largest Sggt with uniform mesopores could correlate to low density, an opposite
feature of Neoxid. Consequently, it is possible the Altair powder exhibited the strongest integration

in the slurry with less powder settling to the bottom of the vials and beakers.
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The V-Altair, B-Altair, B-Neoxid, and B-12-hour powder had similar levels of absorbance at 30-
minutes ranging from ~0.03 to ~0.06 (A/Sggt). These values had a smaller differential than
when compared to the sole absorbance values ranging from ~0.16 to ~1.02 (A) seen in Figure
5.50, signifying that the powders produced similar results after 30-minutes per 1 m?/g for each
powder. This corroborates the statement that the 12-hour experimental powder performed
comparatively to commercial TiO, powders in this form of photocatalytic testing, validating the
successful growth of photocatalytic TiO, on Ti powder. The 12-hour powder did not outperform
the commercial powders, which would have implied higher reactivity. This could be attributed to
varying factors regarding powder properties, like type of isotherm or nanostructures, or also

powder performance in conjunction with the photocatalytic testing methodology.

100



6 CONCLUSION

The objective of the thesis was to successfully grow a TiO, shell on a CP-Ti powder with
heterogenous nanostructures of anatase and rutile for photocatalytic behaviour, with the intent to
eventually produce sprayable powder for strong adhesive CGDS coatings on various surfaces. The
motivation of this work was to utilize the ductility of Ti below its melting point to promote
deposition efficiency in CGDS applications to develop a coating with photocatalytic properties
from the ceramic TiO, shell that undergoes phase transformations at higher temperatures.
Heterogeneous nanostructures were grown because research showed strong reactivity from anatase
with stability from rutile and that the presence of their coupling increased lattice structure disorder
and promoted the generation of ROS, crucial to photocatalytic reactivity. Rutile’s smaller band
gap closer holds promise in further project development for photocatalytic coatings under the

visible light range.

Preliminary experiments were completed on Ti plates with H,0, before being done on CP-Ti
powder due to ease of access and for comparisons with reference literature where TiO, was grown
on Ti surfaces. Limited growth development on the plates and first few powder batches was a
result of initial chemical loss due to experimental set up and then the realization of using expired
H,0, in experiments. Final changes to the powder production methodology included effective
H,0,, the addition of HNO3 and C3N3(NH,); to the chemical bath and duration decrease from 72
to 12 hours, PTFE coverings for liquid retention, and calcination once the powder was dry at 450
°C for 1 hour. SEM images showed more distinguished nanorod like growth on calcinated samples.
XRD and Raman spectroscopy confirmed the heterogeneous nature of the TiO, that correlated to
successful growth of anatase and rutile nanostructures with the ratio favouring more anatase than
rutile. The shells presented more rutile in the growth closest to the CP-TI core with primarily
anatase along the outside of the TiO,. The shell thickness was measured to range from 2.5 pm to

2.7 pm.

Photocatalytic testing was conducted using a UV box and combining deionized water, TiO,
powder, and MB as the organic pollutant to be adsorbed by the TiO, surface and subsequently
deteriorated by the ROS generated under UV photoexcitation. The slurries were subjected to 30-
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minutes of UV exposure with samples removed every 5-minutes, centrifuged, and pipetted into a
well plate for light absorbancy readings. Experimental powders that had been immersed in a
chemical bath for 6- and 12-hours were first subjected to photocatalytic testing because they
presented similar SEM images. The 12-hour powder did show higher anatase and rutile peaks in
the XRD analysis, which was supported when the 12-hour powder exhibited more MB degradation
than the 6-hour powder. It was seen that the commercial Altair powder in vials exhibited the most
MB degradation, with commercial Neoxid and the experimental powder showing similar
degradation. The experiment was repeated with larger beakers holding the slurries, providing a
larger singular surface area for UV exposure. These results yielded a more prominent decrease in
blue colour in all three beakers, visually indicating MB degradation. The commercial Neoxid
powder was most pale in colour after 30-minutes which correlated to it having the most MB
degradation in the plate readings. The 12-hour experimental powder performed better than the
commercial Altair powder during the beaker experiments, but Altair performed better in the vials.
The results indicated more degradation in larger vessels for Neoxid and 12-hour powder, which
could be a result of a larger area for UV exposure and a higher concentration of TiO, in the slurries
than when in smaller vials. SEM images of all three powders showed the particle size of Altair and
Neoxid to be similar and smaller than the 12-hour powder. Per weight, the commercial powders
having more particles due to their size could translate to having more TiO, readily available to
react with the UV light and generate ROS as opposed to the experimental powder with larger

particles.

Through DVS, the commercial Altair and Neoxid powders were both categorized as Type II
isotherms with single monolayers. This confirmed they possessed singular nanostructures of
anatase. The experimentally produced powder was a Type IV isotherm having two distinct
monolayer completions in DVS from the heterogenous nanostructures of anatase and rutile. Altair
exhibited the largest Sgrt which could have contributed to the highest MB degradation seen in the
vial experiments. A large Sgpt could imply low density and subsequently integrate more efficiently
into the slurry and maintain suspension. Neoxid presented high powder density which could have
contributed to its high performance in the beaker experiments having the powder settle at the base
of the slurry, providing powder particle contact and surface for ROS generation, and avoid being

pipetted out every 5-minutes. The data from photocatalytic testing was re-plotted with the ratio of
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absorbancy over Sggr in respect to time to take into consideration the effects of varying Sggr of
each powder. All three powders from the beaker experiments had similar levels of degradation at
the 30-minute mark concluding they achieved similar overall MB degradation per 1 m?/g.
Ultimately, powder behaviour in the slurries could have affected results due to material properties
and therefore proportionally impacted reactivity. A higher density powder settled to the bottom of
a beaker with higher MB degradation could propose better photo reactivity along a surface, like a

CGDS coating, than when suspended in a slurry.

In conclusion the experimentation was successful in developing a TiO, shell on a spherical CP-Ti
powder with heterojunctions of anatase and rutile nanostructures. The experimental powder had
confirmed photocatalytic behaviour when mixed with MB and subjected to UV light and compared
to commercial powders. This work created a strong foundation to improve upon in creating
experimental TiO, on Ti powders for CGDS applications that exhibit superior adhesion to

substrates with increased ductility and higher photocatalytic properties than commercial powders.
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7 FUTURE WORK

The thesis work offers various future avenues of exploration. The following section is broken down

into the stages of research objectives and options for expansion are discussed.

7.1 Experimental Powder Production

Powder production holds variabilities in the procedure that could be altered and analyzed to
produce varied TiO, shell outcomes. As this was the first stage of the research, altering any element
could have varying effects on the subsequent stages such as anatase-rutile ratios, nanostructure
surface morphologies, photocatalytic reactivity, and deposition efficiency in CGDS. The elements

in which could be altered and the effects analyzed include:

e Completing experiments on various brands of CP-Ti.

e Powder preparation and storage prior to the chemical bath.

e Chemical ratios in the bath or introducing a new chemical bath methodology.
e Ultrasonic mixing of chemical bath duration.

e Duration and temperature of the oven.

e (Coverage mechanism of chemical bath in the oven.

e Duration and temperature of the calcination.

The powder could be developed and tested for reactivity under visible light as the intent behind
creating a shell with both anatase and rutile was to increase the reactivity through dislocations in
the lattice structure and better charge separation. Anatase is commonly used for its reactivity, but
rutile is the crystalline structure with its band gap the closest to the visible light range. Powder
methodologies could be developed to vary the ratios of anatase to rutile, as well as the
nanostructural morphology, and test the photocatalytic properties to determine an optimal ratio
and growth pattern. Additionally, the TiO, powder could also be doped or co-doped with metal or
non-metal ions to reduce the band gap or have dye added for increased sensitivity that captures
visible light and transfers it to the TiO, surface. The experimental powder should be verified to
see if it did produce N-doped TiO, from the C3N3(NH,)3 in the chemical bath. TiO, could also be

developed on Ti alloy powders where additional semiconductor metal presences aim to push the
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reactivity into the visible light range with a narrower band gap. Alternatively, the TiO, powder

could be mixed with others powders that promote photocatalytic reactivity or CGDS deposition.

Also, pH testing should be completed on the experimental chemical bath developed.
Understanding the pH of the chemical bath can allow for altering quantities or chemicals to
promote rutile or anatase structures, as well as specific nanostructure formations to promote
photoreactivity. An alternative powder methodology for high anatase to rutile ratios could include
a chemical bath of pH that supports growth of pure anatase, followed by higher calcination
temperatures around 650 to 700 °C to induce phase transformations from anatase to rutile for
heterogenous Ti0,. Experiments with a focus on calcination could be completed to analyze the
effect of calcination temperature and duration on photocatalytic performance to determine ideal
parameters for the developed experimental powder that maintain the reactivity from anatase and

potential visible light reactivity from rutile.

As the experimental powder is intended to be used in CGDS, a key change to the procedure would
be increasing the powder production output. Currently, the powder production does not provide a
significant amount of powder to that of chemical bath, producing 1 g of powder per 1 L.
Significantly increasing the amount of powder made would provide the research with enough

powder needed to effectively CGDS and analyze deposition.

7.2 Photocatalytic Testing

The photocatalytic procedure was developed through reference literature and equipment available
within the University of Ottawa research teams. The procedure itself could be altered through
durations of any stage such as mixing of the slurries, UV exposure, and time spent in the centrifuge
to separate the powder. The methodology in which powder was exposed to a UV source could be
changed in numerous ways such as the slurry housing containers, slurry mixing equipment and
execution, sample extractions, and centrifuged parameter. An alternative method to plate reading
could also be used to measure the degradation of MB, or other organic pollutants as completing
experiments with varying pollutants could present observations of varying reactions to different
forms of bacteria. Commercial powders could be purchased that are of the same isotherm as the
experimental powder to compare the photocatalytic properties in more similar TiO, powders.

Furthermore, photocatalytic testing procedures could be developed for successtully CGDS sprayed
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surfaces, creating more realistically accurate environments for the ultimate application of

photocatalytic TiO, powder in CGDS applications.

Additionally, photocatalytic testing following the established methodology should be completed
on MB in the deionized water as well as a Ti powder and MB slurry to create baselines for

comparison to the TiO, powder to better evaluate the material modifications accomplished.

7.3 Cold Gas Dynamic Spray

The final objective of this research is to produce a photocatalytic TiO, shell on CP-Ti powder that
can be used in CGDS. Further research could be completed using the procedures in this thesis to
produce and spray powder. Once a powder is developed with the desired photocatalytic properties,

the optimal spray method can be achieved. CGDS considerations include:

e Substrate material.

e Preheating the substrate.

e Preheating the powder.

e Process gas type.

e Spray parameters (process gas temperature and velocity).
e Nozzle angle.

e Nozzle geometry.

e Stand-off distance.

Additionally, spraying initial layers of Ti powder followed by a final TiO, surface layer could
promote deposition on a rough, ductile Ti surface. The photocatalytic reaction occurs across the
surface of the TiO, that is available to light excitation, therefore layering TiO, spray passes in
CGDS is unnecessary as the initial layers would not contribute to the decomposition of organic
matter. A coating methodology like this could improve the outcome of even, durable coatings, as
well as decrease the amount of TiO, powder required and result in less experimental powder

necessary to be produced subsequently lowering production costs.
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