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Abstract 

A flame assisted chemical vapor deposition (FACVD) pilot process was 

developed to apply photocatalytic titanium dioxide film coatings on aluminum fin stocks 

with or without a silicate undercoating. The effect of various deposition conditions on the 

photocatalytic oxidation efficiency, chemical and physical properties of the films was 

analyzed. In this study, the results showed that the FACVD process can produce titanium 

dioxide films that have comparable photocatalytic efficiency to two industrial (Degussa 

P25 and Intech) benchmarks. The photocatalytic efficiency of the FACVD titanium 

dioxide films was found to be significantly influenced by the air to methane ratio, liquid 

precursor injection rate, and the number of time for the sample to contact with the flame 

during TiO2 deposition process. The presence of a silicate underlayer improved the 

performance of the titanium dioxide films. The FACVD films were found to consist of a 

strongly adhesive layer of titanium dioxide and a powdery top layer with weak cohesive 

strength. The main constraint of the process was that the presence of air and moisture can 

make the system prone to clogging. Uniform heating of the system was difficult to 

maintain, and titanium isopropoxide precursor can accumulate at the cold spots which 

may greatly affect the deposition rate and quality of the film product. 
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Chapter 1 

Introduction 

1.1 Background 

A commonly used white pigment, titanium dioxide (TiO2), is a semiconductor 

photocatalyst (Drew et al., 2005) that can break down a variety of organic pollutants into 

harmless water and carbon dioxide, and kill bacteria when excited by UV light with 

energy exceeding its band gap energy (Fujishima et al., 2000). The photocatalytic nature 

of TiO2 had made it a potential alternate material for air purification and water treatment.  

 Novelis Inc., a global leader in rolled aluminum products and aluminum 

recycling, is interested in developing a deposition process which can be retrofitted onto 

their existing coil to coil rolling process to coat TiO2 onto aluminum fin stock. Aluminum 

fin stock has a high heat transfer rate and is commonly used to manufacture heat 

exchangers, and heating, ventilation and air conditioning (HVAC) systems. It is proposed 

that TiO2 coated aluminum fin stock may be used for air purification in HVAC systems.  

Sol-gel deposition, dip coating and electrophoretic deposition are conventional 

ways to produce TiO2 film coatings, and it is easy to control the production of a desired 

crystalline structure via these methods, so that the product may have a strong 

photocatalytic performance. However, these methods are slow, multi-step batch processes 

which are not suitable for Novelis’s application. Flame assisted chemical vapor 

deposition (FACVD) is an alternative TiO2 coating method which is fast, does not require 
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sophisticated reactors and can be set up as a continuous process. Therefore, this study 

will focus on the development of a FACVD process. 

1.2 Objective 

The long-term objective of this project is to develop a FACVD process which is 

suitable to be incorporated into Novelis’s existing aluminum coil rolling process to coat 

aluminum with a TiO2 film. The desired attributes of the deposition system are that it 

must be reproducible, easy to operate, and scalable to a continuous industrial coil-to-coil 

process.  

The specific objective of this thesis was to determine the operating conditions that 

can produce an aluminum surface coated with a titanium dioxide film that has good 

adhesion onto the aluminum substrate, mechanical robustness, high photocatalytic 

efficiency, high surface coverage and uniform distribution. The produced FACVD 

samples will be compared to a commercially available TiO2 product, Degussa P25, and 

an industrial benchmark, Intech, developed by OZ Clean: Intech Nano-Materials Co., 

Ltd. 
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Chapter 2 

Literature Review 

2.1 Titanium Dioxide 

Titanium dioxide was found to be a photocatalyst (Renz, 1921) which can be 

excited by ultraviolet irradiation to accelerate oxidation reactions that can break down 

organic molecules into carbon dioxide and water (Carey et al., 1976) and to inactivate 

microorganisms (Matusunga, 1985).The use of photocatalytic titanium dioxide is gaining 

importance in the area of clinical treatment, wastewater treatment and air purification.  

2.1.1 History 

Titanium dioxide is a white pigment that can be commonly found in paint, 

sunscreen and food coloring. It was first manufactured on a large scale in 1916 in the 

U.S.A. and Norway (WebExhibits, 2012). Titanium dioxide is a semiconductor which 

turns into a photocatalyst when induced by specific wavelengths of light. The 

photoactivity of titanium dioxide was noticed in the 1920s when the paint industry 

observed the “chalking” of paint where colors faded and a chalky white powder formed 

on the surface of the paint after prolong exposure to sunlight and moisture (Kempf, 

1929).  Jacobsen (1949) discovered a direct correlation of this chalking behavior with the 

photochemical reactivity of titanium dioxide and proposed that this phenomenon might 

be linked to the photo-redox cycle of titanium dioxide and the rest of paint material. 

Studies on the ability of titanium dioxide to induce photoelectrolysis of water (Fujishima 
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and Honda, 1972), and to photocatalytically inactivate bacteria (Matsunaga et al., 1985) 

attracted the attention of researchers to examine the photocatalytic activity of titanium 

dioxide as an antimicrobial agent and its role in degrading organic compounds. 

2.2 Photocatalysis 

Titanium dioxide is a semiconductor commonly used as photocatalyst because of 

its non-toxic nature, chemical stability and resistance to photocorrosion (Sobczynski and 

Dobosz, 2001; Hsien et al., 2000). As a semiconductor, titanium dioxide has a valence 

band filled with electrons and an empty conduction band. Between these two bands is the 

band gap. When titanium dioxide is struck by UV light with energy equal or exceeding its 

band gap energy, the electrons in the valence band will be excited, and they will jump to 

the conduction band leaving an electron vacancy (positive holes) in the valance band 

(Hupka et al., 2005). 

The electron-hole pairs may react with electron donors and acceptors, or when the 

electron starts to lose the excess energy and moves back towards the valence band, it may 

recombine with the nearest hole (Litter, 1999). The presence of organic molecules and 

water may reduce the electron hole pair recombination rate as they may occupy the 

recombination sites (Semenikhin et al., 1999). The positive hole may oxidize surrounding 

organic species directly, or it may oxidize water or a hydroxide anion to form a hydroxyl 

radical which is a strong oxidant that can attack organic compounds and microorganisms 

(Fujishima et al., 2000). The excited electron may react with diatomic oxygen to form a 



 

 

superoxide radical which can further r

(Bahnemann, 2004). Figure 

Figure 2-1 UV activated TiO

Titanium dioxide is known to exist in three major crystalline forms: anatase

(tetragonal), rutile (tetragonal)

crystalline structure has 

1979), rutile: ~3.0eV (Pascual 

~3.1eV (Grätzel and Rotzinger, 1985). 

photocatalysis (Liu et al.,

likely because it is difficult to obtain a

chemically more stable but less photocatalytic

5 

superoxide radical which can further react with water to form a hydroxyl radical 

Figure 2-1 is an example of the photocatalytic oxidation process.

 

UV activated TiO2 photocatalytic oxidation process (Mo J. et al, 

Titanium dioxide is known to exist in three major crystalline forms: anatase

(tetragonal) and brookite (orthorombic) (Diebold, 2002)

 different band gap energy: anatase: ~3.2 eV (Jaeger and Bard, 

: ~3.0eV (Pascual et al., 1978; Bhatkhande et al., 2001

~3.1eV (Grätzel and Rotzinger, 1985). Anatase and rutile are known 

et al., 2009). Brookite is the least studied as a photocatalyst, most 

difficult to obtain as a pure phase (Paola et al., 

chemically more stable but less photocatalytic than anatase (Francisco and Mastelaro, 

eact with water to form a hydroxyl radical 

is an example of the photocatalytic oxidation process. 

et al, 2009). 

Titanium dioxide is known to exist in three major crystalline forms: anatase 

(Diebold, 2002). Each 

(Jaeger and Bard, 

2001), and brookite: 

rutile are known to be active in 

is the least studied as a photocatalyst, most 

 2013). Rutile is 

(Francisco and Mastelaro, 
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2002; Carp et al., 2004) which is metastable and may turn into rutile after heat treatment 

(Paola et al., 2013; Nolan et al., 2009). The transformation rate of anatase to rutile may 

be affected by the crystallite size, and reaction environment (Suzuki and Tsukuda 1969; 

Eastman 1994). The higher photocatalytic activity of anatase may be due to its higher 

density of surface oxygen (Pei and Leung, 2013) and higher band gap energy than rutile 

which may result in a lower recombination rate of photo-generated electrons (Wang 

2007). Pei and Leung (2013) discovered that when both anatase and rutile phases are 

presented, the photo-generated electron hole pairs may transfer between the two 

crystalline phases due to the energy difference in their valence and conduction bands, 

thus lowering the recombination rate of the electron-hole pairs. Pei and Leung (2013) 

also observed that a rutile to anatase ratio of 48:52 has the highest photocatalytic activity, 

and above this ratio, the photocatalytic activity decreased possibly due to the domination 

of rutile as a recombination center and a decrease of surface area. 

2.2.1 TiO 2 photocatalytic performance under UVA and UVC light 

UVA, typically known as black light is a long wave ultraviolet which emits 

radiation with wavelength from 400-315 nm and a photon energy of 3.1-3.94 eV and 

Germicidal UVC is a short wave ultraviolet with wavelength of 280-100 nm and a photon 

energy of 4.43-12.4 eV (Shaw et al., 2009). Anatase and rutile have similar UVC 

absorbance, but rutile has stronger UVA absorbance than anatase (Zou et al., 2010). Paz 

et al., (1995) discovered that the thickness of the titanium dioxide film may affect the UV 

absorbance of the film. They noticed that titanium dioxide thin films with a thickness of 
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approximate 90 nm was absorbing 2 to 3 times more photons in the UVC region than in 

the UVA region, and a thicker film of approximately 1.6 µm absorbed almost all photons 

in both UVA and UVC regions. Titanium dioxide films irradiated under UVA light 

usually have lower photocatalytic degradation rates than films irradiated under UVC light 

might because the film has better absorbency in the UVC region than the UVA region 

(Mills et al., 2002). 

2.3 Applications of TiO2 Films  

The capability of a titanium dioxide photocatalyst to degrade a variety of bacteria 

and organic compounds, such as pesticides, dyes, and surfactant (Blake, 1995), has made 

it a potential technology to purify air and water. 

Some of the traditional chemical and physical practices for treating air and water 

contaminants include:  

1) Ozone: A strong oxidizing agent which can effectively degrade organic 

contaminants and kills microbes, but it is highly toxic and may pose a safety hazard by 

reacting with other chemicals. Ozone depletes rapidly thus if there is an insufficient 

amount of ozone, incomplete oxidation of the contaminants may result in toxic 

intermediates instead of the desired CO2 and water as final products (Hathway, 2009). 

2) Chlorination: Chlorine may inactivate microorganisms by damaging the DNA 

strand, oxidizing the cell protoplasm, and destroying the cell membrane (Blake et al., 

1999; Pulido, 2005). Despite the effectiveness of chlorination in inactivating 
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microorganisms, the handling of poisonous and corrosive chlorine may pose a health risk, 

and it may react with various constituents in the surroundings to form harmful byproducts 

such as trihalomethane which can be carcinogenic (Pulido 2005; Li et al., 2008).   

3) Filtration: Filtration may effectively remove both organic contaminants and 

microbes, the filters are easy and safe to handle, and may be relatively cheaper than other 

alternatives. However, the filters will have to be cleaned, replaced and disposed on 

regular basis (Goswami et al., 1997). 

4) UVC germicidal lamps: Irradiation of UV light with 254nm wavelength can 

interfere with the protein synthesis in cells, disable the replication of the DNA helix, and 

disrupt the function of cells (Blake et al., 1999; Pulido 2005). The disadvantages of using 

UVC germicidal lamps are that the UVC light emission is harmful to humans, and the use 

of energy intensive UVC light can be expensive (Ohnaka 1993; Shie and Pai 2010). 

Compared to the alternatives, advantages of using titanium dioxide include low 

cost, operation at ambient conditions, lack of waste generation, and ability to completely 

break down contaminants to benign components, as well as target both organic 

contaminants and microorganisms (Li et al., 2008; Bhatkhande et al., 2001; Mo et al., 

2009). The use of titanium dioxide may save on energy cost by using a lower energy UV 

light source to photo-activate the film instead of high energy UVC light (Shie and Pai 

2010).  
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2.3.1 Removal of Organic Compounds 

Titanium dioxide is able to degrade and convert many organic compounds into 

carbon dioxide and water without generating other harmful products under room 

temperature and atmospheric pressure (Matthews, 1988; Bideau et al., 1980; Benedix et 

al., 2000; Minabe et al., 2000). Its capability to photocatalytically degrade organic 

contaminants makes it a potential solution for drinking and waste water treatment, air 

purification, and oily stains removal from surfaces (Fujishima et al., 2000). The 

following substances are commonly used to evaluate the efficiency of titanium dioxide in 

degrading organic compounds: Stearic acid (Mellott et al., 2006), methylene blue 

(Lakshmi et al., 1995), methyl orange (Li et al., 2008), malachite green (Chen et al., 

2007), and acid orange 7 (Chen et al., 2004). The degradation of the organic dyes may be 

measured by observing the change in UV absorption of the dye coated sample which 

corresponds to the capacity of dissolution of the dyes (Ikeno et al., 2002). Tatsuma et al. 

(1999) discovered that the photocatalytic degradation of organic compounds not only 

takes place at the surface of the TiO2 film, but also at a distance of up to 500 µm from the 

film surface.  Stearic acid is a natural occurring fatty acid which can be found in 

vegetable and animal fat, it is often used to test the photocatalytic performance of 

titanium dioxide due to its stability under UV irradiation (Ghazzal et al., 2011). The 

photodegradation of stearic acid is summarized in Equation 1 (Sawunyama et al., 1997; 

Brunella et al., 2007). 

���������� + ���� → ����� + �����     Equation 1 
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The degradation of stearic acid by titanium dioxide may be monitored by measuring the 

decrease in the infrared absorbance by the CH2 groups in stearic acid between the spectral 

range of 2800-3000 cm-1 (Orlove et al., 2009; Nolan 2008; Clouser et al., 2008).  

2.3.2 Inactivation of Microorganisms 

An effective disinfection of air or water sources involves removal of all microbial 

cells, as well as pathogenic and toxic remains (Sunada et al., 1998). Several antimicrobial 

mechanisms by TiO2 have been proposed. First, Matsunaga et al., (1985) found that 

titanium dioxide can oxidize coenzyme A in microbial cells causing inhibition of cellular 

respiration and eventually cell death. The inactivation of bacteria by titanium dioxide 

may also result from a series of oxidation reactions starting with the damage to the cell 

wall by hydroxyl radicals, the progression of the hydroxyl radicals, superoxide anions 

and other active oxygen species through the cytoplasmic membrane, followed by the 

oxidation and destruction of intracellular components by these species (Huang et al., 

2000; Kocher 2009). The photocatalytic reactions eventually turn microbial cells into 

carbon dioxide and water (de Kwaadsteniet et al. 2001). Huang et al. (2000) found that a 

smaller particulate size of TiO2 with a higher surface to volume ratio would cause faster 

intracellular damage than TiO2 with larger particle size. Inactivation of Escherichia coli 

was observed at a distance of 50 µm from the film (Kikuchi et al. 1997).   
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2.3.3 Photoinduced Hydrophilicity 

TiO2 coating becomes hydrophilic when activated by ultraviolet irradiation and 

returns to the initial hydrophobic state after storage in the dark (Wang et al., 1997; 

Stevens et al., 2002).  The proposed explanation for this phenomenon is that under UV 

illumination, the generated electrons convert Ti4+ anions to Ti3+, and the positive holes 

oxidize the bridging site oxygen, causing oxygen to leave the site (Watanabe et al., 

1999). The resulting surface oxygen vacancies are favorable for dissociative water 

adsorption (Hugenschmidt et al., 1994; Wang et al., 1997). The OH groups produced 

from adsorbed water are thought to make the TiO2 surface hydrophilic (Fujishima et al., 

2000; Simonsen et al., 2009). During storage under dark conditions, the surface hydroxyl 

groups begin to desorb and the surface returns to a more hydrophobic state (Sakai et al., 

2003).  

2.3.4 Commercial Applications 

In addition to degrading organic contaminants, becoming hydrophilic allows TiO2 

to be used as anti-fogging and self-cleaning surfaces (Watanabe et al., 2003). The idea 

behind a self-cleaning surface is that when it becomes hydrophilic rainwater would 

spread on its surface and wash off the dirt and grime. Instead of allowing water droplets 

to form, TiO2 can prevent fogging by forming a uniform film of water on the hydrophilic 

surface which do not scatter light and may evaporate quickly (Fujishima et al., 2000). 

The antifogging property may be used on windshield, rear view mirrors, and optical 

lenses. The combination of titanium dioxide with reverse osmosis membranes and 
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ultrafiltration membranes has proven its effectiveness in preventing the attachment of 

microbial cells, killing the cells, and degrading the cellular components (de Kwaadsteniet 

et al., 2001). 

2.3.5 Proposed Application for TiO2 Coated Aluminum  

Since aluminum fin stock has a high heat transfer rate, it is widely used in the 

heat, ventilation and air-conditioning (HVAC) systems. Novelis proposes to apply a TiO2 

film on aluminum fin stock for application in air purification. There are products with a 

similar purpose already on the market. For example, the Abracair In-Duct System is an 

HVAC system filter made with quartz fibers coated with TiO2 (Foarde et al., 2006). 

2.4 Deposition of TiO2 Films 

TiO2 photocatalysts exist in the form of powder or film. TiO2 powder presents a 

large surface area which makes it very effective in the photocatalytic degradation of 

contaminants. However, it can be difficult to recover the powder from a photocatalytic 

treatment system (Asteti and Syarif et al., 2008), and its small particle size may lead to 

higher filtration cost to remove them from air or water treatment systems (Aguado et al., 

2002). Therefore, many studies seek methods to immobilize TiO2 as a film. The 

preparation of TiO2 films can be achieved by either liquid-phase or gas-phase deposition 

(Mo et al., 2009). Liquid-phase deposition is often used to produce TiO2 films as a 

homogeneous coating on complex shapes (Carp et al., 2004). Two approaches of the 

liquid-phase depositions apply either 1) a TiO2 suspension, or 2) precursors onto a 
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substrate to form the film. Since liquid-phase deposition usually requires multiple steps 

and are slow batch processes, this thesis will focus on gas-phase deposition because it can 

be done as a continuous process. Liquid phase deposition will be summarized in Section 

2.4.1 - 2.4.2, and gas phase deposition is described in section 2.4.3 - 0. 

2.4.1 Premade TiO2 Powder Deposition 

A simple technique to deposit a TiO2 film is to use a pre-made TiO2 powder 

(PMTP) to form the coating on a substrate (Pozzo et al., 1997). A PMTP suspension is 

applied onto a solid support by dip coating, spray coating, or electrophoretic coating 

followed by annealing at a temperature to achieve the desired TiO2 crystalline phase 

and/or improve film adhesion (Potter, 2010; Dunlop et al., 2010; Halme et al., 2006; 

Byrne et al., 1998). In electrophoretic deposition, an electric potential is applied to a 

support making it an electrode (Hanaor et al., 2011). The suspended titanium dioxide 

particles migrate toward either the cathode or anode depending on the particle charge 

which is highly influenced by the surrounding pH (Lindner et al., 1955). Unlike dip 

coating and spray coating which require multiple coating steps to achieve a desired 

thickness (Bockelmann et al., 1994), electrophoretic coating can produce thick films 

within seconds, and can easily control the film thickness by adjusting the voltage and/or 

time of voltage applied (Byrne et al., 1998). A heat treatment after the electrophoretic 

deposition is required to improve the adhesion of the film to the substrate and the 

cohesion of the TiO2 layer (Ferrnandez et al., 1995). 
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An active commercial Degussa P25 powder (Enovik, Essen, Germany), composed 

of approximately 80% anatase and 15% rutile and some amorphous phase (Ohtani et al., 

2010) is often used for making TiO2 films, and used as benchmark for TiO2 photocatalyst 

(Altavilla and Ciliberto, 2010). Degussa P25 has a band gap energy of 3.1eV and can be 

activated by UV light < 400 nm (Nagaveni et al., 2004). This material was found to be 

more effective in photocatalytic degradation of formic acid and phenol compared to 99% 

anatase powder manufactured by Millennium Chemicals (Hunt Valley, Maryland) 

(Dunlop et al., 2010). However, films deposited with PMTP tend to have low mechanical 

robustness and is prone to mechanical abrasion (Mills et al., 2002). 

2.4.2 Sol-Gel Deposition 

Sol-gel deposition often uses titanium alkoxides or chlorides as precursors (Carp 

et al., 2004) which can be applied onto a substrate by spray, spin or dip coating 

processes. Heat treatment then converts the precursor into titanium dioxide through 

hydrolysis and condensation reactions (Tseng et al., 2010). Depending on the conditions 

of the heat treatment, films with different ratios of crystalline phases, and porosity may 

be produced (Viana et al., 2006). Sol-gel methods can make an adherent, homogeneous 

film onto an irregularly shaped surface, and the process can have good control over the 

chemical composition, morphology and film thickness (Carp et al., 2004; Viana et al., 

2006; Dobrzanski and Szindler, 2012). However, it is a multi-step and time consuming 

batch process (Sun et al., 2008). 
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2.4.3 Physical Vapor Deposition 

Physical vapor deposition (PVD) involves vaporizing a solid or liquid material, 

and transporting the vapor through vacuum or at low pressure to the substrate surface 

where the vaporized coating material condenses to form a film (Hong et al., 2007; 

Mancini et al., 2010; Mattox, 2002; Meyer et al., 2004). Examples of PVD are thermal 

evaporation, ion plating, sputtering, and laser vaporization (Chen and Mao 2007). The 

advantages of PVD include good control of film thickness and properties (Rao et al., 

2008). However, due to the requirement of a vacuum and not being able to produce a 

large film area, it is not suitable for mass production (Deki et al., 1996; Sun et al., 2008). 

2.4.4 Chemical Vapor Deposition 

The chemical vapor deposition (CVD) of TiO2 films has been explored since the 

1950s (Hass, 1952) and can be done at atmospheric pressure. During deposition, 

vaporized titanium dioxide precursors break off ligands which contribute to its volatility 

to form a solid state titanium dioxide film (Taylor et al., 1999). The chemical reaction is 

activated by the energy released from surface heating (Sun et al., 2008). Commonly used 

precursors for CVD are titanium halides and titanium alkoxides (Hitchman and 

Alexandrov, 2001). More details on titanium precursors can be found in section 2.4.4.1. 

Vehkamaki et al. (1999) proposed that CVD can produce a film with more conformality 

than PVD techniques. CVD can also produce transparent thin film which is strongly 

adhesive, and mechanically robust in contrast to the thicker but less mechanically robust 

film made by sol-gel techniques (Brook et al., 2007; Sheel et al., 2008). The CVD 
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operating condition can be easily modified to change the structure and composition of the 

film (Sun et al., 2008). 

2.4.4.1 Precursors 

An ideal precursor is highly volatile but resistant to thermal self-decomposition to 

prevent premature gas phase reaction during transportation. Titanium (IV) isopropoxide 

(TTIP) which meets both criteria is a commonly used precursor in the CVD of titanium 

dioxide (Ritala et al., 1993). Siefering and Griffin (1990) has proposed a reaction 

mechanism for TTIP which begins with the activation of the vaporized TTIP molecules 

by collision with each other and nitrogen carrier gas molecules, followed by the diffusion 

of the activated TTIP molecules to the substrate surface where they are adsorbed and can 

be either decomposed thermally (Equation 2 and Equation 3) or hydrolyzed (Equation 4) 

to produce TiO2 (Taylor et al., 1999; Tahtu and Ritala, 2002). Oxygen or other strong 

oxidants may be used to promote the deposition rate (Taylor et al., 1999; Yoon et al., 

1994).  

�	(�− 
��)� 		→ 	�	�� 	+ 	����− �� = ��� 	+ 	����	  Equation 2 

 

�	(�− 
��)� 		→ 	�	�� 	+ 	����− �� = ��� 	+ 	���− 
��	 Equation 3 

 

�	(�− 
��)� 	+ 	����	 → 	�	�� 	+ 	���− 
��	   Equation 4 
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The use of titanium alkoxides instead of titanium tetrachlorides as a precursor can 

avoid corrosive by-products, and chlorine contamination which may cause agglomeration 

of titanium dioxide (Ritala et al., 1993). The differences in ionic radii of oxygen and 

chloride can lead to undesired lattice expansion which makes the resulting titanium 

dioxide film exhibit poor adhesion to a substrate (Goossens et al., 1998). 

2.4.5 Flame Assisted Chemical Vapor Deposition 

Flame-aerosol reactors had been used to produce TiO2 powder through oxidizing 

vaporized titanium chlorides and titanium alkoxides under atmospheric pressure (Zeaton 

and Feke, 2006; Ahonen, 2001). It is a relatively new technology (Evans and Sheel, 

2007) and a limited amount of literature is available on TiO2 film deposition by this 

technique. FACVD is a simple and economic modification of CVD (Brook et al., 2007) 

which does not require sophisticated reactor or vacuum systems (Choy, 2003). FACVD 

utilizes flame to provide energy to heat the substrate surface and to have the precursor 

undergo chemical reaction and/or decomposition. Post-deposition annealing is not 

required. Hydrocarbon or hydrogen can be used as the fuel source. Since powders will 

start to form in the flame at high flame temperatures, the temperature has to be reduced 

by adjusting the fuel to precursor ratio during film deposition (Choy, 2003).  Another 

problem associated with FACVD is that the temperature across the flame can fluctuate 

and affect deposition (Choy. 2003), so several studies have developed burners that can 

produce a more uniform flame to resolve this problem (Hang and Katx, 2007; Glumac et 

al., 1998). Despite the potential problems associated with flame control, FACVD may be 
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suitable for Novelis’ purpose because it operates at ambient pressure, is a fast and 

continuous process, requires little or no additional substrate heating, and has the potential 

to be incorporated into the metal manufacturing process for large volume film application 

(Choy, 2003; Evans et al., 2007; Pemble and Sheel, 2002).  

2.4.6 Other Deposition 

There are other titanium dioxide deposition methods not mentioned in the 

previous sections. For instance, chemical liquid conversion occurs by immersing 

aluminum in ammonium hexafluorotitanate ((NH4)2TiF6) and H2O2 at room temperature 

to form an amorphous TiO2 coating followed by heat treatment at 473-773K to form 

anatase (Fujino and Mazuda 2006).  Furthermore, atomic layer deposition (ALD) is a 

modified CVD method which deposits multiple layers of TiO2 film with an alternating 

pulsed supply of two or more precursors (Pore et al., 2004; Ritala et al., 1993; Xie et al., 

2008). In comparison to PVD and traditional CVD, ALD may produce smoother film 

(Kongkanand et al., 2012). Plasma enhanced chemical vapor deposition (PECVD) uses 

plasma as an energy source instead of heat to prevent the degradation of substrate 

material at high deposition temperatures (Alexandrov and Hitchman 2005).  

2.5 Effect of Underlayer 

Ho et al. (2007) proposed that when a titanium dioxide film is deposited on an 

aluminum substrate, the diffusion of the aluminum ions from the substrate into the TiO2 

film may act as a charge recombination center which will suppress the photocatalytic 
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activity of the film. They have noticed that the presence of a layer of aluminum oxide 

between the substrate and TiO2 film may act as a barrier to prevent aluminum ions to 

reach the TiO2 film. Iron, sodium, calcium and chromium in the substrate may also have 

interference to the photocatalytic activity of the film (Paz and Heller, 1997; Shokuhfat et 

al., 2012; Xu et al., 2004; Beydoun, 2000). It was found that silicate undercoating can act 

as a barrier to suppress the diffusion of the substrate component into the TiO2 film thus 

improving the photocatalytic activity of the film (Evans et al., 2007). A thicker TiO2 

layer may also serve as a barrier to block the substrate ion migration and increase the 

successful crystallization of TiO2, but when the film thickness exceeds a thickness of 

around 250 nm, no noticeable improvement on the TiO2 crystallization was found (Shang 

et al., 2003).  In addition to acting as a barrier, the silicate layer may provide more 

favorable nucleation sites than the metal substrate for the titanium dioxide to form 

crystalline phases, and it was found that smaller TiO2 particle size and more anatase was 

produced when the film was deposited on silicate underlayer than on bare steel substrate 

(Evans et al., 2007). Therefore, a silicate coating on aluminum substrate has the potential 

to improve the photocatalytic activity of the titanium dioxide film deposited on it.  
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2.6 Summary 

The main points of this literature review are as follow: 

• The photocatalytic activities associated with TiO2 films can be use in various 

applications such as: disinfection, contaminants degradation, and self cleaning 

surfaces. 

• The photocatalytic activity of the TiO2 film is affected by its crystalline forms. 

• The presence of a silicate barrier may prevent the detrimental effect on the 

photocatalytic efficiency of TiO2 film from the interaction of substrate component 

with the film. 

• The film thickness may affect the UV absorbency of the TiO2 film. 

• The photocatalytic efficiency of a titanium dioxide film can be observed by 

measuring the degradation rate of an organic compound or the inactivation of 

bacteria. 

• FACVD can be suitable for Novelis’ aluminum product development because it is 

fast, continuous, and easy to retrofit into existing metal rolling processes. The 

operating condition may be altered to control the composition and structure of the 

film product. 

• Titanium isopropoxide is a commonly used precursor for FACVD which does not 

produce corrosive byproducts.  
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Chapter 3 

Aluminum Substrate Surface Treatment 

3.1 Introduction 

Contaminants such as oil, grease and dirt arise from the rolling process can render 

the surface hydrophobic which is not favorable for the formation of a continuous layer of 

oxide coating (Davis, 1991). Removal of the contaminants will make the aluminum a 

wettable high energy surface that will promote formation of a continuous coating. 

Surface treatment may also increase surface roughness through chemical etching that can 

promote better adhesion between the film deposited and the aluminum surface (Cowell, 

2003; Dargis, 2006). Hence, the aluminum surface must be pre-treated to remove the 

contaminants which may disrupt the formation of a continuous coating, and to physically 

modify the surface to promote effective bonding of TiO2, and to roughen the surface to 

increase its surface area. 

Alkaline cleaning is often used to remove hydrocarbon contaminants and to etch 

aluminum surfaces to increase surface area (Alcan Ltd., 1961). Flame treatment is used to 

burn off contaminants, and activates chemical groups on the surface to increase the 

surface energy (Eckert, 2003). The purpose of this portion of the study is to examine the 

effectiveness of flame treatment and alkaline cleaning to remove contaminants and to 

increase the surface energy of the aluminum. The amount of carbon on the aluminum 

surface before and after each treatment was measured as an indicator of contaminants 
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removal and the contact angle of water drops on the surface determined the relative 

change in surface energy.  

Glow Discharge Optical Emission Spectroscopy (GD-OES) can provide a rapid 

depth profile analysis of thin and fragile films (Li, 2008), and was used to analyze the 

surface chemical content of the samples produced in this study. The principle of this 

analysis is to apply a voltage through the sample into a chamber containing low pressure 

argon discharge gas to induce a plasma and generate electrons and positively charged 

ions (Nelis and Pallosi, 2006). The positively charged ions are then attracted to the 

sample surface. These ions strike the surface of the film coated sample causing the 

release of surface atoms into the discharge gas phase where the atoms are excited by 

collisions with energetic electrons or metastable gas atoms (Winchester and Payling, 

2004). The excited atoms are then de-excited by emitting photons of characteristic 

wavelength of the surface atoms which GD-OES measures (Hodoroaba et al., 2006). 

When performing GD-OES analysis, it was essential to always keep the sample 

completely flat, and a minimum sample size of 2” x 2”, so that a good seal can be 

established between the sample and the GD lamp to prevent gas leaks. 
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3.2 Experimental 

3.2.1 Flame Cleaning 

An 8” x 11.5” aluminum fin stock sample was placed on the sample holder of a 

moving table (Figure 3-1). The sample holder can be moved back and forth to pass the 

sample through the flame from a burner. During flame cleaning, the speed of the sample 

holder was 200 mm/s, the distance between the burner and the sample holder was 20 mm, 

and the air to methane ratio (R) injected into the burner was 8.5:1. The number of times 

that the sample was passed through flame (n) was adjustable. For a more detailed 

description of the moving table, (see Section 4.2.3). 

 

Figure 3-1 Moving table with aluminum substrate in the sample holder being passed 

through the flame from a burner 
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3.2.2 Alkaline Cleaning 

The sample was washed with an alkaline cleaning solution (4 v/v % Betz Kleen® 

4086A which is typically used by Novelis to remove residual oil from aluminum 

surfaces) for 10 seconds, rinsed for 20 seconds with deionized water before immersion in 

a 50 wt% nitric acid de-smut bath for 40 seconds, then a final 20 seconds rinse with 

deionized water.   

3.2.3 Surface Characterization 

A Drop Shape Analysis System DSA20 (Krüss GmbH, Hamburg, Germany) was 

used to place a 5µL nanopure water droplet onto the aluminum sample surface, and to 

measure the water contact angle. The water contact angle measurement was done 

immediately after the surface treatment at ambient temperature, and 3 measurement 

points were taken from each sample. Glow discharge optical emission spectroscopy (GD-

OES) (Jobin Yvon Horiba GD Profiler) was used to measure the intensity of light emitted 

by the excited carbon elements on the surface of a completely flat 2”x2” aluminum 

samples over a period of 30 seconds with an applied voltage of 35 V and 700 Pa argon 

pressure. Three measurement points were taken from each sample. A good seal must be 

established between the sample and the GD lamp to prevent gas leaks such that the GD-

OES integral values of carbon were used to approximate the relative amount of 

contaminants present on the sample surface.  
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3.2.4 Statistical Analysis 

A one-way analysis of variance (ANOVA) at 95% confidence level was used to 

detect if there was any significant mean value difference exist in a data population 

consisting of two or more groups. Tukey’s Honestly Significant Difference (Grassi et al., 

2005) test at 95% confidence level was used to determine if data groups among the data 

population were significantly different from one another. 

3.3 Results and Discussion 

3.3.1  Effect of Pre-cleaning on Surface Energy 

When the as-received aluminum was cleaned by increasing the number of passes 

through a flame (n), the water contact angle decreased with the lowest water contact 

angle (9.1°±0.8°) being achieved after 14 passes (Figure 3-2). Hence, in the rest of the 

study, 14 passes was used to prepare flame-cleaned-only samples. 

This decrease in hydrophobicity may be related to the oxidation of the 

contaminants and the creation of oxidized groups on the aluminum surface (Potts et al., 

1993). 
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Figure 3-2 The hydrophobic nature of the aluminum surface decreases with increasing 

flame treatment to a maximum of 14 passes through the flame. Error bars represent one 

standard deviation.  

Alkaline cleaning alone reduced the water contact angle to only 47°±3° (Figure 

3-3). However, when alkaline pretreated samples were further flamed cleaned, the 

hydrophobicity decreased achieving a much lower minimum water contact angle of 

4.5°±0.5° with only 4 passes through the flame. 
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Figure 3-3 The change in surface hydrophobicity of alkaline pretreated samples passed 

through a flame up to 5 times. Error bars represent one standard deviation. 

Alkaline cleaning alone was not as effective in increasing sample surface energy 

as flame cleaning (Figure 3-4). Nevertheless, the combination of alkaline cleaning and 

flame cleaning can achieve the lowest water contact angle among the pretreatment 

methods tested.  
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Figure 3-4 Water contact angles measured on aluminum substrates as a function of 

cleaning method used. Error bars represent one standard deviation. 

 

3.3.2 Effect of Pre-cleaning on Contaminant Removal 

Based on the GD-OES results shown in Figure 3-5, both flame cleaning and alkaline 

cleaning was found to remove carbon-containing contaminants from the sample surface. 

Alkaline cleaning was significantly more effective (P value = 4.69×10-9 which is below 

the 0.05 significance level) in removing carbon contaminants than flame cleaning alone.  

0

10

20

30

40

50

60

70

80

90

100

Uncleaned Flame 

Clean 

(n=14)

Alkaline Alk + flame 

(n=4)

W
a

te
r 

C
o

n
ta

ct
 A

n
g

le
 (

°)



 

29 

 

 

Figure 3-5 Average integral of carbon emitted light intensity from GD-OES analysis for 

as received aluminum (uncleaned) and different pretreated samples. Error bars represent 

one standard deviation. 

Based on the data (both the water contact angle and the amount of carbon 

removed) and taking into account that flame cleaning would be more expensive than 

alkaline cleaning in industrial practice, it is recommended that the aluminum fin stock be 

alkaline treated followed by a minimal use of flame cleaning. A cleaning protocol of 

alkaline cleaning for 10 seconds followed by 4 passes through the flame was selected for 

preparation of the aluminum substrates for TiO2 deposition in subsequent studies. 
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Chapter 4 

Deposition and Characterization of TiO2 Coating 

4.1 Introduction 

Flame assisted chemical vapor deposition (FACVD), a variant of chemical vapor 

deposition (CVD), was selected for coating aluminum fin stock with titanium dioxide 

because of its potential to scale up as a continuous process that can be incorporated into 

existing aluminum rolling processes. FACVD can produce films with good adhesion to 

the substrate like the ones produced by CVD (Bessergenev et al., 2006), is potentially 

cost effective as it does not need sophisticated reactors, can be done at ambient pressure 

(Choy, 2003) and  operating conditions may be easily controlled and modified. 

Titanium dioxide coatings can be generated in two main ways: (1) application of 

slurries of pre-made titanium dioxide powder then allowing the liquid to dry, or (2) 

application of a precursor (eg. Ti alkoxide) which is converted to a titanium dioxide film 

(Mo et al., 2009). Films produced using one method from each category were selected as 

benchmarks to compare with the films produced by FACVD in this study and with clean 

but uncoated aluminum.  

The two benchmarks were: 

• Intech: TiO2 film applied on aluminum by draw bar coating using a proprietary 

mixture, Intech, containing 26% anatase provided by Novelis Inc. followed by 

annealing under 200° C. 
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• Degussa P25: TiO2 film deposited on aluminum by electrophoresis using one of 

the most active and commonly used TiO2 powders, Degussa P25, containing 

approximately 80% anatase and 15% rutile and some amorphous phase (Ohtani et 

al., 2010). 

The ultimate goal of this study was to produce TiO2 photocatalytic films that are 

efficient in photocatalytic oxidation, and that are mechanically robust, so they would not 

be damaged during further fabrication, washed away by water or blown off by air flow 

during its service. In this chapter, the specific objective is to observe how the various 

deposition conditions of the FACVD and the presence of a silicate underlayer would 

affect the titanium dioxide film quality. The FACVD samples will be compared to the 

two industrial benchmarks, Intech and Degussa P25, as well as a clean but uncoated 

aluminum.  

4.2 Deposition of TiO2 Coating 

4.2.1 Sol-Gel Deposition (Draw Bar Coating) - Intech 

4.2.1.1 Experimental Set-up and Method 

The Intech standard was prepared using the draw bar coating technique. An 8” x 

11.5” aluminum fin stock sheet was secured on a flat stand with a towel placed 

underneath the sheet to absorb liquid spills. 1 mL of Intech precursor liquid was 

deposited onto one end of the aluminum sheet forming a liquid line. A #3 steel bar (3/8” 

in diameter) was pressed firmly on top of the liquid line and moved slowly to draw the 
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liquid down to the other end of the aluminum sheet, to cover the entire sheet with the 

precursor liquid. Then the sample was dried and annealed in the oven for 2.5 hours at 

200° C to crystallize the titanium dioxide. 

4.2.2 Pre-made TiO2 Powder Deposition (Electrophoresis) – Degussa P25 

4.2.2.1 Experimental Set-up and Method 

The Degussa P25 standard was deposited using an electrophoretic deposition 

apparatus developed at Queen’s University (Figure 4-1) (Potter, 2010). The two 8” x 

11.5” aluminum sheets were inserted into a plastic holder and were separated by a U 

shaped rubber gasket 1.5mm thick. The open space between the two sheets was filled 

with 30 mL of the Degussa P25 suspension.  . 

  

Figure 4-1 Diagram of the apparatus for electrophoretic deposition of Degussa P25 

standards (Potter, 2010) 
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The only modification to the original design was to use two plastic sample holders 

bolted together to hold the aluminum sheet instead of using clamps to better prevent 

leakage of the titanium dioxide suspension. 

The Degussa P25 titanium dioxide suspension was prepared by combining 0.1 g 

of Degussa P25 powder (Evonik Degussa) in 100 mL of dimethylformamide (DMF) 

(99% purity, Acros Organics) then placed in an ultrasonic bath (VWR Utrasonicating 

Bath) for 30 minutes. After the mixture was placed between the two aluminum sheets, the 

positive end of a 9V battery was connected to one aluminum sheet using an alligator clip 

and the negative end was connected to the other sheet for 30 seconds during which the 

negatively charged aluminum sheet became coated with the Degussa P25 powder. The 

coated sheet dried at room temperature and organic solvent residues were removed by 

UVA light irradiation. 
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4.2.3 Flame Assisted Vapor Deposition  

4.2.3.1 Experimental Set-up 

The flame assisted vapor deposition system combined a moving table with a 

precursor injection system (Figure 4-2). 

 

Figure 4-2 Schematic diagram of the FACVD system 

The “Moving Table”      

The moving table of the FACVD consisted of an automated moving sample 

holder, and a burner with a mixing chamber (Figure 4-3) connected to a precursor 

injection system. The sample holder was located above the burner which could be moved 

back and forth to allow the sample to pass through the flame multiple times. The distance 

between the burner and the sample holder was adjustable. The speed, number of passes, 

and time delay between each passes were adjustable. A ribbon burner (Figure 4-4) (RLS 
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Enterprise Inc., New Brunswick, New Jersey) was used because its port size allowed 

mechanical cleaning with drill bits. The burner and pipelines were wrapped with heating 

coils to maintain the precursor in the vapor phase. 

 

 

Figure 4-3 Picture of the moving table 

 

Burner 

Mixing Chamber 

Sample holder 

Holder height adjust 

Precursor injection 



 

 

Figure 4-4 Ribbon Burner 

The burner was connected to a mixing chamber where

mixed with the vaporized

chamber by nitrogen carrier 

Figure 4-5 Schematic diagram of the
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Ribbon Burner  

The burner was connected to a mixing chamber where air and methane were 

vaporized titanium isopropoxide precursor that was taken 

by nitrogen carrier gas (Figure 4-5). 

 

Schematic diagram of the gas flow in burner and gas mixing chamber

 

air and methane were 

sopropoxide precursor that was taken into the 

burner and gas mixing chamber 



 

 

Precursor Injection System

The precursor injection system

with precursors or toluene

controller (Bronkhorst, Ruurlo, 

canister, a nitrogen carrier gas

controlled evaporator mixer (CEM) (Bronkhors

precursor or toluene was 

the precursor or toluene vapor

Figure 4-6 Schematic diagram of the precursor injection system
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Precursor Injection System 

The precursor injection system (Figure 4-6) consisted of a canister that 

toluene (for system purging), a mini CORI-FlOW® 

Ruurlo, Netherlands) to control the release of liquid from the 

canister, a nitrogen carrier gas supply to mobilize the precursor/toluene

controlled evaporator mixer (CEM) (Bronkhorst, Ruurlo, Netherlands

 vaporized and mixed with the nitrogen carrier gas

vapor into the gas mixing chamber (Figure 4-7). 

Schematic diagram of the precursor injection system 

consisted of a canister that was filled 

FlOW® liquid mass flow 

the release of liquid from the 

toluene vapor, and a 

Netherlands) where the 

nitrogen carrier gas which carried 

.  
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Figure 4-7 Photo of the precursor injection system 

4.2.3.2 Method 

Before and after every film deposition, toluene was loaded into the canister and 

released at 15-30 g/h for at least an hour to flush out entrained air before introducing the 

titanium isopropoxide precursor and to remove any residue of titanium dioxide to prevent 

its crystallization in the system. The CEM was heated to 70 °C and 160 °C to vaporize 

toluene and precursor respectively. Heating coils wrapped around the  burner and the line 

connecting CEM to the burner were set at 200 °C and 180 °C respectively to maintain 

toluene and the precursor in the vapor phase. All the canisters were filled in a nitrogen 

box to minimize precursor contact with air. 

CEM 

Canister 

Heating Coil Controller 

Liq Flow  

Controller 
N2 Supply 

To Gas Mixing Chamber 

Solenoid Valve 
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 After flushing with toluene, an 8” x 11.5” aluminum fin stock sample was placed 

on the sample holder and passed through the flame to be coated with titanium dioxide.  

 

The following parameters were varied during film deposition, and their effects on 

the film quality were examined. 

 Independent Variables 

• Air to gas (methane) ratio, R: At lower air to gas ratio, the flame was richer, 

cooler and may result in incomplete combustion. At higher air to gas ratio, the 

flame was leaner and hotter. The ratio was adjusted by keeping the methane flow 

rate constant (8 standard liters per minute, slm) and changing the air flow rate (72, 

64, 56, 48, 40, and 32 slm). 

• Precursor Injection Rate: The amount of titanium isopropoxide (g/hr) released 

from the canister into the system. 

• Nitrogen carrier gas flow rate (N2): Amount of nitrogen gas (standard cubic 

centimeter per minute, sccm) released into the system to push the titanium 

isopropoxide precursor into the flame. 

• Number of times the sample passed through the flame during the deposition of   

TiO2 film (nTi) 
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The following parameters were kept constant during the film deposition. 

Fixed Variables 

• Distance from the aluminum substrate to the bottom of the flame: 20 mm 

• Moving table line speed: 200 mm/s. 

4.2.3.3 Deposition of Silicate Underlayer 

FACVD samples with a silicate underlayer were also prepared. The silicate 

underlayer was deposited using a similar technique as for TiO2 coating. After an initial 

toluene flush, the hexamethyldisiloxane, HMDSO, precursor was injected into the system 

instead of titanium isopropoxide.  After deposition of the silicate coating, the system was 

flushed again with toluene to clear out the silicate residue before the titanium dioxide 

deposition. 

During silicate deposition, the following parameter was varied: 

• Number of times the sample was passed through the flame during the deposition 

of silicate underlayer (nSi) 

4.2.3.4 Development of FACVD system 

Prior to this study, Novelis had used flame assisted chemical conversion (FACC), 

to spray the precursor mist directly onto the aluminum surface before passing the sample 

through the flame. However, the resulting titanium dioxide film was not uniformly 

distributed on the surface and some areas of the film were cracked. Therefore, this study 

utilized a precursor injection system to vaporize and mix the precursor with air and 
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methane in a mixing chamber before injection into the flame to allow an even distribution 

of the precursor in the flame.  

At the beginning of the study, a manifold was placed in the burner to promote an 

even distribution of the precursor in the flame. However, it was surprising to notice that 

the manifold resulted in a less even distribution of the vapor and the manifold was also 

prone to partial clogging over time. 

Precursors such as titanium ethoxide and titanium tetrachloride were tested before 

titanium isopropoxide was used. Titanium isopropoxide was selected because it was less 

viscous making it easier to be controlled with the mass flow controller. Since, it was also 

less reactive with air, there were fewer system clogging problems. 

During the FACVD deposition, as the system was still prone to clogging, a 

nitrogen purging box was built to encapsulate the precursor injection system. The box did 

help in reducing the clogging issue, but because it was not perfectly sealed, it did not 

solve the problem completely. 

The deposition system took at least 30 minutes of precursor injection after every 

start-up to become acceptably stable.  It was also noticed that more powdery films tended 

to be produced after a prolong run of deposition and this might be attributed to the vapor 

that was trapped in the system over time being suddenly pushed out. Care was taken to 

avoid these extremes in running the experiments that are later described in the results and 

discussion section. 
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4.3 Coating Characterization 

4.3.1 Experimental 

4.3.1.1 Relative Thickness/Deposition Rate  

Glow discharge optical emission spectroscopy (GD-OES) (Jobin Yvon Horiba 

GD Profiler, Irvine, California) was used to measure the intensity of light emitted by the 

excited chemical elements on the surface of a 2” x 2” sample over a period of 30 seconds 

with an applied voltage of 35 V and 700 Pa argon pressure. The GD-OES integral values 

of Ti were used to approximate the relative thickness/deposition rate of the TiO2 films. 

As a side note, when performing GD-OES analysis, it was essential to keep the sample 

completely flat, and the sample size should not be less than 2” x 2”, so a good seal can be 

established between the sample and the GD lamp to prevent gas leaks. 

After GD-OES measurement, the thickness of the samples was measured at École 

Polytechnique using a scanning electron microscope (SEM) (JEOL JSM 7600 TFE FEG-

SEM, Tokyo, Japan) for imaging and focused ion beam (FIB) (HITACHI FB-2000A, 

Roslyn Heights, New York) for the cross-section preparations. The SEM images were 

taken at 45° to estimate the thickness of the film. 

4.3.1.2 Film Cohesive Strength  

3M Scotch® 375 Clear Tape was applied on each sample without forming air 

bubbles. The tape was subsequently removed at 180°. GD-OES was used to measure the 

relative amount of TiO2 before and after the removal of the adhesive tape 
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4.3.1.3 Surface Chemistry  

Fourier Transform Infrared (FTIR) (Thermo Nicolet NEXUS 470 FT-IR E.S.P., 

Waltham, Massachusetts) spectroscopy with a resolution of 0.125 cm-1 was used at a 

spectral range from 400-4000 cm-1 with 32 scans to analyze the chemical bonds at the 

surface of the titanium dioxide coated samples. A cleaned blank aluminum was used as 

the background. 

4.3.1.4 Surface Topography  

The surface morphology of most of the samples was analyzed at École 

Polytechnique using a scanning electron microscope, SEM (JEOL JSM 7600 TFE FEG-

SEM, Tokyo, Japan), with accelerating voltage at 2 kV. A secondary electron detector 

was used to maximize resolution and minimize charging effects. No metal deposition was 

done prior to the observations to avoid masking the fine aspect of the TiO2 microstructure. 

Energy-dispersive X-ray (EDS) (JEOL JSM840A, Tokyo, Japan) at 10 kV was used to 

determine elements present at different locations on the sample surface. The surface 

morphology and elemental composition of the Degussa P25 sample was analyzed using 

SEM at 5 kV and EDS at 8 kV (Philips XL30 SFEG/SEI,  Amsterdam, Netherlands) at 

Novelis Inc. 
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4.4 Results and Discussion  

The film properties of the FACVD samples deposited under various conditions 

were compared to blank aluminum and the two benchmarks, Degussa P25 and Intech.  

Each set of samples was deposited varying only one parameter at a time while 

other parameters were kept constant. The effects of the following parameters on the film 

properties are summarized in the following sections: Air to gas ratio (R), precursor 

injection rate, nitrogen carrier gas flow rate (N2), number of passes through flame when 

depositing TiO2 (nTi), and number of passes through flame when depositing silicate 

underlayer (nSi). 

4.4.1 Relative Thickness/Deposition Rate (GD-OES/SEM+FIB) 

GD-OES was used to measure the relative thickness/deposition rate of the 

coatings of the FACVD samples and the relative thickness of the two benchmarks.  

The thickness of the titanium dioxide films was also measured by scanning 

electron microscopy and focused ion beam for samples of a range of GD-OES Ti 

integrals. The correlation as seen in Figure 4-8 shows that the integrals of the Ti GD-OES 

signal were positively correlated to thickness of the titanium dioxide films. Therefore, 

GD-OES was used to determine the relative thickness of the TiO2 films hereafter.    
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Figure 4-8 Correlation of TiO2 film thickness as measured by scanning electron 

microscope with GD-OES Ti light emission measurement integral. Error bars represent 

one standard deviation.   

4.4.1.1 Effect of Air to Methane Ratio  

As the air to methane ratio, R, was increased from 4 to 7, the film thickness 

decreased since the GD-OES Ti integral decreased (Figure 4-9). The maximum thickness 

was achieved at the lowest gas ratio, R = 4, and the minimum was at R = 8. This might be 

due to the changes in the flame under different R. For instance, at lower air to gas ratio, 

the flame is richer, cooler and may result in incomplete combustion. At higher air to gas 

ratio, the flame was leaner and hotter. The films deposited under R=4, 5, 6, 9 had 

thicknesses that were comparable to the Intech benchmark (Ti integral = 5.2±0.6 V·s). 

Avg. Film Thickness = 4.47(GD-OES Ti Integral) 2 + 30.67(GD-OES Ti Integral)
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However, the Degussa P25 samples (Ti integral = 114±12V·s) were much thicker than all 

the FACVD samples. 

 

Figure 4-9 Average integral of Ti emitted light intensity from GD-OES analysis for 

samples deposited under varying air to gas ratio (at precursor injection rate = 15g/h, N2 = 

200 sccm, nTi = 30). Error bars represent one standard deviation. 
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4.4.1.2 Effect of Precursor Injection Rate 

The GD-OES results (Figure 4-10) for TiO2 films deposited under varying 

precursor liquid injection rates, 5 to 15 g/h, show that film thickness increased to a 

maximum at 10 g/h and then decreased when injection rate reached 15 g/h. All these 

films had a comparable thickness to the Intech benchmark. However, the Degussa P25 

samples were much thicker than all the flame deposited samples. 

 

Figure 4-10 Average integral of Ti emitted light intensity from GD-OES analysis for 

samples deposited under varying precursor injection rate (at R = 4, N2 = 200 sccm, nTi = 

30). Error bars represent one standard deviation. 
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4.4.1.3 Effect of Nitrogen Carrier Gas Flow Rate 

The change in nitrogen carrier flow rate did not influence the film thickness 

(Figure 4-11) most likely because a N2 carrier flow rate of 200 sccm was fast enough to 

maintain a good flow of the precursor in the system. The thickness of all the films 

deposited in this set was comparable to the Intech standard. However, the Degussa P25 

samples were still much thicker than all the flame deposited sample. 

 

Figure 4-11 Average integral of Ti emitted light intensity from GD-OES analysis for 

samples deposited under varying N2 flow rate (at R = 4, precursor injection rate = 7 g/h, 

nTi = 30). Error bars represent one standard deviation. 
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4.4.1.4 Effect of Number of Passes through Flame when Depositing TiO2 

The thickness of the film increased with the number of times the sample was 

passed through the flame during deposition (Figure 4-12). The sample had to be passed 

through the flame at least 20 times in order to achieve a thickness that was comparable to 

the Intech sample but was still much thinner than the Degussa P25 benchmark.  

 

Figure 4-12 Average integral of Ti emitted light intensity from GD-OES analysis for 

samples deposited under varying nTi (at R = 4, N2 = 200 sccm, precursor injection rate = 7 

g/h). Error bars represent one standard deviation. 
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4.4.1.5 Effect of Number of Passes through Flame when Depositing Silicate Underlayer 

No significant differences in the thickness of TiO2 film was found between 

samples deposited on bare aluminum and samples deposited with various thickness of 

silicate undercoating (Figure 4-13). Therefore, it was concluded that the thickness of the 

TiO2 film was not affected by the presence of a silicate underlayer. 

 

Figure 4-13 Average integral of Ti emitted light intensity from GD-OES analysis for 

samples deposited under varying nSi (at R = 4, N2 = 200 sccm, precursor injection rate = 7 

g/h, nTi = 30). Error bars represent one standard deviation. 
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4.4.2 Film Cohesive Strength (GD-OES + Tape Test) 

GD-OES was used to measure the amount of TiO2 left on the samples before and 

after the application and subsequent removal of a standard adhesive tape. The measured 

values were used to evaluate the relative cohesive and adhesive strength of the film.  

4.4.2.1 Effect of System Operating Condition and Presence of Silicate Underlayer  

The tape test results (Figure 4-14 to Figure 4-18) showed that all of the FACVD 

samples always had a layer of titanium dioxide that remained after the tape test. However, 

the films did not have much cohesive strength since the majority of the film was removed 

by the tape. The change in operating conditions and the presence of a silicate underlayer 

did not have a significant effect on the cohesive strength of the FACVD samples in this 

study.  
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Effect of Air to Methane Ratio 

 

Figure 4-14 Average integral of Ti emitted light intensity from GD-OES analysis before 

and after the tape test for samples deposited under varying R (at N2 = 200 sccm, precursor 

injection rate = 15g/h, nTi = 30). Error bars represent one standard deviation. 
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Effect of Precursor Injection Rate 

  

Figure 4-15 Average integral of Ti emitted light intensity from GD-OES analysis before 

and after tape test for samples deposited under varying precursor injection rate (at N2 = 

200 sccm, R = 4, nTi = 30). Error bars represent one standard deviation. 
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Effect of Nitrogen Carrier Gas Flow Rate 

 

Figure 4-16 Average integral of Ti emitted light intensity from GD-OES analysis before 

and after tape test for samples deposited under varying N2 flow rate (at R = 4, precursor 

injection rate = 7 g/h, nTi = 30). Error bars represent one standard deviation. 
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Effect of Number of Passes through Flame when Depositing TiO2 

 

Figure 4-17 Average integral of Ti emitted light intensity from GD-OES analysis before 

and after tape test for samples deposited under varying nTi (at R = 4, N2= 200 sccm, 

precursor injection rate = 7 g/h). Error bars represent one standard deviation. 
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Effect of Number of Passes through Flame when Depositing Silicate Underlayer 

 

Figure 4-18 Average integral of Ti emitted light intensity from GD-OES analysis before 

and after tape test for samples deposited under varying nSi (at R = 4, N2 = 200 sccm, 

precursor injection rate = 7 g/h, nTi = 30). Error bars represent one standard deviation. 
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The tape removed 9.1 ± 3.4% of titanium dioxide from the Intech sample. Based 

on the tape test results (Figure 4-19), it can be concluded that the Intech samples have  

mechanically robust films with both adhesive and cohesive strength. Since the tape 

removed 52 ± 9% of titanium dioxide from the Degussa P25 sample, it can be concluded 
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samples were too thick to allow the tape to contact the bottom layer of the film to test the 

adhesive strength of the film.   

 

Figure 4-19 Average integral of Ti emitted light intensity from GD-OES analysis before 

and after tape test for Degussa P25 and Intech standards. Error bars represent one 

standard deviation. 

4.4.3 Surface Chemistry (FTIR) 

FTIR has the capability to conduct a rapid and non-destructive measurement of 

the intensity of IR radiation absorbed by film samples in a range of different wavelengths 

(de Jong et al., 2006). It was used to analyze the change in surface chemistry of the 

titanium dioxide films. The distribution of the peaks is linked to the surface structure, and 

the magnitude of the peak is linked to the amount of coverage of the surface structure 
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representing the peak (Bain, 2013). The titanium dioxide peaks are believed to fall 

between wavenumber of 400-1000 cm-1 (Peng et al., 2005). The possible attributions of 

various wavenumber are summarized in Table 1. Some of the wavenumbers of silicate 

are very close to those of titanium dioxide, and the resulting peaks might attribute to a 

superposition of silicate and titanium dioxide (Hadjiivanova et al., 1999). 

Table 1 Summary of possible attribution of various IR-Absorption Bands 

Wavenumber (cm-1) Attribution Reference 

436, 453, 460, 620, 910 Anatase 
Peng et al., 2005 ;  
Djaoueda et al., 2001; 
Dejaoued et al., 2002 

490, 493 Rutile 
Djaoueda et al., 2001;  
Busani and Devine, 2005 

1353, 1380, 1648, 1650,  
3000-3350, 3400, 3478, 
3740 

Surface adsorbed water and 
hydroxyl group 

Yu et al., 2003; 
Soler-Illia et al., 2002;  
Araujo et al., 2005;   
Hadjiivanova et al., 1999;  
Dejaoued et al., 2002 

1530-1740  
C-C, C=C, C=O stretching  
of the unconverted precursor  

Chen et al., 2007;  
Brinker and Scherer, 1990;  
Araujo et al., 2005 

1350, 1456, 2800-3000 
C-H stretch from unconverted 
precursor. 

Sakka, 2002;  
Dejaoued et al., 2002 

960 Aluminum oxide Van Gils et al., 2003 

460-480, 790-795, 804-845,  
950-980, 1080, 1100, 1230, 
1120-1230 

Si-O-Si, Si-O-C, Si-C, Si-OH, 
CH3   
associated with the silicate 
underlayer 

Azimov et al., 2012;  
Chifen, 2007 
Letailleur A. et al., 2010;  
Groza A. et al., 2005 
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4.4.3.1 Effect of Air to Gas Ratio  

In Figure 4-20, the FTIR results show that samples deposited at lower air to 

methane ratio (R=4 and 5) had a greater intensity of surface hydroxyl group (peaks near 

3400-3000 cm-1), unconverted precursor (peaks near 3000-2800 cm-1), and titanium 

dioxide (peaks near 1000-400 cm-1) than the samples deposited under higher ratios (R=7, 

8 and 9). Samples at R=7, 8, 9 had about the same magnitude of peaks near the 600-800 

cm-1 region, but samples of R=9 had a bigger peak near the 400-600 cm-1 region which 

may contain both anatase and rutile. The change in magnitude of the titanium dioxide 

peaks positively correlated with the GD-OES relative thickness (Figure 4-9). The FTIR 

results show that the air to methane ratio affected both the amount of titanium dioxide 

deposited and the surface chemistry of the film. The peaks with varying intensity in the 

region of 400-1000 cm-1 were very close to each other, making it difficult to distinguish 

individual peaks for each crystalline phase. Other techniques such as X-ray diffraction 

are recommended to further study the titanium dioxide crystalline structure. 

4.4.3.2 Effect of Precursor Injection Rate 

The precursor injection rate did not have any major effect on the titanium dioxide 

crystalline structure as the locations of the peaks were similar for all injection rates 

(Figure 4-21).  Similar to the trend with film thickness (Figure 4-10), both the FTIR 

peaks magnitude and film thickness increased as injection rate increased with the sample 

deposited at 10 g/h having the thickest film and highest peaks magnitude for titanium 
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dioxide and hydroxyl groups. Then the film thickness and peaks magnitude decreased 

when the rate reached 15 g/h. 

 

 

Figure 4-20 FTIR spectra of samples deposited under varying air to gas ratio, R, from 4-

9 (precursor injection rate = 15 g/hr, N2 = 200 sccm, nTi = 30) 

 

Figure 4-21 FTIR spectra of samples deposited under varying precursor injection rate 

from 5-15g/hr (R = 4, N2 = 200 sccm, nTi = 30) 
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4.4.3.3 Effect of Nitrogen Carrier Gas Flow Rate 

It was previously seen that nitrogen carrier flow rate had no effect on film thickness 

(Figure 4-11) which is consistent with similar position and magnitude of the absorption 

peaks at all nitrogen carrier flow rates (Figure 4-22). 

 

Figure 4-22 FTIR spectra of samples deposited under varying nitrogen carrier flow rate 

from 200-600 sccm (R = 4, precursor injection rate = 7 g/hr, nTi = 30) 
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4.4.3.4 Effect of Number of Passes through Flame when Depositing TiO2 

In Figure 4-23, the magnitude of the titanium dioxide peaks increased as the 

number of passes through flame, nTi, during titanium dioxide deposition increased, but nTi 

did not have an obvious influence on the distribution of the peaks. The explanation for 

the increase in magnitude of the TiO2 peaks may be that more TiO2 was deposited on the 

sample as the nTi increases. Since the flame chemistry was kept constant, the surface 

chemistry was not affected by nTi.  

 

 

Figure 4-23 FTIR spectra of samples deposited with varying number of passes through 

flame during titanium dioxide deposition, nTi, of 10, 20 and 30 passes (R= 4, precursor 

injection rate= 7 g/hr, N2=200 sccm,  nTi = 30) 
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4.4.3.5 Effect of Number of Passes through Flame when Depositing on a Silicate 

Underlayer 

Figure 4-24 shows the FTIR results for the silicate samples without TiO2. The 

peaks within the range of 460-480 and 900-1300 cm-1 may represent the silicate surface. 

Increasing the number of passes through the flame during silicate deposition, nSi, seemed 

to increase the magnitude of the silicate peaks and change the distribution of the peaks. 

The peak at 1100 cm-1is typical of the Si-O-Si stretch and the peak at 1230 cm-1is 

consistent with the CH3 bending in Si(CH3)x (Letailleur A. et al., 2010; Groza A. et al., 

2005). The sample with the thickest silicate layer, nSi=40, appears to be composed of 

more Si-O-Si than Si(CH3)x while the samples with less silicate ,nSi=20 and nSi=10, seem 

to contain more Si(CH3)x than Si-O-Si. All the silicate samples have peaks near 3000-

3800 cm-1 indicating the presence of hydroxyl groups, with the thickest silicate sample at 

nSi=40 having slightly bigger peaks at 3000-3400 cm-1. 
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Figure 4-24 FTIR spectra of silicate only samples deposited with varying number of 

passes through flame during silicate deposition, nSi, of 10, 20 and 40 passes 
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Figure 4-25 shows the FTIR results for titanium dioxide samples deposited on 

various thicknesses of a silicate underlayer. The magnitude and distribution of the 

titanium dioxide peaks were slightly enhanced by the presence of a silicate underlayer 

with slightly bigger peaks of hydroxyl groups on the sample deposited at nSi=40 

 

 

Figure 4-25 FTIR spectra of titanium dioxide samples on silicate underlayer deposited 

during nSi of 0 (TiO2 only), 10, 20 and 40 passes (R = 9, precursor injection rate = 7 g/hr, 

N2 = 200 sccm, nTi = 30) 
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Both the Degussa P25 and Intech benchmarks in Figure 4-26 exhibit a very 

different distribution of peaks compared to the FACVD samples in Figure 4-20 - Figure 

4-25. The trend of the magnitude of TiO2 peaks of the two benchmarks are similar to that 

of GD-OES relative thickness in Section 4.4.1 in which Intech had a comparable 

thickness to the FACVD samples, and Degussa P25 was much thicker than both Intech 

and FACVD samples. Both the magnitude of the TiO2 peaks of the Degussa P25 and 

Intech are bigger than the magnitude of the TiO2 peaks of the FACVD samples with 

Degussa P25 having the greatest TiO2 peaks magnitude of all. This indicates that the 

surface chemistry of the two standards is different from the FACVD samples, and that 

much more amount of TiO2 was deposited on the Degussa P25 than on the FACVD 

samples. Degussa P25 and Intech standards both seem to have hydroxyl groups on the 

surface (3000-3700 cm-1). The peaks around 1400-1600 cm-1 on the Degussa P25 

standards may be attributed to the residual organic solvent, DMF, from the coating 

process (Klein et al. 2010). 

 

Figure 4-26 FTIR spectra of blank aluminum, Intech, and Degussa P25 standards 
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4.4.4 Surface Topography (SEM +EDS) 

SEM and EDS was used to analyze the surface morphology and elemental composition of 

the FACVD TiO2 samples, blank aluminum, Intech, and Degussa P25 standards.  

4.4.4.1 Blank aluminum 

Rolling lines, appearing as grey regions, and white particles were visible in the 

SEM images of blank aluminum (Figure 4-27). The EDS results (Figure 4-28) indicate  

that in the SEM image of blank aluminum (Figure 4-28a), the grey region (Figure 4-28c) 

was mostly aluminum and the region with white particles (Figure 4-28b) had additional 

Fe, Si, Mn, Cu, and O elements present. These white particles may be the second phase 

particles (e.g. AlFeSi, Al2Fe, Al5FeMn, α-AlFeMnSi, and Al1Cu, etc) and alloying 

element oxide present in the aluminum alloy (Koroleva et al, 1999; Umezawa, 2005) 
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Figure 4-27 SEM image of blank aluminum under magnification of (a) ×1,000 (b) 

×5,000 (c) ×20,000 and (d) ×50,000 

 

(a) (b) 

(c) (d) 
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Figure 4-28 EDS spectra of the (b) white region and (c) grey region of the (a) blank 

aluminum SEM image  

(a) 

(b) 

(c) 
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4.4.4.2 Intech and Degussa P25 standards 

The SEM image of the Intech standard (Figure 4-29) showed that the surface was 

uniformly covered with a layer of dense coating. The EDS spectrum (Figure 4-30) 

indicated that a small amount of Ti, Si, O, and C were present on the surface of the Intech 

standard. 

 

Figure 4-29 SEM image of Intech standard under magnification of (a) ×1,000 (b) ×5,000 

(c) ×20,000 and (d) ×50,000 

 

(d) 

(b) 

(c) 

(a) 
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Figure 4-30 EDS spectra of Intech standard 

 

The SEM images of the Degussa P25 standard (Figure 4-31) show that the surface was 

completely covered with a layer of dense coating.  It can be seen that the Degussa P25 

coating (Figure 4-31) is rougher than the Intech standard (Figure 4-29). The EDS 

spectrum (Figure 4-32) indicate that a relatively higher amount of Ti, O and C were 

present on the surface of the Degussa P25 standard than the Intech standard (Figure 

4-30). 
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Figure 4-31 SEM image of Degussa P25 standard under magnification of (a) ×1,000 (b) 

×2,500 (c) ×5,000 and (d) ×10,000 

 

Figure 4-32 EDS spectra of Degussa P25 standard 

(a) 

(d) 

(b) 

(c) 
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4.4.4.3 Effect of Air to Gas Ratio  

The SEM image of a FACVD sample deposited at an air to gas ratio, R, of 4 

(Figure 4-33) appears to have a continuous shrub-like coating on the surface. The film 

structure appears to be different from the Intech (Figure 4-29) and Degussa P25 (Figure 

4-31) standards. 

 

Figure 4-33 SEM images of FACVD sample deposited under air to gas ratio of 4 (at 

precursor injection rate = 7 g/h, N2=200 sccm, nTi = 30) under magnification of (a) 

×1,000 (b) ×5,000 (c) ×20,000 and (d) ×50,000 

(c) 

(a) (b) 

(d) 
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EDS analysis shows that the region with white shrub-like structure in the SEM 

image (Figure 4-34c,d) may represent the titanium dioxide film of the sample deposited 

at R = 4(Figure 4-34a) because it contains more titanium and oxygen than the grey area 

(Figure 4-34b)  which represent the aluminum substrate.  

 

(c) 

(b) 

(a) 

Grey Area (Al Substrate) 

White area (shrub-like)  
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Figure 4-34 EDS spectra of different area in the (a) SEM image of FACVD R=4 sample 

(b) grey area (c) white shrub-like area and (d) enlargement of the spectrum of the white 

shrub-like area  

The SEM image of a FACVD sample deposited at air to gas ratio, R, of 9 (Figure 

4-35) seems to be less dense than the sample deposited at R=4 (Figure 4-33). Unlike the 

R=4 that had only a continuous shrub-like appearance, the R=9 sample had additional 

aggregates of white structure distributed on the surface. 

(d) Magnified White Structure 
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Figure 4-35 SEM images of FACVD sample deposited under air to gas ratio of 9 (at 

precursor injection rate = 7 g/h, N2=200 sccm, nTi = 30) under magnification of (a) 

×1,000 (b) ×5,000 (c) ×20,000 and (d) ×50,000 

EDS (Figure 4-36b-d) results indicate that the white region in the SEM image (Figure 

4-36a) may be the titanium dioxide film and the grey area may be the aluminum substrate. 

(a) (b) 

(c) (d) 
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White structure  

Grey Area (Al Substrate) 

(c) 

(b) 

(a) 
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Figure 4-36 EDS spectra of different area in the (a) SEM image of FACVD R=9 sample 

(b) grey area (c) white structure and (d) enlargement of the spectrum of the white 

structure  

These SEM images (Figure 4-33 and Figure 4-35) showed that the surface 

topography of the FACVD samples varies with the change of air to methane ratio. 

Although both R = 4 and R = 9 samples have shrub like structure, the R = 9 has 

additional powdery aggregates on the surface, and the R = 4 sample seems to have more 

coverage than R = 9 sample. 

 

 

 

 

(d) 

Magnified White Structure 
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4.4.4.4 Effect of Precursor Injection Rate, and Nitrogen Carrier Gas Flow Rate 

Based on the SEM results, changing the precursor injection rate (Figure 4-37), 

and nitrogen carrier gas flow rate (Figure 4-38) did not seem to affect the topography of 

the titanium dioxide film.  

 

 

Figure 4-37 SEM images of FACVD sample deposited at liquid injection rate of (a) 5 g/h 

(b) 10 g/h and (c) 15 g/h (at R = 4, N2 = 200 sccm, nTi = 30) 

(a) (b) 

(c) 
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Figure 4-38 SEM images of FACVD sample deposited at nitrogen carrier gas flow rate at 

(a) 200 sccm (b) 600 sccm (at R = 4, liquid injection rate = 7 g/h, nTi = 30) 

 

 

 

 

 

 

 

 

 

 

(a) (b) 
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4.4.4.5 Effect of Number of Passes through Flame when Depositing TiO2 

SEM images show that FACVD samples deposited with 10 and 30 passes through 

the flame developed a shrub-like film structure (Figure 4-39) and a greater amount of 

titanium dioxide was deposited at the higher number of passes through the flame, nTi. 

  

Figure 4-39 SEM images of FACVD sample deposited with varying number of passes 

through flame during titanium dioxide deposition, nTi, of (a) 10 and (b) 30 (R = 4, 

precursor injection rate = 7 g/hr, N2 = 200 sccm,  nTi = 30) 

 

 

 

 

 

 

(a) (b) 

(d) 
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4.4.4.6 Effect of Number of Passes through Flame when Depositing Silicate Underlayer 

The SEM images of the silicate covered surface (Figure 4-40) show that a continuous 

silicate layer was formed with a floc-like structure with lots of surface coverage. 

 

Figure 4-40 SEM images of silicate only FACVD sample deposited with 40 passes 

through flame during silicate underlayer deposition, nSi, under magnification of (a) 

×1,000 (b) ×5,000 (c) ×20,000 and (d) ×50,000 

 

(a) (b) 

(c) (d) 
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When titanium dioxide was deposited on top of the silicate (Figure 4-41), there was more 

surface coverage of titanium dioxide and greater film roughness than deposition without 

the silicate underlayer (Figure 4-35) 

 

Figure 4-41 SEM images of FACVD TiO2 sample deposited on top a silicate underlayer  

formed from 40 passes through the flame, nSi, under magnification of (a) ×1,000 (b) 

×5,000 (c) ×20,000 and (d) ×50,000 (at R = 9, liquid injection rate = 7 g/h,  N2 = 200 

sccm, nTi = 30) 

(a) (b) 

(c) (d) 



 

84 

 

EDS (Figure 4-42b-d) analysis indicates that the white region in the SEM image 

(Figure 4-36a) contain higher amounts of silicon, titanium and oxygen than the grey area 

which was believed to be the aluminum substrate. 

 

White shrub-like structure  

Grey area (Al Substrate) 

(a) 

(b) 

(c) 
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Figure 4-42 EDS spectra of different area in the (a) SEM image of TiO2 sample with 

silicate underlayer  (b) grey area (c) white structure and (d) magnified spectrum of the 

white structure 

4.4.4.7 45° view 

Titanium dioxide samples were scratched with tweezers to delaminate the coating and 

viewed at 45° using SEM. In Figure 4-43a, a defined layer of titanium dioxide film was 

observed on the aluminum substrate of the Intech benchmark.  The tape test results in 

Section 4.4.2 shows that a thin layer of titanium dioxide always remained on the FACVD 

sample surface after the tape removal. However, in Figure 4-43b-d, it was difficult to 

observe a clearly defined layer of titanium dioxide, with or without a silicate underlayer, 

beneath the shrub-like structure. This layer of titanium dioxide might be too thin to 

distinguish it from the aluminum substrate in SEM images. 

  

(d) 

Magnified White shrub-
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Figure 4-43 SEM images at 45° incidence of (a) Intech (b) R = 4 (c) R = 9 and (d) R = 9 

with silicate underlayer, nSi = 40 (all FACVD sample was deposited at liquid injection 

rate = 7 g/h, N2 = 200 sccm, nTi = 30). The bottom right of the image was the scratched 

area  

(a) (b) 

(c) (d) 
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4.4.5 Conclusion  

Titanium dioxide films deposited on aluminum substrate by FACVD was 

compared with Degussa P25 benchmark deposited by electrophoresis, and Intech 

benchmark deposited by draw bar coating. Both GD-OES and FTIR results show that the 

air to methane ratio, precursor injection rate, number of passes through flame during 

titanium dioxide deposition had a significant effect on the amount of TiO2 deposited by 

FACVD. Most of these samples had a comparable thickness to the Intech standard. 

However, the Degussa P25 standard was much thicker than any FACVD sample. Tape 

test results indicate that none of the changes in operating conditions were able to improve 

the cohesive strength of the FACVD samples, but there was always a thin strongly 

adhesive layer that remained on the substrate after the tape test. However, this adhesive 

layer was difficult to be observed using SEM. FTIR analysis show that the air to methane 

ratio had a significant influence on the TiO2 film chemistry. At lower air to methane 

ratios, the samples appeared to have more titanium dioxide and hydroxyl group deposited 

on the surface than samples produced at higher air to methane ratios. The SEM images 

show that the TiO2 films deposited by FACVD had a shrub-like structure which looked 

different and were not as compact as the Intech and Degussa P25 standards. Powdery 

aggregates was observed in the SEM images of the sample deposited at the higher air to 

methane ratio, R = 9. 
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Chapter 5 

Photocatalytic Oxidation Efficiency of the TiO2 Coating 

5.1 Introduction 

After Fujishima and Honda (1972) discovered the ability of titanium to 

decompose water photoelectrochemically, many studies examined the photocatalytic 

activity of titanium dioxide and its role in degrading other compounds. Titanium dioxide 

has shown the ability to degrade organic compounds and inactivate bacteria (Matsunaga 

et al., 1985) when exposed to a UV light source. 

In order to correlate photocatalytic efficiency with the change in physico-

chemical properties of the titanium dioxide films generated in this study, the titanium 

dioxide samples were tested for their ability to degrade an organic compound, stearic acid 

(CH3(CH2)16COOH), and to kill the bacterium, Vibrio fischeri. Stearic acid was chosen 

because it is a stable compound under ambient conditions and is considered to be 

representative of common solid organic contaminants (Toh et al., 2008). The change in 

the amount of stearic acid on each sample surface can be monitored using Fourier 

Transform Infrared spectroscopy by detecting the C–H stretching vibrations of –CH2 and 

–CH3 that fall between wavenumber of 2800-3000m-1 (Huang et al., 1999; Minabe et al., 

2000). V. fischeri is a Gram-negative rod shape bacterium which can be found in 

temperate seawater and fresh water (Maiden, 2004). The photocatalytic inactivation of V. 

fischeri in water by the FACVD samples was examined in this study, and the results may 
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be used as a guide to develop more photocatalytically effective films prior to conducting 

further studies on microbial inactivation in an aerosol.  

In this chapter, the relative photocatalytic oxidation efficiency of the FACVD 

samples was determined by comparing the performance of each sample in degrading an 

organic compound (stearic acid) and inactivating a microorganism (Vibrio fischeri) to 

blank aluminum, as well as two industrial benchmarks, Degussa P25 and Intech. A 

separate study was done on selected FACVD samples to examine their ability to degrade 

another commonly used organic test compound, methylene blue. The results conclude 

that the methylene blue degradation rate followed the same trend as the stearic acid 

degradation rate measured in this study. 

5.2 Experimental 

5.2.1 Degradation of Stearic Acid 

After TiO2 film deposition, a 2” × 2” sample was placed in the center of a spin 

coater (Model 6700, Specialty Coating Systems Inc.) and a volume of 300 µL of 0.02 M 

stearic acid (Reagent grade, 95% purity, Aldrich) dissolved in methanol was deposited at 

the center of the sample which was spun at 3000 rpm for 20 seconds to allow the 

methanol to evaporate and a thin layer of stearic acid to form. Samples were then 

irradiated under UVC light (PURA EPCB/SD 120V UV Lamp with closed Housing) at 2 

minute intervals between stearic acid measurements for a total irradiation time of 12 

minutes. Stearic acid on the sample surface was measured by Fourier Transform Infrared 
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(FTIR) (Thermo Nicolet NEXUS 470 FT-IR E.S.P.) spectroscopy at the band range of 

2800-3000cm-1. The initial stearic acid degradation rate for each sample was estimated 

using ORIGIN data analysis and graphing software (version 8.6). A cleaned blank 

aluminum sample was used as the control. 

5.2.2 Inactivation of Vibrio fischeri 

The photocatalytic inactivation of the Gram-negative V. fischeri NRRL B-11177 

in aqueous medium by the titanium dioxide films was studied utilizing the live/dead 

assay developed previously in our lab (Potter, 2010).  

The bacterial culture was maintained on nutrient agar plates and transferred to 

fresh plates monthly and to a fresh slant every 6 months. Colonies from a fresh plate was 

used to inoculate 100 mL of sterile nutrient broth in a 500 mL Erlenmeyer flask and 

incubated at 30°C and 200 rpm for approximately 8 hours to harvest the culture during 

exponential growth. The cells were concentrated by centrifugation (Thermo Scientific 

SORVALL Evolution RC) at 9000rpm for 20 minutes and re-suspended in normal saline 

to achieve an optical density of approximately 1.6 at λ = 600 nm (Ultrospec 1000 

UV/visible spectrophotometer, Pharmacia Biotech). 

After titanium dioxide samples (0.9” × 0.9”) were placed at the bottom of a 

circular Petri culture dish (diameter = 3.5 cm, height = 1 cm), 4 mL of the 

bacterium/saline mixture was added, covered with a transparent lid, and placed 4 cm 
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under a Blacklight Blue (BLB) UVA lamp (Globe, F15, T8, 15W) and irradiated by the 

UVA light for 12 hours. 

The Live/Dead BacLight bacterial viability kit (Invitrogen L13152) containing a 

green-fluorescent nucleic acid stain, SYTO 9®, and a red-fluorescent nucleic acid stain, 

propidium iodide to distinguish between cells with intact or damaged membranes. SYTO 

9® stains all cells green while propidium iodide penetrates only the cells with damaged 

membranes staining them red. Thus, red and green cells would represent the dead and 

viable cells respectively. The fluorescent stain mixture was prepared by mixing the 

contents of the Live/Dead Baclight kit with 5mL of sterile distilled water. 100µL of the 

stain was applied to the surface of titanium dioxide sample after it was removed from the 

Petri dish. Immediately after staining, three different areas of the sample were examined 

using a fluorescent microscope (Nikon Labophot-2) and photographed (Canon Digital 

IXUS 85 IS) to count the number of viable and non-viable cells. The FACVD sample 

results were compared with a blank aluminum, two industrial standards, and the dark 

controls. 
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5.3 Results and Discussion 

5.3.1 Degradation of Stearic Acid 

The degradation of stearic acid by the titanium dioxide samples was monitored by 

quantifying the changes in the amount of carbon-hydrogen bonds on the sample surface 

using FTIR. The initial stearic acid degradation rate for each sample is summarized in 

this section. 

5.3.1.1 Effect of Air to Methane Ratio  

 Samples deposited under all air to methane ratios, R, had higher or comparable 

initial degradation rates compared to the Intech standard (Figure 5-1). While samples 

deposited under R = 5 and 9 had comparable degradation rates to the Degussa P25 

standard. Samples deposited at R= 4 exceeded the degradation rate of Degussa P25. The 

higher degradation rate obtained at R=4 than at other ratios might be due to its thicker 

film and higher amount of hydroxyl groups on the film surface. 
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Figure 5-1 Initial stearic acid degradation rate for samples deposited at varying air to gas 

ratios (at precursor injection rate = 15 g/h, N2 = 200 sccm, nTi = 30). Error bars represent 

one standard deviation. 
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5.3.1.2 Effect of Precursor Injection Rate 

Samples deposited under all precursor injection rates had a comparable or higher initial 

degradation rate than the Intech standard (Figure 5-2). Samples deposited at the higher 

precursor injection rates of 10 and 15 g/hr had comparable initial degradation rates to the 

Degussa P25 standard. 

 

Figure 5-2 Initial stearic acid degradation rate for samples deposited at varying precursor 

injection rates (at R = 4, N2 = 200 sccm, nTi = 30). Error bars represent one standard 

deviation.  

0%

5%

10%

15%

20%

25%

30%

35%

40%

5 7 10 15

In
it

ia
l D

e
g

ra
d

a
ti

o
n

 R
a

te
 (

%
/m

in
)

Precursor Injection Rate (g/h)

Degussa P25 = 
24.3±7.5 %/min

Intech = 

7.1±2.7%/min

Blank 
Al



 

95 

 

5.3.1.3 Effect of Nitrogen Carrier Gas Flow Rate 

The nitrogen carrier flow rate did not have any significant influence on the initial 

degradation rate of stearic acid of the FACVD samples (Figure 5-3).  

 

Figure 5-3 Initial stearic acid degradation rate for samples deposited under varying 

nitrogen carrier flow rate (at R = 4, precursor injection rate = 7 g/h, nTi = 30). Error bars 

represent one standard deviation.  
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5.3.1.4 Effect of Thickness of TiO2 film 

Without a silicate underlayer, the initial degradation rate of stearic acid increased with the 

number of passes through the flame during titanium dioxide deposition (Figure 5-4). This 

increase in degradation rate follows the same trend as the increase in relative film 

thickness (Figure 4-12). 

 

Figure 5-4 Initial stearic acid degradation rate for samples deposited under varying nTi (at 

R = 4, N2=200 sccm, precursor injection rate = 7 g/h). Error bars represent one standard 

deviation.  
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5.3.1.5 Effect of the silicate underlayer 

Depositing TiO2 on top of a silicate underlayer improved the initial degradation rate of 

stearic acid to exceed the Degussa P25 standard regardless of the thickness of the silicate 

layer (Figure 5-5). However, increasing the silicate film thickness did not further enhance 

the initial stearic acid degradation rate. 

 

Figure 5-5 Initial stearic acid degradation rate for samples deposited under varying nSi (at 

R = 9, N2 = 200 sccm, precursor injection rate = 7 g/h, nTi = 30). Error bars represent one 

standard deviation.  
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The above stearic acid degradation tests were done using UVC irradiation, and 

FACVD samples with strong photocatalytic ability were able to degrade stearic acid 

within 12 minutes of UVC irradiation. A selection of these samples was also tested under 

irradiation of UVA which has a lower energy and is less injurious to health than UVC 

light. The time required for them to fully degrade stearic acid was extended to at least 

250 minutes. The decrease in degradation rate by switching from a UVC to UVA light 

might be due to the greater absorption coefficient for titanium dioxide to UVC light at 

short wavelengths in the 254 nm band compared to UVA light at a longer wavelength of 

365 nm (Mills et al. 2002). 

5.3.2 Inactivation of Bacteria 

To evaluate cell viability upon exposure to the TiO2 coated samples, a UVA light 

source was used instead of a UVC light source to reduce the influence of germicidal 

effect exerted by the UV light on the cells’ viability.  There was no bactericidal effect of 

the uncoated aluminum in the presence or absence of UVA light (Figure 5-6 to Figure 

5-10). Without light activation, no bactericidal activity was observed for all TiO2 coated 

samples, the Intech and Degussa P25 benchmarks (Figure 5-6 to Figure 5-10).  Hence any 

bactericidal effect would be due to the presence of the deposited TiO2 film when it is 

activated by UVA light. 
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5.3.2.1 Effect of Air to Methane Ratio on Bactericidal Activity 

With UVA light activation, only the TiO2 film deposited at R = 4 demonstrated a 

bactericidal effect (66.9% ± 3.2% survival) that was comparable to the bactericidal 

strength of the Intech standard but was much weaker than the Degussa P25 standard 

(Figure 5-6). Samples deposited at higher air to methane ratios (R = 6 and 9) had no 

bacterial inactivation even after 12 hours of UVA irradiation. 

 

Figure 5-6 V. fischeri cell survival when exposed to samples deposited at varying R (N2 

= 200 sccm, precursor injection rate = 7 g/h, nTi = 30) after 12 hours of UVA irradiation 

and compared with dark controls (no UVA light), blank aluminum, Intech, and Degussa 

P25 standards. Error bars represent one standard deviation. 
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5.3.2.2 Effect of Precursor Injection Rate on Bactericidal Activity 

A precursor injection rate of 7 g/h deposited a film which had a comparable 

bactericidal effect as the Intech standard but much lower than the Degussa P25 standard 

(Figure 5-7).  However, there was no effect at the lower precursor injection rate of 5 g/h.

 

Figure 5-7 V.  fischeri cell survival after exposure to samples deposited at varying 

precursor injection rate (N2 = 200 sccm, R = 4, nTi = 30) after 12 hours of UVA 

irradiation and compared with dark controls, blank aluminum, Intech, and Degussa P25 

standards. Error bars represent one standard deviation. 
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5.3.2.3 Effect of Nitrogen Carrier Gas Flow Rate on Bactericidal Activity 

In Figure 5-8, the nitrogen carrier gas flow rate did not have a significant 

influence on the bactericidal strength of the FACVD samples exhibiting similar levels 

(80-67% survival) of bacterial inactivation. 

 

Figure 5-8 V. fischeri cell survival on samples deposited at varying nitrogen carrier gas 

flow rate (precursor injection rate = 7 g/h, R = 4, nTi = 30) after 12 hours of UVA 

irradiation and compared with dark controls, blank aluminum, Intech, and Degussa P25 

standards. Error bars represent one standard deviation.  
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5.3.2.4 Bactericidal Effect of the Thickness of a TiO2 Film 

In Figure 5-9, only FACVD titanium dioxide films deposited after 30 passes (i.e. 

thickest film) had comparable bacteria inactivation as the Intech standard. However, 

Degussa P25 had a much higher bactericidal effect. 

 

Figure 5-9 V. fischeri cell survival rate on samples deposited at varying nTi (at R = 4, 

N2= 200 sccm, precursor injection rate = 7 g/h) after 12 hours of UVA irradiation and 

compared with dark controls, blank aluminum, Intech, and Degussa P25 standards. Error 

bars represent one standard deviation.  
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5.3.2.5 Bactericidal Effect of a TiO2 film on Different Thicknesses of Silicate Underlayer 

In Figure 5-10, the presence of a silicate underlayer increased the bactericidal 

strength of the FACVD samples, with the thickest silicate layer having a bactericidal 

activity (12.8% ± 0.82% survival) that was very close to the Degussa P25 standard. 

 

Figure 5-10 V. fischeri cell survival on samples deposited at varying nSi (at R = 9, N2 = 

200 sccm, precursor injection rate = 7 g/h, nTi = 30) after 12 hours of UVA irradiation 

and compared with dark controls, blank aluminum, Intech, and Degussa P25 standards. 

Error bars represent one standard deviation.  
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In this study, the effect of a silicate underlayer was only tested on the FACVD 

samples deposited at an air to methane ratio, R, of 9. Although the FACVD samples 

deposited at R = 4 seemed to exert a higher photocatalytic oxidation (PCO) efficiency but  

the influence of a silicate underlayer on these films was not studied due to the recent 

move of the deposition facility to Atlanta. It would be worthwhile to compare the PCO 

efficiencies of both R = 4 and R = 9 samples deposited on top of a silicate underlayer. 

5.3.3 Conclusion 

The air to methane ratio, liquid precursor injection rate, and number of passes 

through the flame during the deposition of both the titanium dioxide coating and the 

silicate underlayer all had significant effects on the ability of the FACVD film to degrade 

stearic acid and inactivate V. fischeri. Among these variables, the presence of a silicate 

underlayer seemed to have the greatest impact on the film’s performance. Several 

FACVD samples were able to achieve a PCO efficiency that was comparable to or even 

exceeding the industrial standards. However, the PCO performance of the samples 

irradiated by a UVA light source seemed to be very low. A much more photocatalytically 

reactive film needs to be developed in order to better inactivate bacteria in present in an 

aerosol. Further studies may examine the effect of (i) a silicate layer on FACVD 

deposited at R=4 which has demonstrated better PCO efficiency than at R=9, (ii) other 

operating variables (e.g. distance of sample holder to flame, line speed, evaporator 

temperature) that may significantly change the physical-chemical property of the film, 

and may focus on improving the film’s performance under UVA light irradiation.  
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Chapter 6 

Conclusion and Future Recommendation 

Conclusion 

The photocatalytic (PCO) efficiency of the titanium dioxide film produced by 

flame assisted chemical vapor deposition (FACVD) was significantly influenced by the 

air to methane ratio, liquid precursor injection rate, the presence of a silicate underlayer, 

and the thickness of the TiO2 layer. No obvious affect on the photocatalytic efficiency by 

the nitrogen carrier flow rate was observed. A strongly adhesive layer of titanium dioxide 

was detected by GD-OES after the tape test on all the titanium dioxide samples produced 

by FACVD. However, the thickness of this adhesive layer could not be measured due to 

the difficulty for SEM to visualize a clearly defined boundary between the adhesive layer 

and the aluminum substrate. The presence of a silicate underlayer improved the PCO 

performance of the FACVD film in degrading stearic acid and bacterial inactivation to 

become comparable to the PCO efficiency of the industrial standards. However, the PCO 

efficiency of the FACVD samples under UVA light source is still much lower than under 

UVC light source. 
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Future Recommendation 

Future studies should focus on analyzing how surface cleaning will affect the 

attachment of the TiO2 coating onto the aluminum substrate. Such studies may examine 

the effect of the air to methane ratio on the aluminum substrate itself, as well as the 

aluminum pretreatment with surface active agent to enhance the bonding between the 

coating and aluminum substrate.  

Additional studies can look into ways to improve the mechanical robustness of the 

film, and its PCO performance under UVA light source. For example, investigation of 

options for modifying the titanium dioxide film, such as further heat treatment after film 

deposition, metal or carbon doping. Although addition of a binding material might help 

the powdery TiO2 to stay intact on the substrate, it is not recommended for developing 

products for photocatalytic use because an organic binder may degrade during the 

photocatalytic reaction and an inorganic binder may interfere with product performance 

by blocking the UV light source from reaching the TiO2 under the surface. Investigation 

on the life span of TiO2 photocatalyst may also be conducted. 

X-ray diffraction is recommended for the analysis of the crystalline structure of 

the TiO2 film. Once the crystalline structure of the film can be identified, further 

investigation on changing the operating condition to achieve a desirable anatase-rutile 

ratio in the film may be done, in order to improve the film’s PCO efficiency. For 

instance, Pei and Leung (2013) had discovered that titanium dioxide nanofiber with an 

anatase to rutile ratio of 48:52 had achieved the highest photocatalytic efficiency. In 
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addition to using GD-OES to measure the relative amount of chemical species in the film, 

secondary ion mass spectroscopy may be used for depth profiling which can estimate the 

film thickness and give a more exact location of the chemical components across the film 

(Zhu et al. 2002). It is also recommended to conduct an investigation on the time required 

for the deposition rate to stabilize during every start-up, the time when the system would 

start to deposit powdery film, and the cause of this phenomenon.  
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