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Abstract 

This thesis details the use of Aerosol Assisted Chemical Vapour Deposition (AACVD) to 

synthesise doped and composite titanium dioxide (TiO2) thin films for use in 

technological applications. These applications range from advanced transparent 

coatings for self-cleaning windows to materials for the irradiation induced remediation 

of compromised water sources. 

First, a TiO2/SnO2 composite, which had been synthesised and characterised previously, 

is investigated by combinatorial AACVD (C-AACVD) itself a novel form of AACVD which 

separates precursor streams until they are in the reactor. This achieved films which 

graduate from TiO2 to SnO2 allowing changes in physical and elemental structure to be 

easily related to variances in functional properties.  

Next a new form of AACVD is used for the first time to provide insight into the growth 

of the TiO2/SnO2 composite, which is not achieved using combinatorial methods. Time 

Resolved AACVD (TR-AACVD) allows the creation of thin films that vary as a function of 

time, rather than elemental concentration as in combinatorial AACVD (C-AACVD). 

Advantageously many films can be created in a single deposition, allowing a full 

deposition to investigate the full growth of a material of interest. 

Whilst nitrogen doped TiO2 is a well characterised material within the scientific 

literature, questions still remain as to the true physical reasons for its functional 

properties. In this work Transient Absorption Spectroscopy (TAS) is used in conjunction 

with X-ray Photoelectron Spectroscopy (XPS) and photo-activity measurements to chart 
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how the material changes as a function of irradiation time, providing an idea of how 

nitrogen doped TiO2 would fair in an environmental setting outside the laboratory. 

Finally, capitalising on the production of nitrogen doped TiO2, nitrogen and niobium co-

doped TiO2 is synthesised using combinatorial AACVD to create a film which graduates 

from N: TiO2 to Nb: TiO2 with co-doped states created in between. The incorporation of 

TCO and photo-catalytic properties in TiO2 is explored. 
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1 Chapter I: Introduction 
There has been much focus in the past few decades on creating and commercialising 

technologies with the concept of ambient energy utilisation as their core design 

principle. Sustained research in these areas has heralded advances in photovoltaic solar 

panel efficiencies and transparent conducting oxides which find usage in a plethora of 

applications, from dye sensitised solar cells to flat screen televisions.1–3 One particular 

area of discourse which has pursued this concept of ambient energy utilisation is the 

field of photo-catalysis.  

The sun is known to provide the earth with more energy, through irradiance, in a singular 

day than mankind is currently capable of using within an entire year.4 It represents an 

underutilised and powerful energy source which can be captured and used in many 

ways. The main usage that first comes to mind is for powering the everyday lives of 

mankind. With a growing population this need for energy becomes an imperative. In 

many ways this energy is used to create products which eventually contribute pollution 

to the environment. This includes small organic molecules as well as bacteria and 

viruses.5 

One of the major goals of the photo-catalysis community is to create materials which 

can utilise ambient energy, given from the sun, to remove and destroy these pollutants. 

In this way mankind can begin to take responsibility for the environmental damage its 

pursuit of growth has resulted in.6,7 

The process of photo-catalysis involves a medium whose band gap (the energy 

difference between a materials valence and conduction band) is attuned to the energy 

of ambient light. The medium then uses this energy to create charge carriers which 
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travel to the surface to undergo surface redox reactions and effect chemical change 

upon the environment in the immediate vicinity of the medium.8 

In this work a particular medium, composite and doped TiO2 thin films, is explored and 

characterised to achieve greater understanding of their ability to fulfil the role outlined.  

Before a material can be assessed for its suitability to solve a problem, the problem must 

be first defined. One particular role TiO2 is touted to fulfil is the light induced sterilisation 

of compromised water sources. 

1.1 The Issue of Clean Water 

Titanium dioxide is hypothesised for use in many applications, such as photo-catalysis 

of water for hydrogen production, and is used commercially as a self-cleaning coating 

for windows. However, this thesis is focused on the production of thin films based on 

TiO2 for use in the purification of water. Before TiO2 can be truly considered fit for 

purpose in solving the problems it is touted to be capable of, one must first identify the 

situations and reasons for pursuing such a line of research, only by doing so can the 

disadvantages TiO2 exhibits be changed. As such it is necessary to quantify the problems 

posed so that TiO2 can be assessed for its capability in cleaning water.  

1.2 Water as a Source of Disease 

Clean sources of water are an issue worldwide, for both first and third world nations. 

The degree of severity varies, however the necessity of clean non-toxic water sources 

for human consumption is a biological fact. The human body can survive for roughly a 

month without food, providing water is available. Without water the human body will 

perish within the space of several days.9 Therefore obtaining and maintaining large 

bodies of clean water is an imperative. In Britain, as an example, we are one of the most 
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developed nations on the planet with an extensive and advanced infrastructure for the 

production and distribution of clean water.  

For less developed regions in sub Saharan Africa, areas of Mexico, South East Asia and 

many more, this combination of infrastructure and access to healthcare is not as 

prevalent, if at all present. As a result, cases of diseases related to poor hygiene are 

numerous and account for the deaths of many children and adults alike on a yearly basis. 

Clean accessible and affordable drinking water is defined by the United Nations 

Committee on Economic, Social and Cultural Rights as a human right.10 With this is mind, 

it is reported by the World Health Organisation that 39% of the world’s population or 

2.6 billion people still do not have access to improved sanitary conditions and 750 million 

lack access to clean drinking water altogether.11  Open defecation, which presents a 

serious problem in terms of waterborne diseases and potential fouling of clean sources 

of water, is still prevalent in the developing world with 1.1 billion people or 15% of the 

world population having no other sanitary options.12 Diarrhoea is a dangerous illness in 

the third world and a symptom of many water borne diseases. It is estimated that 2,300 

people die each day of dehydration as a result of diarrhoea, this equates to 842,000 

people a year. Unsurprisingly, 82% of those who lack access to sanitary water sources 

live in rural regions, with only 18% living in cities or towns. 

This paints a stark picture and has serious ramifications for everyone involved. Many 

families in third world countries rely on their children to provide an income for the whole 

family. If family members become ill, not only does the family lack an important source 

of income, they also have to misappropriate resources looking after the ill family 

member. Sickness therefore very quickly becomes a barrier to prosperity as the family 
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slowly sinks further into poverty whilst trying to care for their family members. Access 

to clean drinking water is therefore of interest for the eradication of poverty. As 

instances of water borne infection would decrease as a direct result of clean drinking 

water, people in the affected regions would lead healthier lives and live longer to 

provide incomes for themselves and their families, helping to elevate the economic 

standing of themselves, their family and everyone around them. 

1.3 The Issue of Small Organic Molecules 

Water can also be a source for small organic molecules, which can be detrimental to 

health. This issue has continued to increase proportionally with the prevalence of 

plastics and medicines, associated with the modern world, which create specific 

metabolites and by-products upon interaction with the human body and livestock. 

1.3.1 Water Borne Estrogens 

Estradiol is a class of estrogens, themselves natural hormones found in the human body 

(Figure 1.1). They are responsible for driving specific hormonal pathways in the body 

and are essential for maintaining the reproductive cycle in both female and male human 

beings. They are also vital to maintaining correct bone structure amongst many other 

functions. However, extra-cellular sources of oestrogens can pose a serious problem in 

human physiology. It is regularly associated with lower sperm counts in males and has 

been linked to an observed global reduction in worldwide sperm counts in men.13 
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Figure 1.1: The structure of Estradiol, specifically 17B-Estradiol 

In the 1980s the first evidence of synthetic estrogens exerting adverse health effects 

upon an environmental population was published. The authors reported that elevated 

levels of estrogens found in UK natural fresh water sources, such as rivers and lakes, 

were consistent with sexual abnormalities found in many different freshwater fish 

populations. The degree of abnormalities ranged from low levels of androgyny to some 

specimens exhibiting both male and female sex organs.14 Subsequent studies on 

populations of breeding zebrafish found that even low levels of environmental estrogen 

exposure resulted in decreased breeding success in the overall population.15 

With this in mind, rivers were mapped to assess the concentrations of estrogens present 

in the water. In the British rivers Lea and Nene, levels of estrone (another estrogen) and 

estradiol were found to vary between 0.4 to 12.2ng/l and 0.4 to 4.3ng/l respectively. 

Further studies found that exposure at these levels over the course of seven years is 

sufficient to decimate the entire fish population of a lake, as the male population is 

slowly feminised resulting in less procreation.16 

Recent studies carried out at the University of Montreal have found that sewage 

treatment plants, which possess no facilities to treat water for estrogens, transfer 90 

times the critical amount of estrogen back in the environment. The critical amount is the 

amount required for adverse effects to take place and is set at 1ng/l.17 This massive 
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increase is attributed to a concurrent increase in the amount of people consuming oral 

contraceptives which accumulates high concentrations of unprocessed estrogens within 

the body and are then expelled via urine or faeces. The estrogens then continue to enter 

natural and fresh water sources. 

Studies have also established that elevated levels of estrogens can negatively influence 

the immune system in humans.18 

1.3.2 Bisphenol A 

Bis-Phenol A (BPA) (Figure 1.2) is a molecule employed for use in the synthesis of many 

modern day plastics and epoxy resins. The plastics are tough and transparent, thus a 

favourable material for the production of plastic bottles and the like. It is also prevalent 

in canned food containers and is used to line the inside of water pipes. With this in mind; 

the leaching of unreacted monomer units present in these products and the subsequent 

transferral into the human body via consumption of food and water, is of concern in the 

light of increasing evidence that BPA poses several developmental and health risks to 

the human body. BPA is commonly found in potable water sources using in drinking 

water.19 

 

Figure 1.2: The skeletal structure of Bisphenol A (BPA). 

The use of BPA in the synthesis of plastics is widespread, as the chemistry is easily 

accessible and well documented. 
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As a result, world production was 1 million tons in the 1980s,20 which grew to more than 

2.2 million tons in 2009.21 It is therefore classed as a high volume production chemical.22 

Not surprisingly US consumption in 2003 was recorded at 856,000 tons, of which 72% 

was used to make polycarbonate plastic and 21% for the synthesis of epoxy resins.23 At 

present however, less than 5% of the BPA produced in the US is used in food contact 

applications,24 but remains highly prevalent in the canned food industry and in printing 

applications, such as sales receipts. 25 

Many Environmental and food safety organisations that currently assert that BPA is safe 

in low concentrations, recognise that uncertainties still exist and thus further study is 

currently being pursued.26 

Bisphenol A is a xenoestrogen, which means, despite displaying little chemical similarity 

to estradiol or natural estrogens produced by the human endocrine system, it is able to 

bind and interact with estrogen receptors found within the human body. It was first 

discovered in 1891 by Aleksandr Dianin27 but little work was done until the 1930s when 

it was proposed as a synthetic estrogen replacement by Charles Dodds.28 Subsequent 

work found that it bound to estrogen receptors 37,000 worse compared to estradiol 

itself.29 

However in 2007, reports suggested that as a xenoestrogen it activated an alternative 

endocrine pathway than estrodiol, whilst still effecting similar physiological phenomena 

within the body as estrodiol,30 hence explaining why BPA still represents a problem in 

water sources. It was not until 2009 that BPA was linked with adverse side effects at low 

dosages.31 Since then it has been linked with increasing levels of obesity, sexual 

dysfunction,32 propagation of genetic mutations in children,33 stunting of testicle 
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growth34 and in some cases cancer.35 A telling example is of chemical factory workers in 

china exposed to BPA on a daily basis reporting many of the expected symptoms of 

endocrine manipulation such as sexual dysfunction, lower libido and weight gain.32 

The role of BPA is still under investigation but recent evidence suggests that constant 

low level exposure present in the modern world is contributing, in the same manner as 

estradiol, to a global reduction in sperm count in human males.36 

1.3.3 Antidepressants 

Another prevalent class of organic molecules regularly found in drinking water 

throughout the first world are antidepressants. Many of the antidepressant molecules 

administered are left untouched by the body and excreted and thus end up in waste 

water sources. A study conducted in 2011 identified a link between exposure to 

serotonin uptake inhibitor (SSRI) antidepressants during pregnancy and an increase in 

observed autism spectrum disorders (ASDs) in the children who were subsequently 

born.37  Another study has also linked long term low level exposure of antidepressants, 

consistent with expected levels found in environmental conditions, to the activation of 

genes associated with autism in the brain cells of fathead minnows.38 Whilst this does 

not equate to a causal link for antidepressants elevating the likelihood of autism in 

humans it does demonstrate that even in small concentrations antidepressants can alter 

the brain chemistry of vertebrates. 

1.3.4 The Need for Removal 

It is abundantly clear that a method for removing these contaminants is required, which 

does not discriminate between bacterium, virus, plasticiser or antidepressant. Even if 

evidence for detrimental health effects are not concrete, for the sake of posterity, 
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developing techniques and technologies capable of permanently removing such 

contaminants from water sources is highly desirable from a health care, poverty and 

environmental perspective. The chemicals and bacteria described previously all 

detrimentally effect the natural world which we inhabit, whether it is nano-gram per 

litre concentrations of BPA in lakes, which are capable of devastating entire fish 

populations, or water borne diseases which tax the resources of already struggling 

families and healthcare infrastructure in the third world. Clean water for both 

consumption and the natural world is an imperative to ensure the flourishing of the 

planet and humanity in a positive manner. Thus the positives far outweigh the negatives 

in the need for developing such a technology. Such a technology would also have 

advantages in applications that are not as immediate in urgency but still a vital 

requirement such as in spaceflight, where water must be reused and maintained as no 

external sources exist. 

1.3.5 Conventional Methods for the Purification of Water – UV Irradiation 

In many areas of the world such as Africa and Asia bottled water is the only source of 

clean drinking water, although sewer systems and piped water systems exist, water 

sources that supply these populations still contain bacteria and natural fauna that can 

cause mild diarrhoea and sickness. 39 A large proportion of bottled water is irradiated 

with ultra violet light to prevent any potential bacteria or pathogen from being able to 

enter into the human body. This method works by causing mutations in the DNA of the 

bacteria and preventing a bacterium to carry out its normal cellular functions and hence 

cause disease.40 The method is limited only by the fact that the water must be clear as 

possible to achieve maximum exposure to the ultraviolet light source as contact with 

the bacteria and the ultraviolet rays must occur to cause the DNA mutations which 
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eventually inactivate or kill the bacteria. It is also not suitable for the sterilisation of 

heavily soiled water, which often contains decaying organic matter and soil as well as 

faecal matter which stops the effectiveness of UV irradiation due to attenuation of the 

intensity of the UV rays used to irradiate the water. It also fails to remove small organic 

molecules which are largely unaffected by UV irradiation, with higher energy 

wavelengths sometimes required.  

Thus for a better method of water purification, a material or technology is required that 

indiscriminately distributes energy throughout the water that is capable of effecting 

significant chemical change upon its target to render it inactive or destroyed. 

1.4 Semiconductor Photo-catalysis for the Removal of Waterborne Agents 

One method explored within the literature for the photon induced sterilisation of water 

is the use of metal oxide semiconductors, and in this instance TiO2, for the photon-

induced production of hydroxyl radicals at the TiO2/ water phase boundary, which are 

capable of destroying and inactivating bacteria, viruses and small organic molecules 

alike. 

1.5 What is a Semiconductor? 

Semiconductors are the basis of the modern world; without them the transistor is 

impossible and the computer age, which has enabled such great levels of human 

prosperity in the past 70 years, would not have happened. This success can be attributed 

to advances in quantum theory; specifically the work of Schrodinger, Dirac, Fermi and 

Einstein, which helped explain the physical properties of these materials.41–46 This is 

further compounded by the ability to synthesise very pure materials of which a high 

level of control exists in creating specific elemental compositions. The most common 
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semiconductors in use today are silicon and germanium and this is for their use in the 

fabrication of transistors for use in computing, which pervades society. There are 

however many compounds which are semiconductors too, such as metal oxides and 

sulfides.47,48 

Semiconductors exhibit conductivities between a metal and an insulator. They also 

exhibit an increase in conductivity as temperature increases, contrary to what is 

observed in metals. To explain these phenomena, an understanding of the electronic 

structure and how it compares with metals and insulators is necessary. 

1.6 Band Theory and Semiconductor Electronic Structure 

In an individual atom, electrons occupy discrete energy levels or orbitals, described by 

quantum mechanics, and upon excitation can be promoted between these levels (Figure 

1.3).  

 

Figure 1.3: A schematic showing the distribution of atomic energy levels relative to each other as a function of energy. 
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The same can be said for molecules which exhibit molecular orbitals which are the 

product of the addition of the atomic orbitals of the constituent atoms. As the number 

of constituent atoms increases the amount of atomic orbitals which contribute to the 

formation of the molecular orbitals also increases all occupying discrete energy levels, 

as the molecule increases in size towards a solid, which is in essence a large molecule, 

the population of these energy levels becomes so dense that they form a continuum 

(Figure 1.4). 

 

 

Figure 1.4: A. A schematic showing the overlay of two sets of the 2s and 2p atomic orbitals, in this case from oxygen, 

to produce the molecular orbitals that define the molecule O2’s electronic structure. B. A schematic showing that many 

A 

B 
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atomic orbitals can overlap to produce band structure observed in large solid materials as the amount of orbitals (N) 

moves from 1 to infinity.  

This is specific to the material in question and is known as the band structure. Solid 

materials can thus be classed in three groups dependent upon their band structure - 

 Insulators exhibit a band gap too large for electrons to cross the bandgap via 

thermal excitation. Thus they are typically insulating and exhibit low electrical 

conductivities (Figure 1.5 A). 

 Semiconductors exhibit a small gap between the valence and conduction band. 

A band gap is essentially the energy window, which is not occupied by the 

summation of large numbers of molecular orbitals. Electrons from the valence 

band (equivalent to the HOMO in a molecule) can cross the bandgap to the 

conduction band (equivalent to the LUMO in a molecule) upon thermal or photo 

excitation (Figure 1.5 B). 

 Metals display no gaps in their continuum of orbitals between the valence and 

conduction bands. The position of the Fermi level relative to the conduction 

band ensures metals are conductive (Figure 1.5 C). 



36 
 

 

Figure 1.5: A) Insulators exhibit a bandgap too large for light or thermal energy to promote electrons from the valence 

band to the conduction band. B) Semiconductors exhibit a small band gap between the valence and conduction band, 

which electrons can be promoted across give sufficient energy via thermal or photonic sources. C) Metals or conductors 

exhibit overlap of the valence and conduction band, thus electrons are readily available to conduct electricity. 

An important feature of band structure is the ‘Fermi level’ which is a result of Fermi-

Dirac statistics. The Pauli Exclusion Principle states that fermions, such as electrons, 

cannot occupy identical energy states and as such pair up differentiated only by spin and 

proceed to fill up the empty energy levels sequentially in increasing energy. The Fermi 

level is the energy at the summit of this set of electrons at absolute zero (Figure 1.6). At 

temperatures above zero kelvin, such as room temperature (274 K) there exists a 

distribution of electron energies that span the Fermi level (Ef). Typically electrons can be 

promoted above the Fermi energy with an input of heat energy, and thus in a metal 

electrons are capable of conducting as they exist above the Fermi energy into the 

conduction band. In semiconductors the Fermi energy also plays an important role. In 

semiconductors the Fermi level exists somewhere between the valence and conduction 

band, the exact position being dependent upon the material in question and its band 
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gap value.  Thus methods of altering the Fermi level, such as doping, are of significant 

interest in transparent conducting oxides and photo-catalysts. An un-doped 

semiconductor is known as an intrinsic semiconductor and with a doped one known as 

extrinsic. Semiconductors are also classified by the identity of the dominant charge 

carrier; n type semiconductors are electron dominant whilst p type semiconductors are 

electron hole dominant. 

 

Figure 1.6: A schematic showing the positions of band structure in metals, semiconductors and insulators relative to 

the Fermi level. As the Fermi level coincides with the band structure of the metal, electrons can contribute to electric 

current. Semiconductors at zero kelvin have no electrons capable of crossing the band gap, however at room 

temperature the Fermi level exhibits a range of values and electrons can be found in the conduction band. The position 

of the Fermi level also dictates whether the semiconductor is n-type or p-type. Semimetals exhibit an overlap between 

the conduction and valence bands but exhibit negligible density of states at EF.  
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1.7 Electrons and Holes as Charge Carriers 

Titanium dioxide is able to absorb light in the UVA region of the electromagnetic 

spectrum as its band gap for the anatase crystal structure is 3.2 eV. The absorption of 

light allows the promotion of an electron from the valence band to the conduction band 

leaving in its place an electron ‘hole’. The electron and hole can then form an exciton, 

which is a bound state between the electron and hole, facilitated by the Coulomb force. 

At room temperature these are then thermalized into separate electrons and holes 

The concept of an exciton was first proposed in 1931 by Frenkel.49,50 Excitons are of 

interest as they are able to transport energy without transporting net electric charge 

through condensed matter, particularly in materials where the interaction of electrons 

between atoms or ions is small compared with the forces holding electrons within atoms 

or ions, such as ionic solids. This stability is attributed to the interaction of the electron 

with the hole and the electrons surrounding the hole, which apply a repulsive force, thus 

stabilising the bound state. As a result an exciton can exhibit lifetimes on the order of 

microseconds. The bound state is able to move from atom to atom as it progresses 

through the material, as electric charge is conserved.  For semiconductors a model 

proposed in 1936 was found to better describe the identity of the exciton, known as a 

‘Mott-Wannier’ exciton. The new model accounted for the increased interaction 

between covalent materials and that the electrons found in the valence band are usually 

found occupying the gaps between atoms in the form of bonds.51 It is found that the 

observed effective radius of a Mott-Wannier exciton can cover tens to hundreds of 

atomic sites. This is found to be larger in magnitude than traditional ‘Frenkel’ excitons. 

As the exciton exists as a bound state consisting of a negatively charged electron and a 
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similarly charged positive region, it exhibits behaviour similar to that of a hydrogen 

atom. It can thus be described assuming a constant dielectric by quantum mechanics 

and is said to be ‘hydrogenic’ (Equation 1.1). 

En = Einf – R/n2     (Equation 1.1) 

Where Einf is a series constant, R is the Rydberg constant and n is a quantum number. 

1.8 Surface Reactions 

Once an exciton has reached the phase boundary between a semiconductor, e.g. TiO2, 

and whatever medium it is in contact with it is capable of undergoing a wide range of 

surface redox reactions involving both the electron and hole. These surface reactions 

are of particular interest in the purification of water. Water will react with the hole of 

an exciton to produce a hydroxyl radical and in the process of doing so neutralise the 

hole: 

h+ + H2O → H+ + •OH 

2 h+ + 2 H2O → 2 H+ + H2O2 

H2O2→ HO• + •OH 

 

The electron can react with dissolved molecular oxygen to form a superoxide ion.  

e− + O2 → •O2
− 

•O2− + 2H+ → H2O2 + O2 

HOOH → HO• + •OH 

 

These two charged species now exist within the water. Energy has thus crossed the 

boundary between the semiconductor whilst charge within the semiconductor is 

conserved as the formation of a hydroxyl radical and superoxide ion neutralises the 

exciton created within the TiO2. The charged species in the water can now migrate and 
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react with anything that it comes into contact with. It is these species which are 

interesting for the use of water purification. Hydroxyl radicals are the second most 

potent oxidiser found in nature after fluorine, with an oxidative potential of +3.06 V, 

relative to the standard hydrogen electrode,52 and superoxide is a potent reducing 

agent.53 They can therefore indiscriminately react with carbon-carbon bonds and 

eventually break them. This process is called mineralisation as the overall products are 

H2O, CO2 and mineral acids. Mineralisation is a well-studied process with the kinetics 

and thermodynamics featuring in the scientific literature often.54,55 

It does not matter if the carbon-carbon bonds exist as a bacterial cell wall, outer protein 

shell of a virus or as carbon-carbon bonds in small organic molecules. The hydroxyl 

radical is capable of reacting with them all. The kinetic and mechanistic details of 

hydroxyl radical formation at the TiO2/ water phase boundary under UV irradiation have 

been reported on extensively. As such the mechanism of hydroxyl radical and 

superoxide formation is well understood for a TiO2 – water interface.  

1.9 Semiconductor Photo-catalysis - Titanium Dioxide 

One specific semiconductor of interest is titanium dioxide. It has been pursued as a 

material for use in photo-catalytic applications because of many advantageous 

properties. These include its low toxicity; which is demonstrated by its prevalent use in 

commercial food products such as toothpaste, bread and sweets because of its brilliant 

white colour, its low cost, the depth of technical knowledge already accrued in the 

scientific literature over the past sixty years, and most importantly its role as a near 

visible light band gap semiconductor. 
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1.10 Energy sources 

The production of UV Light is energy intensive and without the correct safety equipment 

can be dangerous. This as a risk is mediated in industry, via shielding and adequate eye 

protection, but the ability to use visible light wavelengths (400 – 800 nm) present in 

sunlight to purify water would present a considerable advantage. Visible light is however 

not harmful to bacteria because it does not cause mutations in DNA helices. A way to 

combine the freely available energy of the sun (43% of sun’s light in visible region) and 

a material capable of channelling this energy into a medium capable of inactivating 

bacteria and viruses in water would be highly valuable and this can be achieved through 

the use of doping of TiO2 to bring its solar absorption regime into the visible range. This 

would eliminate the need for energy intensive ultra violet lighting and utilise freely 

available energy from the sun (Figure 1.7). 

 

Figure 1.7: The above graph demonstrates the relative intensity and percentage of Visible and UV light present within 

day to day Solar Irradiation. Image credit: Berkeley Lab Heat Island Group. 
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1.11 The Ultraviolet Activity of TiO2 and the role of Dopants 

Doping, as explained earlier is a versatile method to engineer a change, depending on 

the identity of the dopant, to the material’s band structure. Whether this is altering the 

position of the Fermi level or shifting the value of the bandgap permitting it to utilise 

wavelengths of light which it would normally not interact with.56 It should be noted that 

this decrease in the energy of the band gap also makes recombination a more prevalent 

phenomenon as de-excitation of the promoted electron is a more energetically 

favourable process. In high dopant concentrations (>2-3%) mixing of orbitals changes 

the energy of the valence band relative to the conduction band, yielding a change in the 

band gap energy. This is due to the formation of a coherent Bloch function within the 

material representative of the new electronic states from the dopants. 

In cases where dopant concentration is low (<3%) it is more often found that inter band 

localised states, formed from oxygen vacancies, exist and the transition seen in the 

visible region can be attributed to these, with the valence band not changing in energy 

relative to the conduction band. Hence systems with this doping regime should exhibit 

increased photo activity in the visible region but also retain their UV photo activity. It 

should be noted that this is observed for TiO2 doped with both anionic and cationic 

dopants, thus it is suggested that the cause for this phenomenon is the creation of 

oxygen vacancies and the substitution of new electronic states into the existing 

framework of TiO2. 
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Figure 1.8: 1. Promotion of an Electron to the CB from the VB upon exposure to UV light (365 nm) 2. Recombination of 

these charged species occurs resulting in re-emission of UV light. 3. The electron is found in the state it started at in 

the VB and cannot undertake any surface redox reactions. 

Recombination limits titanium dioxide’s usefulness as an agent for environmental 

remediation of pollution. Recombination occurs when the photo excited electron in the 

conduction band de-excites and recombines with the hole created by its promotion into 

the conduction band (Figure 1.8). Therefore it is vital, if titanium dioxide is ever to live 

up to its hype of being an environmentally relevant photo-catalyst, to address the issue 

of this increased possibility of recombination. This can be done in two ways, firstly by 

using dopants that sequester photo-excited electrons away from electron holes the 

lifetime of the active species can be extended and overall the rate of electrons and holes 

performing surface reactions can be increased (Figure 1.9). 

VB 

CB 

UV light (365 nm) 

Electron 

Hole 

1.                                  2.                                 3.  
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Figure 1.9: Promotion of an electron upon exposure to UV light (365nm), instead of de-exciting back to the valence 

band the electron is sequestered onto the orbital of a cationic dopant 

Therefore this thesis will explore two specific strands of research: 

1. The creation of more efficient ultraviolet photo-catalysts by doping or utilising 

co-catalysts to promote exciton lifetimes 

2. The doping of TiO2 to shift its bandgap towards the visible region of the 

electromagnetic spectrum to create photo-catalysts that can utilise a higher 

proportion of energy available from sunlight. 

An extensive review of already published literature must be conducted so that the 

experiments discussed in later chapters can be considered to stand alone in originality, 

whilst contributing something to literature. Three main approaches are investigated 

within this body of work: 

 TiO2/ SnO2 composites 

 Nitrogen doped TiO2 

 Nitrogen and niobium co-doped TiO2 

CB 

VB 
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As a result the following review examines these specifically. 

1.12 Titanium Dioxide Literature Review 

Titanium dioxide has been discussed frequently already in this chapter, however basic 

physical properties are important in understanding how the techniques used in this 

thesis will enable the production and synthesis of better functional properties. 

Much of the literature regarding TiO2 concerns two particular crystal structures, rutile 

and anatase. Rutile is the thermodynamically most favourable structure for TiO2 to 

adopt, however at lower temperatures (300 oC – 600 oC) a metastable crystal structure 

forms, known as anatase. As a product of the typical synthetic conditions employed in 

this thesis anatase is the crystal structure of interest. The synthetic method employed is 

discussed at length in Chapter II. 

Titanium dioxide rose to prominence for photo-catalytic applications with the 

publication of TiO2’s ability to carry out electrochemical water splitting for the 

production of H2 by Fujishima et al in 1972. This paper, whilst not reporting levels of 

hydrogen production seen in subsequent reports decades later, was one of the first to 

show how visible and UV light irradiation may one day be utilised to effect chemical 

change upon molecules, in this case water for the eventual benefit of mankind.  

Hydrogen fuel cells themselves had existed for many years prior to this discovery.57,58 

The classical issue that faced the technology, so that it could be adopted in mainstream 

society is that producing hydrogen sustainably requires a significant amount of energy 

and H2 as a molecule is scare in the atmosphere because, due to its density, leaches from 

the atmosphere into space. Thus the utilisation of ambient and freely available energy 
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to drive processes capable of creating H2 from water became of great interest. Water 

could now add the accolade of fuel to its roster of important functions. 

This research provided the stepping stone to using TiO2 for photo-catalytic applications 

for the remediation of environmental pollutants. This connection was first made and 

summarised by Heller in reporting that solid liquid heterojunctions (composite 

structures of different materials) formed when semiconductor electrodes placed in 

solution made a better basis for solar cells for power and H2 production.59 

Given that the liquid-solid semiconductor-water interface was now well characterised 

researchers turned to TiO2 and the production of hydroxyl radicals to see if these, which 

exhibit a high oxidative potential, could be used to destroy environmental pollutants. 

Interest was seeded in 1977 by Frank and Bard in using TiO2 to remove and destroy 

cyanide and sulfite ions, themselves common industrial pollutants, from water.60,61 

Once this was successfully demonstrated this paved the way in subsequent years for 

many researchers from around the world to explore other inorganic and organic water 

borne pollutants. Phenols present a serious problem for the environment and often find 

their way into the environment via phenolic resins used in the production of plywood 

and in construction and automotive industries. It is also used in the synthesis of BPA 

whose detrimental effects have been discussed previously. Therefore much time and 

research has focused on the mineralisation of phenol solutions using irradiated TiO2. The 

first report of the photo-assisted decomposition of phenol using TiO2 comes from 

Okamoto et al.62 The kinetics of the mineralisation were also reported by Okamoto et al 

shortly after.63 Since then the mechanism of phenol destruction using photo-generated 

holes and hydroxyl radicals has become so well understood64–67 it is now an accepted 
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standard method for the characterisation of TiO2 based photo-catalysts.54,68–71 The 

decomposition process involves the addition of hydroxyl species at the aromatic carbon 

sites of the phenol before the breaking of carbon bonds leads to the eventual production 

of CO2 and H2O. 

Dyes are another organic based pollutant frequently found in compromised water 

sources.  They originate mostly from textile industries and whilst there exist many 

technologies capable of combating the issue of removing dye effluent from water 

sources each have disadvantages, as demonstrated by Robinson et al.72 As governmental 

regulations around the world start to place higher importance of environmental issues, 

the quality of liquid industrial effluent is being driven up. The decomposition of dyes is 

tricky as they exhibit a varied and wide range of chemistries. Thus a non-selective and 

general route to destroying them is required. As hydroxyl radicals and holes exhibit 

oxidative potentials high enough to break carbon-carbon bonds73 decomposition of 

textile dyes using TiO2 under UV irradiation has garnered significant interest within the 

scientific community. The eventual use of TiO2 in the removal of dyes from water was 

aided by the publication of the removal of dyes using hydroxyl radicals generated from 

Fentons reagent.74 The next logical step involved using UV irradiated TiO2 in water for 

the production of hydroxyl radicals. The first report of TiO2 assisted decomposition of a 

dye solution came from Vinodgopal et al.75 Since then it has remained a busy niche of 

research within the TiO2 community.52,76–81 

The bactericidal properties of TiO2, via the photo-catalytic production of hydroxyl 

radicals have also been investigated. The first instance of this, and an example of 

particular interest, was reported by Fujishima et al. With E. Coli suspensions they 
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demonstrated that TiO2 has a bactericidal effect and also removes the endotoxins which 

can cause bodily harm if ingested or exposed to.82,83  

In 2000, Fujishima et al published a review of TiO2 summarising the fruits of 30 years’ 

worth of intense research. The field had grown from focusing on the photo-catalytic 

production of H2 from water to many applications where electrons and holes were used 

to create hydroxyl radicals for the destruction of organic contaminants, killing of water 

borne bacterial agents, viruses, toxins and cyanide to name a few. Self-cleaning surfaces, 

and anti-fogging surfaces were discussed and featured heavily in the literature.47 

In many regards, TiO2 could almost be considered the ideal photo-catalyst. It is cheap to 

produce, non-toxic (indeed it is found in many household products as a whitener in 

bread and toothpaste) and easy to handle being a metal oxide. There however existed 

final hurdles to be conquered before TiO2 could start being used in the solar power 

driven environmental remediation strategies discussed by Fujishima et al.  

1. The bandgap of TiO2 lies in the ultraviolet region, meaning that the available 

ambient energy from the sun accounts for only 5-6% of total solar irradiance on 

any given day, with cloud cover attenuating this further. 

2. TiO2 suffers from efficient recombination processes whereby the photo-

generated charge carriers (e- and h+) recombine before they, in exciton form, 

reach the surface and undergo surface redox reactions to effect the desired 

chemical change. 

To combat these problems and enhance the photo-catalytic ability of TiO2 further 

strategies were pursued to promote the separation of electron and holes, via doping 
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and composite materials, so that they recombined less or on slower time scales, allowing 

larger proportions of excitons to carry out surface redox reactions upon pollutants. 

The field started in a new direction to achieve these goals by doping TiO2 with impurity 

states to engineer changes in the bandgap towards lower energies congruent with the 

visible region of the electromagnetic spectrum. This was also investigated so that the 

charge carrier generation and recombination kinetics might be made more favourable 

in TiO2. Heterojunction composite structures involving other metal oxides and metallic 

substrates were also employed as a mechanism in which electrons could be sequestered 

from TiO2 into another material to promote the lifetime of charge carriers. 

The work contained within this thesis concerns this particular area of TiO2 research in 

exploring and characterising methods to enhance the photo-catalytic ability of TiO2. First 

composite TiO2 / SnO2 films are explored with the aim of allowing the photo excited 

electron in TiO2 to be sequestered into the conduction band of SnO2. Next nitrogen 

doped TiO2, itself a visible light photo-catalyst, is investigated with the hope of providing 

extra insight into this material of which a lot is already known, however there remain 

questions still to be answered. Finally N / Nb co-doped TiO2 is investigated so that 

optimal doping concentrations may be identified for specific functional properties. 

First the literature concerning these respective areas of discourse in the field of 

engineered TiO2 must be considered so as not to repeat experiments and also to help 

identify where the research should head. 

1.12.1 TiO2/SnO2 Composites 

TiO2 and SnO2 have co-featured in the literature since 1928 with many studies focusing 

on the basic physical characteristics of the two metal oxides, such as gas adsorption 
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studies, XRD measurements and the kinetics of phase separation in these materials.84–

86 

TiO2 and SnO2 are both well characterised materials. TiO2 has received much attention 

as a photo-catalyst, as previously discussed. SnO2 has received as much attention but in 

a different application. SnO2 exhibits very low energy requirements for the creation of 

defects and exhibits uncharacteristically low resistivity values for a metal oxide 

semiconductor. Thus for transparent conducting oxide (TCO) applications it is and has 

been of significant interest. There has been much work in the literature detailing doping 

SnO2 with a wide array of elements to affect its band structure and Fermi level so that 

resistivity values are low enough to facilitate the conduction of electrons for applications 

such as flat screen TVs and dye sensitised solar cells.87,88 Whilst not SnO2, many industry 

standards such as Indium tin oxide (ITO) and fluorine doped tin oxide (FTO) are based 

on tin.2,89 

Potential applications that TiO2/ SnO2 composites may impact upon are wide and varied 

from photo-catalysis to gas sensing.90–93 TiO2/ SnO2 composites have even been 

considered a suitable material to act as an electrode for the industrial electrolysis of 

aluminium.94 

The use of TiO2/ SnO2 composites in photo-catalytic applications was first explored by 

Vinodgopal et al by electrophoto-catalytic studies using an SnO2 electrode doped with 

varying levels of TiO2.76 It was found that the composite films, which were synthesised 

by mixing two colloidal solutions of TiO2 and SnO2, after application to a conducting 

membrane and calcination at 673K, were found to exhibit slightly enhanced rates of 

photo-catalysis compared to pristine TiO2 and SnO2 respectively. This was attributed to 
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enhanced charge separation between the photo-excited electron and the hole 

generated upon absorption of energy congruent with the bandgap of TiO2. Specifically 

the electron was sequestered into the band structure of SnO2, enhancing the lifetime of 

the hole so that it can contribute to surface redox reactions for the destruction of an 

example pollutant, which in this case was an azo dye. 

This phenomenon was furthered by Shi et al who synthesised ultrafine TiO2 / SnO2 

composites and measured the photo-catalytic degradation of another azo dye. They 

corroborated that the TiO2 / SnO2 composites exhibited enhanced rates of photo-

catalysis compared to pristine TiO2 and SnO2.95 

Since then there have been innumerable reports reporting this advantageous physical 

characteristic of TiO2 / SnO2. 

This has been utilised for use in dye sensitised solar cells because of this enhanced 

charge separation by many authors who report enhanced charge injection and solar 

efficiencies for such systems.96–99 

There also exists many reports published within the past 15 years which focus purely on 

photo-catalytic applications which have successfully destroyed an array of potential 

pollutants.100–106 

The work previously published by Ponja et al differs from these studies. In previous work 

performed, TiO2 and SnO2 morphologies were joined in a physical sense, with no 

covalent attachment between them. Ponja et al observed a transition from anatase TiO2 

in the bulk to a surface segregated rutile cassiterite SnO2 structure in a singular material 

with the two metal oxides covalently bonded to each other. Specifically the TiO2 phase 
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exhibited high levels of Sn4+ substituting Ti4+ within the bulk whilst the SnO2 layer 

exhibited a high amount of Ti4+ substituting Sn4+. The exact mechanism for the formation 

of this composite film is unknown. However, that a transition from one metal oxide to 

another occurs hints at a complex reaction profile. To try and recreate this a 

combinatorial deposition is explored in Chapter III to recreate the transition from one 

metal oxide to another across the width of the film.107 Further insight into the growth of 

this material is afforded in Chapter IV utilising a new technique, known as time resolved 

AACVD (TR-AACVD) to create samples which vary as a function of deposition time, 

allowing changes in elemental ratio, surface morphology and crystal structure to be 

related to changes in functional properties. This provides insight for the first time into 

the growth profile of metal oxide materials in AACVD.108 

1.12.2 Nitrogen Doped Titanium Dioxide 

1.12.2.1 Inception 

In 2001 Asahi et al published work detailing the doping of TiO2 with nitrogen which 

heralded a shift in the band gap towards the visible region of the electromagnetic 

spectrum. This was achieved by sputtering a TiO2 sample in a nitrogen atmosphere 

before annealing at 550 oC. The films and powders created exhibited a bandgap value 

between 390-500 nm. This made the photo-catalyst capable of interacting with the 

majority of solar irradiation the earth receives (390-420 nm). Its ability to carry out 

visible light induced photo-catalysis for the destruction of MB in solution and gaseous 

acetaldehyde was documented proving the concept.109 The nitrogen content was shown 

to be between 1-1.6% with a mix of substitutional and interstitial doping. This had been 

identified previously by Saha et al whilst characterising surface oxidised titanium nitride 
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films.110 The lowering of the bandgap energy is attributed to substitutional nitrogen, 

whose 2p orbitals mixed with the 2p orbitals of oxygen to form a valence band higher in 

energy, whilst the conduction band remained unchanged, lessening the energy of the 

overall bandgap. This was predicted by a joint experimental and computational study 

published by Morikawa et al a month before Asahi’s experimental verification of 

nitrogen doped TiO2 visible light photo-catalytic properties. In this study the bandgap 

change that occurs between TiO2 and oxidised TiN films which represent nitrogen doped 

TiO2 was invesitgated.111 Since these publications two distinct directions within the 

literature have evolved. The first involves research from an application point of view, 

demonstrating the possible pollutants nitrogen doped TiO2 is capable of destroying 

under visible light irradiation. The second involves probing the facets of nitrogen doped 

TiO2 showing how important the role of defects, substitutional and interstitial doping 

and surface species have upon the observed functional properties of nitrogen doped 

TiO2. This aspect of the literature is of particular interest given the work of Cabrera et 

al.112 

1.12.2.2 Physical characteristics 

Because of its ability to absorb lower energy wavelengths congruent with the visible light 

section of the electromagnetic spectrum nitrogen doped TiO2 has become one of the 

most widely explored and characterised materials of the 21st century, a literature search 

of ‘Nitrogen doped TiO2’ yields over 5000 publications since 2001. This fervent attention 

can be attributed to its ease of synthesis and favourable functional properties for use in 

visible light photo-catalytic applications. The materials bandgap was first characterised 

by Akira et al when they first published on the subject. Subsequent studies have shown 



54 
 

a range of reported values varying from 2.1 eV to 2.5 eV corroborating this bandgap 

reduction.109,112–116 

1.12.2.3 Substitutional 

Substitutional doping of nitrogen into a TiO2 lattice involves the substitution of nitrogen 

for oxygen within the lattice (Figure 1.10). It can be described using Kroger-Vink notation 

as N’’’o. Thus the nitrogen takes the place of an oxygen site in the TiO2 lattice and exhibits 

a triple negative charge. This is where the property of visible light induced photo-

catalysis is hypothesised to originate from. This is because ‘Marriot-Wannier’ excitons 

originate from electrons found in covalent bonds.49 Thus the contribution of 2p orbitals 

from nitrogen titanium bonds found when nitrogen is substitutionally doped into a TiO2 

lattice should be the source of visible light activity in nitrogen doped TiO2. This has been 

confirmed by many researchers within the literature. 

 

Figure 1.10: Substitutional and Interstitial nitrogen sites in TiO2. With Substitutional nitrogen the N3- ion occupies an 

oxygen site. With Interstitial doping No occupies the sites between bonding atoms whilst co-ordinating with a lattice 

oxygen.115 
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1.12.2.4 Interstitial 

Nitrogen can also adopt an interstitial position in the TiO2 lattice. This is where nitrogen 

sits in the empty space created in between the TiO2 lattice created by bonding atoms 

(Figure 1.10). Using Kroger-Vink notation it is described as N’’’i. Many EPR studies show 

nitrogen dopants that occupy oxygen sites (Ns) and interstitial sites (Ni) to be 

paramagnetic, meaning they have unpaired electrons. It was originally thought that 

interstitial nitrogen occupied an identical charge to substitutional nitrogen (3-) and 

existed as monatomic nitrogen. However over the past ten years the field of theoretical 

chemistry has shown that nitrogen most likely exists as molecular NO.117,118 Regarding 

the charge of the NO species, current thinking, in line with experimental EPR 

measurements,115 shows that the NO state exists with a double negative charge, as the 

oxygen exists as O2- and thus the N exists as No.119 There is debate within the literature 

as to the functional manifestations that the physical presence of interstitial nitrogen in 

TiO2 result in. Many claim that nitrogen doping is responsible for an enhanced rate of 

UV photo-catalysis. Whether this is because of interstitial or substitutional nitrogen is 

unknown. The role of interstitial nitrogen is hinted at by Sotelo-Vasquez et al.120 

1.12.2.5 Surface species 

The role of surface species has been little considered in both visible and UV induced 

photo-catalysis in nitrogen doped TiO2, yet it is logical that surface species will strongly 

dictate and influence perceived rates of photo-catalysis. This has been highlighted by 

Cabrera et al in showing that the perceived rate of ultraviolet induced photo-catalysis in 

nitrogen doped TiO2 correlates positively with nitrogen surface species concentrations, 

which are seen in XPS to reside at ~400 eV.113,121–123 This nitrogen peak has been 
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characterised by many as a combination of surface nitrogen intersititial states, NHx, 

chemisorbed N2 and NO species. Given that nitrogen is rarely adsorbed to a surface at 

room temperature this can be discounted leaving NHx, NO and interstitial nitrogen. NHx 

species are only logical in studies that use ammonia as the nitrogen source so this can 

be discounted. Thus the position at 400 eV could be considered a mix of NO and 

interstitial N species. Cabrera et al also observed a loss of nitrogen concentration over 

prolonged periods of UV irradiation. As the nitrogen concentration decreased, so did the 

rate of UV photo-activity (Figure 1.11). 

 

Figure 1.11: a) XRD of nitrogen doped TiO2 after repeated amounts of irradiation. Little change in crystal structure is 

observed as a result. b) XPS spectrum of N1s showing how interstitial and substitutional concentrations of nitrogen 

decrease as a result of prolonged periods of irradiation. c) This is seen to positively correlate with the observed photo-

activity for the destruction of stearic acid with lower nitrogen concentrations creating lower rates of photo-catalysis. 

Once nitrogen concentrations at the surface are seen to all but disappear the rate of photo-activity is seen to roughly 

equal that of un-doped TiO2. 112 

1.12.3 Niobium / Nitrogen Co-doped TiO2 

Co-doping had been a popular phenomenon within the literature for many years. The 

concept of co-doping being that a singularly doped photo-catalyst may exhibit a 

favourable property, such as a shifted bandgap, but lack proficiency in other areas such 
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as reduced rates of photo-catalysis. By adding a second dopant the deficiency can be 

overcome. It is also used to instil a multitude of functional properties into the material 

such as a high photo-catalytic rate and good conductivity. 

 

 

Figure 1.12: diffuse reflectance spectra of TiO2 (black), TiO2:Nb (red), TiO2:N (blue), and TiO2:(Nb,N)1 (green). Inset: 

Tauc plots for each compound showing indirect band gaps. Bandgaps are seen to decrease from TiO2 > TiO2: Nb > TiO2: 

N > TiO2 (Nb,N).124 

The first instance in the literature of niobium and nitrogen co-doping in TiO2 was by 

Breault et al who synthesised nitrogen doped, niobium doped and niobium and nitrogen 

co-doped TiO2 and demonstrated that the co-doped powders were more efficient 

photo-catalysts for the destruction of methylene blue under visible irradiation 

compared to TiO2 and the singularly doped N or Nb doped titanium dioxides (Figure 

1.12). This enhanced rate of photo-catalysis was determined to originate from the 

formation of Ti3+ and F- (where F- represents a colour centre, itself an electron occupying 

an oxygen vacancy) defect centres which populate states in between the valence and 
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conduction band of normal TiO2. To distinguish this they treated created two samples, 

one which had been synthesised normally and thus contained the original amount of 

defects. Another sample was created by calcining in oxygen to oxidise Ti3+ to Ti4+ and 

repopulate oxygen vacancies. The authors reported a significant drop in the visible light 

induced rate of photo-catalysis. Thus proving the hypothesis that defect states formed 

in the process of doping with nitrogen and niobium are responsible for the enhanced 

rate of visible light photo-catalysis (Figure 1.13).124 

 

 

Figure 1.13: Schematic showing the band structure and electron population of nitrogen and niobium doped TiO2. The 

schematic also demonstrates how the bandgap band structure is adapted to the production of hydroxyl radicals and 

superoxide ions for the destruction of pollutants, which in this case is methylene blue. Ti3+ states produced by the 

oxidation of Nb4+ to Nb5+ and oxygen vacancies in the form of Ni and Ns dopants populate the region in between the 

valence and conduction band providing energy transitions congruent with visible light.125 

Further work was done by Breault et al in order to characterise the importance of Nb 

and N concentration in determining the rate of methylene blue destruction in 
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solution.125 This was done by increasing the amount of niobium relative to nitrogen in 

the co-doped powders.  The authors reported that increasing the amount of niobium 

within the co-doped powders yielded an increase in photo-catalytic rate. Interestingly 

the incorporation of substitutional nitrogen increasing proportionally with increasing 

niobium incorporation. Thus the niobium increases the solubility of substitutional 

nitrogen within a TiO2 matrix. This is attributed to N3- compensating for the introduction 

of excess positive charges by Nb5+ incorporation instead of Ti4+. The authors also 

identified that N/ Nb co-doped TiO2 could be used as potential water oxidation photo-

catalyst clearing the way for further work within the literature. Since then there have 

been several reports documenting nitrogen and niobium co-doped TiO2’s favourable 

visible light based applications.126 

Nitrogen and niobium co-doped TiO2 has received little attention compared to their 

respective singularly doped counterparts and other co-doped titanium dioxides. 

Nitrogen doped TiO2 has received much attention over a period of almost 15 years, as 

discussed previously. Likewise niobium doped TiO2 has received much attention for 

transparent conducting oxide applications. This is due to Nb4+ oxidising to Nb5+ in the 

process of substituting Ti4+ in the lattice and forming Ti3+ and contributing electrons to 

the Fermi level. Thus a higher proportion of electrons at room temperature are present 

in the conduction band. This changes TiO2s resistivity from the mega ohm region to the 

ohm region, achieving a drop in resistivity six orders of magnitude lower.127  

The relationship between niobium doping and the phase of TiO2 observed has been an 

area of intense research because rutile and anatase exhibit differing bandgaps, by 

understanding the underlying guiding principles, the engineering of specific bandgaps 
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can be achieved in niobium doped TiO2’s. Arbiol et al undertook extensive investigative 

work into the role of both niobium content and grain size on the anatase to rutile phase 

transformation that occurs upon heating.128 Originally this was done with the design of 

better gas sensors in mind, the study however provides key insights in the physical 

characteristics of niobium doped TiO2. It is found that low concentrations of niobium 

inhibit the phase transition and that grain size also plays an important part in 

determining the rate and temperature at which the phase transition occurs. They found 

that the inclusion of niobium in the TiO2 lattice as a substitutional dopant is found to 

delay the onset of the anatase rutile transformation as niobium concentration increases. 

The highest concentration of doping investigated (24.5%) was found to shift the 

temperature at which each polymorph represents 50% of the whole material by ~150 oC 

from 700 oC to ~850 oC. This work provides insight crucial to the design of TiO2 based 

materials which exhibit a desired crystal phase for functional properties.  

Niobium doped TiO2 has been characterised extensively with XPS being a particularly 

good method for providing unequivocal identification of the Nb5+ dopant state in TiO2.129 

The Nb5+ state has been discussed previously as the reason that conductivity in Nb doped 

TiO2 is seen to increase. This was first identified by Furubayashi et al in synthesising Nb 

doped TiO2 thin films synthesised by Pulsed Layer Deposition (PLD) typically 40 nm 

thick.130 The conductivity of these films was found to be comparable to industry 

standards such as ITO (In2-xSnxO3) and ZnO making Nb-TiO2 a competitive TCO material 

131–134  

Because of these favourable conductivity properties Nb-TiO2 has been investigated 

extensively as an electron injection medium for dye sensitised solar cells,135 first 
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proposed by Grätzel et al.1 because of Nb-TiO2’s ability to efficiently carry and conduct 

charge it is of interest in multifunctional materials, that is materials which are capable 

of fulfilling roles in different functional applications, such as gas sensing, photo-catalysis 

or as a TCO.127,136–138 

Work done by Emeline et al demonstrated that Nb doped TiO2 for use in photo-catalytic 

applications suffers as a result of the presence of Nb in TiO2 photo-electrochemical 

electrodes.138 It was found that as Nb concentration increased photo-activity, 

specifically photocurrent, was seen to decrease (Figure 1.14). Doping levels as low as Ti1-

xNbxO2 where x = 0.1 was seen to significantly decrease the photocurrent. This was 

attributed to Nb5+ centres acting as recombination centres, thus lessening the lifetime 

of exciton charge carriers. Another consideration is that higher levels of Nb5+ doping are 

seen to shift the bandgap upwards in energy, thus utilisation of energy congruent with 

the bandgap of lesser doped Nb-TiO2’s is utilised less. 

 

Figure 1.14: At a specific light intensity samples exhibit varying levels of photocurrent (i/ A m2). The dependencies of 

stationary photocurrent on light intensity (relative intensity for a 150W Xe laser) for Ti1-xNbxO2 grown on LAO 

electrodes is shown for the following Nb ratios: (1) x = 0; (2) x = 0.01; (3) x = 0.03; (4) x = 0.06; and (5) x = 0.1 at 0.5 V 

applied voltage. It is observed that as Nb content increases photocurrent is seen to decrease. Thus high Nb 

concentrations decrease photo-catalytic activity. 138 
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This is an important consideration when making multifunctional materials such as N/Nb 

doped TiO2. As discussed previously increasing nitrogen content is seen to confer 

favourable photo-catalytic properties upon TiO2, both in the ultraviolet and visible 

region of the electromagnetic spectrum. That niobium concentration correlates 

inversely with photo-activity but positively with TCO properties insinuates that there is 

a compromise which must be reached where sufficient levels of Nb are present to not 

hinder photo-activity whilst imbuing favourable TCO properties. Concurrently, nitrogen 

levels must be high enough to counteract any possible reduction in photo-activity that 

Nb doping may incur. In Chapter VI this relationship is explored using a combinatorial 

deposition regime in aerosol assisted chemical vapour deposition (AACVD)107,139–146 to 

create a film which graduates from N-doped TiO2 through to Nb doped TiO2 with the 

creation of N/Nb doped TiO2 materials in between. The intention being to relate changes 

in physical characteristics such as surface morphology and elemental composition to 

changes in functional properties such as TCO properties and photo-activity. 

 

 

 

 

 

 

 

 



63 
 

2 Chapter II: Methods 

The work described in this thesis was achieved via a variety of synthetic and 

characterisation methods. This chapter provides an overview of these methods. 

2.1 Synthetic Methods: 

Many variants on aerosol assisted chemical vapour deposition (AACVD) are used in this 

thesis for the production of TiO2 based materials. By altering the deposition process 

insight into the growth process of the doped TiO2 films grown can be achieved that 

allows changes in crystal structure, composition and the functional properties that arise 

from those changes to be mapped and understood. This is proposed to be important as 

AACVD garners increasing industrial support, as mechanisms for creating materials 

which can be tailored towards specific applications will become highly sought after. 

2.1.1 Aerosol Assisted Chemical Vapour Deposition (AACVD) 

Aerosol Assisted Chemical Vapour Deposition (AACVD) relies on the solvation of a 

precursor in a suitable solvent, the solution is subsequently aerosolised and passed 

under an inert gas flow into a deposition chamber (Figure 2.1). The deposition chamber 

is heated up to a maximum of 600 o C via an electronic control box. The method conveys 

the advantage of an increased range of available precursors for thin film growth, 

compared to conventional CVD techniques, which are often limited by requiring 

precursors that exhibit a vapour pressure low enough so that a gas or vapour can be 

created upon heating. In AACVD as long as the precursor can be dissolved in a suitable 

solvent, it is suitable for deposition. This has facilitated the use of titanium alkoxides as 

precursors for the growth of TiO2 thin films. As such they form an integral part of all 

depositions reported in this body of work.147  
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Figure 2.1: A typical AACVD setup. A solution containing the desired precursor is aerosolised and passed into the CVD 

reactor via inert gas flow. There are two planes of glass which ensure laminar flow so that the deposition process is 

even upon the glass surface. 

The degradation pathway of the precursor is important. The aerosol droplet can 

undergo homogeneous or heterogeneous reactions in the process of deposition and this 

can affect the overall morphology of the resultant film.148 In a homogeneous reaction 

the aerosol droplet evaporates and the precursor undergoes gas phase degradation 

which results in nucleation in the gas phase before the precursor has had a chance to 

reach the substrate surface. This results in the production of fine particulate matter 

which range from the nm to μm range in size. These particles can either move to the 

substrate surface and become incorporated into the film, which results in highly porous 

films, or form powders which line the sides of the reactor. This deposition regime is 

usually a result of depositing at higher temperatures than necessary. In heterogeneous 

reactions the aerosol droplet evaporates and the precursor migrates to the substrate 

surface and undergoes the process of degradation. This results in the synthesis of dense 

films. 

There also exist many variables which can affect the growth of the film: 
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 Flow rate of the carrier gas – The rate of aerosol movement into the deposition 

chamber can determine the coverage and quality of the film, it can also have a 

large impact on the morphology of the material formed.  

 Solvent – The solvent, under inert gas conditions can act as an oxygen source or 

a reducing agent. Thus it can exert a large effect upon the outcome of the film. 

Its evaporation temperature can also determine whether the precursor follows 

a heterogeneous or homogeneous pathway. 

 The precursor – As the precursor undergoes a degradation pathway specific to 

its structure the inherent chemical structure can itself affect the film formed. 

 Deposition temperature – As temperature increases evaporation of the aerosol 

droplet before it hits the surface of the glass substrate is more likely to occur. 

Cooler temperatures thus tend to facilitate one pathway over another. Higher 

temperature is also associated with a higher degree of crystallinity in the final 

product, although this depends on the material itself as materials crystallise at 

different temperatures. 

2.1.2 Combinatorial Aerosol Assisted Chemical Vapour Deposition (C-AACVD) 

Combinatorial AACVD is a variant of AACVD which allows the creation of many individual 

samples in a single deposition.149 It involves the use of two separate precursor streams 

which only mix within the deposition chamber. Thus a graduated film is created which 

changes from one material to another gradually across the width of the film, 

perpendicular to the direction of the aerosol source (Figure 2.2). 
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Figure 2.2: Two different precursors for the growth of two different oxides are dissolved (1.). The solutions are 

aerosolised and passed into the deposition chamber and only mix when in the chamber (2.) whereby a film is created 

which graduates from one material to another across its width (3.). A grid can be applied so that each position can be 

characterised and thus the gradual change in composition can be mapped. Each grid position represents a material 

with a specific level of doping thus the method is excellent at creating several doped oxides at once (4.). 

This permits the mapping of changes in crystallinity, elemental composition and 

morphology with concurrent changes in functional properties which is of great interest 

for the fine tuning and optimisation of materials for use in a variety of 

applications.139,140,144 

2.1.3 Time-Resolved Aerosol Assisted Chemical Vapour Deposition (TR-AACVD) 

Time resolved AACVD (TR-AACVD) is a new variant of AACVD which allows the growth 

profile of a thin film to be mapped as a function of time.108 Thus changes in crystallinity, 

elemental composition and resultant functional properties can be charted as a function 

of deposition time. The technique is capable of generating up to eight samples, which 
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represent eight individual depositions, in a single deposition thus also saving time in the 

process of mapping changes in film formation as a result of time. The convention in 

traditional AACVD is to exhaust the aerosol source before ending the deposition process, 

resulting in a single film. This does not allow for analysis of the deposition process itself. 

In doped materials and composites this is important as it may allow fine tuning of the 

material itself toward a specific application. By creating samples representing differing 

deposition times the change in film formation can thus be mapped. The optimal 

conditions for growth can then be elucidated and applied for the growth of a material 

tailored specifically to an application (Figure 2.3).  
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Figure 2.3: A. a schematic demonstrating how time resolved AACVD is carried out. For a deposition of 9 minutes in 

total a cover initially exposes a small area of the deposition substrate. After 3 minutes the cover is retracted a specific 

distance to reveal a fresh un-deposited area of substrate. This process is repeated until the deposition process is 

finished. As time progresses the thin film in each region develop at the same rate but differing times. The films are 

seen to increase in thickness and deepen in colour to represent this B. A top down view of the resultant films showing 

how they develop over time. As the colour red darkens the film is more developed. The final product is a film with 

distinct areas representing differing deposition times on a single substrate. The changes in crystal structure, elemental 

composition and functional properties between these regions can be mapped and mechanistic understanding of the 

deposition process obtained as a result. 

2.2 Characterisation Methods: 

A variety of characterisation techniques have been used in this body of work to track 

and quantify many differing aspects of the films produced whilst also providing 

complementary evidence on which analysis is carried out. 
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2.2.1 X-ray Diffraction (XRD) 

X-ray Diffraction (XRD) is a process for analysing the crystallinity of a material. The 

process involves the irradiation of the sample with an X-ray source of specific energy 

and wavelength with the subsequent detection of the interference pattern this 

produces. The general technique is shown in Figure 2.4 along with a sample XRD pattern. 

 

Figure 2.4: A. Schematic showing the general technique by which XRD is carried out. An X-ray source at a specific angle 

Ө irradiates a sample with X-rays of specific energy. The sample interacts with the incident X-rays which results in 

diffraction of the x-rays at particular angles (2Ө). B. This can be plotted as a diffraction pattern. A sample XRD pattern 

is shown above for NaCl which exhibits a rock salt structure. Images taken from 

http://chemwiki.ucdavis.edu/Analytical_Chemistry/Instrumental_Analysis/Diffraction/Powder_X-ray_Diffraction 

and 150 

 The origin of the diffraction pattern is a result of the wavelength of the X-rays being 

smaller than the distance between atoms, and dependent upon the spacing between 

rows of atoms within the crystal, the diffracted X-rays can constructively and 

destructively interfere with each other upon interaction with the sample (Figure 

2.5).151,152 This interference is dependent upon the crystal structure of the material and 

as such constructive interference will only occur at angles specific to the material as this 

is a product of the orientation and prevalence of atoms relative to each other.  

A B 
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Figure 2.5: Schematic showing the process of diffraction of an incident X-ray and the role that atomic orientation plays 

in creating constructive and destructive interference of the incident X-ray. Only constructive interference is measured 

and as such a signal will show at specific 2Ө values. It is this process by which crystal identity and structure can be 

elucidated, as each material has a different crystal structure which produces a specific set of constructive interferences 

at differing 2Ө values. Schematic taken from 

http://www.ammrf.org.au/myscope/xrd/background/concepts/diffraction/. 

The process of X-ray diffraction within a crystal obeys the Bragg law (equation 2.1). 

nλ = 2d sinӨ          (equation 2.1) 

where n is an integer, λ is the wavelength of the incident X-rays, d is the spacing between 

the atoms which amounts to constructive interference and Ө is the angle between the 

incident ray and the scattering planes. 

2.2.2 X-ray Photoelectron Spectroscopy (XPS)  

X-ray Photoelectron Spectroscopy is a technique which allows analysis of elemental 

oxidation state and elemental composition of a sample. It relies on the process of 

photon or electron emission from surface elements following irradiation with X-rays of 
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a specific wavelength (Figure 2.6). This known as the photoelectric effect, which was 

explained by Albert Einstein in 1905 and was subsequently awarded the Nobel prize in 

1921 for his work.153 The resulting electrons or photons have a specific kinetic energy 

which is used to identify the oxidation state and element in question. This results from 

the specific electronic configuration of the electrons within the atom (1s, 2s, 2p, 3s, 3p, 

3d, etc.)154 thus, giving a mechanism for distinguishing between elements. The energy 

of the X-ray source is kept constant and the difference between the input of energy and 

the kinetic energy of the emitted electrons determines the energy absorbed by the 

atoms at the surface of the sample, thus providing the binding energy and identifying 

both the element itself and its oxidation state by comparison with previous data 

(Equation 2.2). The binding energy values are plotted as a function of intensity across a 

wide range of possible values. 

BE = hυ – KE     (Equation 2.2) 

Where BE is the binding energy, hυ is the energy of the incident X-rays and KE is the 

kinetic energy of the electrons detected after irradiation with the X-ray source. 
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Figure 2.6: A typical XPS setup demonstrating the process of sample irradiation with an X-ray photon source, creation 

of photoelectrons of differing energies and the subsequent detection of the electrons, the intensity of the 

photoelectrons is plotted as a function of binding energy. The binding energy gives information on the identity of the 

elements present and their oxidation state, whilst comparison of the intensity between two peaks can give information 

on relative elemental composition. Image taken from http://jacobs.physik.uni-

saarland.de/english/instrumentation/uhvl.htm. 

XPS is a surface sensitive technique with information available about the first 20 nm of 

depth of the sample. It can also be used to probe the bulk of a material by coupling with 

an electron beam which sputters down through the sample for a specified time or 

distance and then taking scans of the resulting surface. By this, changes in oxidation 

state and elemental composition can be mapped as focus transitions from the surface 

through to the bulk. It is therefore a powerful technique for understanding how changes 

in elemental structure may affect functional properties. 



73 
 

2.2.3 Scanning Electron Microscopy (SEM) 

Scanning Electron Microscopy (SEM) is a microscopy technique that can be used to 

probe surface morphology with a resolution of up to 1 nm. It is used to image a variety 

of things from nanomaterials to insects and pollen grains.155,156 It is also therefore a 

relevant technique for thin film characterisation because morphology plays an 

important role in functional properties. The physical principle involves subjecting the 

sample to an electron beam and measuring secondary electrons emitted upon exposure 

to the electron beam. This comes in many forms such as secondary electrons, back 

scattered electrons and X-rays (Figure 2.7). The signals measured originate from atoms 

at the surface of the specimen, and due to a narrow electron beam the images obtained 

have a large depth of field, which provides information about the 3D structure of the 

specimen in question. This therefore provides useful information about the structure 

and morphology of the sample.157 



74 
 

 

Figure 2.7: A typical SEM setup showing the exposure of samples to a narrow electron beam and the subsequent 

generation of secondary electrons which are used to create an image of the sample. Image used under a creative 

commons license. Image taken from https://commons.wikimedia.org/wiki/File:Schema_MEB_(en).svg 

2.2.4 Ultraviolet-Visible Transmission Spectroscopy (UV/Vis) 

 

Ultraviolet – Visible transmission spectroscopy is a spectroscopic method which probes 

the absorption, transmission and reflection properties of thin films in the ultraviolet-

visible region of the electromagnetic spectrum. The method measures the difference in 

the input signal and the signal that is measured upon transmission through the thin film 

as the probe signal scans from the near Infrared to the ultraviolet region (1500 – 250 

nm). The method is useful for the determination of transmission, for use in window 

coatings, the determination of thin film thickness via the swanepoel method158 and the 

calculation of bandgaps using tauc plots.159 Tauc plots involves the plotting of photon 

energy (eV) against the square (indirect transition) or square root (direct transition) of 
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the absorption coefficient of a material at that particular photon energy. The steepest 

part of the graph is extrapolated to the baseline to infer the bandgap of the material. 

2.2.5 Transient Absorption Spectroscopy (TAS) 

Transient absorption spectroscopy is an advanced spectroscopic method capable of 

charting the lifetime of excitons and free charge carriers in semiconductors and a wide 

range of other materials.160–163 Upon exposure to irradiation of the correct energy, 

electrons can be excited from the valence band to the conduction band generating a 

photo-electron and an electron hole. Once formed the electron and hole form a 

separate entity within the semiconductor matrix known as an exciton, which displays 

molecular characteristics. As a result it displays a HOMO and LUMO. The lifetime of 

these states can be measured using a pump-probe method and plotted to provide the 

exciton lifetime co-efficient.  The process of the pump probe methodology is explained 

in Figure 2.8. 

 

Figure 2.8: A Schematic demonstrating the pump probe method in which TAS is carried out. 1. The material is subjected 

to a probe laser at energy of 355nm which lasts 6ns. 2 The formation of a photoelectron and hole results in the 

conduction and valence band. 3. The exciton forms and takes on molecular structure and a HOMO and LUMO results. 

A probe laser at specific wavelengths is used to probe the lifetime of the electron and hole that forms the exciton.  

After probing at several different wavelengths a graph of lifetime against wavelength 

can be plotted and the role of electrons and holes can be measured by resolving the 
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peak area as two Gaussian peaks which represents each charged species. The rate of 

decay of these two constituents over time is plotted to determine the lifetime co-

efficients of the electron and hole. 

2.2.6 Resazurin Ink Test 

The resazurin Ink test is a method for quantitatively measuring the photo-catalytic rate 

of a material. The method involves the application of an ink by spray coating and the 

subsequent irradiation of the sample. The dye contains resazurin which is reduced by a 

glycerol intermediate (itself a constituent of the ink), which acts as a relay for surface 

electrons which originate from the material as a result of irradiation, to resorufin, which 

is pink (Figure 2.9). The contrast from resazurin, which exhibits a royal blue colour can 

be charted by UV/Vis and as such the samples are irradiated for a set amount of time, 

the change in UV/Vis measured and the process is repeated. The kinetics of resazurin 

destruction, and thus the overall photo-catalytic rate can be inferred and calculated by 

plotting the data as a function of time. In concordance with formal quantum yield and 

formal quantum efficiency these data can then be put into context. 

 

Figure 2.9: A schematic showing the difference between resazurin and its reduced form resorufin. This is accompanied 

by a change in colour from a royal blue (resazurin) to pink (resorufin). This change can quantitatively be charted via 

simple transmission UV/Visible spectroscopy.149 
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2.2.7 Stearic Acid 

Stearic Acid is another method for the quantification of a material’s photo-catalytic rate. 

The preparation of the sample pre irradiation involves dip coating the sample into a 

stock solution of stearic acid in chloroform (0.05 M) at a specific rate (120 cm/ min). This 

ensures that the layer of stearic acid deposited after the chloroform evaporates is 

always of the same thickness. The samples are measured via Infrared spectroscopy and 

irradiated for a set amount of time. The IR spectrum for stearic acid is repeated and the 

difference allows the photo-catalytic rate to be inferred through calculation of the 

change in area under the peaks associated with stearic acid.164 

2.2.8 Water Contact Angles 

Water contact angles give an idea as to whether a surface exhibits hydrophilicity or 

hydrophobicity. These are important functional properties which can determine 

whether a material will excel at cleaning water or windows etc. Photo induced 

wettability testing measures the difference in water contact angle after irradiation. The 

contact angle itself is the angle between the droplet and the substrate (Figure 2.10). 

 

Figure 2.10: Schematic showing the water contact angle ranges for a variety of liquid droplets that result as an 

interaction with a solid flat surface. Image taken from http://www.biolinscientific.com/attension/applications/. 
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A specific set of apparatus is used to drop a water droplet of specific volume (3 µl) onto 

the surface in a controlled way, utilising a high definition camera, images and videos can 

be captured that allow the analysis of the water contact angles of the droplets to be 

calculated using analysis software. 

2.2.9 Resistivity Measurements 

Resistivity measurements give an indication into the conductivity of a material. The 

lower the resistivity the better the material is as a transparent conducting oxide. The 

four point probe method for measuring resistivity in semiconductors employs two outer 

probes which pass current through the sample, which induces a voltage between the 

two inner probes (Figure 2.11). Using Equation 2.3 the sheet resistivity can then be 

calculated.165,166 

                         (Equation 2.3) 

Where: 
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Two point resistivity measurements are collected using a multi-meter connected to two 

conductive needles. The needles are placed in contact with the surface and the reading 

recorded. Many factors can affect the readings given using this method, such as distance 

between the probe needles, which can vary. Once accounted for however the method 

allows for quick data collection and subsequent identification of areas of low resistivity. 

2.2.10 Hall Effect Measurements 

 

Hall Effect measurements were made to ascertain levels of resistivity and charge carrier 

concentration and mobility. The Hall Effect was first documented by Edwin Hall in 1879. 

Figure 2.11: A typical Four point probe setup for the measuring the sheet resistivity of a semiconductor. Current is 

passed through the outer probes, which induces a voltage in the inner probes. Utilising the resulting voltage and 

current values the sheet resistivity can then be calculated. Image taken from 

http://pveducation.org/pvcdrom/characterisation/four-point-probe-resistivity-measurements. 
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Specifically it is the observation of a voltage difference transverse to electrical current 

and perpendicular to an external magnetic field. The voltage difference depends upon 

the nature of the charge carriers, which in doped semiconductors involves hole and 

electrons. Square 1 cm2 coupons where prepared and placed into a calibrated external 

magnetic field of 0.58 T with a transverse input current of 1 mA. From this, sheet 

resistance, charge carrier concentration and charge carrier mobility was calculated. 

These are important metrics for evaluating the materials ability to be used in TCO 

applications. 
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3 Chapter III: Combinatorial Aerosol Assisted Chemical Vapour 

Deposition of a Photo-Catalytic Mixed SnO2/ TiO2 Thin Film 

3.1 Introduction 

Previous work in the Carmalt group described the synthesis of a highly photo-catalytic, 

hydrophobic TiO2 and SnO2 composite thin film via AACVD.167 This involved the mixing 

of titanium (IV) isopropoxide and tin (IV) butyl trichloride in a single bubbler in ethyl 

acetate. Photo-catalysis was found to be enhanced compared to an industry standard, 

Pilkington ActivTM
, by an order of magnitude. The composite exhibits surface segregation 

of SnO2 relative to the bulk which was found to be TiO2 dominant whilst exhibiting 

relatively extreme levels of doping (~60%) within the bulk. It was hypothesised that 

surface cassiterite SnO2 acted as an electron sink for photo-generated electrons created 

in titanium dioxide hence promoting the lifetime of electron holes. Therefore the natural 

formation of a metal oxide heterojunction was observed which created a synergism 

between TiO2 and SnO2 resulting in enhanced photo-activity compared to TiO2 and SnO2 

separately. The novel microstructure and change in water contact angles after UV 

irradiation is demonstrated in Figure 3.1 (a-e). 

Prisitine anatase TiO2 (f) and cassiterite SnO2 (g) morphology is also demonstrated in 

Figure 3.1 showing the drastic difference between the morphology of these three films. 

The monolithic morphology of the TiO2/SnO2 composite is also hypothesised to 

contribute to the increased rate of photo-catalysis. 
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Figure 3.1: a) the overall novel microstructure exhibited by the TiO2/ SnO2 composite film first grown by Ponja et al. b) 

a close up of the microstructure showing the square pyramidal growths. c) Side on SEM demonstrating the thickness 

of the film. d) the water contact angle for the composite film pre UV irradiation e) the water contact angle for the 

composite film post UV irradiation.167 f-g) shows standard TiO2 and SnO2 morphology respectively. 

The novel formation of a heterojunction system, which manifests simply as a product of 

a materials synthesis, without prior design of such a system is therefore of interest. By 

d)                                             e) 

f)                                              g)  
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understanding this process new ways to create advanced functional materials may be 

achieved. 

A way to further probe the mechanism of growth of this composite is therefore of 

significant interest. Whilst characterisation techniques may elucidate and quantify the 

overall layout and structure of the film it cannot provide mechanistic information about 

the materials formation. Combinatorial aerosol assisted chemical vapour deposition (C-

AACVD) is a relatively new and novel form of AACVD which conveys many advantages in 

this area. By conducting the deposition in a combinatorial manner, which involves 

mixing two independent precursor steams within the reactor itself, a film of graded 

composition can be conveniently grown. This allows investigation of differences in 

microstructure, crystal structure and any resultant functional properties that occur as a 

result of changes in dopant concentration, relative to the host material, across the width 

and length of the film.146 

To thus try to understand the key reasons for this observed synergism a C-AACVD study 

was undertaken to grow a film which transitions from TiO2 to SnO2 across its width and 

in turn the composition, with the intention of reproducing the composite material first 

grown by Ponja et al whilst also providing mechanistic insight into the growth of the 

film.167 

3.2 Experimental 

3.2.1 Thin film Preparation using AACVD 

Nitrogen (99.99%) (BOC) was used as supplied. Depositions were obtained on SiO2 

coated float-glass. Prior to use the glass substrates were cleaned using water, 

isopropanol and acetone and dried in air. Glass substrates of ca. 90 mm x 45 mm x 4 mm 
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were used. The precursors, titanium (IV) tetra-iso-propoxide (99%) and tin (IV) butyl tri-

chloride (99%) were obtained from Sigma-Aldrich Chemical Co. and used as supplied. 

Aerosols were generated in ethyl acetate (99%) and carried into the reactor in a stream 

of nitrogen gas through a brass baffle to obtain a laminar flow. A graphite block, 

containing a Whatmann cartridge heater, was used to heat the glass substrate. The 

temperature of the substrate was monitored using a Pt–Rh thermocouple. Depositions 

were carried out by heating the horizontal bed reactor to the required temperature of 

450 oC before diverting the nitrogen line through the aerosol and hence to the reactor. 

The total time for the deposition process took between 20 and 25 minutes. At the end 

of the deposition, under the nitrogen flow, the glass substrate was left to cool to room 

temperature with the graphite block before it was removed. To synthesise the 

combinatorial TiO2/ SnO2 film titanium tetra-iso-propoxide (0.5 g) was dissolved in ethyl 

acetate (20 ml) and added to a flask. In a separate flask was added tin butyl trichloride 

(0.5 g) dissolved in ethyl acetate (20 ml) and the separate flasks connected to a split 

nitrogen line with the aerosol feed leading from the individual flasks to a specially 

constructed baffle ensuring mixing of titanium and tin precursors happened in the 

reactor under nitrogen flow. AACVD was carried out at 450 oC until both aerosol 

solutions were exhausted; effort was made to, by eye, match the intensity of the aerosol 

so that this happened at roughly the same time. 

3.2.2 Sample Characterisation 

X-ray diffraction (XRD) was carried out using a Lynx-Eye Bruker X-ray diffractometer with 

a mono-chromated Cu Kα (1.5406 Å) source. X-ray photoelectron spectroscopy (XPS) 

was carried out using a Thermo Scientific K-Alpha instrument with monochromatic Al-

Kα source to identify the oxidation state and chemical constituents. High resolution 
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scans were done for the Ti (3d), Sn (3d), O (1s) and C (1s) at a pass energy of 40 eV. The 

peaks were modelled using Casa XPS software with binding energies adjusted to 

adventitious carbon (284.5 eV). SEM images were taken on a JEOL JSM-6301F Field 

Emission instrument with acceleration voltage of 5 kV. Images were captured using 

SEMAfore software. Samples were cut into coupons representing the locations on the 

grid and coated with a fine layer of gold to avoid charging. The optical transmission was 

measured over 350–1500 nm range using a Lamda 950 UV/Vis spectrometer.  

3.2.3 Functional Property Testing 

Photo-catalytic activity was assessed using an established method based on a resazurin 

‘intelligent ink’ first developed by Mills et al. 168 Photo induced wettability was tested by 

placing the samples under a UVC lamp for 2 hours then measuring the water contact 

angle by placing a 5 μL droplet onto the surface of the films. The film was then irradiated 

overnight for 16 hours and water contact angles were re-measured. Water droplet 

contact angles were measured using a First Ten angstroms 1000 device with a side 

mounted rapid fire camera after casting a  5 μL droplet from a fixed height onto the  

surface. To assess the photo-catalytic activity of the film at sites marked at specific grid 

positions the whole sample was first washed with water, rinsed with isopropanol and 

irradiated for 30 minutes to clean and activate the sample.  A resazurin based ink was 

then evenly applied using a spray gun and the photo-induced degradation of the 

resazurin ink monitored by scanning whole images of the film and calculating the photo-

activity by measuring the change in the red component of the pixels of the scanned 

images at specific grid positions. Formal quantum efficiency and the formal quantum 

yield was then calculated. Formal quantum efficiency was calculated by dividing the rate 

of dye molecules destroyed per s per cm2 by the photon flux (4.53 x 1014 photons per 
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cm2 per s). The formal quantum yield (FQY) was calculated by dividing the rate of dye 

molecules destroyed per s per cm2 by the number of photons absorbed by the films. The 

photon flux and photon absorption for each film was determined using a UVX digital 

radiometer with a detector for 365 nm radiation attached. 

3.2.4 Preparation of ‘intelligent ink’ solution 

Glycerol (99.6%), hydroxy ethyl cellulose [average Mv ¼ 90 000], Resazurin (92%) were 

all purchased from Sigma-Aldrich Chemical Co. and used as supplied. The ‘intelligent’ ink 

consisted of Resazurin (40 mg) redox dye in an aqueous solution (40 mL) with glycerol 

(3 g) and hydroxylethyl cellulose (0.45 g) that was aged for 24 hours at 3–5 0C. The 

solution was mixed thoroughly before use. 

3.3 Results  

A mixed phase TiO2/ SnO2 thin film was grown by C-AACVD. The film was achieved by 

the deposition of titanium dioxide and tin dioxide in ethyl acetate, which acted both as 

an oxygen source and a carrier medium, using different flasks ensuring that mixing of 

the two separate aerosol precursor streams occurred only once inside the reactor. The 

purpose of this was to provide a film whose composition graduated from pure SnO2 to 

mixed SnO2/ TiO2 phases in the middle through to pure TiO2 on the other side. The film 

was then characterised by a range of physical techniques including XRD, XPS, SEM, EDX 

and UV-Vis spectroscopy. A 4 x 5 grid was overlaid on the film to quantise and define 

specific positions on the film which allowed the mapping of the entire film, shown in 

Figure 3.2. Functional property testing, specifically photo-catalysis, water contact angle 

measurement and resistivity measurements were carried out to map concurrent 
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changes in functional properties across the film as the composition of TiO2 and SnO2 

changed across the width and length of the film.  

 

Figure 3.2: The film with grid position over lay. The tin precursor entered the reactor from the left hand side and the 

titanium precursor from the right hand side where they mixed once in the reactor. A clear divide along the C column 

shows the boundary that appears to form as a result of this mixing process. Interference patterns either side of the 

central C column indicate the formation of transparent thin films. 

3.3.1 Characterisation 

3.3.1.1 X-ray Diffraction (XRD) 

X-ray diffraction patterns for all samples were obtained. Diffraction patterns for 

cassiterite SnO2 and anatase TiO2 only were found at all positions on the films with 

anatase TiO2 found generally to the right and cassiterite SnO2 generally to the left of the 

film. This is expected considering the entry points of the aerosol streams. Upon analysis 
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of these patterns and their relative positions on the film a selection of individual spots 

present on the grid, shown in Figure 3.3, were focused on.  

The combinatorial nature of the film is evident throughout the rest of the XRD patterns 

as areas of cassiterite SnO2 change to anatase TiO2 from the left of the film to the right 

of the film, with mixed areas apparent in the central region. Figure 3.3 shows the crystal 

structure transitions to these composite phases from the tin dioxide and titanium 

dioxide regions respectively.   

 

Figure 3.3: crystal phases denoted * correspond to cassiterite SnO2 all others are anatase TiO2. A) Moving from row 

one to four in column A the phase transitions from cassiterite to a mixed phase. B) As focus changes from left to right 

along row 4 a transition from the mixed phase to E4 is observed with suspected anatase phases with specific preferred 

orientation present at the B and C positions, and standard anatase at the D and E positions. 
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It became evident that two particular areas of interest existed. Firstly, from A1 through 

to A4 (Figure 3.3 A), along the length of the film where the tin precursor is introduced 

into the reactor through to the exhaust, the XRD patterns change from cassiterite SnO2 

to a composite TiO2/ SnO2 phase similar to the one reported by Ponja et al.167 A1 exhibits 

characteristic {110}, {101}, {200}, {211} and {220} crystal planes associated with 

cassiterite SnO2. From A1 through to A4 the {110} and {211} planes are still observed but 

not the {101}. In addition crystal planes associated with anatase TiO2, specifically the 

{101} and {105} planes are then observed. The {200} plane also increases in intensity in 

A4 compared to A1 and this is thought to be due to overlap with the {004} plane 

observed in anatase TiO2 XRD patterns in other grid positions as shown in Figure 3.3 B. 

The mixed TiO2/ SnO2 phases identified as A2 – A4 correlate well with the composite 

TiO2/ SnO2 films previously reported. 

The top row of the film from left to right changes from A4 to E4 (as shown in Figure 3.3 

B), the XRD pattern changes from the mixed phase described above through to another 

mixed phase present at B4 and C4 which exhibit the {200} and {105} planes of both 

cassiterite and anatase respectively. However, It is because these XRD patterns are part 

of the transition from E4, which is anatase TiO2, through to A4 that it is hypothesised the 

{004} anatase plane and the {200} cassiterite plane overlap to give the enhanced 

intensity of the peak observed in B4 and C4.  

A Le Bail refined model was used to model the degree of lattice expansion exhibited by 

the mixed phase areas found at A4, B4, C4, D4 and E4 respectively shown in Table 3.1. 

This row was chosen specifically as the composite material reported by Ponja et al is 
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majority TiO2 with a surface segregated layer of SnO2. Hence understanding how the 

crystal structure changes from TiO2 is of importance. 

Table 3.1: Le Bail refinement of XRD patterns for row 4 shows overall an increase in the anatase unit cell volume and 

the cassiterite unit cell volume concordantly decreases as the film progresses from E4 to A4. 

Sample Dep. Temp./ oC Phase(s) a/Å c/Å 
Unit cell 

Volume/Å3 

Volume Expansion/ % 

TiO2 - anatase 3.784 9.514 136.268 - 

SnO2 - cassiterite 4.738 3.187 71.552 - 

A4 450 

anatase 3.834 9.413 138.423 1.58 

cassiterite 4.662 3.145 68.366 -4.44 

B4 450 

anatase 3.782 9.557 136.756 0.35 

cassiterite 4.749 3.180 71.762 0.29 

C4 450 

anatase 3.775 9.588 136.639 0.25 

cassiterite 4.793 3.144 72.241 0.96 

D4 450 

anatase 3.769 9.603 136.436 0.12 

cassiterite 4.749 3.183 71.799 0.34 

E4 450 

anatase Amorphous 

cassiterite Amorphous 

 

It is evident that overall the anatase unit cell volume increases from position E4 to A4 

suggesting a change from standard titanium dioxide to a doped titanium dioxide phase 

at A4. The cassiterite unit cell volume decreases overall from E4 through to A4 which 

suggests a transition from cassiterite SnO2 to tin atoms acting as a dopant within TiO2. 

Compared to the previously reported TiO2/ SnO2 composite films it appears that A4 

exhibits a marked increase in unit cell volume for anatase but, contrastingly, a large 

decrease in cassiterite unit cell volume (see Table 3.1). This suggests interstitial doping 

of Sn4+ (ionic radii 0.69 Å) into the TiO2 lattice and substitutional doping of Ti (crystal 
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radii 0.75 Å) for Sn atoms (crystal radii 0.83 Å) in the SnO2 lattice causing an increase and 

decrease in volume respectively. 

X-ray diffraction of the grid position immediately next to A4, specifically B4, exhibits a 

mixed SnO2/ TiO2 region with preferred orientation in the {200} and {105} planes for 

SnO2 and TiO2 respectively. Le Bail refinement of this crystal phase shows that the TiO2 

crystal plane {004} overlaps the SnO2 {200} plane. As attention transitions from B4 to A4 

the insertion of the {101} and {110} cassiterite planes can be seen, with the diffraction 

pattern largely remaining unchanged otherwise in comparison to A4.  

3.3.1.2 X-ray Photoelectron Spectroscopy (XPS)  

An X-ray Photoelectron Spectroscopy (XPS) depth profiling study was carried out for all 

20 grid positions. At each spot a surface scan was taken and then the film sputtered for 

100s after which another scan was taken. This process was repeated four times to 

provide a concentration profile of titanium relative to tin that represented both the 

surface of the film and the material in the bulk. In this way reproduction of the 

composite material could be confirmed and the changing elemental ratios that exist 

across the film could be mapped. 

Peaks representing TiO2 at 458.3 eV (Ti4+ 2p3/2) and 463.9 (Ti4+ 2p1/2) eV were found in 

all samples. Peaks representing tin match previous literature reports for SnO2 and are 

observed at 486.5 eV (Sn4+ 3d5/2) and 494.9 eV (Sn4+ 3d3/2) (Figure 3.4). 
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Figure 3.4: Sample tin and titanium XPS spectra showing the peaks characteristic of Sn4+ and Ti4+ in the TiO2 / SnO2 

composite material. 

The surface was observed to be tin rich at positions lying to the left of the centre of the 

film (positions A1-2 and B1-2), which is where the tin precursor aerosol enters the 

reactor as expected (Table 3.2). A similar situation arose to the right of the centre of the 

film with the surface being titanium rich, as this is where the titanium precursor aerosol 

enters the reactor as expected. One thing of note is that the A4 position exhibits a 

slightly lower % Sn compared to its surroundings. Overall the surface is relatively tin rich 

but the % Sn decreases as focus transitions from left to right across the width of the film, 

demonstrating again the combinatorial nature of the film. 
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Table 3.2: %Sn for all grid position from the surface through to 200s of sputtering time. 

% Sn Across All Grid Positions 

0 s A B C D E 

4 78.69515 87.04548 82.87369 75.77996 83.98906 

3 98.43462 91.09069 76.03223 73.11862 74.37096 

2 98.81087 94.31136 75.05159 65.09297 51.78369 

1 100 100 82.20524 44.47182 39.94859 

            

100 s A B C D E 

4 45.00042 30.36635 7.185715 18.65229 20.90817 

3 63.72057 64.85189 26.35833 35.27986 28.95965 

2 99.62587 97.71658 48.49034 42.34377 21.78533 

1 100 100 88.44185 29.64672 14.42356 

            

200 s A B C D E 

4 30.10007 11.53568 4.269478 4.604354 6.192926 

3 28.4167 41.39982 8.884463 20.19749 8.402891 

2 98.43646 93.88356 30.48776 25.14834 7.927608 

1 100 100 83.4553 13.96891 8.312611 

 

After 100 s of sputtering (Table 3.2) the left hand side of the film remains tin rich, 

however positions A4 and B4 now have % Sn < 50 % indicating they are now titanium 

dominant. Overall the % Sn to the right hand side decreases indicating that Ti4+ is more 

prevalent in the bulk. Anomalously, C4 exhibits, relative to the other grid positions, a 

relatively low % Sn. Only positions A-C1 and A-B2 exhibit % Sn values > 50 % indicating 

that the positions which are tin rich in nature decrease as the focus starts to transition 

towards the bulk. That these positions are immediately next to the entry point of the 

SnO2 precursor stream and that they all exhibit cassiterite SnO2 diffractions patterns is 

unsurprising. 

After 200 s of sputtering the % Sn to the right of centre (columns C-E) continues to 

decrease relative to the left hand side which remains tin rich in the same positions 

discussed previously (Table 3.2). The % Sn at positions A4 and B4 continues to decrease, 
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indicating TiO2 is now the dominant material within the bulk. Following 300 s of 

sputtering the % Sn continues to decrease for all grid positions bar A-C1 and A-B2, which 

still retain % Sn > 50 %. Post 400 s of sputtering the majority of the film exhibits a % Sn 

of less than 50 % sparing grid positions at A-B1 and A-B2, this is not surprising as these 

sites are situated in the immediate vicinity of where the tin precursor is introduced into 

the reactor. 

Generally it is apparent that TiO2 appears to dominate in the bulk but that the surface is 

tin rich.  

3.3.1.3 Energy Dispersive X-ray Spectrscopy (EDX) 

To corroborate the elemental ratio observed in XPS, energy dispersive X-ray (EDX) 

spectroscopy was undertaken to attain values for the relative ratio of titanium to tin 

found throughout the film at specific grid positions. It was observed that titanium 

dioxide was the dominant phase throughout the majority of the film except in the 

immediate vicinity of the entry point of the tin precursor at A1 and B1 (Table 3.3). This 

corroborates our findings in XPS, in that titanium dioxide is dominant in the bulk in all 

grid positions sparing those found in the immediate vicinity of where the tin precursor 

enters the reactor specifically A1 and B1. It is noted that XPS profiled a small portion of 

all samples and did not profile all the way through the film, which is why there exists a 

disparity between the dominance of Ti relative to Sn between the methods.  
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Table 3.3: Surface % Ti for all grid position for EDX measurements. 

 A B C D E 

4 81.46 96.88 95.9 100 100 

3 39.71 96.21 96.52 100 100 

2 7.3 87.09 94.23 100 100 

1 1.33 2.07 86.93 100 100 

 

3.3.1.4 Scanning Electron Microscopy (SEM) 

Scanning Electron microscopy was undertaken at all grid positions. As surface 

morphology plays an important role in a materials’ observed functional properties, such 

as photo-catalysis and conductivity, mapping and understanding how morphology 

changes relative to dopant concentrations is integral.  
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Figure 3.5: A composite image of all 20 SEMs arranged in a grid. Cassiterite morphology is seen in columns A and B 

and anatase morphology seen in columns D and E, intermediate morphology is seen in column C. Of particular interest 

is the morphology found at A4 which exhibit monolithic growths. 

Figure 3.5 details the changes in surface morphology that occurred across the length 

and breadth of the entire combinatorial film, using the grid previously mentioned. The 

expected cassiterite SnO2 morphology was observed in the correct place (A1-3 and B1-

2).169 Sparing position A4, where the composite XRD pattern was observed the rest of 

the positions are shown to be anatase TiO2
170 and exhibit characteristic but varied 

surface morphologies. Particulates found at C2-3 and D1-3 could be a result of 

homogenous degradation pathways which result in the gas phase formation of materials 

before they come into contact with the glass substrate. Focusing specifically on column 

A and row 4, as discussed specifically in XRD, the transition from the composite TiO2/ 

SnO2 material at position A4 to cassiterite SnO2 and anatase TiO2 morphologies, 

respectively, was evident. 
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Importantly the morphology seen at position A4 (Figure 3.6) was observed to be 

identical in nature to that reported by Ponja et al.167 It is therefore evident that the use 

of combinatorial AACVD to investigate and reproduce a material of interest has been a 

success thus far. 

  

Figure 3.6: A close up of grid position A4 displaying the monolithic nature of the surface morphology 

3.3.1.5 UV/Vis Reflectance Data  

UV-Visible spectroscopy was carried out at all grid positions and thin film thickness 

calculated from the data using the Swanepoel method.158 No overall trend in film 

thickness can be deduced as a result of the transition from SnO2 to TiO2 across the width 

of the film but all grid positions exhibit film thicknesses between 90-300 nm which are 

in line with expected values for previously reported thin films of these materials (Table 

3.4).171,172 
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Table 3.4: Thin Film Thickness values for all grid positions. Calculated using the Swanepoel method. 

  A B C D E 

4 287.58 223.12 281.885 118.435 80.13 

3 277.625 316.81 191.005 251.2 207.855 

2 234.36 252.785 260.46 276.155 248.1 

1 235.045 92.93 324.02 259.01 260.75 

 

3.3.1.6 Band Gap 

Utilising tauc plots (Figure 3.7 C) (photon energy plotted against a function of the 

absorption co-efficient) obtained from UV/Vis absorption data band gaps for all 

positions were calculated to chart changes in bandgap across the film that may result 

from the formation of the composite or heavily doped phases, identified by XPS. It also 

acts as another diagnostic tool for identifying areas where cassiterite SnO2 or anatase 

TiO2 is present. Because the (direct) band gap for SnO2 is 3.6 eV173 and the (indirect) 

band gap for TiO2 is 3.2 eV174 a difference can be observed to empirically determine and 

corroborate other analysis techniques in asserting which areas of the film are 

predominantly SnO2 and which ones are TiO2. It can be seen from both indirect (3.12 eV) 

and direct (3.42 eV) band gap measurements that grid position A4 shows exhibits a band 

gap lower in energy than its surroundings (Figure 3.7 A-B).  

 

 

 

 

 



99 
 

 

 

 

Figure 3.7: A) Direct band gap values for all 20 grid positions. B) Indirect band gap values for all 20 grid positions. 

Across both plots a band gap decrease is seen at A4 relative to its surroundings. Direct bandgaps are simply from the 

valence to conduction band and are symmetrically aligned in K space. Indirect bandgaps require a 3 body interaction 

between a photon, electron and a phonon to counteract the difference in crystal momentum between the valence and 

conduction band. C) A standard tauc plot demonstrating how bandgaps are extrapolated from absorption coefficients. 
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3.3.2 Functional testing 

3.3.2.1 Photo-catalysis  

The combinatorial film was spray coated with an even layer of “Intelligent Ink” first 

utilised by Mills et al to facilitate the quantification of the photo-catalytic rate of all grid 

positions. The photo-reduction reaction of resazurin (royal blue) to resorufin (pink) was 

induced by irradiation with UVA light (365 nm, flux = 4.53 x 1014 photons per cm2 per s) 

and monitored by scanning images of the film throughout the irradiation process at 

specific time intervals representing different stages in the degradation process. A time-

line of the film and the changes induced by increasing levels irradiation is shown in 

Figure 3.8. 

 

Figure 3.8: Images A, B, C, D, E and F are scans taken at 0, 5, 10, 15, 20 and 35 minutes respectively, only the grid 

position A4 exhibits any photo-activity of merit, shown by the transition from blue to a pink/colourless shades at this 

particular grid position in images A-F. 

The photo degradation of the resazurin dye to its pink resorufin intermediate occurred 

fully after roughly 35 minutes at the area of A4 (Figure 3.8). It became evident that grid 

position A4 was the only grid position which exhibited any quantifiable or meaningful 
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level of photo-catalytic activity. The photo-catalytic rate for this particular point was 

determined by measuring the increase in the red component of the digital image pixel, 

with respect to irradiation time, that makes up the image at grid position A4 by using a 

previously proven and published method.149 The photo-catalytic rate at position A4 was 

calculated to be 1.37x1012 molecules destroyed per cm2 per second. Compared to the 

activity reported for the composite material reported by Ponja et al it is roughly a third 

slower.  The formal quantum yield (FQY) and formal quantum efficiency (FQE) for 

position A4 was calculated to be 3.6x10-3 molecules destroyed per absorbed photon and 

3.02x10-3 molecules destroyed per incident photon respectively.  

 

Figure 3.9: A comparison of FQE and FQY between; grid position A4, a TiO2 sample grown by AACVD in ethyl acetate 

using identical deposition conditions to the combinatorial experiment discussed here and the Industry standard, 

Pilkington ActivTM.  

Figure 3.9 compares the observed FQE and FQY for grid position A4, TiO2 (grown by 

AACVD in ethyl acetate at 450 oC using titanium (IV) isopropoxide) and commercial glass 

(Pilkington ActivTM). Compared to Pilkington ActivTM the FQE is an order of magnitude 

higher but is on par with the FQY for A4. When FQE and FQY values are roughly equal it 
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indicates that a high percentage of the absorbed photons go on to be used in photo-

catalytic surface reactions. This indicates that the material at A4 efficiently uses incident 

photons for surface redox reactions. 

3.3.2.2 Water Contact Angles 

Water contact angles were obtained for all grid positions. The entire film was then 

irradiated for 16 hours under UVA light (365 nm) and the water contact angles were re-

measured (Table 3.5). The percentage change in water contact angle was calculated for 

all positions. The highest degree of angle change and thus photo-induced wettability 

was observed to be grid position A4 which corroborates photo-catalytic measurements. 

The composite materials previously reported pre-irradiation hydrophobic surface 

properties were not observed at A4. This could be due to poor uniformity across the 

surface morphology. 

Table 3.5: Percentage change in water contact angle for all 20 grid locations. 

 A B C D E 

1 8.7 16.4 -6.2 19.2 -25.9 

2 -17.6 9.1 -34.1 -6.1 -42.6 

3 -57.4 -67.2 -54.2 -20.1 -29.7 

4 -73.1 -70.7 -51.8 -19.8 -32.4 

3.3.2.3 Two Point Resistivity 

Two point resistivity measurements were taken to provide an empirical idea of relative 

tin and titanium areas as both pure TiO2 and SnO2 are classical intrinsic semiconductors 

and are thus bad conductors as the Fermi level lies directly between the valence band 

and conduction band, thus electrons can only migrate through the material once 
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promoted into the conduction band by photons of the correct energy or by thermal 

excitation. Doping of these materials is known to populate the Fermi level such that it 

lies very close to the conduction band and thus at room temperature (274 K) the 

conduction band of these materials will be populated by some electrons due to thermal 

excitation. As shown in XPS, both TiO2 and SnO2 phases are shown to exhibit varying 

levels of Sn4+ and Ti4+ doping. However, as the valence of these dopants is the same it 

cannot be expected that extra electrons have been added to the conduction band of 

TiO2 and SnO2 respectively. Another important aspect of resistivity measurements is that 

whilst a material might be intrinsically conductive, poor contact between crystallites will 

inhibit the movement of current through an area larger than the crystallites that fill that 

space. With this in mind the resistivity values found in Table 3.6 cannot be said to 

represent directly the materials at the corresponding grid positions as all exhibit 

differing surface morphologies, as seen in SEM. Whilst Ponja et al did not comment on 

the resistivity of the composite film subsequent measurements found that average 

values for the composite were found to be between 103 – 104 Ω/□. Characteristically 

TiO2 exhibits resistivity values inhibitive for use in applications where good conductivity 

is paramount.175 SnO2 as a pure intrinsic semiconductor should exhibit little in the way 

of conductivity and thus exhibit high resistivity values, however much literature has 

shown that oxygen vacancies form easily within the SnO2 lattice, permitting the 

movement of charge and thus causing SnO2 exhibit low resistivity values.176–178 

Distinguishing areas of titanium dioxide and tin dioxide should thus be readily evident 

compared to the composite material. As shown in Table 3.6, the right hand side of the 

film exhibits characteristic resistivity values for TiO2. The bottom left hand corner of the 

film which is seen by XRD and XPS to be cassiterite SnO2, is seen to exhibit characteristic 
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resistivity values expected for SnO2. Specifically at A4 and B4 resistivity values are seen 

to mirror the expected values for TiO2. These materials are majority TiO2 but contradict 

values obtained for the original TiO2/ SnO2 composite reported by Ponja et al. This could 

be accounted for by considering that the morphology at A4 is not as pristine compared 

to that previously reported for the TiO2/ SnO2 composite. At B4 the morphology is seen 

to consist of small non-connected crystallites, explaining the lack of conductivity.  

Table 3.6: Two point resistivity measurements (in Ω/□) provide an insight into areas of titanium dioxide and tin dioxide 

due to the differing degree to which they conduct. High resistivity values indicate TiO2 whereas low resistivity values 

suggest SnO2. 

 A B C D E 

1 5.94 x102 4.70 x102 5.13 x104 5.00 x106 5.00 x106 

2 3.60 x103 1.54 x104 3.38 x104 1.10 x106 5.00 x106 

3 1.76 x105 1.31 x105 6.64 x104 1.10 x106 1.20 x106 

4 1.09 x106 1.80 x104 6.57 x104 1.10 x106 1.30 x106 

 

3.4 Discussion 

A thin film which graduated from SnO2 to TiO2 across its width was created using 

combinatorial aerosol assisted chemical vapour deposition (C-AACVD). The precursors 

were introduced into the reactor separately using a specially designed baffle, ensuring 

the individual aerosol sources mixed only once within the confines of the reactor. By 

utilising a simple grid overlay many samples could be ‘created’ and analysed. This also 

allowed the fast and efficient mapping of changes in functional properties that arise 

from differing elemental ratios across the surface of the film. By performing a 
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combinatorial experiment many intermediate states between cassiterite SnO2 and 

anatase TiO2 were also created in one experiment.  

Characterisation methods such as XRD, XPS, EDX, UV-visible spectroscopy and SEM have 

allowed changes in crystal structure, titanium to tin ratio and resultant morphology 

across the films width and length that occur as a result of the combinatorial approach 

to be compared to changes in observed functional properties such as photo-catalysis 

and photo-induced wettability. Generally, progressing from left to right the dominant 

crystal phase changes from cassiterite SnO2 to anatase TiO2, with mixed phases found 

to exist in between.  

 X-ray photoelectron spectroscopy corroborated this observation. The observed ratio of 

titanium to tin was observed to increase as focus progressed from left to right regardless 

of whether the focus is the surface of the film or in the bulk. It appears, sparing A1 and 

B1, all grid positions are tin rich at the surface but TiO2 becomes the dominant phase in 

the bulk. EDX has shown that titanium dioxide is the dominant phase across the majority 

of the film except where the tin precursor enters the reactor and corroborates what is 

concurrently found in XPS. This phenomenon of phase segregation of SnO2 relative to 

TiO2 has been reported previously in the literature.179,180 SEM largely shows the 

expected morphologies for respective tin dioxide and titanium dioxide areas found in 

XRD but square based pyramidal monolithic growths similar to those reported 

previously for the composite TiO2/ SnO2 composite were also observed. The quality and 

density of the crystallites was lower however. Film thickness was found to be of the 

expected magnitude. 
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Functional testing was also undertaken at all grid positions to map the change in 

functional properties across the length and width of the film. Photo-catalysis studies 

using a resazurin based ‘intelligent ink’ showed that only A4 exhibited photo-catalysis of 

merit. The photo-catalytic rate was calculated to be 1.37 x 1012 molecules destroyed per 

cm2 per second with a FQY and FQE of 3.02 x 10-3 and 3.6 x 10-3 respectively. Whilst the 

photo-catalytic rate is comparable to that reported previously for a TiO2-SnO2 composite 

thin film the FQY and FQE are an order of magnitude lower, this is attributed to the lower 

quality and density of the monolithic growths seen in SEM compared with those 

reported by Ponja et al. 

Photo-induced wettability was found to be as expected. Areas that experienced the 

greatest degree of water contact angle change were those of photo-catalytic interest, 

A4 experienced the greatest change with surrounding areas showing large changes. A 

change in water contact angle was observed at the TiO2 grid positions but the change 

was not as high as at A4. Resistivity values were of expected magnitude and confirmed 

the combinatorial nature of the film.  

The use of combinatorial AACVD has succeeded in replicating the TiO2 / SnO2 composite 

first reported by Ponja et al. and the mechanistic insight achieved by utilising C-AACVD 

has demonstrated that the composite does not form simply as a result of a specific 

elemental composition. If this were the case it would be expected that the composite 

would form (assuming equal aerosol flow) somewhere in the middle or to the right of 

the grid positions where titanium concentration is highest, this is because in the bulk or 

at the surface, although it may vary, titanium is predominant and these positions reflect 

this dominance in concentration relative to tin. That the composite is observed in the 
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top left hand corner, where SnO2 would be expected to form preferentially without TiO2 

being present suggests that the composite exhibits a complex growth profile which 

cannot be probed fully by considering simply the relative concentration of Sn relative to 

Ti. Further studies are therefore required to truly pinpoint the origin of the 

heterojunction structure seen in the composite. 

3.5 Conclusions 

Combinatorial AACVD has been used for the first time to replicate the growth of a mixed 

phase thin film of technological interest, specifically a TiO2/ SnO2 composite film. It is 

evident that the composite exhibits a growth profile which is too complex for 

considerations of elemental ratio to provide adequate answers. This is asserted as, 

assuming the film is a product solely of a specific elemental ratio, it should be seen in 

columns B, C or D. That it is found in column A, where the combinatorial regime should 

ensure that SnO2 is the dominant and only phase at the position suggests there exists 

other factors important to the formation of the composite material. Regardless the 

technique has a proven track record of charting functional properties as a function of 

elemental ratio139 and can now add the demonstrated ability to replicate complex 

advanced functional materials to its accomplishments. This will have implications in the 

future for predicting dopant concentrations responsible for the growth and formation 

of specific phases and will help tailor future experiments to enable the growth of higher 

quality films and the enhancement of previously reported functional properties as 

AACVD garners industrial acceptance. 
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4 Chapter IV: The Use of Time Resolved Aerosol Assisted Chemical 

Vapour Deposition in Mapping Thin Film Growth in a TiO2 / SnO2 

Composite Film  

4.1 Introduction 

Following the combinatorial deposition and successful reproduction of the TiO2/ SnO2 

composite in Chapter III, it was concluded that methods for further exploring the 

mechanism of formation of the composite were required. XPS depth profiling showed 

that the material displayed little in the way of elemental homogeneity with a high 

relative surface concentration of Sn to Ti. The observation that the material also formed 

in the top left hand corner of the combinatorial film, which should have been exclusively 

SnO2, suggests that Sn plays an integral role in the formation of the composite. This 

suggested that the material must exhibit a specific growth profile, as the composite is 

not observed for films where a SnO2 layer is deposited on top of an already deposited 

TiO2 layer. Thus a method for probing the growth profile was sought that could also 

generate several samples representative of different periods throughout the deposition 

in a single deposition. The study could be completed by doing several depositions that 

vary by deposition time but this would be time consuming. In the same manner that 

combinatorial AACVD can be used to create many samples that vary with respect to 

elemental composition in a single deposition, a method of achieving many samples that 

vary as a function of deposition time was sought. This would allow two things: 

 Study of the film’s growth profile, so as to provide a mechanistic insight into the 

growth of thin films in AACVD, an aspect not yet addressed in the literature. 
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 Once changes in crystallinity, elemental composition and functional properties 

have been mapped as a function of time, fine tuning of the material functional 

properties, such as photo-catalysis or conductivity, could be selected by simply 

varying deposition time. Allowing the material deposited to be maximised in a 

specific application. 

A method to achieve this was conceived which made use of the exhaust of the reactor. 

As AACVD is carried out at atmospheric pressure, the exhaust and by extension the 

deposition chamber are freely accessible given the proper safety considerations. The 

time resolved samples were generated by withdrawing a cover across the surface of the 

glass at specific time intervals revealing areas of uncoated glass throughout the 

deposition process (Figure 4.1). The samples were characterised and their functional 

properties mapped. 
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Figure 4.1: A.) Image of final deposited film with labelled timed segments cut into segments for characterisation. Films 

were deposited by AACVD at 450 oC under N2 gas flow of 1 l/min using titanium (IV) isopropoxide and butyl tin 

trichloride dissolved in ethyl acetate in the same flask. The gradation of film thickness is apparent from the least 

deposited sample (3 minutes) to the most deposited sample (21 minutes) initially verifying on a visual level the principle 

of the experiment. B.) Images i), ii) and iii) demonstrate the process of how the cover is removed every 3 minutes to 

reveal fresh clear areas of glass upon which deposition can take place, creating sequential areas across the whole 

deposition. For example in image i) an initial area of glass is left to provide the sample with the longest deposition 

time. ii) After 3 minutes the cover is withdrawn a set distance via the exhaust to reveal the next sample and the process 

is repeated until the deposition is finished. The observance and continuation of an interference pattern, characteristic 

of the build-up of individual layers, throughout all samples despite the presence of a cover at varying points throughout 

the deposition indicates that the cover does not hamper or impinge on overall flow dynamics and film formation. 

4.2 Experimental 

4.2.1 Thin film Preparation using AACVD 

Nitrogen (99.99%) (BOC) was used as supplied. Depositions were obtained on SiO2 

coated float-glass. Prior to use the glass substrates were cleaned using water, 

isopropanol and acetone and dried in air. Glass substrates of ca. 45 mm x 5 mm x 4 mm 

were used. The precursors, titanium (IV) isopropoxide (99%) and tin (IV) butyl tri-

21 18     21 

B.) i)                                    ii)                                             iii)                    

 15      18      21 

  3       6      9       12      15      18      21 A.) 
Direction of aerosol flow 
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chloride (99%) were obtained from Sigma-Aldrich Chemical Co. and used as supplied. 

Aerosols were generated in ethyl acetate (99%) and carried into the reactor in a stream 

of nitrogen gas through a brass baffle to obtain a laminar flow. A graphite block, 

containing a Whatmann cartridge heater, was used to heat the glass substrate. The 

temperature of the substrate was monitored using a Pt–Rh thermocouple. Depositions 

were carried out by heating the horizontal bed reactor to the required temperature of 

450 oC before diverting the nitrogen line through the aerosol and hence to the reactor. 

The total time for the deposition process took 20- 25 minutes. At the end of the 

deposition, under the nitrogen flow, the glass substrates were left to cool to room 

temperature with the graphite block before it was removed. To modify the experiment 

to provide a time resolved study a chemically inert cover, a thin graphite foil was 

inserted via the exhaust into the reactor and withdrawn at specific time intervals to 

achieve areas of glass of differing deposition times. Initially the cover only revealed a 

small area of glass on which deposition can take place. By doing this eight samples can 

be generated in a single deposition.  

4.2.2 Sample Characterisation 

X-ray diffraction (XRD) was carried out using a Lynx-Eye Bruker X-ray diffractometer with 

a mono-chromated Cu Kα (1.5406 Å) source. X-ray photoelectron spectroscopy (XPS) 

was carried out using a Thermo Scientific K-Alpha instrument with monochromatic Al-

Kα source to identify the oxidation state and chemical constituents. High resolution 

scans were done for the Ti (3d), Sn (3d), O (1s) and C (1s) at a pass energy of 40 eV. The 

peaks were modelled using Casa XPS software with binding energies adjusted to 

adventitious carbon (284.5 eV). SEM images were taken on a JEOL JSM-6301F Field 

Emission instrument with acceleration voltage of 5 kV. Images were captured using 
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SEMAfore software. Samples were cut into coupons representing the different timed 

samples and coated with a fine layer of gold to avoid charging. The optical transmission 

was measured over 320–800 nm range using a Lamda 950 UV/Vis spectrometer. Film 

thickness was calculated using a Filmetrics F20 thin-film analyser. 

4.2.3 Functional Property Testing 

Photo-catalytic activity was assessed using an established method based on a resazurin 

‘intelligent ink’ first developed by Mills et al. 168 Photo induced wettability was tested by 

placing the samples under a UVC lamp for 2 hours then measuring the water contact 

angle by placing a 5 μL droplet onto the surface of the films. The film was then irradiated 

overnight for 24 hours and water contact angles were re-measured. Two point resistivity 

measurements were undertaken with a multimeter. Water droplet contact angles were 

measured using a First Ten angstroms 1000 device with a side mounted rapid fire camera 

after casting a  5 μL droplet from a fixed height onto the surface. To assess the photo-

catalytic activity of the films the samples were washed with water, rinsed with 

isopropanol and irradiated for 30 minutes to clean and activate the sample.  A resazurin 

based ink was then evenly applied using a spray gun and the photo-induced degradation 

of the resazurin ink monitored by UV-Vis spectroscopy. Formal quantum efficiency and 

the formal quantum yield was then calculated. Formal quantum efficiency was 

calculated by dividing the rate of dye molecules destroyed per s per cm2 by the photon 

flux (4.53 x 1014 photons per cm2 per s). The formal quantum yield (FQY) was calculated 

by dividing the rate of dye molecules destroyed per s per cm2 by the number of photons 

absorbed by the films. The photon flux and photon absorption for each film was 

determined using a UVX digital radiometer with a detector for 365 nm radiation 

attached.  
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4.2.4 Preparation of ‘intelligent ink’ solution 

Glycerol (99.6%), hydroxy ethyl cellulose [average MV ¼ 90 000], resazurin (92%) were 

all purchased from Sigma-Aldrich Chemical Co. and used as supplied. The ‘intelligent’ ink 

consisted of resazurin (40 mg) redox dye in an aqueous solution (40 mL) with glycerol (3 

g) and hydroxylethyl cellulose (0.45 g) that was aged for 24 hours at 3–5 0C. The solution 

was mixed thoroughly before use. 

4.3 Results 

A 1:1 solution of titanium (IV) isopropoxide and butyl tin (IV) trichloride dissolved in ethyl 

acetate was used as the precursor solution to deposit the TiO2/ SnO2 composite material 

by AACVD in the manner described in the experimental. Utilising a novel setup involving 

a retractable cover slip, samples representing differing deposition times were easily 

generated.  

4.3.1 Characterisation 

The average time for a full deposition for 20 ml of ethyl acetate at a nitrogen flow of 1l/ 

min, until the aerosol source was fully exhausted, was shown to be between 20 and 25 

minutes. The time interval for depositions was set at 3 minutes and in total seven 

different films were deposited which varied as a function of deposition time. The 

structural changes across these films were characterised using X-ray diffraction (XRD), 

X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM) and UV-

Visible spectroscopy. Any changes in functional properties across the samples, that arise 

from corresponding structural changes, were followed by photo-activity measurements 

using a resazurin based ‘intelligent ink’ and photo-induced wettability studies.168 
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4.3.1.1 X-ray Diffraction (XRD) 

An X-ray diffraction study was undertaken for all samples (Figure 4.2) to provide insight 

into the evolution of crystal structure growth as a function of time. Anatase TiO2 and 

cassiterite SnO2 phases were observed at different points in time throughout the 

deposition process. After nine minutes the formation of anatase TiO2 was observed, 

which exhibits strong preferential orientation with complete suppression of the [200] 

plane and partial suppression of the [101] and [105] planes whilst exhibiting 

enhancement in the [004] plane. At this time anatase TiO2 is the only crystal phase 

observed. This phase continues to grow in intensity throughout the deposition process. 

From 18 minutes onwards cassiterite SnO2 phases appear, specifically the [101] and 

[211] planes.167 It is evident that the process of modifying the deposition regime, to 

provide samples at different deposition times, did not hamper or inhibit the growth of 

the material under investigation in this study. This can be seen in the continuation of 

the contour thickness planes in Figure 4.1A. These are due to reflection from the film 

and glass producing an optical interference pattern due to minute (nm) variations in film 

thickness.158 
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Figure 4.2: XRD patterns of films deposited at 450 oC by AACVD using titanium (IV) isopropoxide and butyl tin 

trichloride. Miller Indices denoted with* correlate with cassiterite SnO2 phases. All other Indices are anatase TiO2. It is 

apparent that very little in the way of crystalline material exists at 3 minutes but crystalline material representing 

anatase TiO2 appears after 6 minutes and continues to grow in prominence throughout the rest of the deposition. 

Cassiterite SnO2 only appears after 15 minutes and continues to increase in peak intensity until at 21 minutes 

cassiterite SnO2 peaks and anatase TiO2 peaks exist concurrently. 

4.3.1.2 X-ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) was undertaken for samples representing all 

time intervals. This was to identify the elements present, relative elemental ratios and 

their respective oxidation states. Depth profiling was conducted to profile how the tin: 

titanium ratio changes from the surface to the bulk within a specific film.  
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Figure 4.3: A graph comparing the Sn: Ti atomic ratio in XPS depth profiling across all timed samples formed from 

AACVD of titanium isopropoxide and butyl tin trichloride at 450 oC. All samples were etched for 100s, this was repeated 

4 times to achieve 4 levels within the bulk. Across all samples; after 3 minutes tin concentration is high, averaging 

about 10 times more abundant than titanium. Six minutes into the deposition titanium levels start to increase relative 

to tin until after 9 minutes titanium becomes the dominant element with the ratio of Sn: Ti becoming <1. In general 

within the bulk Sn concentration increases relative to titanium but the ratio of Sn to Ti remains <1. After 18 minutes 

Sn becomes the dominant element at the surface with a Sn: Ti ratio >1.  

Peaks representing TiO2 at 458.3 eV (Ti4+ 2p3/2) and 463.9 (Ti4+ 2p1/2) eV were found in 

all samples. Tin peaks matching previous literature reports for SnO2, are observed at 

486.5 eV (Sn4+ 3d5/2) and 494.9 eV (Sn4+ 3d3/2).173,180 After three minutes of deposition, 

tin 4+ was found to be the dominant element relative to titanium 4+ at both the surface 

and within the bulk (Figure 4.3). After six minutes of deposition time levels of tin relative 

to titanium decreased until after 9 minutes when the surface was now observed to be 

tin rich compared to the bulk but the ratio of tin to titanium remains <1, with the bulk 

material exhibiting less tin but in concentrations significantly higher than would be 
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expected if tin was present in a typical dopant regime. Twelve minutes of deposition 

time produced a very similar picture with a surface richer in tin, relative to titanium, 

compared to the bulk but still in minority to titanium. This general pattern was found 

after 15 minutes of deposition time. After 18 minutes of deposition time the surface 

exhibited a tin to titanium ratio >1 whilst the bulk continued to exhibit a Sn: Ti ratio <1. 

A full deposition time of 21 minutes exhibited a similar profile, with a surface Sn: Ti ratio 

>1 with a bulk ratio <1. When cross referenced with XRD it was observed that the 

cassiterite SnO2 peaks coincided with the surface Sn: Ti ratio from XPS switching from 

<1 to >1. This indicates that SnO2 formation occurs at the TiO2 surface as a result of 

dynamic surface segregation181 that causes Sn4+ to move to the surface from the bulk, 

when the Sn surface concentration becomes high enough ( Sn: Ti >1) SnO2 is produced 

at the surface (Figure 4.4). Shadowing earlier reports, oxygen 1s XPS spectra for samples 

representing 9 minutes onwards exhibit, within the bulk, characteristic lattice oxygen 

values at 530.1 eV characteristic of a Sn-O-Ti linkage. Standard oxygen values for 

standard TiO2 and SnO2 were also exhibited (Figure 4.5). This indicates that tin acts as a 

substitutional dopant within the TiO2 matrix.182,183  
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Figure 4.4: A graph displaying Sn: Ti ratio for the surface only. There are 3 distinct areas: A) 3-6 minutes: this represents 

a deposited amorphous solid solution of SnO2 with traces of titanium 4+. B) 9-15 minutes: tin concentration decreases 

to become the minority element relative to titanium producing a solid solution of tin doped titanium dioxide. C) 18- 21 

minutes: It is seen that after 18 minutes Sn becomes the majority element at the surface. This coincides with XRD 

which displays cassiterite SnO2 after 18 minutes. This implies that first a seed layer of amorphous SnO2 forms (A). This 

allows the growth of a solid solution of tin doped anatase TiO2 as seen in XRD (B). It is from this solid solution that Sn 

surface concentration increases enough to become the majority element at the surface forcing the growth of 

cassiterite SnO2 (C).  

 

Figure 4.5: Modelled XPS peaks for 1s Oxygen peaks after 200 seconds of sputtering for 15 (A), 18 (B) and 21 minutes 

(C) worth of deposition time. The peak at 530.1 eV, representative of a Ti-O-Sn linkage within the TiO2 matrix, is seen 

to increase in intensity as deposition time increases. This shows that 1. Sn exists as a substitutional dopant and 2. It 

increases in concentration within the bulk at the same depth, relative to the surface, with increasing deposition time. 

A.                                              B.                                              C.          
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4.3.1.3 Scanning Electron Microscopy (SEM)  

 

Figure 4.6: A time lapse of SEM images representing 3, 6, 9, 12, 15, 18 and 21 minutes of the deposition process. It is 

evident that film formation occurs after 3 minutes with evidence of granular particulate matter forming with no overall 

order. After 9 minutes square structures start to appear and become progressively larger as the deposition process 

continues in time. Eventually the morphology resembles large monolithic square based pyramids after 21 minutes. 

Surface morphology was investigated by scanning electron microscopy (SEM) to give an 

insight into how the film grows over time whilst also providing additional information 

relevant to understanding how the photo-activity and water contact angles change over 

time. After three minutes of deposition particular material was observed which 

displayed no overall structure (Figure 4.6). After six minutes the particles appear to 

continue to nucleate and grow in size whilst still displaying little to no regular structure. 

Nine minutes into the deposition crystallites displaying an overall regular structure were 

observed, hinting that the growths were starting to adopt a 2-dimensional square-like 

geometry. The square geometry is emulated and repeated throughout depositions 

representing 12, 15 and 18 minutes. Overall, both crystallite size and porosity were 

noted to increase with deposition time. After 21 minutes of deposition time large 

crystallites around 100 nm in width with a square 2D profile and pyramidal 3D profile 

were observed whilst retaining the porosity of previous time intervals.  

100 nm                                      3 min          100 nm                                       6 min          100 nm                                      9 min           100 nm                                        12 min 

100 nm                                    15 min          100 nm                                    18 min          100 nm                                     21 min 

3 6 9 12 

15 18 21 
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4.3.1.4 Ultraviolet-Visible Spectroscopy 

Ultraviolet-visible absorption spectroscopy was undertaken to explore how absorption, 

transmission and band gap for individual samples, representing differing deposition 

times, vary over time. Transmission data were obtained from the absorption data. It is 

evident from Figures 4.7 and 4.8 that the observed transmission was inversely 

proportional to deposition time. On a simplistic level this corroborates the observation 

that the film increases in thickness with deposition time. Analysis of the band gap for 

each timed sample was calculated using tauc plots (Figure 4.9). It was evident that whilst 

initially the band gap was closer to the expected band gap value for cassiterite SnO2 (3.6 

eV) the values steadily decreased over time and stabilised at around 3.2 eV which is 

characteristic of anatase TiO2 from 12 minutes onwards. Lack of cassiterite SnO2 peaks 

in the XRD at these early time intervals (3-9 minutes) suggests that these high values are 

due to film thickness and the resulting limitations of tauc plot analysis for extremely thin 

films. This is highlighted in SEM where significantly altered film morphology was not 

seen to occur until 9 minutes into the deposition. By comparing band gap values with 

absorption and transmission data it is concluded that because band gap values do not 

change over time once stabilising at 3.2 eV the apparent red-shifting observed in the 

absorption data can be attributed to increasing film thickness. 
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Figure 4.7: Absorption spectra for all time resolved samples deposited at 450 oC by AACVD. It is apparent that as 

respective deposition time increases samples permit less and less light to permeate through their structure. 

 

Figure 4.8: Transmission data for all time resolved samples deposited at 450 o C by AACVD. Transmission appears to 

decreases as deposition time increases; verifying, on a qualitative level, that film thickness increases as deposition 

time increases. 
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Figure 4.9: A graph charting the change in band gaps of the TiO2/ SnO2 composite material over time throughout the 

deposition process. Because the band gap is found to rest and stabilise at 3.2 eV for most samples, changes in 

absorption data cannot be attributed to red-shifting of spectra but to film thickness increasing. 

4.3.1.5 Film Thickness 

Film thickness measurements were obtained using the Swanepoel method to gain an 

insight into how thickness progresses throughout the deposition.158 It is clear that film 

thickness increases proportionally with deposition time in a linear fashion (Figure 4.10). 

This indicates that the stream of precursor is roughly constant throughout the 

deposition process until the aerosol source is exhausted. 
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Figure 4.10: Thin film thickness as a result of time in the deposition of titanium (IV) isopropoxide and tin butyl 

trichloride at 450oC by AACVD. Film thickness is seen to increase in a linear fashion proportionally with deposition time 

indicating that both the precursor stream is roughly constant in intensity and also identity. 

4.3.2 Functional Properties 

4.3.2.1 Photo-Activity 

Photo-activity measurements were obtained for all samples using a resazurin based 

‘intelligent ink’. This allowed for the rate of photo-activity to be tracked throughout the 

deposition process. It was found that all samples exhibit different rates of photo-activity 

and that these change in relative intensity throughout the deposition process (Figure 

4.11) hinting that variances and transitions in structure and morphology could be 

responsible for this change in function. Formal quantum efficiency ( FQE - the amount 

of dye molecules destroyed per incident photon) and formal quantum yield ( FQY - 

amount of dye molecules destroyed per absorbed photon), which provide a quantitative 
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measure of a samples ability and efficiency to absorb light, was found however to mirror 

and track with changes in rates of photo-activity across all samples (Figure 4.12). 

It is apparent that photo-activity alters dramatically across samples and thus throughout 

the deposition process. Photo-activity starts relatively low from 3-6 minutes but 

proceeds to increase substantially until 15 minutes upon where activity proceeds to then 

decline until the full deposition time is reached at 21 minutes. Therefore a ‘state’ of 

enhanced photo-activity exists, representing 15 minutes’ worth of deposition time that 

would not be achieved in a traditional deposition regime and thus would not be 

identified otherwise.  

 

Figure 4.11: A graph comparing photo-activity for all samples. It appears to start low (3-6 minutes) but then increase 

between 9-15 where it reaches a maximum and decreases from 15-21 minutes. This indicates that there are states 

which exhibit higher rates of photo-activity which would normally be inaccessible with a traditional deposition regime. 

Throughout the deposition process FQE and FQY remain relatively disparate from each 

other, signalling that whilst the films photo-activity changes in intensity the films’ 

0

5E+10

1E+11

1.5E+11

2E+11

2.5E+11

3E+11

3.5E+11

4E+11

21181512963

P
h

o
to

-a
ct

iv
it

y/
 m

o
le

cu
le

s 
s-

1c
m

-2

Deposition TIme/ mins



126 
 

efficiency in absorbing UV photons for use in photo-catalytic processes remains similar. 

At 21 minutes FQE and FQY appear to converge, signalling that a higher percentage of 

photons are absorbed and subsequently used in the generation of photo-electrons and 

holes. Therefore whilst the sample at 21 minutes exhibits lower photo-activity than 

samples 12- 15 it is a more efficient photo-catalyst (Figure 4.12). For the composite 

material formed after 21 minutes both FQE and FQY values are lower than those 

reported by Ponja et al, this could be attributed to many things such as transparency 

and doping levels.167 

 

Figure 4.12: A graph comparing the relationship of formal quantum efficiency and formal quantum yield for each 

sample which charts how they change between samples and thus over time. 
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functional property changes with deposition time (Table 4.1). It was observed that 

hydrophobicity was immediately apparent from 3 minutes into the deposition process 

and continued to increase by roughly 10 degrees until a deposition time of 18 minutes. 

After 21 minutes the contact angle decreases to a similar value as 3 minutes. The 

samples were then irradiated under UV light (365 nm) for 24 hours. Samples were 

retested to determine the change, if any, in water contact angle post irradiation. It was 

found that for samples representing 3-12 minutes deposition time little or no change 

occurs. However from 15 minutes onwards a decrease in contact angle was observed 

for all samples. The largest decrease in contact angle was found at 18 and 21 minutes. 

This was attributed to a change in morphology and surface properties that occur when 

the Sn: Ti ratio, as observed in XPS, changes from being <1 to >1 and the observance of 

SnO2 in the XRD for these samples which sequesters electrons, preserving holes which 

induce surface defects which water can co-ordinate into. The initial hydrophobicity 

observed for all samples is characteristic of nanoscale monolithic growths found in 

previous studies on a range of materials which also exhibit nanoscale (100 nm) 

monolithic surface morphology.184–187 Due to nanoscale monoliths present in surface 

morphology the surface exhibits a high degree of roughness.188  
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Table 4.1: Table comparing water contact angle values for all timed samples pre and post irradiation with UVA (365 

nm) light. 

Deposition Time/ minutes Pre-Irradiation/ o Post-Irradiation/ o 

3 111.4 100.1 

6 112.0 110.4 

9 112.0 113.3 

12 115.9 110.4 

15 120.0 100.8 

18 124.7 68.3 

21 114.4 70.3 

 

4.4 Discussion 

Time resolved aerosol assisted chemical vapour deposition (TR-AACVD) was used for the 

first time to map thin film growth as a function of deposition time. The deposition was 

carried out at 450 oC under a N2 gas flow using a titanium dioxide precursor (titanium 

(IV) isopropoxide), a tin dioxide precursor (butyl tin (IV) trichloride) and an oxygen 

source (ethyl acetate) dissolved in the same flask. An altered experimental setup was 

used, utilising a carbon foil slip via the exhaust, to cover and subsequently reveal fresh 

areas of glass at specific time intervals throughout the deposition. The resultant film 

achieved samples representing seven different deposition times whilst requiring one 

deposition in total resulting in significant experimental time saving. The samples were 

characterised and their functional properties mapped utilising high throughput 

screening methods. This provided for the first time, insight into the key growth phases 
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of the material. The technique successfully reproduced the morphology and XRD 

structure of a TiO2/ SnO2 composite material.  

X-ray diffraction has shown how the crystal structure develops over time. First a 

preferentially orientated anatase TiO2 phase develops and continues to remain the 

dominant phase throughout the deposition. Concurrently the addition of the [110], 

[200] and [211] cassiterite SnO2 peaks from 18 minutes onwards was also observed. XPS 

demonstrates that from 3 minutes onwards titanium and tin 4+ species are found both 

at the surface and within the bulk for all samples. Three minutes into the deposition tin 

is the dominant element relative to titanium, this tin layer is amorphous as no diffraction 

pattern was observed in XRD. This strongly suggests that the formation of an amorphous 

tin layer early in the deposition process acts as a seed layer for the growth of the Sn 

doped TiO2 solid solution observed from 9 minutes onwards. For this composite material 

specifically, the tin to titanium ratio remains <1 at both the surface and within the bulk 

until 18 minutes where the surface ratio of tin to titanium becomes >1.  Generally, tin 

concentration is higher at the surface relative to the bulk regardless of its concentration 

relative to titanium. Oxygen 1s peaks at 530.1 eV observed within the bulk indicate that 

a Sn-O-Ti linkage exists within the matrix implicating Sn as a substitutional dopant.182,183 

This indicates that the mechanism for Sn migration is via substitution with Ti atoms 

within the TiO2 anatase lattice. SEM shows that the square pyramidal structure observed 

starts to grow from 9 minutes onwards and increases in size over time; this corroborates 

band gap analysis, where the band gap starts to decrease towards 3.2 eV and photo-

activity where an increase in rate is seen to occur from 9 minutes onwards. The change 

in morphology seen at 18 and 21 minutes coincides with the inclusion of full cassiterite 

SnO2 peaks in the XRD. 
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Generally, it became apparent from XPS and XRD that an anatase phase solid solution of 

(Ti / Sn)O2 forms.189 From this it is hypothesised that surface segregation, facilitated by 

heating and time, forces tin to collect at the surface, resulting in the high concentrations 

of tin found at the surface for all samples, relative to the bulk. Because all samples 

experience the same temperature inside the reactor, time is the only factor able to 

account for differences in surface Sn concentration and indeed it is found that; excluding 

3-6 minutes, where amorphous SnO2 is deposited and acts as a seed layer for the 

composite solid solution phase that grows subsequently, samples which experience 

longer deposition times are seen in XPS to exhibit higher surface concentrations of Sn, 

relative to the bulk and other samples with shorter deposition times (Figure 4.13). This 

explains why the natural formation of a hetero-junction with bulk tin doped TiO2 and 

surface SnO2 is attributed to surface segregation of tin and thus originates from within 

the original TiO2 matrix. Its formation is therefore not a direct result of the deposition 

process. If this were not true, cassiterite SnO2 XRD peaks would be observed earlier on 

in the deposition process and would be independent of the surface ratio of tin to 

titanium found in XPS. Therefore despite having equal amounts of precursor in the 

aerosol source, SnO2 nucleates much easier upon the glass substrate and TiO2 

subsequently appears to nucleate much faster than SnO2 once the amorphous SnO2 

layer has been established. Thermal migration of substitutional Sn, as observed in XPS, 

through the TiO2 matrix over time then results in surface segregation of SnO2. This 

results in a composite of highly Sn-doped anatase TiO2 capped by SnO2. 
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Figure 4.13: A schematic representing samples throughout the deposition process demonstrating how the position 

and concentration of Sn varies relative to Ti in time. A) Tin dioxide deposits preferentially over titanium dioxide within 

the first 3-6 minutes B) This initial SnO2 layer is hypothesised to act as a seed layer allowing a Sn doped TiO2 layer to 

develop (9-15 mins). As time progresses Sn begins to migrate to the surface as a result of heating (450 o C). C) This 

results in a higher concentration of Sn at the surface than within the bulk (seen in XPS), which is proposed to enhance 

surface photo-catalysis as the Sn4+ sites at the surface act as electron sinks promoting electron lifetimes. D) As time 

progresses further, Sn concentration becomes so high that it is now the majority element present at the surface (Sn: 

Ti >1). The surface now converts from an anatase phase Sn doped TiO2 solid solution to a cassiterite SnO2 phase which 

caps the Sn doped TiO2 solid solution phase from which it originated, this is observed in XRD from 18 minutes onwards. 

Photo-catalysis is partially impaired by the formation of this SnO2 layer but still displays a high rate of photo-catalysis. 

Ultraviolet-Visible spectroscopy shows, that whilst there was apparent red-shifting of 

absorption data, transmission was found to decrease proportionally with deposition 

time. Concordant with tauc plot band gap analysis, demonstrating that the band gap for 

the final material was 3.2 eV, it was evident that the apparent red-shifting was therefore 

attributed to increasing film thickness, which was observed to increase incrementally in 

a linear fashion with increasing deposition time. 

Film thickness was observed to increase proportionally with time across all samples, 

with samples with longer deposition times exhibiting thicker films. This echoes analysis 

of XPS and XRD.  Thus changes in functional properties observed around 15-18 minutes 
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cannot simply be attributed to the growth of the film and that changes within the film 

that occur as a result of surface segregation are responsible. 

XPS showed that the Sn: Ti ratio switched from <1 to >1, coinciding with the appearance 

of cassiterite SnO2 in the XRD, from 15 to 18 minutes can explain how the rate of photo-

activity was seen to peak at 15 minutes and proceed to decrease onwards to 21 minutes 

yet water contact angles exhibit the largest decrease in samples representing 18 and 21 

minutes with 15 displaying intermediary behaviour transitions from hydrophobic to 

hydrophilic behaviour. This discrepancy in behaviour in these specific functional 

properties, which have their origins in the same underlying principle of photo-generated 

electrons and holes, is attributed to the formation of SnO2 at the surface. The method 

of photo-activity quantification utilised in this report is photo-electron sensitive, hence 

the enhanced photo-activity observed at 15 minutes and the subsequent decrease after 

18 minutes can be attributed to Sn4+ states, which act as electron traps at the surface181, 

shifting from molecular states existing within the TiO2 band structure to bulk states 

inherent in SnO2 band structure. This results in the sequestration of electrons into the 

SnO2 conduction band and hence less electrons are available to carry out reduction of 

the dye at the surface. This also explains why samples representing 18 and 21 minutes 

exhibit the biggest change in water contact angle. This is attributed to the same 

principle, as the mechanism responsible for photo-induced wettability is electron hole 

sensitive, which creates defect sites which water molecules co-ordinate into, the 

sequestration of electrons results in the enhancement of electron hole lifetimes and 

hence enhanced surface defect production.  
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The sample representing 21 minutes’ worth of deposition time displayed FQE and FQY 

values which appeared to converge where all previous samples demonstrated a marked 

gap between FQE and FQY. This was attributed to a combination of increasing film 

thickness, thus a greater cross section for photon absorption and the increasing amount 

of SnO2 at the surface which, by sequestering electrons through hetero-junction charge 

transfer, prolongs electron lifetimes and therefore minimises the recombination 

process. Therefore it can be deduced that the TiO2 surface found at 15 minutes was 

more photo-active but was not as efficient as the sample at 21 minutes because 

electrons and holes are able to recombine throughout the entire medium. The sample 

at 21 minutes was a worse photo-catalyst because the surface was becoming more SnO2 

rich so less TiO2 (and hence Ti3+) sites were available for photo-catalysis but it is now 

able to sequester electrons at the surface and separate them from holes driving up the 

efficiency. Another consideration is that the particulates found in SEM at 21 minutes are 

larger than those observed at 15 and 18 minutes, thus exhibiting a smaller overall 

surface area. Further experiments would be required to validate this assertion. 

4.5 Conclusions 

Time-resolved AACVD has successfully provided an insight into the growth profile of a 

composite metal oxide thin film of technological interest. Although combinatorial 

AACVD has been successful in determining that the TiO2 / SnO2 composite in question 

displays a complex growth profile, which is not explained by a simple specific elemental 

ratio, it is unable to provide further mechanistic insight. In this regard TR-AACVD can be 

considered a success.  By varying deposition time, comparison of functional and 

structural properties and how they change over time has identified intermediate 
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materials which display functional properties and structure different from the final 

deposition time whilst also providing mechanistic insight into thin film formation. Thus 

changes in functional properties relative to each other throughout the deposition 

sequence can be mapped and as a result the fine tuning of the material can be 

undertaken for a specific application where different functional properties can be 

utilised or maximised for specific purposes. The method has succeeded in probing and 

explaining the formation of the SnO2 surface layer, which arises from the thermal 

induced diffusion of Sn through to the film from the bottom to the top. SnO2 is also key 

to the formation of the composite acting as a seed layer for the growth of the heavily 

doped TiO2 bulk. Whilst used to investigate this particular system, there exists no reason 

why TR-AACVD cannot provide mechanistic insight, as in combinatorial AACVD, into the 

growth of a wide range of metal oxide functional materials. It is therefore a novel and 

highly advantageous form of AACVD. 
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5 Chapter V: The UV-Induced Surface Segregation of Interstitial 

Nitrogen and Its Stoichiometric Contribution to the Observed 

Photo-catalytic Rate in N-TiO2 

5.1 Introduction 

The earth receives more energy in a day from solar irradiance than human civilisation is 

capable of using in a year and is therefore a potent energy source and worthy of 

utilisation.190 To this end efforts have been made to tailor materials to absorb and utilise 

light within the visible region of the electromagnetic spectrum for use in H2 

production,191 energy efficient window coatings143 and to drive photo-catalysis for 

specific applications. One such material investigated is nitrogen doped TiO2.109  

Titanium dioxide is a UV active photo-catalyst with a band gap of 3.2 eV and is an area 

of intense research for use in such applications because of its low cost, low toxicity and 

high UV activity.47 TiO2 once doped with nitrogen is reported to exhibit a shift in band 

gap toward to the visible spectrum.109 Thus its utilisation as a visible light photo-catalyst 

for the remediation of environmental pollutants and the cleaning of water is of intense 

interest. Since the first synthesis of nitrogen doped TiO2 many reports have documented 

visible light photo-activity, where none existed before. However the underlying 

mechanism for this observed activity has proved an area of intense debate. Many 

reports attribute the visible light activity to a decrease in band gap and is thus intrinsic 

to the material itself, representing a true photo-induced exciton mechanism where 

electrons are promoted to the conduction band from the valence band upon interaction 

of light with an energy equal to or higher than the band gap of TiO2 (3.2 eV).109,192 A 
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conflicting point of view is that the apparent shift in band gap is due to the introduction 

of ‘colour’ states that form between the valence and conduction bands due to the 

inclusion of nitrogen dopants.193 This is apparent in many other doped TiO2 materials 

and is therefore attributed to oxygen vacancies both within the bulk and the 

surface.194,195 Another source of contention surrounds the two forms of nitrogen dopant 

and which functional properties these dopants are responsible for compared to baseline 

TiO2.196 Interstitial nitrogen doping is reported to enhance UV photo-activity whilst 

substitutional nitrogen doping is reported to enhance the visible light activity of TiO2.
197

 

Recently others have responded that UV photo-activity can be seen to decrease after 

subsequent irradiation in the process of photo-catalytic testing and that activity 

decreases proportionally with the irradiation time.112 This phenomenon is attributed to 

nitrogen surface species bound to the TiO2 which are responsible for the observed 

increase in UV photo-catalysis, which does not represent a true catalytic process whilst 

observing no visible light photo-catalysis. Thus the actual effectiveness of nitrogen 

doping is called into question. 

Experiments were undertaken to firstly, synthesise for the first time nitrogen doped TiO2 

films by aerosol assisted chemical vapour deposition (AACVD) using a one pot solution, 

and secondly, provide insight into the discussion surrounding nitrogen doped TiO2 to see 

which prior argument found within the literature is evident. AACVD is a versatile 

technique which allows the use of precursors which traditionally are inaccessible for 

normal CVD techniques, due to high vapour pressures or relative instability in the 

presence of oxygen or water, to be utilised for the growth of thin films for technological 

applications. It is capable of synthesising a wide range of metal oxides which exhibit a 

wide array of functional properties.  



137 
 

5.2 Experimental 

5.2.1 Thin film Preparation using AACVD 

Nitrogen (99.99%) (BOC) was used as supplied. Depositions were obtained on SiO2 

coated float-glass. Prior to use the glass substrates were cleaned using water, 

isopropanol and acetone and dried in air. Glass substrates of ca. 45 mm x 5 mm x 4 mm 

were used. The precursors, titanium (IV) isopropoxide (99%) and n-butylamine (99%) 

were obtained from Sigma-Aldrich Chemical Co. and used as supplied. Aerosols were 

generated in ethanol (99%) and carried into the reactor in a stream of nitrogen gas 

through a brass baffle to obtain a laminar flow. A graphite block, containing a Whatmann 

cartridge heater, was used to heat the glass substrate. The temperature of the substrate 

was monitored using a Pt–Rh thermocouple. Depositions were carried out by heating 

the horizontal bed reactor to the required temperature of 500 oC before diverting the 

nitrogen line through the aerosol and hence to the reactor. The total time for the 

deposition process took ~40 minutes. At the end of the deposition, under the nitrogen 

flow, the glass substrates were left to cool to room temperature with the graphite block 

before it was removed. Two levels of doping were explored with a ratio of nitrogen: 

titanium of 1:5 (sample NTiO2-20) and 2:1 (sample NTiO2-200), which equated to 0.5 g 

of titanium (IV) isopropoxide in 20 ml of ethanol with 0.36 and 3.6 ml of n-butylamine 

for NTiO2-20 and NTiO2-200 respectively. 

5.2.2 Sample Characterisation 

X-ray diffraction (XRD) was carried out using a Lynx-Eye Bruker X-ray diffractometer with 

a mono-chromated Cu Kα (1.5406 Å) source. X-ray photoelectron spectroscopy (XPS) 

was carried out using a Thermo Scientific K-Alpha instrument with monochromatic Al-
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Kα source to identify the oxidation state and chemical constituents. High resolution 

scans were done for the Ti (3d), N (1s), O (1s) and C (1s) at a pass energy of 40 eV. The 

peaks were modelled using Casa XPS software with binding energies adjusted to 

adventitious carbon (284.5 eV). SEM images were taken on a JEOL JSM-6301F Field 

Emission instrument with acceleration voltage of 5 kV. Images were captured using 

SEMAfore software. Samples were cut into coupons representing the different timed 

samples and coated with a fine layer of gold to avoid charging. The optical transmission 

was measured over 320–800 nm range using a Lamda 950 UV/Vis spectrometer. 

5.2.3 Functional Property Testing 

Visible light induced photo-catalytic activity was assessed using an established method 

based on the hydroxyl radical induced mineralisation of stearic acid and UV photo-

activity was assessed via the reduction of a resazurin dye. Samples were dip coated into 

a stock solution of stearic acid in chloroform at a rate of 60 cm/minute, one side was 

wiped clean and the sample mounted on an aperture to facilitate irradiation and IR 

spectroscopy. The resazurin based ink was evenly applied using a spray gun and the 

photo-induced degradation of the resazurin ink monitored by UV-Vis spectroscopy. 

Formal quantum efficiency and the formal quantum yield was then calculated. Formal 

quantum efficiency was calculated by dividing the rate of dye molecules destroyed per 

s per cm2 by the photon flux (4.53 x 1014 photons per cm2 per s). The photon flux and 

photon absorption for each film was determined using a UVX digital radiometer with a 

detector for 365 nm radiation attached. 



139 
 

5.3 Results 

Nitrogen doped TiO2 films were synthesised by AACVD using titanium (IV) isopropoxide 

as the Ti precursor and n-butylamine as the nitrogen source dissolved in neat ethanol in 

a singular flask. The deposition was carried out at 500 oC at a N2 flow rate of 1l/min until 

the aerosol precursor solution was exhausted. A non-doped TiO2 sample was also 

deposited in the same way by excluding the nitrogen precursor from aerosol precursor 

solution to create a control film identical in surface morphology and growth conditions. 

This allowed a true comparison of nitrogen doping between the N doped samples and 

non-doped sample. 

5.3.1 Characterisation and Functional Properties 

Initially many different ratios of doping were tried (N%: 2, 5, 10, 20 and 200), but 

detectable nitrogen doping levels were only observed for N: Ti molar ratios of 1:5 (20% 

N: Ti) and 2:1 (200% N: Ti). Nitrogen doping levels were observed to plateau regardless 

of nitrogen precursor concentration relative to the titanium precursor suggesting a 

ceiling of solubility for nitrogen within the bulk for this particular precursor system. This 

insolubility of nitrogen within a TiO2 matrix is reflected in previous studies.198,199 This is 

discussed further in XPS, and for this reason this study focuses solely on a standard TiO2 

sample and two nitrogen doped samples which exhibit an N: Ti molar ratio of 1:5 (20%) 

and 2:1(200%). These samples will be referred to as NTiO2-20 and NTiO2-200 

respectively. This chapter aims to characterise the nitrogen doped films and compare 

the irradiation induced change in nitrogen surface species with the observed rate of 

photo-catalysis and transient absorption spectroscopy studies to provide insight into the 

role of nitrogen within TiO2.  
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5.3.1.1 X-ray Diffraction (XRD)  

X-ray diffraction was undertaken to identify the crystal structure of the resultant films, 

and to see if any change in crystal structure resulted from nitrogen doping. The anatase 

crystal structure was observed for the standard TiO2 sample and, similar to many 

previous reports,200 this crystal structure was preserved in the nitrogen doped samples 

(Figure 5.1). This is attributed to nitrogen, either as a substitutional or interstitial dopant, 

having an ionic radius small enough to not cause expansion of the anatase crystal lattice. 

The diffraction patterns also display little apparent preferential orientation, which is 

common for doped TiO2 thin films synthesised by AACVD. 

 

Figure 5.1: XRD of TiO2, N-TiO2-20 and NTiO2-200 films grown by AACVD at 500 oC. The anatase TiO2 crystal phase is 

observed for all samples. No shifting of peaks is observed which corroborates previous literature reports which show 

that nitrogen, either as a substitutional or interstitial dopant within the TiO2 matrix does not cause changes in the 

crystal lattice parameters of the host material.200 
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5.3.1.2 X-ray Photoelectron Spectroscopy (XPS) 

X-ray Photoelectron Spectroscopy (XPS) was undertaken to identify the oxidation state, 

identity and concentration of titanium, oxygen and nitrogen relative to each other in all 

samples. Ti4+ species indicative of TiO2 were found in all samples with characteristic 

binding energies of 458.7 eV and 464.37 eV for the 2p3/2 and 2p1/2 peaks respectively.  

Oxygen 1s peaks, characteristic of TiO2 were found at expected binding energies too for 

all samples. Specifically a Ti-O-Ti linkage at 530.1 eV was seen, as well as a Ti-OH surface 

linkage at 532.0 eV. At the surface nitrogen was detected, in both NTiO2-20 and NTiO2-

200 samples, at characteristic binding energies in the form of interstitial dopants and 

nitrogen surface species, such as chemisorbed N2 and NHx.112 Nitrogen was detected 

within the bulk at characteristic binding energies in the form of both substitutional 

(~396.8 eV) and interstitial (~399.1 eV) species in the nitrogen doped samples. 

Interstitial N doping was found to be the dominant form however within the bulk (Figure 

5.2).  

 

Figure 5.2: Sample XPS spectra for nitrogen, oxygen and titanium in nitrogen doped TiO2. Nitrogen: at the surface both 

Substitutional and interstitial nitrogen is observed (397 and 400 eV respectively). NO2 is also observed at the surface 

but not within the bulk. Surface oxygen shows Ti-O-Ti and Ti-OH species whilst within the bulk only Ti-O-Ti is observed. 

Titanium shows both Ti4+ and Ti3+ species at the surface with the Ti3+ peak reduced in intensity within the bulk. 
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XPS depth profiling was undertaken to understand how the relative concentrations of 

nitrogen species varied from the surface to the bulk. It was observed that regardless of 

the concentration of nitrogen precursor used in the aerosol source, the concentration 

of nitrogen remained roughly constant in the bulk (Figure 5.3). However, at the surface 

the concentration of nitrogen species was higher for NTiO2-200 which correlates with 

the higher concentration of nitrogen precursor present in the synthesis of the film.  

Figure 5.3: XPS depth profiling shows that the concentration profile of nitrogen relative to titanium at the surface is 

much higher compared to within the bulk.  In the bulk (after >200s of sputtering) nitrogen concentrations remain 

roughly constant ranging from 0.3-0.7%. Just below the surface the concentration of nitrogen raises to between 0.3- 

0.8%. The elevated concentration of nitrogen at the surface is to be ~1.5% (NTiO2-20) and ~2.4% (NTiO2-200). 

In light of previous work on nitrogen doped TiO2 thin films grown by APCVD112 an 

irradiation study was carried out to see how nitrogen surface concentration varied 

following irradiation of the films by 365 nm UV light. Each sample was irradiated for 24 

hours and washed with water; this process was repeated for a total of 28 days to create 

samples representative of 0, 4, 7, 12, 14, 18, 21, 25 and 28 days’ worth of UV irradiation. 
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XPS depth profiling was done for all samples to chart how the concentration of nitrogen 

surface and bulk species changes as a function of irradiation time (Figure 5.4). 
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Figure 5.4: A) A graph showing how nitrogen levels vary after varying levels of sputtering (0, 100, 200, 300 and 400 s, 

with 0 s representing the surface and 400 s representing the bulk) over the course of 28 days of irradiation at 365nm 

for NTiO2-20. Nitrogen surface concentration is found to increase over time at both the surface and within the bulk 

until after 7 days at which point it is found to drop back to pre-irradiation levels. B) A graph showing how nitrogen 

levels vary from the surface through two layers of sputtering over the course of 28 days of irradiation at 365nm for 

the NTiO2-200. Nitrogen surface concentration is found to increase over time at both the surface and within the bulk 

until after 7 days at which point surface nitrogen concentration is found to drop back to pre-irradiation levels. 
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It was found in both samples, NTiO2-20 and NTiO2-200, that nitrogen surface 

concentration increases proportionally with irradiation time between 0-4/7 days until it 

is then seen to decrease dramatically and remain roughly constant for the rest of the 

irradiation time. The increase in surface nitrogen species was observed to be roughly 

proportional to the amount of nitrogen the sample was doped with, with the NTiO2-200 

sample exhibiting a higher degree of nitrogen surface segregation. This phenomenon 

was also observed within the bulk, which suggests that the process of activation of the 

TiO2 by UV irradiation is in some way causing the nitrogen within the bulk to collect at 

the surface. This mirrors reports that nitrogen as an interstitial dopant is labile whilst 

incorporated into a TiO2 lattice and that the dopant in its interstitial state is capable of 

migrating from one site to another over time. 198,199 

Interestingly the surface Ti-O-Ti:Ti-OH ratio, as observed in oxygen 1s XPS was seen to 

increase, peak between 4-7 days of irradiation and then fall to initial concentrations 

where levels proceed to plateau (Figure 5.5). The significance of this will be discussed 

later in light of other analysis. It however appears that the increase in hydroxy surface 

species is linked to nitrogen concentrations at the surface. 
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Figure 5.5: Graphs demonstrating the ratio of oxygen in surface hydroxyl species compared to Ti-O-Ti oxygen species. 

A. for NTiO2-20 the ratio is slowly seen to increase as radiation time increases. B. NTiO2-200 demonstrates a marked 

increase in the surface ratio of Ti-OH compared to Ti-O-Ti oxygen species. This is very similar in nature to the surface 

concentrations of nitrogen seen for the same amount of irradiation time. 
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5.3.1.3 Scanning Electron Microscopy (SEM)  

Scanning Electron Microscopy was undertaken to see how the process of nitrogen 

doping affected surface morphology, this is important to consider because surface 

morphology has a significant impact upon functional properties. Features such as 

porosity, surface area and exposed crystal faces can affect the observed rate of photo-

catalysis. The standard non-doped TiO2 sample exhibits a high surface morphology 

consisting of upright thin plates. The nitrogen doped samples both exhibit similar 

morphologies, with the surface covered in ‘shark tooth’ like growths with some of the 

plates appearing to be lying on their side (Figure 5.6).  As the morphologies are relatively 

similar the importance of morphology is reduced and the effect of nitrogen doping can 

be considered more important when comparing differences in functional properties. 

Figure 5.6 also details SEMs of each sample after 28 days of irradiation at 365 nm. TiO2 

exhibits expected surface roughening caused by exciton generation. The nitrogen doped 

samples however do not exhibit this surface roughening and display intact morphologies 

which show none of the micro cracks exhibited by the pristine TiO2 sample. This 

irradiation was done to chart how elemental composition and photo-activity changed as 

a result of irradiation which is discussed in later sections. 
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Figure 5.6: SEM of TiO2, NTiO2-20 and NTiO2-200 films grown by AACVD at 500 o C. A) Needle like structures are 

observed in the standard TiO2 sample, replicating previous reports (X 100,000 magnification). B-C) The nitrogen doped 

samples, exhibit the sample surface morphology, with the addition of ‘shark tooth’ like structures on the surface (x  

30,000 magnification). D-F) TiO2, NTiO2-20 and NTiO2-200 samples were irradiated for seven days to observe the effect 

irradiation has upon surface morphology. TiO2 (D) exhibits fracturing which could be attributed to hole induced surface 

roughening. NTiO2-20 (E) and NTiO2-200 (F) exhibit little change in surface morphology. 

5.3.1.4 UV-Visible spectroscopy 

Ultraviolet- Visible transmission spectroscopy demonstrates a significant red-shifting of 

the absorption edge for the nitrogen doped materials compared to the un-doped TiO2 

sample (Figure 5.7). The TiO2 sample exhibited a calculated band gap of 3.22 eV which 

is indicative of anatase TiO2. The red-shifted band gaps for the nitrogen doped samples 

both display band gap values of 2.51 eV which is similar to previous reports of nitrogen 

doped TiO2 (Table 5.1). Both nitrogen doped films themselves exhibit a yellow to orange 

colour which confirms on a qualitative level that the absorption edge for these materials 

now interacts in some way with visible light.  
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Figure 5.7: Ultraviolet-Visible transmission spectroscopy for TiO2, NTiO2-20 and NTiO2-200 films grown by AACVD at 

500 oC. There is an apparent red-shifting of the absorption edge for the nitrogen doped samples.   

Table 5.1: A table for all samples displaying; the precursors for each deposition, the initial solution N: Ti molar ratios, 

the observed N : Ti ratios within the bulk and at the surface and the band gap values calculated using tauc plot analysis. 

Sample Ti Source  N Source Initial N %  Bulk N % Surface N % Bandgap/ eV 

TiO2 TTIP - - - - 3.22 

NTiO2-20 TTIP N- Butylamine 20 0.3 1.5 2.51 

NTiO2-200 TTIP N-Butylamine 200 0.5 2.4 2.51 

5.3.1.5 Photo-catalysis 

An observed enhancement of UV photo-catalysis in nitrogen doped thin films by Cabrera 

et al112 has been attributed to a stoichiometric oxidation of stearic acid by nitrogen 

surface species rather than by pure photo-catalysis, which upon conversion to nitrate 

species proceed to hamper photo-activity. Subsequent washing of the samples with 

water was shown to remove the nitrate species from the surface, partially restoring the 
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previous observed rate of UV photo-catalysis. After long periods of irradiation the 

surface concentration of nitrogen species was seen to decrease until no further change 

occurred and photo-activity was observed to be roughly the same as non-doped TiO2. 

Hence any ‘observed’ enhancement in UV photo-catalysis is attributed purely to a 

stoichiometric process separate from UV induced semiconductor photo-catalysis. 

An effort to see if a similar effect is observed with nitrogen doped TiO2 thin films 

produced by AACVD was thus undertaken. The previous study contradicts a large volume 

of the established literature, thus reproducibility of this phenomenon is important. The 

individual films were cut into 1 cm2 coupons to allow for samples representing 0, 4, 7, 

12, 14, 18, 21, 25 and 28 days’ worth of 365 nm UV irradiation to be created, as done 

previously in XPS. All samples were irradiated for 24 hours and then washed with 

deionised water to remove nitrate surface species. This was repeated as necessary to 

obtain the correct amount of irradiation time.  

All samples were tested using a previously established photo-catalytic test based on the 

reduction of a resazurin based dye.  

Visible light photo-catalysis was also tested by utilising a previously established method 

involving stearic acid. 

5.3.1.6 UV Photo-catalysis 

Photo-catalytic testing was done for all samples by charting the reduction of a resazurin 

dye to resorufin.168 All samples were irradiated for the number of days stated and 

washed every 24 hours during this period with deionized water to remove surface 

nitrate species.  It was observed that all samples exhibited similar rates of photo-

catalysis before irradiation, however as irradiation time increases the nitrogen doped 
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samples exhibited increased rates of photo-catalysis proportional to the amount of 

irradiation it has been subjected to (Figure 5.8). The nitrogen doped samples were 

therefore exceptional photo-catalysts for the reduction of pollutants on the surface. 

However in the light of XPS it was apparent that the increase in photo-catalytic activity 

observed in the photo-induced reduction of resazurin coincides with increasing levels of 

interstitial nitrogen on the surface, and it is postulated that N3- is contributing electrons 

to the dye and thus stoichiometrically adding to the base rate of photo-catalysis 

observed in non-doped TiO2. Finally TiO2 was seen to decrease in photo-activity after 7 

days of irradiation, this is attributed to hole-induced surface roughening, which may 

result in a decrease in crystallinity and quality of surface morphology. This is 

corroborated by SEM which displays a fracturing of the TiO2 morphology after 

irradiation, whilst the nitrogen doped samples exhibit no roughening effects. 

Table 5.2: Photo-catalytic rates of all samples with differing 365 nm irradiation times. 

Sample Photo-catalytic Rate / no. of molecules destroyed s-1 cm-2 

0 days 2 days 6 days 7 days 

TiO2 1.66E+13 4.34E+12 1.67E+12 3.25E+11 

NTiO2-20 1.66E+13 2.68E+13 1.7E+13 3.32E+13 

NTiO2-200 2.4E+13 3.6E+13 3.59E+13 8.77E+13 
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Figure 5.8:  A graph showing photo-catalytic rates generated from the resazurin dye test for each sample (TiO2. NTiO2-

20 and NTiO2-200). The nitrogen doped samples are seen to get better as irradiation time increases, proportional in 

some way to nitrogen concentration, whereas TiO2 is seen to get worse. 

5.3.1.7 Visible Photo-catalysis 

Photo-catalysis was undertaken to ascertain the degree of activity present in the non-

doped and nitrogen doped TiO2 samples when exposed to visible light. Samples were 

tested using the same standard photo-catalytic test which employs stearic acid and 

follows the degradation via IR measurements as done for UV induced photo-catalysis. 

Samples were irradiated overnight using a custom setup which delivered irradiation 

equivalent to one sun’s worth of irradiation. A filter was applied with a cut off at 420 nm 

ensuring that no UV was irradiating the sample. There was no significant visible light 
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activity for all samples. For TiO2 this is to be expected. For the nitrogen doped TiO2 

samples this is contradictory to many studies which observe visible light induced photo-

catalysis. Possible explanations for this are discussed later in the light of other 

experiments. 

5.3.1.8 Transient Absorption Spectroscopy (TAS)  

Transient absorption spectroscopy (TAS) was performed on all samples. Transient 

absorption spectroscopy involves the excitation of the material using a 6 ns pulse from 

a 355 nm ‘pump’ laser. The formation and lifetime of excited electrons and holes is then 

charted by measuring the absorbance of the sample at specific wavelengths. Due to the 

electrons and holes forming molecular states within the bulk from which they originate 

they exhibit a HOMO and LUMO. A ‘probe’ wavelength is able to excite electrons from 

the valence band into the LUMO of the hole or an electron from the HOMO of the photo-

generated electron to the conduction band. In pristine TiO2 this is 500 nm for holes and 

700 nm for electrons.160,201 The decay in these absorption signals can be charted and the 

lifetime of photo generated electrons and holes inferred from the kinetics of this 

process. For nitrogen doped TiO2, which exhibits a shifting of the bandgap (specifically a 

raising of the conduction band) a probe wavelength of 650 nm is utilized to chart the 

absorption decay. There is one previous study which reports TAS for nitrogen doped 

TiO2, thus it remains a novel spectroscopic method for the investigation of NTiO2.202 By 

measuring the differences in recombination rates or lifetime of charge carriers and 

overall charge carrier generation per absorption further insight into the bulk material 

can be ascertained, allowing comparison between the observed effects of UV irradiation 
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at the surface in photo-catalytic studies and what is actually happening within the bulk 

upon UV irradiation.  

 

Figure 5.9: Graphs A and C plot exciton absorption (mΔO.D) against constituent lifetimes (s) for specific wavelengths. 

Graphs B and D plot exciton absorption (mΔO.D) at specific wavelengths (nm) at specific time intervals. A. hole and 

electron lifetimes for NTiO2-20 before 28 days of irradiation. The sample exhibits bleaching at 500-550nm. B. Lifetime 

charted for specific wavelengths show the pronounced effect of the bleach present in the first 20 µs and is seen to 

recover from 50 µs onwards. C-D. The experiments were repeated after the sample was irradiated for 28 days. The 

bleach signal is seen to decrease significantly. 
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Figure 5.10: Graphs A and C plot exciton absorption (mΔO.D) against constituent lifetimes (s) for specific wavelengths. 

Graphs B and D plot exciton absorption ( mΔO.D) at specific wavelengths (nm) at specific time intervals. A. hole and 

electron lifetimes for NTiO2-200 before 28 days of irradiation. The sample exhibits bleaching at 500-550nm. B. Lifetime 

charted for specific wavelengths show the pronounced effect of the bleach present in the first 20 µs and is seen to 

recover from 50 µs onwards. C-D. The experiments were repeated after the sample was irradiated for 28 days. The 

bleach signal is seen to decrease to insignificance. 

Transient absorption spectroscopy studies have demonstrated that both NTiO2-20 and 

NTiO2-200 both exhibit a bleach signal (Figures 5.9 and 5.10), where the sample absorbs 

large amounts of the probe laser for around 20-50 µs before the signal is seen to recover. 

After 28 days of irradiation the bleach signal appears to be significantly reduced or gone 

in both NTiO2-20 and NTiO2-200. This indicates that whatever is responsible in the 

nitrogen doped TiO2 samples for the Initial bleach signal observed at 500-550 nm is 

removed by the process of irradiation. This is discussed later in context of XPS studies. 

Interestingly, the charge carrier generation concentration at 20 and 100 µs for both 

NTiO2-20 and NTiO2-200 before irradiation and post irradiation remain fairly similar with 

only a slight increase observed as a result of irradiation, however it can be considered 
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that no real overall change in charge carrier concentrations occur pre and post 

irradiation (Table 5.3). Thus nitrogen doping confers little enhancement in charge carrier 

concentration compared to a TiO2 sample, regardless of irradiation, whilst a marked 

increase in the observed rate of photo-catalysis was observed in the resazurin test. The 

half-life of charge carriers was seen in fact to decrease in nitrogen doped TiO2 samples 

post irradiation indicating that nitrogen impurities acted as trap states and thus the 

expected rate of photo-catalysis should decrease after removal by irradiation observed 

in XPS.  That the observed rate of photo-catalysis was seen to increase as a function of 

irradiation indicates that something more than just charge carriers generated from UV 

irradiation is responsible for the increased rate of photo-catalysis. 

Table 5.3: Charge carrier lifetimes at 20 and 100 µs and half-lives for each sample.  

 

NTiO2-200, 

non-irradiated 

(900 nm) 

NTiO2-200, 

irradiated (900 

nm) 

NTiO2-20, non-

irradiated (900 

nm) 

NTiO2-20, 

irradiated (900 

nm) 

TiO2, not-

irradiated (900 

nm) 

20 µs 6.78E-02 8.46E-02 4.92E-02 6.16E-02 9.55E-02 

100 µs 5.61E-02 6.31E-02 4.42E-02 6.13E-02 7.93E-02 

t50% (ms) 2.0 0.78 20 0.75 2.7 

 

5.4 Discussion 

Nitrogen doped TiO2 thin films have been grown by AACVD for the first time. The films 

were compared to a non-doped TiO2 sample and characterised by XRD, XPS, SEM, UV-

Visible transmission spectroscopy and their functional properties charted via UV and 

visible light induced photo-catalysis. Transient absorption spectroscopy was employed 

as a relatively new technique to this area of discourse to chart the lifetime of excitons 
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in the non-doped and nitrogen doped samples.203,204 This has allowed the analysis of 

nitrogen doped TiO2 films with methods not usually accessible for powders whilst 

demonstrating AACVD’s ability to reproduce a growing range of materials as it increases 

in industrial significance.  

The nitrogen doped species exhibit anatase crystal structure, equivalent in nature to 

non-doped TiO2 with no significant shifting or broadening of diffraction peaks, signalling 

that, if nitrogen is present it is small enough not to affect the overall crystal structure in 

terms of lattice size, corroborating previous reports.205 X-ray photoelectron 

spectroscopy shows that expected Ti4+ species found in TiO2 were observed in all 

samples at the correct binding energy of 458.7 eV and 464.37 eV for Ti4+ 2p3/2 and Ti4+ 

2p1/2 respectively. The same was observed for oxygen 1s peaks at 530.1 eV and 532 eV 

for Ti-O-Ti and Ti-OH linkages respectively. Both interstitial (~399 eV) and substitutional 

(~396 eV) nitrogen dopants were observed within the bulk, with interstitial states being 

the dominant form. Relatively ambiguous nitrogen surface species such as NHx, NO, N2 

and surface interstitial states No were responsible for the peak observed at ~400 eV in 

XPS. Literature reports however show that dinitrogen is not chemisorbed to metal oxide 

surfaces at room temperature.121 NHx species are proposed mostly in studies in which 

ammonia is the nitrogen source. In this case, as the nitrogen source is n-butylamine, in 

place of NHx the nitrogen species is proposed as NRHx to account for the possible carbon 

chain. Another possibility is the formation of NHx species from NRHx species via beta 

hydride elimination reactions. Thus it can be reasoned that the four most likely surface 

species are nitrogen interstitials (No), NO, NHx and NRHx species. However the process 

of irradiation and subsequent washing of these samples will remove initial NHx and NRHx 
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species. As such the two most likely nitrogen surface species found at ~400 eV in XPS 

are nitrogen interstitials and bound NO species.113,119,122  

SEM demonstrates that pristine TiO2 and both the NTiO2-20 and NTiO2-200 samples 

exhibit roughly similar high surface area morphologies and porosities. All samples 

exhibit sharp needle like growths that suggest a degree of homogenous gas phase 

degradation of the TiO2 precursor into particulates which become immobilised upon the 

surface resulting in a high surface area film.147 All samples exhibit a degree of hole 

induced surface roughening206 after prolonged periods of irradiation, which means 

changes in surface area and loss of crystallinity that result from this process can be said 

to not affect the observed rate of photo-catalysis if it deviates between samples. As the 

morphology is similar between samples it can also be argued that differences in photo-

activity do not arise from differences in surface area. 

UV-Visible transmission spectroscopy suggest that the bandgap is redshifted in the 

nitrogen doped TiO2 samples (2.51 eV) compared to pristine TiO2 (3.2 eV) mirroring 

previous reports for interstitially doped N-TiO2.109,196,199 This is confirmed on a 

qualitative level with the films exhibiting a yellow hue. In light of work done by Serpone 

et al, this colour could also be attributed to the production of ‘colour centres’ that sit 

between the valence and conduction band and form regardless of dopant.193 

Previous work has highlighted the importance of surface species and how these relate 

to the functional properties observed. Cabrera et al demonstrated that the presence of 

relatively ambiguous nitrogen surface species, identified previously as chemisorbed N2, 

NHx and interstitial No
, resulted in an observed increase in the rate of UV photo-

catalysis.112 Subsequent UV irradiation was shown to cause a decrease in the 
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concentration of these surface species in XPS. This was observed to correlate positively 

with a decrease in UV activity of the nitrogen doped thin films from an original position 

of enhanced UV photo-catalysis compared to non-doped TiO2 to a state of equivalence 

with non-doped TiO2. The initial enhancement of UV photo-catalysis observed could be 

attributed to a combination of the photo-catalytic generation of redox mediator species 

by TiO2 (e- and h+) coupled with a stoichiometric process where surface species 

contributed to the mineralisation of surface contaminants.  

In this work experiments were done to corroborate these findings as the original ones 

contradict the prevailing consensus within the literature by exhibiting a photo-catalytic 

enhancement in the UV range whilst exhibiting no activity in the visible range for stearic 

acid despite exhibiting apparent band gap values in the visible range (2.4-2.6 eV).  

Transient absorption spectroscopy (TAS) was undertaken for the nitrogen doped 

samples pre and post irradiation (28 days, UVA). This demonstrates that the charge 

carrier generation rates for both pristine TiO2 and N-doped TiO2 before irradiation are 

roughly the same whilst the process of irradiation significantly decreases the half-life of 

photo-generated charge carriers. Thus any distinct observed differences in photo-

activity between samples, which cannot be attributed to surface area or hole induced 

surface roughening or a dopant contribution, must be due simply to a stoichiometric 

surface contribution of nitrogen as postulated by Cabrera et al. A bleach signal was seen 

in both NTiO2-20 and NTiO2-200 which absorbs in the visible range around 500-550nm. 

A time resolved XPS study was undertaken to chart the surface concentration of nitrogen 

species and how they altered as a function of irradiation time. Nitrogen levels seen in 

XPS at ~400 eV were observed to peak in both NTiO2-20 and NTiO2-200 between 4-7 
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days of irradiation before sharply plummeting back to pre-irradiation levels. Hydroxyl 

surface concentrations were seen to increase and stabilise around 4/7 days concurrent 

with the peak and subsequent drop in concentration of nitrogen surface species. This 

hints that the UV induced surface migration of nitrogen may be linked to hydroxyl 

concentrations at the surface. 

It is worth noting that in the context of the time resolved XPS study all samples exhibited 

a bleach signal and also are postulated to contain high levels of labile interstitial 

nitrogen, which subsequently surface segregate and were removed by the process of 

irradiation with 365 nm UVA and washing with water. Nitrogen interstitial concentration 

was then seen to plummet back to original surface nitrogen concentrations whilst bulk 

interstitial nitrogen concentrations were seen to be depleted compared to before 

irradiation and remain constant until the end of irradiation 28 days later. Transient 

absorption spectroscopy shows that the bleach signal around 500 nm was now severely 

diminished. This bleach signal is attributed to labile interstitial nitrogen species in the 

form of N-O species.119 

Thus so far, both nitrogen doped samples were observed to exhibit similar charge carrier 

generation rates under UV illumination and also exhibit the segregation of interstitial 

nitrogen with nitrogen levels increasing proportionally with irradiation time. Finally, 

photo-activity measurements were taken to ascertain what effect this had upon the 

observed rates of photo-catalysis.  

These results are similar to those reported by Cabrera et al.112 Initially TiO2, NTiO2-20 

and NTiO2-200 exhibit roughly similar rates of photo-catalysis. However, once irradiation 

begins the rates of photo-catalysis for nitrogen doped samples were seen to correlate 
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positively with irradiation time and thus nitrogen surface concentration. Little was 

observed in the way of visible light photo-catalysis using stearic acid as an analysis 

method. 

In light of further literature it is important to separate the phenomenon of enhanced UV 

photo-activity and the presence of visible light photo-activity. 

Ultraviolet activity in nitrogen doped samples was seen to increase with irradiation time 

which coincided with an increasing amount of surface interstitial sites observed in XPS 

compared to pristine TiO2. Given that there is no difference in charge carrier generation 

rates and recombination kinetics pre-irradiation it is therefore postulated that surface 

interstitial sites are contributing stoichiometrically towards the reduction of the 

resazurin dye resulting in an increase in the apparent photo-catalytic rate. The exact 

nature of this mechanism is unknown. One possible mechanism involves the reaction of 

superoxide, itself a product of reaction between elemental atmospheric oxygen and a 

surface electron (Ti3+), and nitric oxide (NO-), which can be found in the form of 

interstitial nitrogen co-ordinated to an oxygen site, to form surface bound intermediates 

such as peroxynitrite/peroxynitrous acid (ONOO-/ONOOH). These could contribute 

electrons to the resazurin dye before degrading into NO2 species and surface Hydroxyl 

species as a possible mechanism.122,123,207,208 Both NO2, NO3 and OH species were 

observed in XPS in this study and by Cabrera et al. Hydroxyl concentration at the surface 

was seen to increase and then plateau around 4-7 days onwards, adding weight to the 

idea that a mechanism similar to this may be responsible for the stoichiometric 

contribution to the observed rate of photo-catalysis. However, further work is of course 

required to quantitatively comment on this.  
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Literature reports focusing specifically on the surface of anatase and rutile single crystals 

demonstrate that oxygen vacancies and anionic dopants, such as nitrogen, are labile 

within the TiO2 matrix and it appears that their movement is facilitated by the creation 

of surface and bulk differences in oxidation state. However, most studies focus on the 

thermal diffusion of dopants and defects between 400-1000 K, which is outside the 

temperature range of the phenomena discussed.209–212  

This work indicates that, even at room temperature, the process of simply irradiating 

the surface is enough to create oxidation differences large enough between the surface 

and bulk to facilitate the movement of labile dopants and defects between these two 

areas. This explains how interstitial nitrogen concentrations at the surface are observed 

to increase proportionally with irradiation time. They are then used in stoichiometric 

surface reactions, and then removed in the form of NO2 and NO3 species in the process 

of washing. Under constant UV irradiation the oxidation difference between the surface 

and bulk is maintained, ensuring the diffusion of nitrogen interstitials to the surface. 

Once all labile nitrogen interstitials are consumed the surface nitrogen concentration is 

seen to mirror that of the surface before irradiation began. This observation 

corroborates previous theoretical calculations, which show that it is thermodynamically 

favourable for interstitial nitrogen to diffuse away from the bulk to the surface.198  

Regarding the lack of observed visible light photo-activity, the test employed by the 

majority of studies involves the reduction of a dye in solution,113,116,213 hence they are 

not dependent upon the creation of hydroxyl radicals. As stearic acid destruction does 

require hydroxyl radical formation it could be that the energy required to create a 

hydroxyl radical is too high for visible irradiation in the nitrogen doped TiO2 system. This 
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may explain why this study and that of Cabrera et al do not observe any visible light 

induced photo-catalysis.112 Another explanation proposed by Zhang et al demonstrates 

that the process of visible light photo-catalysis is found to be a product of both oxygen 

vacancies and nitrogen doping.214 Nitrogen levels are seen to be around those found 

within the literature but studies to probe whether sufficient oxygen vacancies are 

present within the sample are required to determine this.   

This study highlights the importance of long term testing in the field of photo-catalysis. 

If a material is to be considered fit for use in an environmental application it must be 

tested on appropriate time scales. That room temperature UV irradiation is sufficient to 

facilitate the loss of interstitial nitrogen dopants also raises question about doped TiO2s 

in general and whether they will exhibit the desired photo-catalytic rates, observed in 

the laboratory over longer time periods. 

5.5 Conclusions 

Nitrogen doped TiO2 has been grown for the first time by AACVD using a one pot 

solution. The films exhibited differing levels of nitrogen doping. They were characterised 

by XRD, XPS, SEM, UV-Visible transmission spectroscopy and their photo-activity in the 

UV and visible range charted using a resazurin based dye and steric acid respectively. 

Transient absorption spectroscopy (TAS) was utilised for charting the lifetime and 

recombination kinetics of all samples. The nitrogen doped samples exhibit similar photo-

activities to pristine TiO2 before irradiation but the observed rate of photo-catalysis in 

nitrogen doped samples increased after irradiation for seven days. This is attributed to 

the irradiation induced surface migration of nitrogen interstitial states (No) which 

stoichiometrically add to the baseline photo-catalytic rate of TiO2 resulting in an 
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observed increase in the overall photo-catalytic rate. Transient absorption spectroscopy 

confirms that the charge carrier generation and lifetime remains unchanged as a result 

from nitrogen doping backing up this hypothesis. Whilst focusing primarily on nitrogen 

doped TiO2 this study has important implications for the pursuit of future photo-

catalysts for use in long term applications. Many doped materials may exhibit similar 

properties on the timescales investigated and may suffer loss of activity as a result of 

irradiation induced surface diffusion and subsequent loss. Testing on this timescale has 

yet to be realised in the photo-catalysis community and must play an important role in 

further studies for the evaluation of whether a material, which may exhibit high initial 

rates of photo-catalysis, will exhibit that rate on longer timescales given UV irradiation 

is sufficient, in this instance, to cause the surface segregation and loss of nitrogen 

dopants in TiO2. 
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6 Chapter VI: Incorporation of High Photo-catalytic Activity and 

Low Resistivity in N/Nb Co-doped TiO2 Thin Films by 

Combinatorial AACVD. 

6.1 Introduction 

Given the success of the previous chapter in elucidating previously unknown facets of 

nitrogen doped TiO2, experiments were conceived to explore more complex systems 

such as N/ Nb co-doped TiO2.  As discussed previously titanium dioxide, particularly once 

doped, is a material of interest in many technological fields such as solar 

photovoltaics,215 photo-catalysis47 and transparent conducting oxides (TCOs)216 because 

of its low cost, low toxicity and well defined physical properties.217 In an effort to 

combine two or more functional properties, such as photo-catalytic activity and high 

conductivity, the use of co-dopants has featured heavily in the literature. 218–221 The 

dopants usually involve an anionic and cationic dopant. One particular set of dopants 

that has attracted recent interest is N/ Nb doped TiO2. The singularly doped materials 

are well characterised within the literature and this body of work. As discussed in 

Chapter V, nitrogen doped TiO2 exhibits a shift in the observed bandgap towards the 

visible region of the electromagnetic spectrum. It also reports an enhancement in UV 

induced photo-catalysis which is shown to have a stoichiometric surface reaction 

component. Niobium doped TiO2 is of interest principally because of its ability to 

populate the Fermi level of TiO2 closer to the conduction band so that Nb doped TiO2 

exhibits conductivities orders of magnitude higher than undoped TiO2.127,130,222–225 Co-

doping of this nature has been explored in powder form before but not in thin film form, 

which convey many advantages in terms of analysis.20,21 With this in mind niobium and 
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nitrogen co-doped thin films have been synthesised by combinatorial aerosol assisted 

chemical vapour deposition (cAACVD) for the first time.107,139 Given that nitrogen is 

shown to contribute little in enhancing TiO2’s functional properties, the relationship of 

niobium to changes in functional properties across the combinatorial film is of particular 

interest. 

6.2 Experimental 

6.2.1 Thin film Preparation using AACVD 

Nitrogen (99.99%) (BOC) was used as supplied. Depositions were obtained on SiO2 

coated float-glass. Prior to use the glass substrates were cleaned using water, 

isopropanol and acetone and dried in air. Glass substrates of ca. 90 mm x 45 mm x 4 mm 

were used. The precursors; titanium (IV) isopropoxide (99%), niobium (IV) ethoxide 

(99%) and n-butylamine (99%) were obtained from Sigma-Aldrich Chemical Co. and used 

as supplied. Aerosols were generated in ethanol (99%) and toluene (98%) and carried 

into the reactor in a stream of nitrogen gas through a brass baffle to obtain a laminar 

flow. A graphite block, containing a Whatmann cartridge heater, was used to heat the 

glass substrate. The temperature of the substrate was monitored using a Pt–Rh 

thermocouple. Depositions were carried out by heating the horizontal bed reactor to 

the required temperature of 450oC before diverting the nitrogen line through the 

aerosol and hence to the reactor. At the end of the deposition, under the nitrogen flow, 

the glass substrate was left to cool to room temperature with the graphite block before 

it was removed. To synthesise the combinatorial Nb/ N co-doped TiO2 film titanium (IV) 

isopropoxide (0.5 g) and n-butylamine (3.6 ml) was dissolved in ethanol (20 ml) and 

added to a flask. In a separate flask was added titanium (IV) isopropoxide (0.5 g) and 
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niobium (IV) ethoxide (20%) dissolved in toluene (20 ml) and the separate flasks 

connected to a split nitrogen line with the aerosol feed leading from the individual flasks 

to a specially constructed baffle ensuring mixing of the individual precursor streams 

happened in the reactor under nitrogen flow. AACVD was carried out at 500 oC until both 

aerosol solutions were exhausted; effort was made to match the intensity of the aerosol 

so that this happened at roughly the same time. 

6.2.2 Sample Characterisation 

X-ray diffraction (XRD) was carried out using a Lynx-Eye Bruker X-ray diffractometer with 

a mono-chromated Cu Kα (1.5406 Å) source. X-ray photoelectron spectroscopy (XPS) 

was carried out using a Thermo Scientific K-Alpha instrument with monochromatic Al-

Kα source to identify the oxidation state and chemical constituents. High resolution 

scans were done for the Ti (3d), Nb (3d), N (1s), O (1s) and C (1s) at a pass energy of 40 

eV. The peaks were modelled using Casa XPS software with binding energies adjusted to 

adventitious carbon (284.5 eV). SEM images were taken on a JEOL JSM-6301F Field 

Emission instrument with acceleration voltage of 5 kV. Images were captured using 

SEMAfore software. Samples were cut into coupons representing the locations on the 

grid and coated with a fine layer of gold to avoid charging. The optical transmission was 

measured over 350–1500 nm range using a Lamda 950 UV/Vis spectrometer. 

6.2.3 Functional Property Testing 

Photo-catalytic activity was assessed using an established method based on a resazurin 

‘intelligent ink’ first developed by Mills et al.168 Photo induced wettability was tested by 

placing the samples under a UVC lamp for 2 hours then measuring the water contact 

angle by placing a 5 μL droplet onto the surface of the films. The film was then irradiated 
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overnight for 16 hours and water contact angles were re-measured. Water droplet 

contact angles were measured using a First Ten angstroms 1000 device with a side 

mounted rapid fire camera after casting a  5 μL droplet from a fixed height onto the 

surface. To assess the photo-catalytic activity of the film at sites marked at specific grid 

positions the whole sample was first washed with water, rinsed with isopropanol and 

irradiated for 30 minutes to clean and activate the sample.  A resazurin based ink was 

then evenly applied using a spray gun and the photo-induced degradation of the 

resazurin ink monitored by canning whole images of the film and calculating the photo 

activity by measuring the change in the red component of the pixels of the scanned 

images at specific grid positions. Formal quantum efficiency and the formal quantum 

yield was then calculated. Formal quantum efficiency was calculated by dividing the rate 

of dye molecules destroyed per s per cm2 by the photon flux (4.53 x 1014 photons per 

cm2 per s). The formal quantum yield (FQY) was calculated by dividing the rate of dye 

molecules destroyed per s per cm2 by the number of photons absorbed by the films. The 

photon flux and photon absorption for each film was determined using a UVX digital 

radiometer with a detector for 365 nm radiation attached. 

6.3 Results 

The combinatorial film was generated, using AACVD at a deposition temperature of 500  

oC, by creating two separate N or Nb doped TiO2 precursor solutions for the formation 

of nitrogen and niobium doped TiO2 respectively. This ensured the combinatorial nature 

of the film. Both precursor solutions were aerosolised and fed into the deposition 

chamber under inert gas flow separately, utilizing a custom baffle that ensured the 

precursor streams mixed only when inside the reactor. Once the deposition was 
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completed the combinatorial film generated was over laid with a grid so that individual 

areas of the film could be selected and analysed. In this way data on how crystal 

structure, elemental composition and functional properties change as a result of relative 

concentrations of dopants were collected. The resulting film with overlaid grid can be 

seen in Figure 6.1. The graduation from yellow to aquamarine to blue to purple can be 

seen across the width of the film, confirming on a qualitative level that the concentration 

of dopants changes across its width. 

 

Figure 6.1: The combinatorial film. The left hand side is nitrogen dominant and the right hand side niobium dominant. 

A grid is overlaid to standardise analysis areas and create samples. The graduating nature of the film is evident with 

a transition from yellow to blue through to purple and eventually brown is clearly visible. 

6.3.1 Characterisation 

The combinatorial film was analysed by X-ray diffraction (XRD), X-ray photoelectron 

spectroscopy (XPS), scanning electron microscopy (SEM) and transmission UV/Visible 

spectroscopy. This allowed changes in crystallinity, elemental composition, morphology 

and band gaps to be charted relative to each other. 
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6.3.1.1 X-ray Diffraction (XRD) 

 

Figure 6.2: A graph comparing the XRD patterns from all samples A – G grown at 500 oC by combinatorial AACVD. All 

samples are seen to exhibit crystal structure concordant with anatase TiO2. A change in the prevalence of peaks and 

shifting is evident across the samples. A change in intensity is particularly acute in the [101] and [200] planes. The 

[112] and [211] planes exhibit little change in intensity, however the [211] exhibits a shift in its 2Ө value as focus 

moves from left to right across the width of the film. 

X-ray diffraction was undertaken for all samples A- G (Figure 6.2). All samples exhibit 

TiO2 XRD reflections consistent with anatase TiO2. No reflections are attributed to Nb2O5 

or TiN. The prevalence of certain crystal planes is seen to fluctuate across all grid 

positions. All grid positions therefore display some form of preferred orientation. The 

[101] plane was observed to disappear from samples A – D and then reappear with 

heightened prevalence from samples E – G with the [200] plane changing in a similar 

way. The [112] plane was observed to remain constant throughout all samples as was 

the [211]. In the context of N and Nb doping, it is expected that Nb doped samples will 

exhibit a shift to lower 2θ values as seen in the [212] peak.227 Nitrogen doping on its own 
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does not historically produce a lattice expansion within the TiO2 matrix as its ionic radii 

is not big enough to cause this, acting either as a substitutional or interstitial dopant. 

Therefore any shift seen is most likely due to the uptake of Nb into substitutional 

position replacing Ti4+ with Nb5+. However given the ionic radius of Nb5+ (0.64 Å) and its 

similar size to Ti4+ (0.61 Å) the lack of shift in any other peak is unsurprising. 

6.3.1.2 X-ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) was undertaken for all samples to identify the 

relative concentration of elements so as to quantify the variances in co-doping of 

nitrogen and niobium that occurs across the film between positions A - G. XPS was also 

used to identify the oxidation state and environment of the nitrogen and niobium 

dopants within the TiO2 matrix. Depth profiling was also undertaken to compare the 

identity and ratios of elements on the surface compared to within the bulk. No niobium 

was identified at the surface but nitrogen in the form of NHx, N2 and NOx was observed 

at all positions. After 900s of sputtering to sample the bulk niobium was found to reside 

at positions C-G.  All positions A - G exhibited peaks characteristic of Ti4+ at ~464.5 eV 

and ~458 eV for the Ti4+ 2p 1/2 and 3/2 peaks respectively, which is indicative of TiO2. 

This was corroborated further by the identification of oxygen peaks at ~530 eV for the 

oxygen 1s peak which is characteristic of oxygen in TiO2. At positions D and E there is 

also evidence of Ti3+ at the surface with a peak with a binding energy of ~457 eV. It is 

however in the minority with Ti4+ being the dominant oxidation state for titanium. 

Nitrogen and niobium levels varied across the width of the film with nitrogen levels 

remaining constant across the film within the bulk whilst niobium levels were found to 

be highest at the side where the niobium precursor entered the reactor and proceeded 
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to drop off as focus moves from position G left to position A with no niobium found at 

position A. The variances in nitrogen and niobium doping were quantified and compared 

(Figure 6.3).  

 

Figure 6.3: A graph comparing how the nitrogen and niobium concentration changes from positions A – G of the 

combinatorial film. Nitrogen is seen to remain constant around 0.08 (atom) % across all positions. Niobium 

concentration is seen to increase from around 2.6% at position C in a proportional manner to about 8% at position G. 

The method of combinatorial deposition to create many samples which exhibit different levels of co-doping is thus 

proved. All percentages calculated from XPS.  

Nitrogen was found to reside as both an interstitial (~396 eV) and substitutional (~399 

eV) dopant from the surface all the way through to the bulk (Figure 6.4 A). Given the in-

depth discussion of nitrogen doped TiO2 in the previous chapter it is important to note 

that the presence of surface nitrogen species can affect the perceived rate of photo-

catalysis and this will be discussed in light of photo-activity data later. Niobium was 

found not to reside at the surface and only existed as a substitutional dopant deep 

within the bulk. Peaks at ~203 eV were found to be congruent with Nb bonded to O 
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indicating that niobium is directly bonded to oxygen in place of titanium within the bulk. 

Peaks at ~208 eV and ~206 eV are attributed to niobium oxy-nitride (Figure 6.4 B). XPS 

therefore proves that creating samples that vary in the level of nitrogen and niobium co-

doping in a single deposition utilising a high throughput method, in this case 

combinatorial AACVD, has been achieved.  

 

Figure 6.4: A. Sample Niobium 3d XPS spectrum showing the peaks responsible for niobium oxynitride and niobium 

oxide. B. Sample nitrogen 1s XPS spectrum showing the peaks responsible for interstitial and substitutional nitrogen. 
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6.3.1.3 Scanning Electron Microscopy (SEM)  

 

Figure 6.5: SEMs for positions A – G. Position A exhibits a highly porous and well defined ‘shark tooth’ morphology. 

From positions B- G there are two marked changes, overall the highly structured morphology seen in A is observed to 

degrade incrementally from B through to G. Also the structure appears to break down into small strands or fibres as 

from position A- G. 

SEM was taken of all samples (Figure 6.5). Surface morphology is an important 

consideration when discussing photo-catalytic rates as surface area can change as a 

result of changes in morphology. Changes in morphology are also responsible for 

changes in water contact angles and other properties. The morphology seen at position 

A exhibits thin ‘shark tooth’ like growths observed in the Chapter V for nitrogen doped 

TiO2. The film was observed to be highly porous with a high surface area. Position B 

exhibited very similar morphologies but the porosity was seen to decrease with the 

grains sitting closer to each other. The grains also exhibited secondary structure that 

manifested itself as veins or threads along its length. Position C exhibited a transition in 

morphology, with the primary ‘sharktooth’ structure starting to break down and the 

secondary thread structure starting to take over with more and more threads becoming 

evident. This trend continues through positions D – G until in F and G there is little left 

of the ‘sharktooth’ morphology and the threads that grew from them become the 

A B C 

D E F G 
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dominant morphology. Thus overall the quality of morphology was observed to 

decrease from left to right across the width of the film. 

6.3.1.4 UV/Vis Transmission Spectroscopy 

Ultraviolet- visible transmission spectroscopy was undertaken to calculate how the 

bandgap changes between samples A-G (Figure 6.6). As sample A should exhibit the 

highest levels of nitrogen dopant and the lowest levels of niobium doping it can be, 

relative to the rest of the samples, be considered the most similar to purely nitrogen 

doped TiO2. This was reflected in the calculated bandgap at position A, which was 2.44 

eV. This is concordant with much of the literature regarding nitrogen doped TiO2. From 

position A through to position G the bandgap was seen to increase to and beyond the 

literature bandgap value for non-doped anatase TiO2 (3.2 eV). The bandgap was seen to 

plateau around 3.5 eV between positions D-G. This increase of bandgap values was 

indicative of Nb doped TiO2.228,229  
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Figure 6.6: A graph of bandgap values for all positions A-G. At position A, which should exhibit bandgap values similar 

to nitrogen doped TiO2 and a value of 2.44 eV is seen which agrees with literature published on N doped TiO2. The 

bandgap is then seen to increase to 3.03 and 3.16 for position B and C respectively. This is close to the reported value 

of 3.2 eV for non-doped anatase TiO2. The band gap then increases past this point at position D to 3.51 eV and plateaus 

around 3.55 eV for positions E-G. 

6.3.2 Functional Properties 

Functional property testing was undertaken so that changes in photo-catalysis, water 

contact angle and resistivity that occur across the width of the combinatorial film can be 

correlated with changes in elemental composition, crystal structure and morphology as 

seen in previous combinatorial studies.146 

6.3.2.1 Hall Effect Measurements 

Hall Effect measurements were carried out for all positions. Grid position C-F provided 

meaningful data whilst positions A-B and G exhibited resistivity values too high to obtain 

data. Thin film thickness was first calculated utilising the Swanepoel method.158 This was 

then used to allow the calculation of bulk carrier concentration, carrier mobility and 

resistivity (Table 6.1). It was observed that the sign of the bulk carrier concentration 
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switched from positive to negative from position C to position D-F. This signals a change 

from a p-type to n-type semiconductor and is congruent with previous literature reports. 

The switch also coincides with the appearance of Nb doping in position D to G onwards. 

No Nb was found at position C and as such it is only nitrogen doped explaining the p-

type behaviour. Resistivity values from C-F were seen to decrease by an order of 

magnitude as niobium content, as seen by XPS, increases. Thus it is evident that niobium 

is contributing electrons to the Fermi level and populating the conduction band with a 

higher proportion of mobile electrons congruent with literature reports. Whilst bulk 

carrier concentrations and carrier mobility were seen to vary in magnitude it is difficult 

to relate this to dopant effects as film thickness was seen to decrease from positions C-

F, which is an artefact of the combinatorial deposition process. Given that resistivity 

decreased in line with a decrease in thin film thickness, it can be assumed that dopant 

effects are responsible for this change in resistivity across positions C-F.  

Table 6.1: Hall Effect data for positions C-F. Thin Film Thickness is seen to vary across the width of the film which is 

expected as an artefact of the combinatorial deposition regime. Bulk carrier concentration is seen to switch from C to 

D-F from p-type (N: TiO2) to n-type (Nb: N: TiO2). Resistivity is also seen to decrease from C through to F which 

correlates with increasing niobium content seen in XPS. 

Samples Film Thickness/ nm Bulk Carrrier Concentration/ cm3 Carrier Mobility / cm2 Vs--1 Resitivity / Ω cm 

A - - - - 

B - - - - 

C 1500 1.19E+20 6.49E+00 8.06E-03 

D 1379 -4.52E+19 1.85E+01 7.47E-03 

E 494 -2.89E+20 6.98E+00 3.10E-03 

F 572 -1.01E+19 2.95E+01 2.10E-02 

G - - - - 
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6.3.2.2 Photo-catalysis 

The photo-activity of all positions was measured by charting the reduction of a resazurin 

based ink to resorufin, first utilised by Mills et al (Figure 6.7).168 It was found that 

positions A and B exhibit the highest rate of photo-activity. From this point it was 

observed that photo-activity for other positions decreases incrementally from points B-

G by roughly an order of magnitude. In comparison with SEM, it is interesting that the 

morphology observed in A and B was seen to degrade and change from point C-G. Thus 

morphology can be said to play a vital part in the observed rate of photo-catalysis. As 

the morphology seen from C-F in SEM does not change between these points, yet photo-

activity was seen to continue to decrease in an incremental and proportional manner, it 

can be deduced that whilst morphology plays an important role in the observed rate of 

photo-catalysis, the role of co-dopant concentration is hinted at by the disparity 

between the declining photo-catalytic rate observed from B-G and the change in 

morphology that occurs between B-C. Formal Quantum Yield (no. of molecules 

destroyed per incident photon) and Formal Quantum Efficiency (no. of molecules 

destroyed per absorbed photon) values are seen to mirror the photo-catalytic rate at 

each position (Figure 6.8). Position G is a more efficient photo-catalyst compared to 

position A as its FQY and FQE are relatively similar, whereas there is a larger disparity 

between the FQE and FQY at position A. This however does not take in consideration 

changes in surface morphology which are seen to occur from positions A to G. 
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Figure 6.7: A graph comparing the photo-catalytic activity of all positions A – G. It is observed that UV photo-activity 

is highest at position A, where the level of nitrogen doping is highest and the level of niobium doping is lowest. Photo-

activity proceeds to then decrease incrementally from position B – G by roughly an order of magnitude. 

 

Figure 6.8: Formal Quantum Yields and Formal Quantum Efficiencies for all positions. A decrease in both FQY and FQE 

is seen as focus moves from position A to G. This mirrors the photo-catalytic rates in charting a decrease from nitrogen 

doping to niobium doping, which is expected. The sample at position G is a more efficient photo-catalyst compared to 

position A but exhibits an overall lower rate of charge carrier generation. This does not take into account the effects 

that surface morphology can have, as surface morphology is seen to change across the film from positions A to G. 
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6.3.2.3 Water Contact Angles 

Water contact angles are found to be hydrophilic at point A and then increase as focus 

transitions to point B. The rest of the film exhibits little change in pre-irradiation water 

contact angles from this point onwards with points C – G exhibiting fairly similar contact 

angles. After irradiation all samples are seen to exhibit photo-induced wettability, 

indicating that all samples are photoactive with point B exhibiting the biggest change in 

contact angle (Figure 6.9 and Table 6.2). 

 

Figure 6.9: Water contact angles before and after 24 hours of irradiation with a 365nm UV light source. Point A is seen 

to display hydrophilic behaviour both before and after irradiation. All other samples exhibit higher water contact 

angles, with roughly similar angles from point B – G. After irradiation all samples are seen to exhibit photo-induced 

wettability, with point B exhibiting the biggest change in water contact angle. 
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Table 6.2: A table of water contact data for the combinatorial film for all points A- G 

Sample 

Water Contact Angle/ o 

Before After 

A 19.1 7.3 

B 58.3 6.4 

C 53.1 23.8 

D 49.6 9.2 

E 51.8 11.5 

F 62.7 17.3 

G 82.4 36.2 

 

6.4 Discussion 

XRD shows that crystalline samples of anatase TiO2 are present across the entire width 

of the combinatorial film. The change in intensity of peaks, and therefore preferential 

orientation, in the diffraction patterns between samples demonstrates that the 

formation of these materials is subject to different conditions which can be attributed 

to the incorporation of dopants within the TiO2 matrix. Coupled with SEM this 

corroborates the idea of changing preferential orientation as microstructure was seen 

to change in a linear fashion from one morphology to another as the concentration of 

niobium changes relative to nitrogen.  

XPS confirms on a quantitative level that nitrogen and niobium co-doped TiO2 thin films 

have been achieved. Interestingly nitrogen levels were seen to remain relatively 

constant across the entire width of the film while niobium exhibits the expected tail off 

as focus moves from the right, where the niobium dopant stream enters the reactor, to 

the left. This is novel as the experimental setup should ensure that nitrogen starts high 
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in concentration on the left hand side, where its precursor stream enters the reactor, 

and drops off in concentration to the right. That this is not observed leaves two 

possibilities. Either the nitrogen is diffusing and equalising throughout the whole film 

once it is incorporated due to thermal diffusion or the n-butylamine has a longer 

residence time within the reactor and is diffusing far to the right and into the niobium 

stream before degrading and becoming incorporated. Given discussion in the previous 

chapter regarding the lability of interstitial nitrogen via UV induced surface segregation 

and literature reports of thermal diffusion at 400 K and above it is entirely possible that 

nitrogen is found throughout the entire material as a result of thermal induced diffusion 

that occurs as an artefact of the deposition process (>700 K). However further 

experimentation is therefore required to elucidate the true mechanism behind this.  

Bandgap values expected for nitrogen doped TiO2 and niobium doped TiO2 are observed 

in the expected positions (A for N-TiO2 and G for Nb-TiO2) with a transition in between. 

There is no apparent lowering of the bandgap seen in literature reports for other N/Nb 

co-doped TiO2s and this is attributed to low concentrations of nitrogen and relative 

inhomogeneity of the films. 124,125,226  

Regarding functional properties photo-catalysis exhibits the expected change in photo-

catalysis shown in the literature with a decrease in ultraviolet photo-catalytic rate seen 

from nitrogen doped TiO2 to niobium doped TiO2. Formal quantum efficiency and yield 

(FQE and FQY) values are seen to mirror changes in photo-catalytic rate. That a change 

in morphology is concurrently seen with this transition highlights the importance of 

microstructure and its ability to produce an enhanced observable rate of photo-catalysis 

whilst the material inherently produces the same amount of charge carriers regardless 
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of doping. The role of nitrogen surface species must be considered too. That nitrogen 

surface species are found at all positions suggests that they may add to the perceived 

rate of photo-catalysis in a stoichiometric fashion. However, as noted in the previous 

chapter, pre irradiation, the nitrogen doped samples exhibit similar rates to non-doped 

TiO2. Thus it can be reasoned that without the input of sustained periods of UV 

irradiation over several days, the stoichiometric role of nitrogen surface species can be 

considered minimal. As nitrogen levels are roughly constant throughout the material 

both at the surface and bulk across all positions differences in the photo-catalytic rate 

can be discussed without needing to invoke stoichiometric surface reactions between 

the resazurin dye and N surface species. When considering the contribution that 

dopants make to the photo-catalytic rate, it must be remembered that niobium states 

seen from position D-G lie deep within the bulk and hence contribute very little to 

changes in charge carrier generation or recombination for photo-catalysis as the 

underlying recombination rate of TiO2 ensures that only charge carriers generated at or 

near the surface undergo surface redox reactions. The previous chapter demonstrates 

that nitrogen as a dopant promotes the lifetime of charge carriers by acting as a trap 

state, and as the concentration of nitrogen is found to be roughly equal at all positions 

the decrease in photo-catalytic rate seen from positions A - G can be considered to 

simply arise from the transition in microstructure seen from positions. Photo induced 

wettability studies highlight that whilst all samples differ in photo-catalytic rate, they all 

exhibit some form of photo-activity, as all samples start hydrophilic and upon UV 

irradiation at 365nm for 24 hours they exhibit a further decrease in the water contact 

angle. Positions A and B unsurprisingly give the largest change in water contact angles. 
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Hall Effect measurements demonstrate that the left hand side of the film, which is 

nitrogen doped, exhibits p-type behaviour and that once niobium is found in the bulk 

this switches to n-type behaviour in good agreement with the literature.127,230 Thus 

despite niobium lying deep within the bulk it is prominent enough to define the nature 

of charge carrier in positions D-F. The values reported in this work compare favourably 

with literature reports for doped ZnO with charge carrier concentrations on the order of 

~1020 cm-3 and resistivity values on the order of 10-3 but cannot compete with industry 

standards such as ITO which exhibit charge carrier concentrations and resistivity values 

an order of magnitude better.231 This can be attributed to the inhomogeneity of the films 

at positions C-F, as shown in XPS, where TCO behaviour is observed. 

Because the photo-activity, which is relatively surface sensitive, appears decoupled from 

the resistivity of the bulk at specific positions, this means that a midway point can be 

achieved where low concentrations of niobium are sufficient to decrease resistivity and 

change the nature of charge carriers whilst retaining a competitive rate of photo-

catalysis imbued by nitrogen doping at positions C-D. This is because the films are 

relatively inhomogeneous. Thus the surface and sub-surface bulk, which exhibit little 

niobium but are nitrogen doped, retain a high rate of photo-catalysis whilst the bulk, 

which is doped with niobium, displays low resistivity values and imbues the whole 

material with good TCO properties. Thus the incorporation of a high rate of photo-

catalysis and good TCO properties in TiO2 has been achieved using the combinatorial 

deposition regime in AACVD. 
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6.5 Conclusion 

In conclusion, N/ Nb co-doped thin films with varying dopant concentrations have been 

synthesised by AACVD as a result of a combinatorial deposition regime.  This allows for 

the rapid creation of many different samples in a single deposition. Samples were found, 

given previous work in Chapter V, to exhibit changes in functional properties that 

correlate strongly with changes in microstructure. Dopants such as nitrogen and 

niobium are observed to affect the physical properties of the material, creating 

variances in crystal structure, band gap and elemental composition. A good photo-

catalytic rate, due to nitrogen doping, is observed from positions A-D whilst niobium, 

which is found from positions C-G deep within the bulk imbues competitive resistivity 

values upon the materials at these positions. Thus the crossover positions C and D 

therefore represent a half-way house where both photo-activity and resistivity values 

suitable in commercial applications are found. 
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7 Chapter VII: Conclusions and Future Work 

Chapter III utilised combinatorial AACVD (c-AACVD) to explore and gain insight into the 

growth of a TiO2/SnO2 composite film which has previously been published. The 

technique was successful in creating a film which graduated from SnO2 to TiO2 across its 

width, left to right. In doing so it was proposed that, if the TiO2/SnO2 composite arose 

purely as a result of a particular concentration of titanium relative to tin, the composite 

material should occur somewhere in the middle of the film where TiO2 and SnO2 occurs 

the most. In the process of characterisation it was found that XRD, XPS and SEM all 

corroborated each other showing that the composite material formed in the top left 

hand corner of the film (grid position A4). The correct morphology identified by Ponja et 

al was reproduced along with the correct elemental profile from the surface through to 

bulk and the presence of anatase TiO2 and cassiterite SnO2 confirming the correct crystal 

structure for the composite. Grid position A4 was found to be the only area of significant 

photo-catalytic activity by the resazurin test. Because the composite material was found 

at grid position A4 it was hypothesised that a more complex growth profile existed for 

the composite material and that simple elemental ratios could not account for the 

manifestation of the composite material. 

Chapter IV drew on these discoveries to design new experiments which would provide 

further insight into the growth of the TiO2/SnO2 composite material. To truly understand 

what was occurring inside the AACVD reactor samples were needed that varied as a 

function of deposition time and not concentration, as demonstrated in combinatorial 

AACVD. To do this a cover slip was inserted into the reaction chamber via the exhaust, 

exploiting the fact that AACVD is carried out at atmospheric pressure. This enables the 
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production of samples which are exposed to the same precursor stream but for varying 

amounts of time. By retracting the cover slip a set distance every few minutes many 

depositions worth of experiments can be conducted in a singular deposition, saving time 

whilst also providing insight into the growth profile of functional materials. It was found 

that the TiO2/SnO2 composite has three distinct growth phases, first an amorphous Ti 

rich SnO2 layer forms which seeds the growth of a Sn rich anatase TiO2 layer. Tin is then 

observed to migrate and surface segregate until it reaches sufficient concentrations at 

the surface to facilitate the growth of cassiterite SnO2 forming the heterojunction 

structure observed in the composite which is proposed to enhance the rate of photo-

catalysis by sequestering electrons and enhancing the lifetime of holes. It was observed 

that an enhanced rate of photo-catalysis is observed mid deposition hinting that this 

method could be used to further tailor any material grown by AACVD towards a specific 

functional property by mapping the deposition sequence first. 

Chapter V explored the deposition of nitrogen doped TiO2 by AACVD for the first time. 

Previous work within the group had identified the role of stoichiometric surface species 

and their contribution to the ‘observed’ rate of photo-catalysis. Thus a timed irradiation 

study over the course of 28 days was conducted to observe how; nitrogen 

concentrations in the bulk and at the surface, UV photo-activity and charge carrier 

lifetime and generation rates varied during this time. These were measured by XPS, the 

resazurin test and transient absorption spectroscopy respectively. It was observed in 

XPS that interstitial nitrogen levels both at the surface and within the bulk, were found 

to increase until 7 days when levels were found to drop drastically back down to pre 

irradiation levels. Photo-activity measurements found that UV photo-catalytic activity 

was found to positively correlate with surface nitrogen concentrations. Transient 
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absorption spectroscopy found that nitrogen doping conferred little in the way of 

enhanced charge carrier generation rates and that a trap state which caused bleaching 

of the probe signal was present. After 28 days of irradiation this bleach state is observed 

to have been removed. This is attributed to the UV irradiation induced surface migration 

and segregation of interstitial nitrogen which is then removed from the surface via 

stoichiometric surface reactions. 

Chapter VI explores the creation of nitrogen and niobium co-doped TiO2 using 

combinatorial AACVD. This was achieved by creating two precursor streams for the 

synthesis of nitrogen and niobium doped TiO2 respectively. By using the combinatorial 

AACVD regime the precursor streams mixed once inside the reactor, thus creating a film 

which created a film which graduated from nitrogen doped TiO2 to niobium doped TiO2 

with co-doped states in between. Thus changes in relative concentrations of nitrogen 

and niobium can be linked to changes in functional properties such as resistivity and 

photo-catalysis. The incorporation of TCO and photo-catalytic properties has been 

successfully achieved using combinatorial AACVD. 

Regarding further work three distinct themes standout. Firstly the creation of composite 

films similar in nature to the TiO2/ SnO2 composite film explored in this body of work 

utilising the growth processes explored by time resolved AACVD. This could be achieved 

by creating a highly doped metal oxide which upon prolonged periods of heating, which 

induces surface segregation, to create a surface layer of metal oxide from the dopant. 

Secondly the use of time resolved and combinatorial AACVD for the investigation of 

advanced functional material, such as the ones explored in this thesis should continue 

to be used. They provide unique insight into the growth of many materials. 
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Thirdly the process of irradiation has been demonstrated to cause the migration and 

surface segregation of nitrogen in N doped TiO2. This is the most significant result found 

in this body of work. Many materials use interstitial dopants to confer favourable light 

interactions for use in a variety of fields. The applications they are often envisioned for 

use in involve protracted periods of environmental visible and ultraviolet light exposure 

higher in intensity than has been utilised in these experiments. Thus irradiation is shown 

to be able create differences in charge between the surface and bulk, which results in 

the migration of dopants, any material capable of generating electrons and holes (any 

suitable semiconductor) under visible or UV irradiation with eventually see migration 

and potential loss of interstitial dopants on time scales much shorter than its proposed 

operational lifetimes. Further work is therefore required to characterise this 

phenomenon.   

Finally, this work has demonstrated that surface area and morphology play an important 

role, not attributed in the literature, in the process of photo-catalysis. It is telling in 

Chapter V that despite nitrogen doping of TiO2 no enhancement of photo-catalytic rate 

is observed pre irradiation compared to pristine TiO2. The role of surface species is 

poorly understood too and these two themes remain an important facet of photo-

catalysis which is underexplored within the literature. Serpone et al proposes that for 

dopants to contribute to band structure in the manner proposed by the TiO2 and photo-

catalysis communities doping levels would have to be extremely high and risk changing 

the original character of the host material. Given low levels of doping explored within 

the literature, photo-catalytic effects that are attributed purely to dopant effects must 

be considered carefully. 
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