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Abstract

Abstract

This thesis is concerned with the deposition of titanium dioxide thin films using
chemical vapour deposition (CVD). The work emphasises the influence of
deposition parameters on the properties of the resultant film. The rsatexniee

been designed with a wide range of potential applications in mind, from air and
water puification to energy productiorand medical implant devices. Where
possible tests have been conducted to assess the efficacy of the material for these

applicatons.

The first chapter highlights a number of technologically important applications of
titanium dioxide in order to demonstrate the motivation for research in this area.
Some theoretical concepts are presented which are fundamental to understanding
the behaviour of titanium dioxide. The principles behind chemical vapour

deposition and the photocatalytic tests used in this work are discussed.

The secondchapter focusses on thise of three different metal substraiteJiO,
CVD. Firstly, the phase of Tixdeposited on steel substrates was investigated. It
was shown that the grade of steel had little influence with predominantly anatase
films being formedin the vast majority of areas analys&ince each grade of
steel has different mechaniqaioperties ad isused in different applicationthis
work demonstrateshat the photocatalytic properties of anatase films can be
endowed to a large range of produ@scondly, TiQ was shown to be adherent
to aflexible substrate, namely aluminium folt was denonstratedfrom XPS
analysisthat aluminium ions did not diffuse into thBO, which remained
photocatalytically active. A photocatalyst on a lightweight, flexible substrate
offers several advantageserglass which has been the mosiguentlyemployel
substrate to dateThirdly, titanium dioxice was coaed ontoan alloyof cobalt,
chromium and molybdenum, CoCrMoThe alloy is of iteres for biomedical
implants bussuffers frompoor bbcompatability. By coating its surface with TiO

it was shown to enimgeosteogenic differentiation.
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Abstract

Chapter three investigates nitrogen doped titanium diokadés potential as a
visible light photocatalystA novelsynthetic strategy was emplayé which the
amount of oxygerprecursorwas varied to determine this would affectthe
position of the nitrogen in the titanium dioxide cajlsitrudure. Differences were
observed in the nitrogen XPS signal, the absorption profile, surface morphology
and photocatalytic activity under both UV and visible irradiation. Visilglt
activity was observed for a sample made with lower amounts of oxygen precursor

under UV and visible light.

Finally, brookite, a rare, metastable fowh titanium dioxide,was formed by
atmospheric pressure chemical vapour deposithdnCVD. A brief literature
review discusses the potealitapplications ath some of the previously empley
syntheticroutes to brookiteformation Three set of conditions are reported for

the first known synthesis of brookite by atmospheric pressure chemical vapour
depogion. A possible mechanism for brookite formation is hypothesised.

This work concludes with a summary of the key findings from the experimental
work and possiblavenuedor further research.
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Chapter One

Chapter 1. Introduction

Abstract

This chapter outlines the fundantal reasorfor the scientific and technological
interest in titanium dioxide by discussing the current and potential future uses of
the material. Background to some of the basic theoretical conseptaunding
saniconductors and photocatalydisat must be understood by theboratory
chemist are explaine@hemical vapour depositiq€VD) is the synthetienethod
employed throughout this wodnd thus an introduction this techniques given.

The underpinningmechanism of three photocatalytic tests thetre used is

explained.

15



Chapter One

1.1 Applications and properties of TiO,

Titanium dioxide, TiQ, is one of the most common and intensively investigated
semiconductor materials. It has been used dinedeginning othe 28" century

in a powdered form as pigment The highrefractive indexof visible light by
TiO, particles gives a brilliant white, opaque colour. This property is used in a
wide variety of applications in which a white colour is desirafiem paints
cosmetics, milk and other food produdisothpasteand even in cigarettes to give
white coloured ash. Tigs biologically inert and is therefore safe to use in food

and drug applications.

Whilst reflecting visible light, higher energy UV light is absed by TiQ. This
gives rise to another extremely useful application as a sun screerpartfles in

skin creams can absorb the damaging UV sunlight to protecflgkin.

Due to thehigh dielectric constant dfiO,, it has been investigated fibs use as a
transistor gate dielectri¢or integrated circuitryas a possible alternative to
SiO,.[2] Thin films can beused as media for electronic data storaiges high
dielectric constant makes it suitable as a capacitor dielectric layer in dynamic
random access memory (DRAM) and iséise switching RAM (ReRAM).

DRAM is still used as the mamemory in every computer and tablet de\igke.

The conductivity of titania thin films can be altered by the presence of certain
gases. This can be exploited in gas sensors. When a gas, such as ethanol, binds to
the surface of titania, electrons argected into the crystal lattice resulting in an
increase of conductivitf4] This response is detectable in the range redudoe

alcohol breath analysefS]

These applications rely on the physical properéiad vhilst use as a pigment and
whitener accounts for over 4 million tonnesT0, annually, it is by exploiting
the photocatalytic properties where %i@ppears to have the greatpstential.
Interestin the photocatalytic applications of Ti®as expanded greatly in recent
decades. Research effoltave sought to use T¥@ address some of the most
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pressing environmental and societal concesnsh as sustainable energy and

pollution control

In 1972 Fujishima and Honda demonstrated the ability of ;lti®split water into
hydrogen and oxygel®] Hydrogen is seen by mamaga possible future fughs

an alternative to fossilels, being both renewable and clean to burn.

Another strategy for using TiK0 harness solanergy is the dysensitised solar
cell (DSSC)pioneered by Gitzel[7] In this method a film of immobilised titania
particles are used as a photoanode in a circuit to produce an electrical current

directly.

The reductionof carbon dioxide CO,, could potentidly provide a feedstock of
carbon based small molecules and/or fuels @imiltaneously utilise a currently
problematic waste product from burning of fossil fuels. ;Tghotocatalysis has
beenshown to produce formaldehy@md methanolfrom CO, bubbled through

water[8]

One of the major harmful emissions products of vehiclegrisgen dioxide NO,,
which can lead to acid raitt has been shown that Ti@nder UV illumination
can break dowmitrogen dioxideinto les harmful byproducts.This topic is
discussed further in section 1.5.3.

Many organic molecules have beshown to be destroyed by TiQhrough
photocatalysis. Some of these molecules are waste products from industrial
processes whilst others can be présn a number of environments suchoés

and fatty acids Liquids, semisolids and soli¢ have been demonstrated to
degrade by the photocatalytic action of Zi@owever there is a trend observed
that only small molecule weight molecules (e.g. glyceroleate andctadecae)

will be completely removed and photomineralised to, G&hereas solids such as
stearic acid and polyethylene glycol (PEG) will only be partially removed and that
smaller molecules may be formed from their degraddf@birortunately TiO; is

stable in various media and hence can be used for both air and water purification.

Thin films of TiO, have been of interest for selieaning windscreens on velds

for many year$10] With a thickness of around 60 nm on glaB; films have
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been shown to be sufficidnttransparent (particles must bess than 30 nm to
prevent scattering of visible light), resistant to abrasion and have the ability to
breakdown organic contaminants which reduttes cleaning requirements and
improves visibility for drivers of vehicledVater which comginto contat with
irradiated titania formsheets of water on the surface rather than droplets (see
discussion on ugperhydrophilicity in 1.2 section[11] This combination of
properties is also useful for apgations in outdoor tiles and paint$.has also

been shown that titania on glass gives -fodging properties which can be
utilised in car windscreens and mirrors and also on lenses in glasses, in particular
those used in safety ggles for sport suchsaskiing and scuba diving where

fogging of the lens is a particular probl¢h®)

Furthermore TiQis capable of destroying bactdfid] and virusegl4], fungi15]

and potentially everso-called super bugs such as MRSA (methicillin resistant
staphylococcus aureug)6] Photocatalytic disinfectiorhas the advantage of
being a low cost sterilisation method and asgdltk use of antibiotics, to which

bacteria can develop resistanoechemical disinfectants which can be toxic.

Titania particles have been investigatedtheir ability to kill cancerous cel[4.7]
Irradiation of particles in tumours in mice showed that no viable cells were found
after 10 minutes irradien. This was not observed when only particles with no
irradiation were used or when the cells were irradiated in the absence of the titania
particles. The authors noted the difficultly in access of irradiation to tumours
within the body but highlightedhé potential for application in cancers of the skin,

oral cavity, trachea and bladder.

Whilst titanium dioxide has many advantageous properties, it does also have
limitations. The barrier to commercialisation of many products is the inability of
TiO, to efiiciently use sunlight to drive reactions due to the-abrorption of
visible light. The relianceon the presence of UV light can make photocatalytic
reactionsinfeasible in some environments where the use of a UV light could be
damaging to skin and eyes.g. for the sterilisation of surfaces in hospitals. This
problem is discussed further in Chapter three. Another major drawback, from the

perspective of selfleaning windows, is the inability to breakdown inorganic
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materials such as NaCl. This is a mpafar problem in coastal areas. In this
scenario, the superhydrophilicity of titania surface, in fact worsens the ujuibd
salt deposits since the sheeting effect means that water dries more quickly and is

not able wash away the inorganic material.

Theseexamplesf the current and potential uses of Ti@eintended to give the
reader an appreciation of the breadth of applications in order to demotis¢rate
motivation for greater understandimg the synhesis and properties of titania.
However revigys are available in the literature with a more thorough discussion
of the state of the arfhe following section describes in greater detail how the
physical and chemical properties of Fi@re exploited to these ends.

1.2Band structure and photoreactvity of TiO,

In order to fully understanthe principle ofip hot ocat al ysi so,
first understand the basics of band thedkysolid containing many atoms is
described as h a vMolealar @réital MOy theorp wsed dis 6 .
descrile bonding in molecules can be extended to solids. In the solid state, every
atom in the structure contributes edlividual orbital all of which have such a

small separation in energy it can be considered as a continuous band of energy
levels[18] Figure 1shows the separation of molecular orbitals decreases with an
increasiy number of atoms to the extetitat an infinite number of atoms
produces a bahwith molecular orbitals witlan infinitesimally small energy gap

between them.
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Energy

1 2 3 4 5 6 w
= Number of atoms

Figure 1 Formation of an energy band from many atoms. Adapted from referencgl9].

A band such as that depictedHRigure 1 can be formed by the interaction $fp

or d orbitals. When more than one band is presiemtexample ars and ap band,

they may be close in energy and overlap or be separated by an energy region for
which no molecular orbital exist[20] This is termed as a band gayhen
considering metals and semiconducteh® higher energy band is known as the

conduction band, (CB) and lower energy band is the valence band, (VB).

Titanium dioxidehas a band gap of an intermediate size andithakssd as a
semiconducting material. Thisneans that conductivity can be induced by
promoting electrons from thidled valance band to theartially filled conduction

band. In order tachiee this, energy must be suppliet the electronghat is

equal to or greater than the band gap enérgis energy could be supplied in the

form of heat or lightTitanium dioxide is an intrinsic-type semiconductor. As in

the case with several other higltidation stated-metal oxides, Ti@ will often

have a slight deviation in its stoichiometry due to a small deficit of oxygen atoms.

The electrons which would have been localised on the lattice oxygen atoms form

a donor band slightly below the conductimand[2]] The t#¢wyme®dni s used

denote that thpredominantharge carriers are negative, i.e. electrons.
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Photocatalysis either makes use of electrons in the conduction band,ah&iO
have been promoted by light or tpesitively charged hole that renma in the
valence band subsegjpt to electron promotiomhese electronand holesan be
harnessed to take part in useful chemical reactidhss can only take place when
holes are sufficienly oxidative and the electrons sufficiently reductive in refat

to the redox potentials of the reaction in question. For example, the water splitting
reaction can be considetas two separate reactions which involve the holes and
electrons. The reduction of water to hydrogexs lastandardpotential of OV
(Equaton 1) and the water oxidation has a&tandardpotential of +1.23 eV
(Equation 2.[22]

2H' + 26 A H, (0V)

Equation 1

O, + 4H" + 46 A 2H,0 (+1.23V)

Equation 2

Figure 2 illustrates how theelectron and holes iphotoexcited TiQ provide

sufficient energy for the water splitting reacti@¥]

Conduction 1
band "
hv /(_D\

H*/H, — 0
— 1
3.2eV 0,/H,0
— 2
— 3
@ Valence — g
band
TiO, (anatase) Redox potentials Energf (eV)
for water splitting

(at pHO)

Figure 2 Potentials of electrons and holes in photoexcited Tiand water splitting.
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From FRgure 2 it can be seen that the electrons of the photoexcited titania
(anatase)particle are sufficiently reducing relative to proton reducti@en the
bottom of the conduction band lies above the reduction potefotigtydrogen
Indeed the holes are sufficiently oxiahgifor water oxidation to occur leading to

overall water splitting.

Another photoinduced phemenon was reported Bianget al. in 199724] A
review by O6Carp et al . @hotpihdacedn s t hi
superhydrophilicity (PSH)as occuing when photgenerated electrons reduce
Ti(IV) to Ti(lll) which can thenact as &ole trapping sit§25 These holes then
serve to weaken the -0 bonds resulting in liberation of oxygen, creating oxygen
vacancies. The oxyen vacancies are able to dissociate water upon adsorption to
the titana giving hydroxyl anionsn the surface. The increased hydrogen bonding
interaction between the surface and water lead to enhanced wettability. The effect
IS reversible, the titania gace will becomamore hydrophobicif left in the dark

for several daysdue to reoxidation by air. Water on a superhydrophilic surface
spreads across it, forming a sheet rather than individual dropletsadgiggs in
removing dirt from the surface 0@, and hence is advantageoto selfcleaning
applications and is complimentary to the degradation of organic contaminants by
the oxidising hole§11]

In photoexcited Ti@ not all of the eleecbns and holes that are generated upon
irradiation areavailableto be usd in reactions. Recombination tfe electrons

and holescan competewith oxidative and reductive processasd reducethe
efficiency of thesephotocaalytic reactions.Photoconductity measurements of

TiO, have been explained by the competing rates of photogeneration of electrons,

trapping and scavenginigo]

Figure 3 illustrates thepossible pathweas/ of photogenerated electrons and holes

afterirradiation.
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Figure 3 Electron and holepathwayswithin a particle, adapted from reference[27].

After the phdoexcitation, (a)the electrons may reduce alectron acceptor &),
the holes may oxidisan electron donor [c) or alternatively the electrons and

holes may recombine, (d).

One of the key aims of semiconductor photocatalyst synthesis is to produce
materials with minimal electrehole recombination and maximum conductivity.
There are many factors which affect recombination and conductivity such as
structural defects includingrain boundaries and impurisig€dopants), crystallite
sizd28], crystallinity and crystal structureAn understanding of how synthetic
conditions affect these properties @ucial for enginering highly active

photocatalysts

1.3 Polymorphs of Titania

Titanium dioxide has three crystalline phases which occur in nature. They are
rutile, anatase and brookite. They differ from each other in the arrangement of
atoms in space. The structure bétatoms in the unit cell for dag@olymorph is

shown in kgure 4
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Figure 4 Unit cell diagrams of rutile (top left), anatase(top right) and brookite (bottom).
Titanium atoms are shown in pink and oxygen atoms are shown in re@Reproduced, with
permission from reference[29].

As can be seen in Figure ditile and anatase both haagéetragonal unit cell (cell

lengths &= b i ¢ and cell angletl= b =2 =90 °). Brookite is orthorhombic (cell
lengths d b ¢ and cellanglesU= b =2 =90 °). The unit cell parameters for
rutile a= 4.49 A and ¢ = 2.96 A. For anatase 8.79 A and = 9.51 A[3(]

Brookite has the largest unit cell with parameters®18 A b = 5.44 A andc =
5.15A.[31]
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The crystal phase affects tpeoperties andeactivity in a number of wayEach
polymorphhas a kghtly differentband gapThe band gaps have been determined

to be 3.03 eV, 3.14 eV and 3.24 eV for rutile, brookite and anatase
respectively{32] The position of the valence band has been reported to be
insensitive to the crystal structure whereas the flat band potential does differ. The
flat band potentials have been reporteddas2 V,-0.03 V and 0.06 V for anatase,
brookite and rutilerespectivelyf32] This has consequences for the typie
reactiors which each polymorph may participate in. Unlike anatase and brookite,
therutile conduction band electrons lie below the reduction potential for hydrogen
and therefore cannot be used in the reaction witliba addition of a co
catalys33] More recent publicationshowever,have chlienged some of these
findings, such as the report by Chen et al. who have determined the band gap of
brookite to be 3.3 eV with a more negative conduction band potential than
anatas¢34] Electron moMdity is higher in anatase, which is why it is typically

used in photocatalytic @fications rather than rutil&5]

Brookite is by far the least studied of the three phases, largely due to the difficulty
in synthesisig a pure phase material. It is also very difficult to obtain powdered
brookite commercially which would significantly impact the number of
researchers who are able to study brookite, given that they must have, or
collaborate with, a synthetic laboratory.olever, some investigations have
suggested brookite is a more active photocatalyst than anatase although it is often
difficult to separate the differences caused by particle size, morphology and
surface area. A great deal more research is required intkiteroto fully
understand its properties. A search on Web of Knowledge in February 2014
revealed the stark contrast between research output relating to anatase and
brookite. The number of results returned per year from key word searches of
Abr ookyxpared Ti &On t aag e TBiguewn i n F
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Figure 5 Number of papers published relating to anatase and brookite

From Rgureb5, it is clear to see that there is growing interest in both anatase and
brookite, however the numbef papers published relating to anatase is over an
order of magnitude higher than the number relating to brookite. In fact over three
times more papers relating to anatase were published in 2013 alone than have ever
been published on brookiteurther disassion on theropertiesand application

of brookite is give in Chapter 4.

The differences in properties of the titania polymorphs means that an
understanding of how synthetic parameters influence phase formation is of critical

importance.

1.4 Principles of Chemical Vapour Deposition

There are numerous wayo synthesiséitanium dioxide. Itcan beformedasa
single crysth powder, colloidal solution athin film. There are extensive reports

in the literature regarding synthesis of nanopadijcleowewer this section
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concentrates on the fabrication of thin films. For many industrial applications,
films are advantageous as there is no neeadparatiorof the titaniafrom the
products,which can beparticularly challenging in the case of nanoparticles.
Powder dispersions in liquids usually require stirring which could limit
applications in th field. Furthermore, thin filntoatings onto existing products
can introduce a new functionalisuch as photocatalytic films iarchitectural
glazing. The major imitation of films versus powders is the greatly decreased
surface area leading to lower activities. From this, arises the challenge to
maximise the photocatalytic activity to overcome the problem of limited surface

area.

Thin films can be made by sgkl[36] spin coatind37] sputtering,38] CVD,[39]
ALD[40] andspray pyrolysig41] CVD synthesis is typically favoured in industry
sinceit can be incorporated intcontinuous high througliput methods currently

used commercially such as the production of float glass. Thus, any useful
products & come from research using a laboratory CVD reactorbe more
easily scaled to mass production. -§el and spin coating, however, are batch
processes which are not scalableand usually result in a significant amount of
wastage of reactants. CVD #&onestep process in which a crystalline film is
produced directly without the need fosecondaryannealing which is costly and

time consumingHowever CVD does require specialist equipment which is not
available to many researchers. Not alit many pocessesrequire either high
temperature (several hundreds of degree Celsius) and/or vacuum equipment to
provide a low pressure environment. Both of these conditions add extra cost to the

manufacturing process and usually extra time to reach the desiréitias.

CVD is suitable for coatinga large variety of substrates, which allows the
properties of TiQ to be conferred to a range of products suitable for different
applications. Examples included crystallif@2] and amorphous silida3] metals
(nickel[44] stainless stepl9]), cerami¢46] and carbon nanotub@$7] The major
limitation is the (usually high temperature required which means coating
polymers and plasticss challenging The effect of metal substrates on the

properties of titania films is discussed in more detail in Chapter two.
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The basic concept of CVD involvgsassing gaseougrecursors over a heated
substrate, adsorption of the precursor molecules to the substrate surface, diffusion
to a reaction site and either decomposition or reaction with another precursor. The
gaseous byroducts are removed from the reactor throughxtsauest by the flow

of an inert carrier ga3.hese steps are shown iilglre6.

Precursors enter the
reaction chamber via
an inert gas flow

By products
‘ ® ° leave via the

Possible gas .
phase reactions exhaust
(]
L]
® Reaction or
Diffusion across .
Adsorption to b decomposition of
the surface su st.rate Tco the precursors to
reaction site form film
L)
200 e o oos

Figure 6 Basic steps in CVD process

An ideal CVD precursor should be volatile, mmxic, cheap, commercially
available, easy to store and handled ehave a clean decomposition pathway

which results in high purity films.

There are many different precursors which have been used to deposit titanium
dioxide. These include titanium chlorides, alkoxides, nitrates;éstErs, amides,
malonates as wellsavarious combinations of these ligands around one metal
centre[48] Throughout this worktitanium tetrachloride (TiG) and ethyl acetate
(CHsCOOCHCHs) are used as the titanium and oxygen source respectively. They
meet all of these requirements except that Jd&composes upon exposure to air
and releases corrosive HCI fumes. However, this can be avoided by taking simpl
precautions such as transferring the liquid with atgge syringe. TiCJ] with

ethyl acetate gives well adhered films with excellent optical properties. Ethyl
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acetate, methanol, ethanol, isopropanol and water have all been investigated as an
oxygen sotce for use with TiCl[43, 49 It was found that the us#H water gave
hazy films, mostlikely due to excess gaphase reaction resulting in large

particulates in the film.

There are many variations of CVD, AA/D aerosol assist¢d0], LPCVD low
pressurgbl], MOCVD metal organig52] PACVD plasmon assistdd3] and
PECVD plasma enhanced chemical vapour depogiidinto name but a fewall

of which have successfully deposited titanium dioxide thin filEech of these
hastheir own advantages and disadvaeta@nd are selected dependingtios
desiredproperties of the film, thproperties of th@recursors as well as time and
cost considerations. AACVD, for example, allows the use of-vodatile

precursors and inclusn of nanoparticles within a filjg5]

APCVD has the advantage of not requiring expensive high vacuum equipment
and canbe operated on a production line rather than batch production where a
chamber would need to be evacuated. Other variations entiatdwall reactors

and vertical flow reactorfb6]

<———Exhausts——>

B—%r—

\ Baffles
Bubblers —=
Reaction
Mass flow Chamber\L

&

—

NP b\
I/contrcllers

'\ |

\ Plain flow lines T T )

Carbon block

~ N
\

e

Additional
bubblers

Figure 7 Schematic of chemical vapour deposition reactor
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Figure 7 shows a schematic of the CVD reactor wh was used for every
depositionreported in this workTwo further precursor bubbkeareavailablebut,

for simplicity, are not shown in the diagram. They join a second plain flow at the
position irdicated by the arrows in Figure The pipework is made of % inch
stainless steel pipes, which are surrounded by electrical heating tape cahibe
controlled and monitored by thermocouples. During odgion the pipework is
heatedo over 100°C to prevent condensation of the prectsso the pipes which

can leado blockages. The bubblers are also heated and can be controlled to give
the vapour pressure desired for each precursor. If the precursor is required to be
lower than room temperature, a thermostatic bath filled with 50:50 water:ethylene
glycol can be placed around the exterior of the bubbler. The reaction chamber
consists of a wartz tube with a half cylinder carbon block. The carbon block is
heated bytwo Whatman heater cartridges. The sample to be coated is placed
directly on top of the carbon block. A top plate may alsg@bsitioned20 mm

above the carbon block if required.

1.5 Background to Photocatalytic Tess

15.1 Stearic acid degradation

Stearic acid is widely employed as a model compound used to assess the
photocatalytic ability of semiconductor materig&earic acid is a solid at room
temperature and thereforengler to handle compared to a liquid or glse basic
principle of the test is that a thin layer of stearic acid is deposited onto a
photocatalyst film (this can be done by drop casting, spin coating or dip coating
the sample using a solution of stearimdy There are a number of ways to
guantify the amount of stearic acid on the photocatalyst including measuring the
thickness of the layer using ellipsometeny observing the stearic acid on the
surface by AFM57] The most commonly employed method is to URe
spectrometry iad calculatethe area under the peaks in the region @®@3000

cm™* which corresponds t6-H stretching vibations. Therds a peakat 2958 crit
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dueasymmetric implane GH stretch in the Ckigroupand peaksit 2923 crit and
2853 cm ! due to asymmetric and symmetric, respectivelyplane GH
stretching in the CH groups[58] The sample is then irradiatedeading to
oxidation of the stearic acid by photogenerated hole®y hydroxyl radicals
formed by the reaction of a hole with wafg€] The change in amount of stearic
acid present is monitored at regular time intervalse overall mineralisation

process can baimmmarised as shown irgHation 3

TiO, + h3
CHs(CH»)1COOH +26Q A  18COs + 18H,0

Equation 3 Mineralisation of stearic acid

Conveniently both visible and UV light sources are suitable for th&dsstearic
acid is stable under illuminatiom this energy regionin the absence of a
photocatalyst) and does not absorb any light in this region which simplifies any

necessary quantum yield calculations.

A variation of thismethod, involves monitong the evolution of C@as a result of
the photodegradation of the stearic &8 In this instance, the sample must be
contained within a gasght IR cell. There are several ways in which €éuld

be monitoredFor most laboratoriesneasurement ahe IR spectrumof CGO; is

straight forward Alternatively gas chromatography could be used.

1.5.2 Degradation of intelligent ink

Thesoc al | ed @i nt eds beergdeveloped far sindple,tfastatsessment
of photocatalytic activity60] The basis of the ink formulation is the molecule
resazurin(Rz), which is blue in colour. Partiakductionleads to the formatioof
resoufin (Rf) which is pink andurtherirradiationbleaches the dye to colourless

products The reaction scheme is givenFigure 8.
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Blue Pink

Figure 8 Structure of intelligent ink and its reduced form.

A qualitative screening assessment can be performed by monitoring the colour
change during irradiationby eye.More quantitativedata can be obtained using
UV-vis spectrometry, or by extracting the colour eslu using appropriate
software, from a photographic image or scanned image of the sggtipl€he
intelligent ink testis somewhat more sensitive thine stearic acid test but is not
suitable for use with visible light irradiatioiven that it is blue, the ink absab
visible light itself meaning that the amount of photons to reach the photocatalyst
would be unknown making formal quantum yield calculations very challenging
and hence fair comparison between samples tested on different dates or in
different laboratoriesvould be near impossibl& comparison for rates for stearic
acid degradation and resazurin degradation on a set offiln@® have shown a
strong correlation although the intelligent ink test is complete within a matter of

minutes rather than hours, as ftearic acidi62]

1.5.3 NGO testing

Nitric oxide (or nitrogen monoxide) is ammful gas which is releasedtanthe
atmosphere as a result of combustion in vehicle engines and power stations. It is

known to play a role in acid rain formation and depletion of the ozone layer.
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also formed as a waste product from sevemahmonindustrial processes:or

these reasons it has attracted the attention of researchers who hdve use
photocatalyst to renove NO from the air by oxidising it to HNOTIO, provides
sufficiently oxidisingholesfor the conversion of NO to NOwhich has a redox
potential of 0.96 Mvs HE).[22] The reaction proceeds via a radical mechanism

in two stages. Firstly oxidation to nitrous acid, anent to nitric acid as shown in
Equation 4and5.[63]

4ANO + G + 2H,O A 4HNO,

Equation 4

2HNO, + O, A 2HNO;

Equation 5

However, it has been shown thaccumulation of HNQ@ on the surface of a
photocatalystn the presencef NO canlead to the undesirable formation of NO

which is toxic,as shown in Buation 6.
2HNO;+ NOA 3NO; + H,O

Equation 6

In orderfor the reaction to be usefuhe production of N@should be low and the
removal of NO high. This is why the difence between these two values, the

overall NQ, removal, of a photocatalyst is often quotfthe photogenerated

electrons react with oxygen to form superoxide radicajs Y@nd hydroperoxide

radicals (HQ@-) which also assists the oxidation of N&]

The popularity of the Ntest has led to the development of an ISO standard test
(number 221971). The lalwratory procedure involves irradiation of photocatalyst
material in a transparent, gaght transparent chamber. Humidified air (50%) and

NO (1000 ppb) gas are flown over the sample to an analyser which monitors the

33



Chapter One

concentration of NO and NOPrior to rradiation the air and NO are exposed to

the sample and usually a dease in NO is observed as itsatbs to the sample

and the walls of the reaction chamber. Once sbirfaces are saturated with
adsorbed NO, the level of detected NO returns to ithgal concentration
During irradiation of the samplehe levelsof NO and NQ are constantly
monitored. In the presence of an active photocatalyst the NO is oxidisddhe
concentration falls to a steady level within a matter of minutes. The conaantrat
should remain constant during the experiment and then rise to the initial
concentration once the light is switched off. On some occasions the concentration
of NO rises somewhat during the experimaihieto the HNQ blocking the active

surface site§64]

A schematic for the gas flow systems iswh in Figure 9.

"~

Figure 9 Schematc of NO, testing rig. Reproduced with permission from referencg63].

Figure 9 (1) shows the position of the lamp, (2) is the glass rcowetop of the
reaction chamber, (3) is the sample to be tested, (4) is the NO supply, (5) is the air
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supply, part of which is diverted through a Drechsel bottle (6). The mass flow
controllers for the gases are indicated by (7). The flow of the dry amditied

air is monitored and kept at 50% humidity. The gas analyser is in position (8).

Thedesign of a reaction chambersisown in Figure 10.

__.2 —

. OOy

A RO R A

Figure 10 Diagram of the reaction chamber used in NQtesting as viewed from the sle.
Reproduced with permission from referencd63].

In Figure 10the entry and exit points for the gas flow are marked by the arrows.
The glass cover is in position (1), (2) indicatée gas flow over the surface of a

sample (3), which is placemh a height adjustable stage (4).

Both Figures 9 and 16how the type of system used in subsequent chapters.
advantage of the NQtest method ighat activity of films on a nofransparent
substrate can be quantitatively assessed. However, it requires specialist, dedicated

equipment.

1.6 Summary

This chapter has introduced the applications and properties of an@ the
principles of CVD and th photocadlytic tests used in this warkhe next chapter
presents results of CVD coatings on several types of metal substrate. Functional

testing was carried out to demonstrate the utility of these coatings.
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CHAPTER TWO

TiO, DEPOSITIONS ON METAL
SUBSIRATES
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Chapter 2: TiO, deposition on metal substrates

Abstract

Much of the focus of Ti@thin flms hasconcentratedn depositions on glass.
This is largely due to the now commercial usseaf-cleaningglassproducts such

as ActiE , produced by Piington andBioclear® by SaintGobain. However an
understanding of the properties ®fO, films deposited on metals vital in
expanding the applications of TiOn new fields. This chapter investigates
depositions on several differemtetallic substratesvith a focus on understanding
the phase and resultant properties. The first section investigates the phasg of TiO
produced fromchemical vapoudeposition on various grades steel. Secondly
TiO; films on aluminium (kitchen) foidemonstrate the intet@sy property of
being total flexible whilst remaining adherent and crack free. The third section
wascarried out in collaboration with the group Bf. Peter Brett at the Eastman
Dental Institute to investigate th@opertiesof TiO, coated on an orthopdie
implant material, namely @rMo alloy. It is demonstrated that the LiCoating
gives improved and/orfaster osteogenidifferentiaton of human mesenchymal

stem cebi.e. trigger the pathway for the development of bone cells.
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2.1Intro duction

Some of the important applications of Bifllms have been discussed in section
1.1. The most successful commercial thin films prodaatrently, are coatings on
glass for selcleaning windowsand architectural glasd.eaders in the glass
industry offerproducts for commercial and domestic customers shehActiv
glass rangdrom Pilkingtorj65] and Bioclean from SainGobain[66] As such
much of the literature on Tidilms focusses on glass substradilst there has
been some interest in photocatalytic coatiran steel, thegotential of metal
substrates issomewhat underexpited. The work presented in thishapter
comprisa three studies using different metal substrates diftbrent applications

in mind. However it may be that unexpected uses come to light in the future. For
all three sectionsTiO, thin films are deposited bgtmospheric pressure chemical
vapour deposibn, a technique which is readily industrialised. The aim of this
work is to provide further insight into how the synthetic condgimfluence the
phase and properties of the films and provide proof of principle of some novel
applications.

2.1.1 SteeBubstrates

Whilst there is some interest to develop steel withdelining properties, there is
perhaps less demand than for ss#faning glass since dirt is legsible on a non
transparent substrate. Howevene area of interest is the potentiauseTiO; to
degrade atborne pollutants such as N@hotocatalytic coatings on architectural
stee] used in building in cities, where there are high levels of pollution from
traffic, could contribute to removal of harmful emissgdrom the air.The idea
that antibacterial properties of TiOcould be utilised on the surfaces of interior
fixtures such as taps, push plates on g@d bed rails in hospitails attractive
However the issue of limited UV light indoors would need to be considered.
Previaus work has shown T#Ocoating on steel are effective in killing
Escherichia colibacteria under UVA irradiatiofd5] A further use of TiQ on
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steel is in photodiodes. A photodiode could potentially offer a gmpbst
effective route to water splitting to provide hydrogen fuel. A schematic of a

photodiode ér water splitting is given in FigurEL.
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Figure 11 Schematic of photodiode reproduced with permission from referenci7].

Irradiation of the titania layer with light of energy equal to or greater than the
band gap, results in photoexcited electrons in the conduction barbl@sdn the
valence band. The electrons are able to travel through the steel substiredeyto

thin layer of platinumco-catalyst where reduction of protons takes place to
produce hydrogen gas. On the illuminated silde holes are able to oxidise water

for oxygenproduction. The spatial separation of the two reactions prevents the
back reaction taking place and therefore improves the efficiency of the process.
In a devicethe two chambers are separated although ion exchange can take place
via an ion conductingmembrane. Water splitting by this process offers many
advantages over photovoltaic (PV) and DSSC cells in that a hydrogen gas can be
stored until required unlike electricity produced from a PV which is only available
during dayight hours. It is also muchimpler and therefore cheaper, DSSC cells
can often be made of many layers and componesich is costly and often use

rare and expensive elements such as inditirhas been shown that steel is a

promising substrate comparemtitanium metal for hydrogeproduction.68]
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As has been outlined abgwhere is considerable motivatidar investigations
into TiO, on steel. It is vitally importanto understand how the syetic
parametersnfluencethe properties of the Tifilm that isformedin order to be

able to tailor the properties toparticular application

Rutile is the most thermodynamically stable form, hence higher temperatures
promote its formation. Therere&a many other variables which can have an
influence.Both steel and titanium metal have been reported to produce rutile thin
films by APCVD from ethyl acetate and Tigcat 600 °C[68] It has been shown,

for many CVD processes that the substrate plays an important role: for aerosol
assisted CVD with TTIP (titanium (1V) tetraisopropoxide) only rutile is formed on
steel and titanium, whereas for glass either anatase,aaasafrutile mixture or
rutile is formed depending on the tempera{®® It has also been demonstrated
with LPCVD that both substrate and temperature are phase determining
factors[70, 71] Hitchmanet al suggested that the crystalugtture and orientation

of the substrate will direct the growth of TLiGDther researchers working with
atmospheric pressure CVD have reported the importance of precursor
selection72] Sheelet al. investigated two systems TTIP and Ti@ith ethyl
acetate as the oxygen source. They obsewid TTIP that when the steel
substrate was heated to 4580 °C anatase was produced and at-650 °C a
mixture of anatase and rutile. With TiChnd ethyl acetate no growth below
550 °C was observed and only rutile between-650 °C. Sheeét al. noted that
anatase is observed with faster CVD growth rates. Toksr this as an
explanation for the TiGland ethyl acetate system producing only rutile since the
formation of TiQ requires the reaction of two molecules rather than the
intramolecular decomposition of just one molecale is the case for TTIP. They
also argue that this supports tiredings of Hitchmarj70] where rutile is formed
from titanium tetrabutoxide (TTB). The hydrolysis of TTB is slower that TTIP

due to the increased length of the alkyl chain, hence rutile is favoured.
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2.1.2Aluminium and Other Flexible Substrates

A semiconductor on aldxible substrate has been investigated by many
researchers. It offerthe possibility to form flexible congments of circuitry for
wearable electronics and pagee electronic displaysThin films of amorphous
TiO, on aluminium substratebave been inwigated for usein ReRAM
deviced.73] Aluminium foil is cheap and readily availabtence its selectiom

this study. It is also lighteight, corrosion resistant (particulartywater) and has
the ability to withstand high calcination temperatures either in servicerarg

themanufacture of a device.

Aluminium could be a more suitable support for titania thin films usedater
purification than glasgwhich is heavy amh na easily shaped) and ste@VHich

will corrode).

Aluminium can corrode in seawater due to attack from chloride ions, however a
TiO, coating has been shown to effectively inhibit this corrofiah Alloys of Al

are used in machinery and aerospaceshifer from poor tribologicalproperties

but rutile can increase wear resistanee seduce the friction coefficiefit5]

A flexible photocatalyst and/or antibacterial surface oiif@riguing possibilities
for application in fod and medical device packaging.

The shapdorming capbilities of foil with an adherent Tilayer mean that the
titania film could bedeposited whilst flat, possibipcorporated as part of a roll
to-roll process forthe manufacturing process of the aluminium foil and then
subsequently formed into a varietf products with the photocatalyst layer
already present.

Aluminium ions have been shown to diffuse in Ti@eposited on an aluminium
alloy (97.95 % Al) by sebel followed by annealing up to 53C.[76] Aluminium
was found throughout the 300 nm layer of titania at a maximum of 8%ater
report by Chen et alshowedthat the presence of aluminium gim a titaniasok
gel film was detrimental to photocatalytic actwitSamples with three dewer

dip-coated titania layers stved deactivation after repeated cycles of benzamide
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degradatiorj77] However samples with five omore layers, i.e. thicker coatings
did not deactivate. A sample with six layers showed less than 8@&é amount

of aluminium than in a sample with just one layer.

Yu et al also showed poer photocatalytic activitydegradation of acetonef
titania films formed by a reverse miscelle method on aluminium substrates
compared with quartz and stainless steel satesfi78 They observed the
presence of alumium ions in the titania films on the Al substrate and attributed
the poor photocatalytic activity to the aluminium ions acting as a charge

recombination centre.

In contrast, Mu et al. observed a higher rate of methyl orange degradation from
titania nanopdicles immobilised on porous aluminium foil compared to a glass
substratg79] They attribute this to the higher surface ared also suggest that
aluminium acts as a trap and prewstectronrhole recombination allowing
greater hole transfer across the interface. This report does not contain any analysis
of the composition of the Tis0 it is possible that there is no diffusiohAl into

the titania particles which are pfermed prior to deposition by spin coating of a

sol. The previously mentiad reports form the TiQ@in-situ on the aluminium at

high temperature which may allow the diffusion of Al ions into thanium

dioxide lattice

TiO, films with photocatalytic properties havieeen deposited on flexible
substrates such as polycarbor{®@ Flexible titanium substrates have been

investigated for use in solar ce]&l]

2.1.3 Cobalt Chromium Molybdenum Alloy Substrates

Our aging ppulaion has led to an increadn the number of joint replacements.

In the United States, hip replacements have been predicted to rise by 174%
between 2005 and 2030 and knee replacements to rise by 637% over the same
time period.82] The number of revision surgeries is also set to double by 2015

and 2026 for knee and hip implants resp@tyi. These revision surgeries are
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required after failure of an implant. One reason for the increase in frequency of
implant failure is due téengtheninglife spars which leads to patients cliving

their implants. When a failure does occur this usuallgquires a retrieval
operation and a new implant to be inserted, at considerable discomfort to the
patient and cost to the healthcare provi@s. This hasled to a interest in the

developmenbf new materialsvhich are more durable with longer service lifetime.

Titanium metalandits alloys arecurrently the materialof choice for othopaedic

and dental implantg84] Titaniumcombinescorrosion resistanogith low toxicity

and is also lighweight. However, studies of retrieved, failed implahts/e shown

that those made from CoCrMo alloys have far less wear than titanium, to the
extent that the use of titanium on amtetting surfaces is no longer recommended
for clinical us€.85] In addition to wear resistance, CoCrNso has superior

mechanical strength blacksthe biocompatibility of titanim based materials.

The success of an implant, in the short term, depends on its ability to fuse with
existing bonawithout triggering an immune respondeh e t er m fosseoi nt
is used to describe the anchorage or adhesion of the implant to tH8aG)amel
begins with the formation of bone cells on the surface followed by proliferation.
The surface chemistry of the implant should be well understood in order to
promote bone cell development, adhesion and grawtthe case of titanium sa

with manymetals mder normal condition§.e. exposed to aiti} forms a surface
oxide layer of TiQ. It is therefore this oxide layer which chemically interacts with
the body rather than the pure met8iven the known biocompatibility of
titanium[87], in this work it was hypothesised that by coating the CoCrMo with a
titanium dioxide layer, it could mimic the surface chemistry of titani@ther
attempts to modify the surfacef CoCrMo have been investigateihcluding
diamondlike coatingd,88] acid etching89] titanium nitride coatind®0] and
nanoscale topograpli9l] but have either beetargdy unsuccessful orare
unlikely to be commercibl viable due to scalap issus. Solgel titania coatings
have also been investigated for improved cytocompatibility due to the reduced

metal ion releasp9?2]
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The work presented herés the first study using CVD to coat CoCrMand
invedigate the osteogenic differentiation of human mesenchymal stem aells

this substrate

2.2 Experimental

Atmospheric pressure CVD was used to deposit thin films of Bi®© various
metal substrates. The details of the CVD teaare given in sectiod.4. The
precursors used were titanium tetrachlofi@@.9% ReagentPlughd ethyl acetate
(laboratory reagent grade)btained from Sigma Aldrich an#isher Scientific
respectively and used without further purification. The steel and titanium
substrates were obtained from Goodfellow. The aluminium(kdgithen foil) was
purchased at Sainsbdsyandthe CoCrMo alloy discs were kindly supplied by
Corin Ltd (Cirencester, UK)The steel was supplied as 25 mm xi@% x 0.1 mm
coupons. The aluminium foil was cut into squares of 25 mm x 25 mm and the
thickness was measured with a micrometer to be appréeiyr@01 mm. For all
depositiors, the metal substrates were placed upon a sheet of glass with a barrier
layer of SiQ (supplied by Pilkington)acting as a tray and also prevent
deposition of TiQ directly onto the carbon block. Once the target tempegat
was reached, the system was left for a minimum of 45 minutes to equilidrate.
top plate was used for the deposition on steel but not on aluminium or CoCrMo

discs.

Gold coating was achieved by sputtermgold target (ont@16 grade steel and

titanium meta) for 4 minutes at 35mA using an Emscope SC500 sputter coater

Raman spectroscopy was carried out using either a Renishaw inVia spectrometer
with a 514 nm laser or Renishd®amascopeapectrometer with a 633 nm laser.
Where necessarythe percentag of anatase and rutile was determined by a
previously reported methotlo deconvolutetwo selected rutile and anatase
peakq 93] This calibration method involved mixing commercial powders of pure

anatase and pure rutile in a range of-gegermined ratios and measuring the
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Raman pattern of eacsample. From each pattern, the area of the rutile Alg (609
cm?) and the anatase Eg (637 thpeaks were calculated, chosen for their strong
intensity and well defined shape over the region analysed. Since these peaks had
partial overlap, CasaxXPS softeeawas used to deconvolute and give areas for
each peak. The percentage ratio of the anatase peak area to the rutile peak area
was calculated for each standard. A plot of anatase phase percentage vs. anatase
peak ratio percentage yielded an almost line&ationship that plateaued at high
concentrations. The data besttdtt a slowly decaying exponential function,
descibed as y = Al*expk/tl) + yO where Al= -160.203, t1= 97.772, y0=

157.464, y= anatase area percentage ratio ardchgtual anatase peentage.

XRD analysis was carried out usimgther Bruker D8Discover diffractometer
with a 2D GADDS detectoor a BrukerD8 Discover diffractometer with a 1D

LynxeyedetectorIn both casemonochromate€ u K U1 wasased c e

SEM images were obtained froeithera JEOL 6103EG (field emission gun)
scanning electron microscope or JEOL JSM6700F FEG smning electron
microscopewithout any conductive coating on the sample surface.

XPS analysis was perfmed using &hermo Scientific KAlpha surface analysis

system with anAl KU source and dual beam charge compensation system. A
constant pass energy of 50 eV was used ambasizeanalysis area of 400m in

diameter Where necessargputtering was usetb remove surface material by
bombardment with argoions. Analysis of XPS data was carried out withermo
Avantage software wusi ng fHeeharfescammant 6 back
was performed by shifting theeak position of adventitious carbosith 2848 eV

and applying the same shift to all other speatmrded for that sample

UV-vis reflectancibsorptionspectrawere recordedusing either a@erkinElmer
Lambda 950 spectrometer or a Filmetrie20 thin film analysernnstrument.
Thickness caulatiors were performed using th&wanepoelmethod[94] This
method analysethe maxima and minima in the reflectance patterdetermine

the thickness of titania films.
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For the resazurindye degradationtest the formulation used was 0.0z of
resazurin, 0.4 of HEC (2hydroxyethyl cellulose) an8 g of glycerol made up to

40 ml with deionised (DI) waterThe resazurin dyésodiumsalf), HEC (typical

M, = 90,000) and glycerol (99.5%yere allobtained from Sigma AldrichThe

ink was sprayed onto the steel samples using an aerosol spray gun (SIP Emerald
Spray Gun)lIn the case of the aluminium substrates, 100 uL (measured using a
micropipette) of Rz ink was deposited onto each sample and spueading the

end of the pipette tip. A 365 nm lan(ilber-Lourmat 2 x 8N bulbs) was used to
irradiatethe sampleThe samples were pigadiated with 254m lightfor 1 hour

prior to ink deposition.

The contact angles were determineging an FTA1000nstrument with FTA32
software to determintne droplet shapand contact angléhe drop volume was 5
puL DI water and a dispense rate of 2 pL/s. The sampkeirradiated with 254 nm
light for one hour prior to the contact angle measurement.

The NQ testng was carried out using equipment described in settmB which
was built in house at Que@University Belfast. The gas analyser wasknviro
Technology Services PLC T200 Chemiluminescence NQ/NQ Analyser The
concentration of NO and NQvererecorded once per minute for the duration of
the experiment. The N@as(48.3 ppm NO, 48.9 ppm total NOn N,) was
supplied by BOCThe irradiation source was a 382 lampwith BLB bulbs
(Sankyo Denki) The irradiance at the height of the sample was anedsas 2
mW/cm?. The samples werpre-irradiated with 352 nm lamp for 15 hours ia

50% humidity air flow

The functional testing of the coatings of the CoCrMo alloys were caotietly
collaborators, specifically cell testing was carried out by Nialgdroof the
Eastman Dental Institute. The detailed experimental procedure was supplied by

the collaboratorand is given for reference in Appendix@
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2.3 Resultsand Discussion

2.3.1 Study of the phase and other properties of TiDproduced on various
grades of steel and other metal substrates

Four different grades of steel were studied SS304, SS304L, SS316 and SS316L.

The 304 grade steel contains 18% nickel and 10% chromium, 316 grade steel
contains 18% nickell0% chromium and 3% molybdenum. Thele&tr O L& denot
|l ow carbon <content, a maxi mum of 0. 03%
maximum of 0.08% carbg®5] Onto each of the four steels, a thin film of FiO

was deposited by the decompositionTa€l, and ethyl acetate at 500 °C with

mass flow rates of 3 x and 5 x 1G mol/min, respectively. The mass flow

rates are calculated following a procedure reported elsejd@ré&he flow rates

and grade of steel were varied in the experiments whilst all other experimental
variables, including deposition temperature (5Q) and deposition time (fnin

15 s), plain line flow rateg 6.95 L/min total of nitrogenwere kept constanf

second set of films on each type of st@ele producedvith low mass flow rates

of 1.5 x 10° and 2.5 x 18 mol/min for TiCl, and ethyl acete respectively. For

each deposition, four coupons of identical steel were placed in the reactor.
Titanium metal, gold coated titanium metal and gold coated 316 grade steel were

also used as substrates. As before, the, W&s deposited by the decompositio

of TiCl, and ethyl acetate at 500 °C with mass flow rates of 3%ah@l 5 x 16

mol/min, respectivelyA photograph of a typical welldheredcoating is shown in

Figure 12
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Figure 12 TiO, coating on steel substrates.

2.3.11 Raman and Thickness Analysis

Each coupon was characterised by Rarsp@ctroscopyand where possible by
UV-vis reflectance in order to determine the thickness by using the Swanepoel
method of counting interference fringegl] Raman spectra were recorded at
three arbitrary points on each coupon to identify the phase ofpr&3ent and the
percentage of each phastehas beershown previously that the relative intensities

of anatase to rutile cabe utilised as an accurate method to determine relative
phasesas discussed in the experimental secB@®{93] Raman spectra are given

in Figure 13 of a) a high percentage anatase (97%) b) low anatase content (40%).
Spectrum a) consfrom a samplgroduced using the set of hidglow rates on

316L steel andhe sample whose spectrum is shown in b) was prodatsa
using the high set of flow rateBut with 316 steel Theseare chosenas

representativepectraof high and low anatase content.
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Figure 13Raman spetra Top: 97% anatase Bottom: 40% anatase. A indicates anatase
peaks and R for rutile peaks

In some areas the Raman spectrum did not show (i@ likely that some TiQ

is present but it is too thin to be observed by this method) but instead oxides

formed on the surface of the steel, predominantly hembkFe,0s.[97] However

it is possible that there are other oxides present e.g. chromium oxides which are

difficult to interpret given the strength of the hematite spectrum. In all other cases

the remaining percentage can be assumed to be rutile. The median value for

anatase percentages from each steel for both sets of flowaratggsesented in

Table 1.
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304L 304 316L 316
A % T nm A % T nm A % T nm A % T nm
(range) (range) (range) (range)
1540
High | g7 767 95 - 96  (1478- 79 825
flow
rate 1602)
141 1020 211
Low | g8 (110 | 82 : 94 (1062 | 73 (124
flow
rate 172) 977) 262)

Table 1 A = Anatase percentage and = thickness measurements for the different grades of
steel deposieéd from TiCl, and ethyl acetate at flow rates of 3 x I®and 5 x 10° mol/min,
respectively and secondly using flow rates of 1610° and 2.5 x 10° mol/min. All depositions
were carried out at 500°C. The range of thicknesses for each deposition isvgin in brackets.
Where no range is given this is because only one measurement was obtained.

Average values are reported here since on some samples there was a difference in
the phase percentage over the area of one coloorevery type of steel there

were areas which showed a minimumaiPs anataseOn two samples, 316 high

flow rate and 316L low flow rate, there was one area on one coupon which had
less than 50% anatase, 42% and 40% respectively. However on the same coupons
high anatase content (87% a®6%) were also observed in different areas.
This variation in phase isot unusual for these systems and has been previously
reported98] and is likelyto be caused bgmall variations in temperature and
precursor concentration due to depletion of reactants across the reactandone
also the increase in precursor temperature as it moves across the idaotor

other works in this area assggha phasebased on one analysis point only but

theseobservations highlight the importance of multiple analysis points.

The UV-vis reflectance spectrum was recorded for each sample in order to
establish the thickness tfe TiG; film using theSwanepoel method ohalysing
interference fringg94]. A representative UWis reflectancespectrum for TiQ
deposited on 316L steel from TiGind ethyl acetate using flow rates of 1.5 £10
mol/min and 2.5 x 1® ma/min respectively, is shown inigure 14. This was
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used to calculate a thickness of 1062 nm, however the average value for the

coupons in the set is shown iafle 1
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Figure 14 A representative UV-vis spectrum of a film depositel on 316L from TiCl, and
ethyl acetate using flow rates of 1.5 x TOmol/min and 2.5 x 106°> mol/min respectively.

For films depaited on 304 steel at the hight of flow ratesit was not possible to
obtain a U\vis spectrum as the film had cracked gadtially delaminated from

the steel, primarily due to the film being ttluick to withstand the change in
thermal expansion during the heating beford aooling after the CVD process

This has been observed in the past for film thicknesses in exce68®hin so

the thickness of these particular films can be estimatée smmewhere close to

this value. The films deposited on 304 steel at low flow rates were too thin to be
analysed by UWis. This generally occurs for films thinner than 100 nm hence
we may assume the thickness of these films to be under 100 nm. The variation in
film thickness across any one coupon is estimated to be around 10% based on the
colour of the interference fringes. Although it is possible to make thinner or
thicker films in orer to obtain thickness measurements, this would have required
alteration of the flow rate meaning that comparisons with the other samples would
not have been validlhe analysis techniques employed here mean that it is not
possible toconfidently correlatethe thickness with phase since the analysis area
for the thickness measurements is much larger than the analysis area for Raman

(i.e centimetres vs micrometers) so the thickness is averaged over a large area
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which mayhave different phases within it. Hower it is noted that both a thick
(1602 nm) and one of the thinnest films (262 nm) have greater than 81% anatase
in every aredested. A possible approach for a future study into variation of phase

with thickness is suggested in Chapter 5.

The data preséed in Table 1 may suggest that there are differences in deposition
rate on the different steels, however there issadficientthickness data to arrive

at this conclusion asne would require thickness data from samples with identical
reaction conditios (i.e. identical points in the reactor) which is not available.
Additionally missing data (from samples either too thin or too thick, as mentioned

above) could alter the average.

The vast majority of the coupons have predominantly anatase phagewlti®

many which are almost the pure phase. There appears to be no direct correlation
with the percentage of anatase observed and the different types of steel,
suggesting that this method is suitable for depositing anatase on a range of
substrates. This wouldlew tailoring of the properties of the steel, varying the
composition i.e. grade to suit a particular application and retain the ability to
deposit a photocatalytically active film. These results contrast with the findings
reported by Sheadt al.who remrted no growth of Ti@below 550 °C with TiC)

and ethyl acetate on 304L grade steel, and only rutile at higher temperatures.
Sheeldoes not report the use of a top plate above the substrate, hence the reactor
volume would in effect be much largerleadinpp a &édi |l uti ond of
Additionally the total flow used by Sheel is higher (11 L/min) compared to this
work (8.25 L/min) which would also have the effect of diluting the precursors.

Thisis a possible factor whiatould lead to a slower reaoti promoting rutile.

Previous work suggests that 304 and 316 steels that have been heated up to
450 °C form an oxide layer composed of an iron oxide rich outer layer and a
chromium oxide rich inner layg®9] For steel containing Mo (304), it was shown

that Mo was only found in the inner oxide ragidhis may explain why there is

little correlation with the grade of steel and the phase 0$.TiO

Where titanium metal, gold coated titanium metal and gold coated 316 steel were

used as the substrateredominantly anatase films were also observed. These
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films were deposited using the higlet of flow rates. Representative Raman

spectraof each substrate is shown iig&re 15.
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Figure 15 Raman spectra of a) TiQ on titanium metal b) TiO, on gold coated stainless steel
and ¢) TiO, on gold coated titanium metal

This demonstrates that there is no substrate selective phase deposition under these
conditions. Even on titanium metal coupons where the phase native surface layer
of TiO, may have been expected to exert a structiratting on the phase of the

deposited TiQ, no differences were observed.
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2.3.1.2Scanning Electron Microscopy

Scanning electron microscopy was used to image the morphology of the TiO
films formed by CVD. A sample (316L steel with low set of flowestwas
chosen which had areas of both high (96%) and low (40%) anatase composition
(as identified by Raman analysis). Regentative images are shown igufe 16.
Images were recorded at three different magnifications ( x 60,000, x 35,000 and x
11,000)at both areas; those from the higher rutile area are in the left column and

those with a greater proportion of anatase are in the right hand column.

\ N o
J D g (

Figure 16 SEM images at three different magnifications of areas A an® were recorded at
magnification at x 60,000, B and E are at x 35,000 and C and F are at x 11,000. A, B and C
are at the area oflow anatasecontent and D, E and F are at high anatase content.
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There is a marked difference in particle size; the partialepredominantly
anatase areas are significantly smaller than the particles in predominantly rutile
areas. It can be clearly seen in image A and also in image B that there are also
smaller particles present, which could account for the ca. 40% which asanat
smaller particle size correlates with faster nucleation. Previous findings seajgest
anatase growth is fastgfZ] However from the data presented héres suggestd

that it is specifically anatase nucleation that is faster and thus there are more
nucleation sites, yet when rutile does nucleate the growth of the crystallite itself is
faster hence we see many small anatase particles and fewer but larger rutile
particles. Furthermore previous work by APCVD on glass showed identical
crystal habits and sizes for the large rutile and smaller anatase particles as seen
here for the steel depositi®f®8] The blocky or rodike morphology often
observed for rutile has previously been attributed to the presengsaiedy axes

along thec axis in rutilewhich promotes growth in this directly and leading to a
morphology dominated by the 110 fa¢&80

SEM images were recorded for all other sampfesepresentative image for each

type of samples shown in igure 17.
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Figure 17 SEM images of TiQ films on different substrates G, I, K,M, N, O, P are all at
high flow rates. H, J andL are at low flow rates. G and H are on 304L steel. | and J are on
304 steel. K is on 316L steel. L and M aren 316 steel. N is on Ti metal. Gsion gold coated

Ti metal and P is on gold coated 316 steel.

As can be seen from Figure,lfiere are a range of morphologies observed for
fil ms consisting of hi gh an a troaurded, [
particles and rods. It isalso observed again, that for lower anatase sanfpées

one of two aforementioned samples with low, in this case, 42% ana&a6éejteel

with high flow rates, imageL also has a mixtureof the rutilelike blocky
structures with weltlefined edges and sharp poiats well as smaller (anatase)
particles Also of note is that the gold coated substrates appeared to give large
more defined crystalligg showing there is some substrate selective morphplogy
however it is difficult to defie all of the contributing factoisuch as variation in
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thickness These differences in morphology may lead to differences in

photocatalytic activity.

2.3.1.3X-ray Diffraction

X-ray diffraction was used to analyse each film, in approximately the centre o
each coupon. Whilst it is possible to use the ratio of anatase peaks to rutile peaks
to calculate the percentage anatase from XRD data for powders, it is significantly
more difficult to do this with thin films due to preferred orientation effects. Eigur

18 shows an XRD pattern of a film on steel which was shown by Raman to have
relatively low anatase content (ca 60%). This specific sample was produced on

316 steel at the lower set of flow rates.
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Figure 18 Steel with titania film. 'A" indicates anatase reflections, 'R’ indicates rutile
reflections and "*' are peaks due to the steel substrate.

The peaks are annotated to show whether they originate from anatase, rutile or the
steel substrate. The broad background signal is dtieetibuorescencdrom the

iron in the underlying steel as shown ifgire 19 for a 316 steel sample heated to

500 °C in the CVD reactor. This XRD pattern is representative of all the other
types of steel which had also been heated to 500 °C.
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Figure 19 XRD pattern of steel heated to 500 °C

2.3.1.4Photocatalytic activity

Four samples with steel substrates were selected for photocatalytic testing, two
with high anatase contef816L steel deposited with high flow ratesd two

with lower anatase conte(®@16 steel deposited with low flow rateg) resazurin

based dye was spray coated onto the selected samples]l gisce of Saint
Gobain Bioclearand untreated glass. Degradation of the dye is indicated by a
colour change fronblue to pink and then to colourless. All four samples on steel
degraded the dye significantly fastémran the Saint Gobain Biocleatandard

which took several hours longer to totally remove all colour from the dye and
untreated glass which did not showyathange from the initial blue colour. Two
samples which had 95% anatase degraded the dye from blue to pink in under 7
mins on average. The lower anatase content samples (67% and 71%) took around
4 mins to become pink. The change to colourless is mugbesland hence more
difficult to observe although it is possible to say that both high anatase content
samples were completely colourless aftemiris. The samples of 67% and 71%
anatase required 51 and s respectively to become colourless. Unexpdgted

the higher rutile content sample degraded the dye approximately twice as fast as
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the high anatase content samples. Whilst high anatase content would suggest
higher photocatalytic activity, the high rutile samples were thifither two high
anatase cdent films were 1478 nm and 1602 nm and the higher rutile content
samples were 246mnmand 212 nm)These results may suggest that anatase and
rutile are working together synergistically or that there are benefits from having a
thinner film which outweigh lgh anatase conterit. has previously been shown
thatthicknesscan affect photocatalytic activif7] It is also likely that difference

in morphology and theefore surface arasould alsoaffect photocatalytic activity.

The ability to degrade organic material such as pollutants is a useful property for
steel to possess particularly in construction industries for use asuibditerials

and for vehicles.

2.3.1.5Photoinduced Superhydrophilicity

As a further confirmation of photoreactivity, contact angles for samples which had
been stored in the dark and samples which had been irradiated for 1 hour under
254nm light were measured. For dipositions orsteel substratethe irradiation
caused superhydrophilicity i.e. the contact angle wasthess5. Samples which

had not been irradiated had contactlasganging between 30° and°83he
samples which had higher contact angles were noticed to be thitssome
delamination and did not correlate with the type of steel used as the substrate.
Greater roughness is known to give more hydrophobic chardméamination
typically occurred with thicker films which may have had a rougher morphology
leading to e higher contact angleBhotoinduced superhydrophilicity, PSH has
been shown to improve seaifeaning properties since impurities can be more
easily washed away. Along with the photocatalytic degradation of organic

material, TiQ is an excellent candidafor selfcleaning surfaces.
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2.3.1.6 Immary

It has been shown that high anatase content films may be produced fram TiCl
and ethyl acetate at 50@ by APCVD on 304, 304L, 316, 316L grade steel,
titanium metal, titanium metal coated with gold and ale®| (316 grade) coated

with gold. We have demonstrated that under these conditions there is no substrate
selective phase depositiogiven that both anatase and rutile have been observed
on the same substrafehis variation across a substrate is mi&ly due to small
variation in reaction conditian at different points within theeactor due to
changes in temperature and chemical depletion of the precuts@rsuggested

that the reason for this contrast to previous literat(nnich reported thaonly

rutile could formon stainless steel substratiesm ethyl acetate and Tiglis
related to the flow dynamics of the individual reaction chamber. Predominantly
anatase phase is produdadhe vast majority of areaggardless of the grade of
steel sed as the substrate. These materials show promise for a range of
applications including selfleaning surfaces, water and air purification systems

and watersplitting, based on the positive results of photocatalytic testing.

2.3.2TiO5 on flexible aluminium film

Titanium dioxide thin films were deposited onto squares (25 mm x 25 mm) of
household aluminium foil using standard conditions of APCVD. Numerous
samples were made and those which illustrate the important trends are discussed
below. Delaminatiomf the film from an aluminium substrate was never observed,
unlike steel which is onlyfully adherent within a narrow range of carefully
selected deposition parameters. Sampéstitania on aluminium foil were
revisited after three years of storage imd&xd laboratory conditions with no loss

of quality or adhesion. This, again, is in contrast to steel, which slowly oxidises
over time (presumably through small scale cracks in the film) and can lead to

gradual delamination of the titania film.
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2.3.2.1Flexibility

The depositions on aluminium foil were carried out without a tog ptabrder to
monitor the statef the foil through heating and cting. Throughout the heating,
equlibration (minimum of 45 mis at target temperaturef 500 °C) and
deposition stages, the aluminium foil remained flat however after the deposition
and the carbon block was switched off the foil began to curl up. In areas with a
thin film of TiO, this was just curling slightly from the edgéfowever in areas of
thicker film, thefoil curled up so much so that it foada tight coied tube Upon
reaching room temperature, the samples could be removed from the reactor and
uncurled to be flat without any cracking or delamination of theTii{n.

Photographsef a typical film are Bown in Fgure 20.

Figure 20 Titania on aluminium foil (25 mm x 25 mm)coiledinto a tube a) top down view b)
side view and c) uncurled and flattened

In Figure 20c it is also possible to see the coloured interference fringdiseof
TiO, thin film. The flexibility of these films is a rather unusual property since
flexing of the substrate wddiusually result in cracking, flaking and delamination
of the titania film.Deposition of a moderately thkidilm on steel usually leads to
delamination orcooling due to different expansion rates of the titanium dioxide

and the foil This can be preventedtleer by having a thinner film and also by
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slow cooling of the carbon block, howeyehis is not necessary when the
substrate is aluminim foil. Even with a deposition time of five minutes the same

is observed. To invegfate the robustness of the filamsample was weighed using

a four decimal place balance and then bent, folded and rolled into a small ball and
then uncurled and flattenexhd weighed again. This procedure was repeated ten
times with no loss of mass, indicating that the filmnst flaking off or
delaminating. This is also evident by visual inspection. In fact the robustness of
the sample is only limited by the fragility die foil itself and its tendency to rip

or tear if not handled with care. It was hypothesised that the superior adhesion of
the titanium dioxide to the aluminium substrate may be due to improved
interaction of thetwo oxide materials, given that the sudacf the aluminium

substrate will be the oxide rather than metallic aluminium.

To further investigate the conditions which lead to flexible ;Jiry thin steel
coupons were purchased with a similar thickness to the aluminium foil, 0.01 mm.
This also lé to flexible TiGQ which again, could be bent folded and rdllep
without any delamination dtaking of the film. This would suggest the identity of
the meal is not important but that may be the thinness and foil nature of the
substrate which givesi¢ superior adhesion since, as previously meatiosteel
substrates that are thicker i.e. 0.1 mm do have a tendency to delaminate if cooled
to quickly or if the titania film is too thick. The thinness of the substrate may
allow greater deformation duringooling (i.e. curling up) which matches the
contraction of the titania during cooling resulting in less stress in the film. The
thicker substrate may not be able to deform to the sxtent due to its own

weight.

A typical film was chosen for etailed claracterisationyeferred to assample
TiO2-Al. Thisfilm was deposited by the decomposition of Ti@hd ethyl acetate
with mass flow rates of 3 x T0and 5 x 1G mol/min, respectively6.95 L/min
total of nitrogenat 500 °C for a deposition time of ghinutes.
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2.3.2.2Thickness measurement

Thethickness of the film was calculated as 615 nm, using the Swanepoel method.
Due to difficulties in obtaining UWis spectra because of the reflectivity of the
sample and not being flat, only one thickness suezment was possible,

therdore it is difficult to assess the variation in thickness across a sample.

2.3.2.3Raman Spectroscopy

SampleTiO,-Al, was determined by Raman spectroscopy to be purely anatase

phaseas shown in Figure 21.
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Figure 21 Raman spectrum oftitanium dioxide on aluminium foil, TiO,-Al.

The spectrum in Figure Zhows peaks consistent with those reported for anatase
in the literaturg101] No evidence of any other phase can be s&hr.sample

was analysed at several points and anataseconsistently present in all areas
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tested.The TiG, on thin steel was also shown to be anatabe. anatase phase
observed correlates with the findings presented in se2ti®i and adds further
evidence to support the idea that the depositiarditions are more important

thanthe nature of the substrate surface in determining crystalline phase.

2.3.24 X-ray Diffraction

The X-ray diffraction pattern for samplEO,-Al is shown inFigure 22
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Figure 22 XRD data for sampleTiO ,-Al, * indicates substrate peaks.

The peaks at 25:338.5, 48.F and 55.2 2U at can be mahed to areference
anatase XRD pattern (ICSD 44882). The peaks at°4dnd 65.1 2U (as
i ndi c at eah bebagsigred tdé the aluminium substrate (I6800Q. This
confirms the phase assignment from Raman data and also shotvsenghase is

present.
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2.3.25 Scanning Electron Microscopy

The morphology of the surface was investigated by SEMpiaalyimage is given

in Figure 23
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Figure 23 SEM images ofsample TiO--Al.

These images show pargsl with a size othe orderof 200 nm. This is similar to
some of theanatse films deposited on steel that are detailed in se@i8ri
These images also shawat there areno cracks in the film at a micron level,
although crack could occasionally be found when moving the etattbeam

65



Chapter Two

around the sampléhat were typically many millimetres apart and measuring
approximately 100 nm in widthThis demonstrates that the film is well adhered at

the submicron level.

2.3.26 X-Ray Photoelectron Spectroscopy

Analysis using XPS wasacied out in order to determine #luminium was
present in the titania film. Depth profiling was used to ascertain if aluminium was
present tideeper levels within the film.e. not just the surfacé high resolution
scan of the energy region where B2 signal would be expected at the deepest

level of the deptlprofile (level 9) is shown in Figure 24
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Figure 24 XPS aluminium 2p scan for sampleTiO ,-Al (top) and uncoated aluminium foil
(bottom).

The data above shows thiereis no peak for aluminiunior sample TiG-Al,
above the detection limit of XPS (approximately 0.%ifg)cating that aluminium
ions have not diffused into the Ti@m at this level, however it is not possible to

rule out that there may be Alnearerthe interface with the substraf&he data for

uncoated aluminium foil, with a clear peak, is also shown for comparison.

Diffusion of metal ions into CVD films is a known phenomen@02 however
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here thickness(they report 156 nm) may be influenti#revious studies have
shown that the presence of'Alons in titania are detrimental to the photocatalytic
activity. The absence of aluminium near the surface of thipgasuggestthat it

Is a promising candidafer an active photocatalyst.

2.3.27 Resazurin Ink Test

As a preliminary, qualitative tesof photocatalytic activityresazurinink was
depasited on the surface of sam@léd,-Al, on a piece of uncoateduahinium as
a blank and also a piece d?ilkington Activ glass for comparison of
photocatalytic efficacy. Pilkington Activ glass has a thin layer of
photocatalytically active crystallin€iO, and hadeen suggested indHiterature
as a suitablereferencefor photocatalytic filmg103 The samples wer pre
irradiated with 254 nm light to clean the surface before ink deposilibe.
photographs in ilgure 25 kow the colour of the resazurink immediately after
deposition,after 15 minutesirradiation with 365 nm lightand after two hours

irradiation
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Figure 25 Resazurin ink on TiO,-Al (left), uncoated aluminium foil (centre) and Activ glass
(right) prior to irradiation (top), after 15 mins irradiation (middle) and 2 hours irradiation
(bottom).

The ink was left to dry foover 1 hour after deposition tmthe surfaces without

any UV irradiation, i.e. a dark test. No colour change was obseneardlaft time
indicatingthat there ar¢here were no reactive surface species present due to the
pre-irradiation with 254 nm lightThe centralimages clearly illustrate that the ink
does not spread well on the uncoated foil substrate due to the hydrophobic nature
of the surface. This means that the ink on the uncoated foil is much thicker than
on the Activ glass. The coverage on th@lis, as expected, somewhat improyved
however because the sample is not perfectly flat, small wells of ink were formed
in the creases on the foil. The coloured interference fringes of thetfirOfilms

69



Chapter Two

also add an additional challenge to monitoring eolour change. Despite this

was still possible to observe the transition from blue to pink of the ink on sample
TiO,-Al. After 15 mins, the ink on Activ glass has begun to change colour at the
edges where the ink is thinnest. There is also an olidergalour change on the
TiO, coated foil. Although it is more clearly seen by eye than photography,
inspection of the area circled in red does show pinkish coloured when compared
to the corresponding image abowifter two hours the pink colour is easily
discernable on the photograph. Bleaching of the resorufin is seen on the Activ
glass buthe colourless, transparent fili; almost impossible to see on the TiO
coated foil. Cruciallythere is no colour change on the uncoated aluminium foll,
even in thehree small spots of thinner ink. This demonstrates that the reduction
of the dye is not possible without the photocatalytic action ob.TiDe rate of
reduction for the Ti@Qcoated foil is comparable with the Activ glass although this
test does not allovior precise evaluation. This is an interesting result as one may
have expected diffusion of aluminium ions into the Ja&@dhence the destruction

of its photocatalytic propertieg\lithough the comparison of activity to the Activ
glass must be treated tWicaution since the ink deposition is not reproducible or
well controlled,this purely qualitative test provides evidence that the, Tiated
aluminium is indeed photocatalytically active and that the rate is competitive with

that of Activ and thus worthof further investigation.

2.3.28 NOy Test

A secondmore quantitative photocatalytic test was used, #strdction of NQ
gas For this atitania thin film sample of 10 cm x 5 cran aluminium foilwas
produced and a modifiel$O standard test was penmed and compared to the
results obtained witta 10 cm x 5 cm piece of uncoated aluminidail. The

results are shown in Figure.26
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Figure 26 Change in NO concentration during irradiation of TiO, coated aluminium foil
(top) and uncoated aluminium foil (bottom).

It is clear to see that there is a slight decrease in the concentration of NO when the
sampleof TiO, coated aluminium foils illuminated. When the light is switched

off the concentration of NO returns to the samellegeprior to irradiation of the
sample However this level of response is very small when compared to an
industry standard titania thin film on glass, i.e. Pilkington Aciike percentage

of NO removal was calculated to be 1.24%, 19.20% and 0.27% fartahea
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coated aluminium, Activ glass and uncoated foil respectivalyis large
difference in activity between thitania coated aluminium and the Activ is in
contrast vith the Rz ink testwhich showedcomparable activityOne possible
reason could benhat different samples were used in the,N@d ink test which

may have had some differiggoperty that was not measureoweverthey were

both pure anatase phase as determined by Raman and deposited with similar
synthetic parameters. The two tests woykabdifferent mechanism, for the ink

test the process is a reductiomowever for NQ the process is oxidative.
Therefore the poorer comparative performance of the titania coated foil in the

NOy test may suggest it has fewer oxidising species on its surfac

Nonetheless in both tests, the titania coated foil showed a response to the
irradiation indicating that it is photocatalytically active and the presence of the
aluminium substrate is not prohibitive to use in s#faning and pollution
managementappications. The combination of these two tesfwovide an
encouraging starting poinbut a more sensitive, quantitative test methsd
requiredin order to identify optimised propertieand thus deposition parameters

to generate highly active films.

2.32.9 Summary

It has been demonstrated that aluminium is a suitable substrate for titania CVD
films. The titania coating is well adhered even after repeated bending and folding.
XPS analysis has shown that aluminium ions hasediffused into the coating.
Preliminary tests have shown that these films are photocatalytically athee.
prospect of a flexible, lightweight and robust photocatalyst would be attractive to
the construction, healthcare and packaging industries. The ability to curl up this
material in the same manner as kitchen aluminium ¥aiuld be conveient for

storage and transport.
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2.3.3 TiO, coatings for biomedical implants

It was found that using similar deposition conditions for the APCVD of, bi®

stee| led to well adhered films onhé¢ CoCrMo alloy, which displayed the
characteristicoloured interference fringeSimilarly to steel, it was observed that
titania films over a critical thicknesked to flakiness and delamination from the
substrateNaturally, it becene difficult to meagre the thickness of a film which

had delaminated but the thickest film that was measured and not delaminated was
1380 nm.The films could not be removed by scratching with a stpatula but
couldbemarkedby a diamond pen.

Typically between 20 and 30sds were coated in each deposition in rows of four.
Optimum deposition conditions were identified by feedkb&rom collaborators
which gavehighly activesamples. The data for one particular batith 22 discs
that was identiftd as activewas charactésed n detail. This film was deposited
by the decomposition of Tigknd ethyl acetate with mass flow rates8of 10°
and5 x 10° mol/min, respectively4.6 L/min total of nitrogenat 500 °G for a
deposition time of 45 seconds he data for these 2discs are preséed in the

subsequent sections and are denoted as sampleCoiCrMo.

2.3.3.1 Thickness

Using theoptimumeconditions an investigation into the thickness and variation in
thickness was carried out. It was shown using a deposition fide seonds the
averageapproximatethickness wa$50 nm but with a range from 316 nm up to

830nm, as shown ifrigure 27.
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Figure 27 Thickness in nm for each disc, displayed as arranged within the reactor.

In general the cerdl two rows (with respect to the direction of gas flow) had the
thickest films, with thinner films nearer the walls of the reactor, likely due to
slightly cooler substrate near the (cold) walls of the reactor. Also there was a
general decrease in thickndssvards the back of the reactor, presumable due to
precursor depletion. One exception to this trend is thatfrdre mostrow is
slightly thinner than the second row which may be due to the precursors becoming
hotter as they enter the reactor zone. Thes®ls have previously been observed
for horizontal, coldwall CVD reactor§104These values were derived by
measuring the UWis speatum on a Filmetrics instrumeahd analysing the data

using the anepoel method

2.3.3.2 Raman Spectroscopy

A phase study was conducted, analysing the centre of every disc using Raman

spectroscopy. It was found that in the vast majority of cases the phase was pure
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anatase however angll amount of brookite was observiadone or two positions

Two representative spectra are given in FiguBe 2
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Figure 28 Raman spectra of pure titania coatings on CoCrMo discs.

The black trace shows pure anatgis®l] whereas the additional peaks in the 200

390 cmi’ region of the red trace indicate the presence of brofikitg. The
formation of brookite $ covered n detail in Chapter 4 There was little
consistency between runs regarding where on the substrate the brookite was
observed. On one occasjdawo discs from the front row showed some brookite
yet a further deposition, with the same parameters, brookiteatmn was
observed on two discs in the last row nearest to the exhawsts found that this

relatively small amount of brookite did not affect the functionality of the films

2.3.3.3 Xray Diffraction

A thorough XRD study was conducted, by analysalg22 discs from one

deposition, in order to establish if there is any difference in the crystallinity in the
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titania films deposited on discs from different positions within the reactor. A
previous study has shown differesde preferred orientatiom different areas of

a similar CVD reactof104 The XRD diffraction patterns of discs2P from
sampleTiO,-CoCrMoare shownn Figure29.
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Figure 29 XRD data for sampleTiO »-CoCrMo discs 1 to 22.

All the peaksm every diffraction pattern in Figur@©zan be matatdto anatase
(ICSD 44882). There are some small differences in relative intensities of different
reflections between the differenisds but are not deemed to be significant and no
clear trends in crystallinity are observabl@his is in contrast to the
aforementioned study, which reports a switch in the relative intensibheflL?)
and(200) peaksfrom titania on a glass substrat®wever in theiexperimenthe
deposition was carried out at 490 rather than 500C.[104] This could indicate

that formation of a homogenously crystalline filmesier to obtain on CoCrMo
than it is on glass.
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2.3.3.4 Xray Photoelectron Spectroscopy

Analysis of the composition of the surface and material close to the surface was
carried outusing XPS with depth profiling i.e. bombardment with argams to
removesurface material. Two discs frosampleTiO,-CoCrMo were analysed
along with an uncoated CoCrMo disc and an uncottadium disc The two

discs from sampldiO,-CoCrMo gave practically identical data. A titaniun2p
signaland oxygen 1s signatlereobseved on the surfacendare shown in Figure

30 below.
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Figure 30 XPS spectrum of the titanium 2p region (top) and the oxygen 1s region (bottom)
on the surface of TiQ-CoCrMo.

The titanium 2p, peak is positioned a59.5eV and the 2p, peak is at 465.2
eV, giving a peak separation of7/%eV. These observations correlate well with

literature reports of the titanium environment in 7.[@0G At lower etch levels a
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slight shoulder at lower energy on the Ti 2p peak appeared indicating the
formation of TF*. This reduction of a small amount of the native elements is a
well-known side effect of sputteringlhe oxygen 1s peak occurss®0.6eV with

a sholder at higher binding energies which has been attrihutethe literature,

to the oxygen in titanium dioxide ariydroxyls chemisorbed oxygen or adsorbed
water, respectivelyf1071 These data confirm the identity of the material as

titanium dioxide.

No signals from cobalt anolybdenum wer@bserved ireither disc fromsample
TiO,-CoCrMo at any etch level. However the high resolution scan of theygner
region in which a chromium 2p signal would be expected, on first inspeotan
appear to show a peaKigh resolution scanis thechromium2p regionwere also
performed on the uncoated titanium aa uncoatedCoCrMo disc. A similar
signal was obseed on the titanium disc but a very clear peak was identified on
the CoCrMo discSince he titanium disc can be assumed to have no chromium
presenthis, thereforeled to the conclusion that the apparpatk for the titanium
disc andsampleTiO,-CoCrMo was in fact just noiseFor comparisonthese

signak are shown in Figur8l

78



52000

51000

50000

49000

48000

47000

Intensity (Counts/s)

46000 4

45000 4

Iﬂllﬁfi |
|
‘M lﬂ‘
b

\w

IN
. nw,‘h |~’ lﬁ M i

|| ’fn I‘r‘|\ W

63000

62000

61000 +

60000 +

59000

58000

Intensity (counts/s)

57000 +

56000 -

55000 +

5§5 550 sés séo 5%5 5%0
Binding Energy (eV)

1
565

100000

80000

60000

40000

Intensity (count/s)

20000

595 590 585 580 575 570
Binding Energy (eV)

T T T T T T
595 590 585 580 575 570
Binding Energy (eV)

Chapter Two

Figure 31 XPS spectra in the chromium 2p region for samplgiO ,-CoCrMo (top), uncoated
Ti (middle) and uncoated CoCrMo disc (bottom).

The XPS datavas also used to confirm the percentage of each alloying element

agai

nst

t he

manufacturer

A

0Ss

speci fi

content should be between-36% and the molybdenum content af% with the

cat

remainder as cobalt. The XPS dataowed good agreement with chromium at
29.40 % and molybdenum at 7.51%
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2.3.3.5Cell Morphology

The biocompatibility of the Ti@coated discs was assessed by studiieglevel

of certain markersvhich are known to indicate the efficacy af implant asa

bone substitute. Human senchymal stem cell§hMSCs) are capable of
developing intoosteoblastshionecells), chondrocytesdartilagecell), adipocytes

(fat cells) or other specific cell typgd08 and are the first osteogenicells
recruited to this type of site ifvivo following implant surgery109
Osseointegratioof an implant is determined by a number of factors such as shape,
size and topologyf the devicesurface topographgurface chemistry, as well as
paient variables such as quantity and quality of bone and also surgical technique.
The interface between théone and metal surfageshould promote an
environment which stimulates hMSCs to develop into osteoblésefore
resulting in an interfacial layeof bone matrix ofsufficient biomechanical
strength.11Q In this work, hMSCs were used to assdabg level ofosteogenic
differentiation occurring on a titanium,CoCrMo and TiQ coated CoCrMo
surfaces. Tl specific markers studied wemytoskeletal sucture, calcium
deposition andormation of hydroxyapatite and type | collagen.

A cell 6s scaffold, or c kdctm prteiris I this n
study, Factin proteinswere labelled with a fluorescent markand visualised
using confocal lasemicroscopy The F-actin fibres (theircytoskeletal shape) of
MSC cells culturedon CoCrMo andTiO,-CoCrMo surfaces werstudiedafter

one day and severags images are shown below in Figur2 3
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Figure 32 Fluorescentmicroscopy of Factin fibres on CoCrMo surface (A-C) and TiO,-
CoCrMo surface (D-F). A, B, D and E are after one day, C and F are after seven days, D,
C and F are of cell aggregates and B and E are single cells.

The Factin proteins appear greand cell nuclei have been counter stairestias
shown in the images in Figure 23 When comparing images A and [Re(l
aggregates after one day on CoCrhtal TiQ-CoCrMo surfaces respectiveli)

is clear to see a difference in the cell shape. The cells in A appear to be more
elongated and fibrous whereas the cell®iare more spreadut, spherical and
crisscrossed. This is also apparerttem comparingfigures B and E,which show
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individual cells after one day on CoCrMo and FHOoCrMo surfaces respectively

This type of spherical, crissossed shape has been shown ta diearacteristic of
osteogenic differentiation diMSCs[111] After seven days, figures C and F,
there does not appear to heyaignificant difference in the shapes of the cells.
These results indicate that the FiGoated CoCrMo samples accelerated the
osteogenic response as evidenced by more rapid reorganishtiba aellular
cytoskeleton. After seven days, the cells on both surfaces showed cells in the later

stages of osteogenesis.

2.3.3.6 Hydroxyapatite and Collagen Formation

In addition to changes in shape during osteogenic differentiation, the cells also
excrete extraellular matrix (ECM) which is rich in collagen and calcium. This
mineralises into bone tissue, known as hydroxyapatite, which contains calcium
phosphates as well as proteins and enzymes. Within the ECM, collagen can act as
a scaffold for calium nucleation. Here, collagen and hydroxyapatite were stained
with fluorescent markers and studied with fluorescent microscopy. AgdiRCs

were cultured on CoCrMo, T#&CoCrMo and titanium surfaces. The formation of
type | collagen was studied aftér daysand 14 daysand hydroxyapatite was
monitored aftef7, 14 and 21 days. The microscopy images of collagen formation
after 7 days and hydroxyapge formaion after 21 days is shown in Figu38.
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Figure 33 Fluorescent microscopy images afollagen (AC) and of hydroxyapatite (EG) on
surfaces CoCrMo (A and E), TiG-CoCrMo (B and F) and titanium (C and G). D and H
show the area of collagen and hydroxyapatite, respectivelygifthe three different surfaces.
*indicates a statistically significant difference compared to CoCrMo. # indicates a

statistically significant difference against the other two substrates (p<0.05)
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These data show that type | collagen growth is moevglent on CoCrMo
surfaces han either TiQ-CoCrMo or titanium (images £&). The formation of
hydroxyapatite appears to be similar on all three surfaces after one week, although
CoCrMo does show the lowest amount. After two weeks the titanium surface
shows significantly more hydroxpatite relative to the other two surfaces and
after three weeks both the THQoCrMo and Ti surfaceshow signifcantly more
hydroxyapatite tharthe CoCrMo surface, and the performance of the,TiO
CoCrMo surface has almost reached that of the titanilinese observations
indicate that the formation of bone mineral on CoCrMo surface can be improved
by the presence of the TiQayer. The reduced formation of collagen on the
TiO,-CoCrMo and titanium surfaces has previously been identified as
advantageous as ew collagenous bone tissue can lead to mechanical
weaknes$112]

2.3.3.7 Calcium Deposition

To further support the findings of theufirescentmicroscopytechniques, he
amount of calcium deposited per cell was also determined using a colourimetric
assay. The results over three weeks for each of the three surfaces are shown in

Figure 3.
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Calcium deposition
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Figure 34 Calcium deposition per cell over a three week period on CoCrMo, Tig:CoCrMo
and titanium surfaces?* indicates a statistically significant differencecompared to CoCrMo
(p<0.05)

The results in Figure &illustrate that the calcium deposition, required for the
formation hydroxyapatiteis significantly enhancedn both the Ti@-CoCrMo

and titanium surfaces after two weeks. After three weeks the same trend is
observed however the difference in calcium deposition between the CoCrMo and

TiO,-CoCrMo surfaces was detemed to be statistically insignificant.

2.3.3.8 Summary

The combined results of these tests are indicative of improved and/or faster
osteogenic differentiation dfMSCson TiO, coated CoCrMo alloy compared to
uncoatedthe CoCrMo substrate. This would sygst improved osséntegration
however further irvivo studies would be required irrder to understand how
these invitro experimentsmay translate into a clinical environment. Chemical
vapour depositiorhas been identified as a suitablpid, cost effettive and
scalable method of producing the Fi€ating with the required charadgsgics on

the CoCrMo substrateThis strategy culd also be considered for improving

biocompatibility of othebio-inertimplant materials.
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2.4 Conclusions

The results presged in this chapter have demonstrated novel properties and
applications of CVD TiQ films. Firstly, it was shown that, contrary to previous
literature anatase Ti® can be formed on various grades of steel and other
metallic substrates from Tigland ethy acetate precursors, eliminating the
previously proposetheory ofprecursor control over crystalline phase. Secondly,
TiO, was deposited on flexible aluminium foil and remained well adhered to the
substrate after repeated bending and flexing of the alumi foil. The
photocatalytic properties may find potential applications in construction and
packaging industries. Finally, Tidilms on CoCrMo alloys used in biomedical
implants were shown to improve the osteogenic differentiation of mesenchymal
stem cdk relative to uncoated CoCrMo substrat€éhis demonstrates progress
towards improving the biocompatibility of CoCrMo alloys allowing surgeons to
take advantagef the better wear resistance foCoCrMo relative to titanium

traditionally used for orthopaedimplants.
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CHAPTER THREE

INFLUENCE OF DEPOSITION
CONDITIONS ON NITROGEN
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Chapter 3: Influence of Deposition Conditions onNitrogen Doped
TiO,

Abstract

In order to use sunlight more efficiently to drive chemical reactions, researcher
have sought to modify the band structure of i@ shift absorption from UV to
visible light. Nitrogen doping of Ti@has been the sudgt of much debate in the
field. Herg CVD is used to synthesise filnvgth tertbutylamine as the nitrogen
source and @as kept at a constant flow rate for different samples. However, the
amount of the oxygen sourcetliyl acetatefor the depositios was variedin
orderto investigate the effecf this on the position of nitrogen within the crystal
lattice and the conseguces forthe properties anghotocatalyticactivity of the
resultant film. Differences were observed in the nitrogen XPS signal;visV
absorption profilesurfae@ morphology and photocatalytic activity under both UV
and visible irradiationThe sample m#e with low ethyl acetate conditions was

found to be the most active for degradation of stearic acid.
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3.1Intro duction

The prior chapters have covered many of the advantaggsdisadvantagesf

using TiQ as a photocatalyst. This chapter valitline the limitations of such a

wide band gap for solar energy applications summhmarisesomeof the strategies

for band gap engineering that have been reported. Experimentally, this chapter
focuses on results @haracterisation anghotocatalytic testingf nitrogen doped

TiO, films, made by CVD, with differingmountsof ethyl acetate.

As discussedn Chapter 1the band gap of anatase is 3.2 eV and that of rutile is
3.0 eV. The energy which is required to excite an electron from the valence band
to the condation band must equal oexceed the band gap energy. Tisathe
equivalentof 388 nm and413nm light, which falls in the ultraviolet (UV) region

of the electromagnetic spectrunGiven that UV light only accoursg for
approximately 5% of the solar speeh,[113 as shown irFigure 3, the majoity

of suright incident on a Ti@ particleis wasted. However if it were possible to
alter the band structure of Ti®o make use of a greater proportion of the solar
spectrum, titania based photocatalysis may become commercially viable
technology for a great range of applications, including indses.
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Figure 35 Spectrum of solar irradiance
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Many reseahers have sought to modify titari@mcapture more visibleght. One

strategy is to partner Tgwith another material which itself inherently absorbs

visible light and is able to transfer the energy to,I'il@n entire research field has

emerged, utilising the emergence of nanotechnologytwh t he goal of fis
TiO; in this way. Some of the common strategies asasible light absorbing

dye[114 quantum dot$115 plasmonic metal nanopartic[@d6 117] andthe

formation of heteostructuresof TiO, with other semiconductof418

This work, howeveris concerned with modification of Tidtself by engineering

the bandyap to irduce visible light absorptiohe mosttcommonly used strategy

is the addition of dopants Doping is a commonly used strategy to improve
conductivity in semiconductorghis is the addition of a very mall amount of

another element with a differemalency to the hdslf the valency is higher than

that of the host, this can result edditionalelectrons available for conduction.

Since the charge carrier is negatively chdrgehi s i s-tiy@eme d ofpnng.
Whereas if the dopant has a lower valeriwles are formed in the lattice, giving

rise to positive charge carriers, which isokwn atsy pfeg@ dopi6éng. Fig

shows the miéhand states that are formedaaesult of rand ptype doping

D

Acceptor band

A
p band

Donor band

Energy
Energy

S band

Figure 36 Density of states ¢hgram for extrinsic doping, adapted from reference[18], n-type
(left) and p-type (right).
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A dopant may directly replace an atom in the crystal lattice, this is termed
substitutional doping. Alternatively, the dopant atom can be positiametei
space between theoatic lattice sites. This is known astersttial doping. A

simplistic representation of theseo types of doping is given in igure 37.

B A B A B A B A B B A
A B AQ)A B A B A B-A B
B A B A B A B A B A B A
A B A B A B A B A B A B
B A B A B A B A B A B A
Substitutional Interstitial

Figure 37 Representation of substitutional and interstitialdoping.

For TiO, the introduction of the miband gapstates is designed to induce visible

light absorption. Cationic, anionic and neutrally charged dopants are all possible.
A cationic dopant generally replaces a titanium cation in the lattice structure
whilst anionic dopants substitute oxygen. An uncharged atom can form an

interstitial dopant, retaining the original stoichiometry of ZiO

Studies on the physical properties, such as conductivity, of metal dopgtahi®
been reported since the 19249 120 however very little work was done on
the photocatalytic activity of these systeuntil the late 1990sManipulation of
the band structure to yield visible ligabsorption is relatively facile. ddvever
this can often result in poor photocatalytic activity in the UV dudatster

electronhole recombination.

Work by Anpo et alhasshown that for metal doping @iO,, the activity of the
resulant photocatalyst is highly dependenbon the synthetic method
employed.121] They have showthat metalion bombadmentwith a sufficient
accelerating voltagdeads to significant visible light absorption, photocatalytic
activity in the visible and unimpaired UV activity. Yet when a lower acceleration
voltage is used or wet chemical methods of dopaetintroducegvisible light

absorption is achieved but at the expense of poorer photocatalytic activity in the
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UV and little or no activity in the visible. They have attributed this to the
formation of metal oxide clustgrwhich enhance electron hole recombination.
With their method of implantation of chromium, iron, vanadium, manganese or
nickel, a titanium centre is directly substituted resulting in changes to the
electronic structure but not the chemical properties of the surface.

In 2001, Asahiet al publishel a seminal paper demonstratitig use of nitrogen

as a dopant in Tigf12Z Density of state (DOS) calculatios predicted that
nitrogen would be the best daqt from a range of other (S, F, P) to substitute
oxygen in the titania lattice. They reasoned that the nitrogen 2p states would mix
with oxygen2p to narrow the band gaigxperimentally nhitrogen was introduced

to TiO, powder by treatment with a NFAr mixture at 600 C. XPS identified
substitutionahitrogen at between 1 and 1.4 atofficUsing photadecompogion

of acetaldehyde to assedwmpcatalyticactivity, Asahiet al.were able tmbserve
visible light activity fromthe N-doped samples arattivity in the UV which was
comparable to wdoped TiQ powders.

This particular report stimulatea great deal of interest inrlNO, with subsequat
publications covering a range oflifferent sources of nitrogn and different
methods of doping includin@C magnetron sputteringith a nitrogen containing
plasm@l123, hydrolysis of T{SOy), with ammoni§l24], hydrolysis of TiC} in

the presence of a nitrogen containing pa8§ and ball milling of P25 with
hexethylenetetraamifj@26 and ALD with ammonidl27] As contradictions in
the photocatalytic activityof N-TiO, became apparendifferent theories of the
mechanism Igo appeared in the literature with debate surrounding the
fundamental mechanism behimdible light absorption.

Di Valentin et al. have argued that the band gap iis fact, not shifed (as
proposed by Asahibut a midband stateis introducedbetweenthe valance and
conduction band in substitutionally-ébped anatagéd.28 Their DFT calculations

show that this state lies 0.14 eV above the valence band of anatase resulting in
redshift (i.e. lower energy) in absorph. Later work by Di Valentin et al.
theoreticaly calculated the mitband statdformed by interstitial nitrogen to be

0.73 eV above the valence band of anafa26 They suggesd this state may
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trap holes more strongly, reducing the ability to participate in oxidative reactions.
They also proposed that oxygen vacancies will form more readily when interstitial

nitrogen is presnt.

Serpone hs provided evidermcto suggest that it isot thedopant which causes

the increase iwisible light absorptiorbut, in fact, oxygen vacancies than be
induced by the presence of the dogd] He has argued that the computational
studies that predicted narrowing of the band gap are unreliable and that if this
were to hapen such heavy doping would be required that a different material

would be formed that no longer has the spmopertiesof TiO,.

Several group have synthesiseditrogen doped Ti@films by CVD. The first
report was byLee et al. who used TTIP and nilio oxideprecursorsat 420°C

under reduced pressurE3]] The nitrogen wa shown to belirectly incorporated

into thecrystal latticewith a stoichiometry of Ti@sdNo2:. No photocatalytic or
chemical properties were assessed by these researehaithan et alalso used

low pressure MOCVDbut with TTIP and ammonig@recursorsAgain there was

no photocatalytic testing and limited investigation into the nitrogen
environmen{132] The first investigation of photocatalytic activity in nitrogen
doped TO; films synthesised by CVivas by Yates et 4lLl33 These researchers
used atmospheric pressuCVD with TiCl, and ammonia precursorPS
investigations revealed nitrogen in the substitutional position at levels of between
1.5 and 5%. Absorption spectra indicated that the doped filmsuhazktended
absorption regiomxtending into the visibleniagreement with the yellow colour

of the films. Degradation of stearic acid was used to assess the photocatalytic
activity under both visible and UV irradiation. The presence of nitrogen was
shown to be detrimental to UV activity compared tedaped TiQ films and

little or no activity was observed under visible irradiation. This was attributed to
differences in the morphology of the surface with less well defined crystallites on

the sample synthesised in the presence of ammonia.

Work fromthe group ofParkin et al. haalso demonstrated the detrimental effect
of substitutional nitrogen when usiagammonia precursq@3] A combinatorial

APCVD approach was used in order to produce a range of different levels of
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substitutional nitrogen ranging from-1d atomic %, which could then be
simultaneosly analysed using the intelligent ink method. Under UV irradiation it
was found that the presence of nitrogen decredise rate of photocatalytic
activity and under visible lighthe rate of change was not observable using this
method.Further work by he same authors demonstrated the use of ammonia in
combinatorial APCVD to produce both substitutional and interstitial nitrogen, by
diluting the ammonia flo134] It was shown that films with interstitial nitrogen
were slightly more active than «doped TiO, under UV irradiation and had
marginally better activity compared to predominastijpstitutionallydoped films
under visible light irradiation. This is despite a greater visible shift in the

absorption spectrum of the substitutionally doped samples.

Purely interstitial doping sbeen achieved via APCVD using tbttylamine as

a nitrogen source rather than ammdniidg These films degraded stearic acid
under visible light irradiation whereas an-doped titania control film showed
negligible decrease. Ma@ver no comparison of the activity of the doped and un

doped films under UV irradiation was reported.

In this work, anovel synthetic approach was used in ordeini@stigate the
influence of deposition parameters tive overall level of nitrogen dopingnd

ratio of substitutional to interstitial nitrogen. The amount of nitrogen precursor
was kept constant whilst the amount of oxygen precursor was vaisl.not

only affected the nitrogen content but also the absorption spectra and morphology

which apars to have consequences for the photocatalytic activity.

3.2Experimental Methods

The chemical precursors were purchased and used without further purification,
TiCl, (ReagentPlus, 99.9%)as obtained from Sigma Aldrich, ethyl acetate
(laboratory reage grade)from Fischer Scientificand ertbutylamine (99.5%)

from Sigma Aldrich Quartz substrates (25 x 25 x 1 mm) were obtained from
Multilab. Float glass with a SiObarrier layer was provided by Pilkington. The
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glass was cleaned with water and detetgacetone and isopropanol followed by
drying in an oven prior to us&he films were deposited using the APCVD reactor
which was described in detail the introduction sectiormhe conditions for each

deposition are shown ifable?2.

Mass Flow(mol/min)
Sample | TiCl,  Ethyl tert Ti:O:N  Deposition  Substrate
Acetate butyl- | precursor time Temperature
amine ratio (mins) (°C)
Un-doped | 0.006 0.0033 0 1.8:1:0 14 500
TiO,
N-TiO,-1 | 0.006 0.013 0.0013 4.6:10:1 14 500
N-TiO-2 |0.006 0.0103 0.0013 4.6:7.9:1 14 500

Table 2 Deposition parameters forun-doped TiO,, N-TiO,-1 and N-TiO,-2.

Note thatwhen the nitrogen precursdert-butylamine was present, a higher mass
flow of ethyl acetate was required to achieve the anataase (see l@pter 4for
further discussion)in order to prevent delamination of the filntke temperature

of the carbon block after the deposition was cooledrate of £C/min. The films

were analysedusing XRD, XPS, SEM, UV-vis and Filmetricsand Raman
instrumants whose details are given section2.2 The parameters for the XRD
measurements weré5-66° 2U scan range0.05 per step, 2 secs per step with a
tube angle of 1 Stearic acid was usexsa model organicontaminanto test the
photocatalytic activity of the sample®rior to coating with stearic acid the
samples were irradiated with a 365 nmghti in humidified air for 12 hoursA
solution of 0.05M stearic acid in chloroform was prepared and used as a stock
solution. The samples were held by a-dgating machine, which was buitt-
house to submerge the samples in the stearic acid solutidrwéhdraw it from

the solution at a fixed rate of 120 m minThis was to ensure an even and
reproducible coating on each sample. The stearic acid on the back of the sample
was removed by wiping with a chloroform soaked tissue. Each sample was the

attated to an aluminium sample holder which had a circular hole of 1 cm
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diameter in the centre. The amount of stearic acid was measured by placing the
sample holder in ®erkinEImer FTIR SpectrumRX1spectrometer. The IReam
passes through the substrate, ti@,nd the stearic acid coating. The amount of
stearic acid present is proportional to the area of the peaks in the IR r8gdsn 2
2970 cmi* determined by the Spectrum softwarFais initial reading is recorded at
time zero,t0. The sampkeare then irracted with either UV 365 nm light or
filtered visible light and further IR measurement recorded at various time intervals.
For the UV testsa Uvitec lamp with 2 x 8 W black light bulbs/as used The
power of the lamp was recorded usingBV UVX radiometeras 1mW cmi?.

The distance between the lamp and the sampleslwas For the vidile light

tests a white lamfGE lighting 2D fluorescent GR10q 835 white 2§ was used.

To ensure no UV light was able teach the samples, a sheetWf absorbing
Optivex glass and an additional sheet of float glass was placed directly underneath

the lamp.

3.3Resuts and Discussion

The samples of udoped TiQ were off-white and d samples that had been
exposed to theettbutylamine were yellow in colour. In all cas¢he substrate
was fully covered with no visible cracks or delaminatiéor each sample, a
small section of the glass was cut to be photocatalytically tested and characterised

in detail.

The values for the thickness of each film, determined usieg Swaepoel
method were5.7, 7.6 and 6.3 pum for un-doped TiQ, N-TiO,-1 and NTIO,-2,
respectively.
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3.3.1 Raman Spectroscopy

Raman spectra were recorded at three different positions (to check homogeneity
of the phase) on each sample. For both dopeduardbped samples the phase
wasdetermined to be purely anatase at all of the positested, regardless of the
presence of a nitrogen dopant. It is important to verify that nitrogen in the material
does not cause a change to aljsgraphic phase (seeh@pter 4for a further
discussion how a dopant may induce a phase changa)e r€presentative

spectum is shown for each sample irgére 38.
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Figure 38 Raman spectrum ofun-doped TiO,(black), N-TiO ,-1(red) and N-TiO,-2 (blue).

The peakdor un-doped TiQ occur atl41, 195, 396516 and636 cmi’, for N-
TiO,-1the peaks are d42, 196, 398, 516nd638cm’; and for samplé\-TiO,-2
the peaks are at42, 197, 397, 51%nd 635 cm™. Theseare consistent with
literature which reports observed peak positions for Raman modes at 144 (E
197 (&), 399 (By), 516 (A1g, B1g) and 639 cni (Eg) for the Ramansectrum of
anatas¢10]]
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3.3.2 Xray Diffraction

The X-ray diffraction patternsvere collected for allhree samples and are shown

in Figure 3.
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Figure 39 XRD patterns of un-doped TiO,(black), N-TiO »-1(red) and N-TiO,-2 (blue).

Reflectiors at approximately 5and 62 2U are present for all thee samples.

These can be matched to anaté®El) and (213) reflections, respectively as

reported in ICSD 44882 SampleN-TiO,-2 also has a small additiahsignal at

53.9 which corresponds to the anatdsk,| plane [1®]. Thereare no indications

in this data for the presence of rutile, brookite or TiN. Notably absent are the

reflections at 25.3, 37.9, 48.&nd others, which would usually be expected for

anatase. On first inspection, this would appear to be an indication refmext

preferential orientation of the film. However it has previously been observed, in

this laboratory, that similar films do in fact have a weak signal &°28hen

analysed using diffraction analysemwith a 2D detector, yet when using a 1D
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detector (as is the case for the data presented here) these reflections are no longer
observed. Since this phenomenon occurs for bothdihyged and wdoped
samples, it camot be caused by the presence of the amine dopant andikely

to affect comparisoacross hese sampk however it should be considered when
comparing activity to literature reports.

3.3.3 Xray Photoemission Spectroscopy

X-ray photoemission spectroscopy was usedatafirm the presence ohitrogen

and determine the atomic percentage of géro in the doped films. Depth
profiling was used as the surface is often contaminated with environmental carbon
and possibly other elements present in organic molecules which are on the surface
as a result of handling the samples and being stored ineain¢t a clean room or
glove box). Ten levels of the sample are interrogated, the surface and then nine
lower levels within the film. The removal of material for the depth profiling is
achieved by bombardment with argon ions. Depth profiling is impomabpnly

to remove surface contaminatjobut also to determine whether the dopant is
present throughout the material or purely at the surfazethis may have
consequences for the mobility of charge carriers in the filthere are significant
changes irthe data of the surface level compared to subsequent levels but after
three etch levels the data becomes consistent, hence it is possible to assume the
bulk of the material is being investigatddhe atomic percentage of titanium,

oxygen, nitrogen and cawh foreach sample are given in Table 3

Titanium Oxygen Nitrogen Carbon
Sample (atomic %) (atomic %) (atomic %) (atomic %)
Un-doped TiQ 29.6 65.4 0.3 4.8
N-TiO,-1 30.2 65.9 1.0 2.9
N-TiO,-2 31.7 63.8 0.7 2.8

Table 3 Composition of un-doped TiO,, N-TiO,-1 and N-TiO »-2.
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The values in &ble 3are average percentages of the last seven levels in the depth
profile. It is difficult to tell if the carbon that has been identified is in the,TiO
film or on the surface of the substrdtgass) which is expsed by cracks in the
film. Table 3 showsthe level of nitrogenn the undoped sampléo be 0.36
however inspection of the spectra for the nitrogen 1s energy regismaotoshow

a significant peak below the first level. The spectraglach depth profiling level

for all three samples in the nitrogés energy region are shown iigére 40.
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Figure 40 XPS data in the N 1s energy region foun-doped TiO, (top), N-TiO,-1 (middle)

and N-TiO,-2 (bottom).

A peak ataround 396 eV has been consensually assigned in the literature as

substitutional nitrogefil36 The peak at 400 eV is commonly assigned as

interstitial nitrogefl37] and alsoto other species including surface adsorbed

nitrogen[138 and NH,.[139 We can see that for all three samples there is a

surface pak around 400 eV, which is mdgtely to be surface adsorbed nitrogen.

For sampledN-TiO2-1 and NTIO-2 there is also a peak at around 400 eV in the

bulk which is mostikely to beinterstitial nitrogen.

The data inFigure 40 shows there is a difference in the nitrogen environment

between saplesN-TiO,-1 and NTiO2-2 in the bulk In both cases there appears

to betwo signak. Modelling of peak at 400 and 396 eV allows the area to be

determined for eacbontribution The fitted peaks for levelime are shown as an

example in Figurdl.
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Figure 41 Fitted XPS peaks for nitrogen signals in sampleN-TiO,-1 (top) and N-TiO,-2
(bottom).

The ratio of arembetween the peak at 400 and the peak at 396 eV (averaged over

the last seven levels) is 1 to 1.4 for samptdiO,-1 and 1 to 1.9 for sample-

TiO,-2. This indicateghat there is a greater proportion of interstitial nitrogen in
sampleN-TiO,-1, which had the higher flow rate of ethyl acetate. This would
correspond with Di Val e n troagenGsspreferseghot hesi s

conditions with an excess of oxygen. This also follows intuitively that titanium
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oxygen bonds are formed in preference to titanium nitrogen bonds and that when
the ratio of oxygen to nitrogen precursors is above a critical levedgeit cannot
compete effectively for bond formation with titanium and is therefore forced into
an interstitial position. However when there is less oxygen available the nitrogen
is able to take its place within the lattice.

3.3.4 U\tvis Spectroscopy

From the yellow colour of the doped samples, it can be assumed they are
absorbing visible light. To confirm this spectroscopically, -y absorption
spectra were recorded. In this instance, the exact area that was used for
photocatalytic testing was not wsdnstead a quartz piece that was placed on top
of the glasgat the same position on the glass for all three samgle#)g the
deposition was investigated. Using a quartz substrate fevislvheasurements is
advantageous since glass can absorb ligliheénregion of interest and interfere
with the analysis of the film itself, whereas the absorption edge of quéininis

250 nm. Figure 2 shows the absorption spectra of an uncoated piece of quartz
andun-doped TiQ, N-TiO,-1 andN-TiO,-2.
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Figure 42 UV-vis spectra ofun-doped TiO, (black), N-TiO ,-1 (red), N-TiO ,-2 (blue)and
quartz (green).

Figure 42 shows a very clear shift in the absorption edge of the doped samples

into the visible region. It is interesting to note thatgampleN-TiO,-2 the entire

absorption edge appears to be slifather than just a shoulder as for samle

TiO,-1. This may be indicative of the effect on the band gap i.e. narrowing of the

intrinsic band gap rather than the introduction of intra baagd gub levels

however this is debated in the literat{itd( From these data it is also possible to
calcul ate an fdappar ent d)Yhgainstdeneygghere si ng a
A is absorbancegccording to the tauc methdd 1] which is shown in i§ure43.
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Figure 43 Tauc plot for un-dopedTiO , (black), N-TiO »-2 (red) and N-TiO ,-2 (blue).

Extrapolation of the linear section of each plot to the x axis gives values, to 1 dp,
of 3.0, 2.8 ad 1.9 eV forun-doped TiQ, N-TiO,-1 and N-TiO,-2 respectively.
Whilst these values are somewhat lower than may be expected (i.e. undoped
anatase would be expected to have a band gap value of 3.2he¥)is a
significant difference between samplgsTiO,-1 and N-TiO,-2 which highlights
therelativedifference in the shape of the absorption edges.

3.3.5Scanning Electron Microscopy

In order to assess the microstructure of the sample surface, SEM iofages
doped TiQ, N-TiO,-1 and NTiO»-2 were reorded and are shown in Figuré.4
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Figure 44 SEM micrographs of samples AN-TiO ,-1 at low magnification, B) N-TiO ,-1 at
high magnification and C) N-TiO »-2 at low magnification, D) N-TiO ,-2 at high magnificent,
E) un-doped TiO, at low magnification and F) un-doped TiO, at high magnification.

The images in igure 44 showa difference in the surface morphology of doped
samplesN-TiO,-1 andN-TiO,-2 which wereshown to have similar crystallinity

as shown by Raman spextcopy and XRDSampleN-TiO,-1 has particles on
the submicron size scale with a typical aspect ratio of 2:1 and a highly textured

stratified surfacewith angular facetsSampleN-TiO,-2 has particles which are,
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again, on the sulmicron size scale, bwith an approximate aspect ratio of 1:1
and lack of weldefined texturingon the individual particlesSampleN-TiO,-2

has a microstructure which is more similar to previously reported nitrogen doped
APCVD films of TiO,.[93] Given the similar scale of surface features, the surface
area of theséwo types of samples is likely to lmemparableHowever standard
techniques for measuring specific surface area, such as nitrogen adsorption are not
sensitive enough for these relatively smooth surfaceshiese inages do givea
qualitative impresion. The unrdoped TiQ appears to have a morphology which is
different to both of theloped samples and is more angular and less routhdaed
N-TiO,-2 but does not have the stratified surface of sanNp€O,-1. These
differences in morphology may be due to tyyge of dopant presertowever it is
difficult to establish a cause and effect relationship rather than purely a correlation.
Additionally, since these samples have different thicknesses, which may also lead
to differences in the surface morpholoiates et al. have suggested the use of
ammonia as a dopant detrimentally impacted the morphology of their samples
leading to worse photocatalytic activity33 They described the morphology as
less well defined andess structurechowever here for samplBl-TiO,-1 the
opposite is truelndeed, the opposite trend in activisyobserved with sampld-

TiO,-1 being the most active. It may be that the deposition condjtiendower
oxygen contentmay be responsible for the weléfined, stratified surface,
however this is difficult to explain intuitively.

3.3.6 Photocatalyic testing: Stearic Acid Degradation

The photocatalytic activity was assessed by the degradation of stearic acid. Stearic
acid was chosen as a model organic pollutant as it is stable under UV and visible
light in the absence of a photocatalyst. It is img@ot to use a test method which

is suitable for use with both UV and visible light to allow a meaningful
comparison between results of the test when using a different light s8urce.
stearic acid § a solid at room temperatyrig avoids many of the poblems

associated with solution or gas phase tests (i.e. variation in rates of adsorption and
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desorption of probe molecules during the course of the reaction, difficulty with

leaks in the gas phase).

The spectral output of the visible light source wittd avithout theOptivex UV

filter is shown inFigure 4.
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Figure 45 Spectral output of white light source unfiltered and with optivex fiter. Inset is
zoomed inon UV region.

It is clear that the small UV component of the ligh865nm is removed when
using theOptivex filter, so that it is possible to say that only visible light is

incident on the photocatalyst.

The area of the stearic acid peak from IR is plotted against irradiation time for UV
light in Hgure 46 for un-dopeal TiO,, N-TiO,-1, N-TiO,-2 and a piece of glass
with a barrier layer i.e. the substrate usedumdoped TiQ, N-TiO,-1 and N-
TiO2-2. The un-doped TiQ, was used s acomparison for the doped samples
rather than a commercial photocatalyst film since, mitke differences in
thickness and morphology, a film made using the same depotgtbnique and

deposition timeseemed a more appropriate benchmark.
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Figure 46 Degradation of stearic acid onun-doped TiO, (black), N-TiO »-1 (red), N-TiO »-2
(blue) and glass(pink) when irradiated with UV light .

As expectedthe stearic acid layer on the glass shows no appreciable degradation
over the course of the test. SampleliO,-2 also shows a negligible decrease
such that it can be juddeo be inactive in this test. There is a slight decrease for
un-doped TiQ, although it is perhaps less apparent than may have been expected
for un-doped TiQ. This could be due tthe higher amount atarboncontent in

the undoped TiQ compared tdN-TiO,-1 and N-TiO,-2, preferential orientation

or thickness of the filmThick TiO, films produced by CVD previously have
reported low activity142 however the fundamental reasons for this have not yet
been investigatedut could be related to the greater distance holes (or electrons in
reductive processes) must travel to the surface in order to take part in a
photocatalytic reaction. This could lead to high recombination rates of electrons
and holes thsireducing activitySampleN-TiO,-1 shows a very clear decrease in
the amount of stearic aci@he change in stearic acid with irradiation tinmeder

visible light is shown in Figure7
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Figure 47 Degradation of stearic acid @ un-doped TiO, (black), N-TiO »-1 (red), N-TiO »-2
(blue) and glass (pink)\when irradiated with visible light.

Whilst it had been noted previously that stearic acid should be stable under visible
light, a slight decrease can be observed even on the glagdes which suggests
that some change is occurring on the very long time scale of this experiment,
which is not photocatalytibut most likely due to thermal degradatiofhe rates
calculated founrdoped TiQ andN-TiO»-2 (see Table ¥show similar valug to

the glass and therefore can also not be considered photocatahicis to be
expected since then-doped TiQ does not absorb any visible light, and whilst the
UV-vis spectrum oN-TiO,-2 does indicate visible light absorptiothe lack of
activity under UV irradiation makes it unsurprising that there is still no activity
under visible irradiation. This could be due to fast electron hole recombination
kinetics, as has previously been observed with substitutional nitrogen
doping[143 SampleN-TiO,-1 is the only sample which shevany appreciable

decrease of stearic aaithder visible illumination
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Rate (cmi* min™)
Sample uv Visible
Un-doped TO, 1.45E04 6.98E06
N-TiO2-1 9.55E04 1.29E05
N-TiO,-2 1.07E05 4.35E06
Glass 1.04E05 3.17E06

Table 4 Activity ra tes ofun-doped TiO,, N-TiO,-1, N-TiO »-2 and glass under UV and visible
light irradiation .

The rates showimm Table 4illustrate the, near order of magnitude, increase in
activity of sampleN-TiO,-1. This shows a negative correlation to the amount of
visible light absorption which is apparembrn the U\tvis spectra (Figure 2.
SampleN-TiO2-2 appears to bebsorbing more strongly at wavelengths below
400 nmand has a smaller calculated band gegt,is almost totally inactive for
stearic acid degradatiomnder visible irradiation This has been observed
previously in the case of CVD with ammonia nitrogen se{t43 There could

be several reasons to explain the higher activity of saMpléO,-1: there is a
higher total nitrogen content in samph-TiO,-1, a greaterproportion of
interstitial nitrogen or the wellefined surface morphology. Indeed, a
combination of these factors could be influential. A further speculative
consideration could be the formation of oxygen vacancies in the film synthesised
with less oxygerprecursor. Although no measurements have been performed in
this work which can determine the presence of oxygen vesrtbis idea could
provide ani nt eresting avenue for future studi

interpretation of visible light actity.[ 130
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3.4 Conclusions

In summary, nitrogen doped films of Ti@ere synthesiseby APCVDwith tert
butylamine as the nitrogen souraad a varying amount of ethyl acetaten un-
doped film was also made using similar deposition conditiqgns. same
deposition time and Tigflow but lower ethyl acetate flow ratedll films were
shown by Raman spectroscopypd XRDto be the anatase phasdthough the
thicknesses of the films were differe@f two different Ndoped samplesone
containeda greater amount afterstitial nitrogen, at a ratio of 1:1.4, compared to
the other which hda ratio of 1:1.9. This was achieved by a novel synthetic
approach of altering the amount of oxygen precursor whilst keeping the amount of
nitrogen precursor constaritessoxygen precursored to a greagr total amount

of nitrogen SEM investigations ab revealed a difference in microstructuree
sample withmoreinterstitial nitrogenand weltdefined, stratified microstructure
significantly outperformed the sample which haal greater proportion of
substitutional nitrogen (and poor microstructurephotocatalytic tests under both
UV and visible light irradiation.

The results presented here have shown that variation in the flow of ethyl acetate
can provide a method of influencing the position of nitrogen in the lattice of TiO
and the surface morplagy. It is also further evidence to support the findings of
othes which have suggested that interstitial doping and a -eeflhed
microstructure can contribute to visible light photocatalytic activity.
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CHAPTER FOUR

FORMATION OF BROOKITE PHASE
TiO, BY APCVD
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Chapter 4: Formation of brookite phaseTiO, by APCVD

Abstract

Brookite a metastable phasé TiO,, has received relatively little attention by the
photocatalysis community, largely due to the difficulty in establishing synthetic
routes to thematerial. Hergit is shown thatAPCVD provides route to the
production of brookite which occuwhen theamount of oxygen precursor is
lowered Taking standard precursors fibre atmospheric pressure CVaf TiO,,
ethyl acetate and Tiglit is observedhat when the flow rate of ethyl acetate is
sufficiently low, brookite is formednh a mixture with anataséntroduction ofa
dopant, specificallyitrogen via cedeposition withtert-butylamineis also shown
to influencethe resultant phasdt is proposedhat the amine participates in an
oxygen consuming reaction hence creating the low oxygeéb environment
which facilitates the formation of brookit&he phase is shown to be influenced
by the substratewith pure brookite obtained on a steel substratepossible
mechanism for brookite formation is discusseBreliminary results of

photocatalytic tests on pure brookite are presented.
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4.1 Introduction

4.1.1 Structure and Stability of Brookite

As discussed in the introductiohetthreecrystallinepolymorphs of titania have a
different arrangement of atoms in space which dictate their propertiesstWhi
having broadly similarphysical attributegunlike, for examplethe allotropes of
carbon) in terms ohppearancechemically stabilityand low toxicty, the subtle
differences in the crystal structuan enhancecertain properties Synthetic
control over thghase thesfore allows a meansf tuning thereactivity of titania

to a given application.

Both anatase and rutile have a tetragonal structurerems brookite has an

orthorhombic unit cell, this is shown Figure48.

Figure 48 Unit cell diagrams of rutile (left), brookite (centre) and anatase (right). Titanium
atoms are shown in pink and oxygen atoms are shown in reReproduced, with permission
from reference[29].

Anatase and rutileachhave two long bonds and four shorter bgrid973A and
1.948 A for anatase and.978 A and 1.943A for rutile. In brookite however,
each bond is a different length ranging from 1.826 1.9 A.[144
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Another way of visualising the structures is to consider the environment around
eachmetal centre and how thesglate to their neighboursn lall three cases the
titanium metal ion is octahedrally coordinated, surrounded by six oxgigens.

In the case of anatase and brooltite octahedron is distorted. These octahedra
are linked together either by shariagrertex (corner) oby sharing aredge. The

rutile crystal structure is made up of chainsootahedra withshared vertices
along thea and b axes and edge sharing along thaxis[144 Anatase shares
edges along all three axes. Brookite is more complicated with vertex and edge
sharing along tha andb axes and edge sharing along thexis. This is depicted

in Figure 4.

Figure 49 Octahedra in a) rutile, b) anatase and c) brookite. Reproduced with permission
from reference[144.

In Figure 49 examples of the vertex and edge sharing interactions have been
highlighted with a redlashed line or circle. The yellow and blue colours of the
octahedra in brookite are useddarify the vertex shamg (between the grey and
yellow and also between the grey and blue) and the edge shbeatweén the

blue and yellow otahedri along thea andb axes Rutile has two shared edge

per octahedra, anatase has four and brookite has[fffgeGong and Selloni
summarise this informatioregarding the interactions of thetalbedraa s f b ot h

rutile and anatase characteris cs ar e prefédnt [ i1 n brookite
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Rutile is usually considered to be the most thermodynamicallyesiadilymorph

with both anatase androokite as metastable phases. However Zhang and
Banfield demonstrate the importance of particle size in the nanoscale fégéhe.
They determined that for particles with a diameter greater than 35utite is
indeed the most stable phakewever for particle sized between 35 nm and 11

nm brookite is the most stable with anatase being the most stable below 11 nm. At
16 nm the stability of anatase and rutile is reversEdis infomation is

summarised in Figurg0.
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Figure 50 Enthalpies of nanoscale titania polymorpls. Reproduced with permission from
reference[144.

The difference in s@iace energy for nanoparticles is sufficient to alter the overall
stability of the particlesThis insight resolveg@omeof the previous contradictien

in the literature whiclgave opposing results on the transformation sequieaice
had notfully consideredhe roleof particlesize.

Many groups have made efforts to understand the titania phase transformation
sequence i.e. does anatase transform into brookite and then rutile or does brookite
transform to anatase before rutik.sample of natural brookitemechanically
powdered) was heated from 8Q0C0°C to form rutile with no detection of

anatasgl47]. Recent work by Bahnemann et. @howed that pure brookite
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nanoparticlesrad pure anatase nanoparticles both transformed directly inta rutile
However in a mixture of anatase and brookitee anatase transforms first to
brookite and then rutilgl48 These types of studies are qaioated by the fact
thatas nanoparticles are heated they tend to aggregatgrewdand these rates

may be different for the different phases. So for example it may be the case that
anatase appears to transform to rutile at a Idemperatee than brokite, but in
actualfact it could be that the growth of the anatase particle is more rapid and it

reaches a size at which rutile is favounedre quicklythan brookite

4.1.2 Synthetic methods for production of brookite

Brookite can often occur as anixed phase with anatase but productiorpofe
brookite is rather challenging. It hdsowever been achieved by several different
routes with many theories on which conditidead to the formation dfrookite.
Some authors have argued that pH controlitecal while othes suggest that the
presence of ioner surfactantgan stablise the brookite phase. There is very little
consesus on general rules for broakiformation in the literature which is

perhaps an indication of the sensitivity of each paldicsynthetic approach.

Hydrothermalsynthesis has been studied by a number of graigbsa range of
reaction conditions and titanium sourcgei and colleagueBave demonstrated
that brookite is only observed at pH 10.9 wdasrinmoreacidic solutionanatase
is yielded[149 These researchers used anatase powder as a starting material,
converted it to sodium titanate by dispersion in NaOH(kgih tadjusted the pH
with HCI to give a range of pHs before hydrothermal treatni#mng et al. also
used alayeredtitanate precursor in aqueous ammonia to give anptask As
NaCl is addeda mixture of bookite and anatase is obtained gnate brookite
with a nanoflower particle shaps,formed with 0.25 M NacCl. A later publication
by Zhangand colleagueshallenged the rolef pH as thestudy vaied the counter
ions (CHCOONa, KCletc) and elucidated & it was in fact the presence of
sodium iors rather than pH that was the key paramgtéd] They proposed that

TiO, was formed by the closure of titanate layers leading to the formation of
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anataseYet the presence of sodium can block full closure of the layers resulting
in brookite. Nagase and eworkers have shown that both pH and amount of
sodium, and indeeduration of reaction play a roj@52 Starting with amorphous
titania in NaOH, thg found that sufficiently high temperatu(@00 °C) and
TiO2:NaOH ratio resulted in an anatase/brookite mixture. Lower temperatures and
TiO2:NaOH ratios produced sodium titanate, whsiteo high a tenperature and
reactant ratio gave a greater proportion of anatase. Pure brookite could be
obtained with a Ti@Na ratio of 4:3 when the sodium source was NaOH. Varying
the sodium source (M@0;, N&B4,O; and CHCOONa) whilst maintaiimg the
TiO2:Na ratio reulted in a change in pH. Only the high pH (12.9) using NaOH
gave pure brookite. It was suggested that crystallisation occurresl stwavly in

higher pH which ld to brookite.

However the situation is different when usingr@nometallictitanium complex
precursor rather thanlayeredtitanate.Pottier et al. used thermolysis of TiGb
selectively form brookite by controlling the Ti:Cl rafib53 They suggested that
the [Ti(OH).Cl,(OH,),]° complex is the precursor, formed in solution, which leads
to brookite.Qi et al. demonstrated thpH alsoappeas to have a critical influence

on phase formation from a TiCprecursor They showed thafliCl, in aqueous
sdution with KOH used to adjughe pH,anatase was formed at high pH, rutile at
low pH and brookite was formed with an intermedipk&[154] They proposed

that the struatre of the titanium complex in solution is determined by @it the
structure of thatomplex, in turndictates the phase formatiomAt high pH there

are morelikely to be a greater number of hydroxyl, Qligands coordinated to

the metal. The formatiorof Ti-O bond for TiO, construction occurs by a
dehydration mechanism through two Okgands on different meta that are in
close proximity. This would lead to a corner sharing type interaction. In order for
edge sharing to occur there must be two aljacOH ligands @ two metal
centres. The likelihoodf this happening is greater in basic condgiobherefore
edge sharing interactisrare formed at high pH and since anatase has the greatest
number of edg sharing octahedra, it forms in basic condsidAcidic conditions

favour rutile since corner sharing doedra form more readily. Brookite forms at
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intermediate pH since it has an intermediate number of edge sharing octahedra

relative to anatase and rutile.

Sun et alalso noticedhe effect of pH o the resultant phasad in addition noted
differences related to the concentration of the titanium precursorz fiGhis
cas€.149 They reported that brookite was formed at intermediate Ti
concentrdons but varyingit either higher or lower resulted in anatase. They
reasoned that at high concentrations of Jile rate of reaction was so rapiit

there was insufficient time for rearrangement to the brookite phase and anatase
formed rapidly. Yetwith low Ti concentratiorthe particle size was limited to
below 11 nm i.e. the size region in which anatase is more thermodynamically

favourable.

Control of pH also gave control of phase formation when using titanium sulphate
as a precursor for hydrotmeal synthesis of titanipgl55 However in this work

the researchers reported formation of brookite at high pH and anatase at lower pH.
A comparison between Tigland Ti(SQ), has shown that brookite came
obtained at lower temperatures using Ti@la hydrothermal methdd.5q

Kominami et al.demonstrated the importance thie presence a$odium with
organometallic titanium sourcgs57] They showed hHat using TiO(acag)
titanium aetylacetonate, with sodium late or sodium acetate at a 2:1 Na:Ti
ratio in a solvothermal method produced pure brookite. However lowering the
Na:Ti ratio or using a different alkalnetal salt (e.g. potassium late and
potassium acetategave a mixture of anatase and brookite. This system was also
sensitive to the solvent, only the combination of ethylene glycol with a small
amount of water resulted in pure brookite. This work serves to highlight each
system has very spific and different conditions which lead to brookite.

Thin films of brookite have received even less attention than partizié%aola et
al. formed a mixture of brookite and rutile nanoparticles by precipitation from
TiCl, with HCL.[158 Brookite was isolated from the mixture by peptisation. The
brookite nanoparticles were then deposited as a film bgaiping aglass slide in
a solution and then annealing at 573A&numberof othergroups haveisedtheir

nanoparticles to make a paste to use in a technique such as doctor blading, but
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from here onmethod for film fabricationwhere crystallisation te place irsitu,

are presentedMills et al. reported a correlation between brookftens and

sodium iongd159 Their study focussed on the incorporation of sodium in,TiO

films that were produced by either elipaing a sibstrate in a segjel or by spin

coating the segel. They compared soda lime, borosilicate and quartz glass. When
using the dipcoating methodbrookite was observed on soda lime glass whereas
anatase was produced on the other two substrates. Soda lime glass has the highest
content of sodium ions, and whilst the authors noted the link with sodium content

in hydrothermal methods, they did not offer anychnism for the formation of

brookite as a film.

There have been other reports of biitwkormed by a sefel methodjncluding
bothpredominantly brookifd 60 and pure brookitéims.[161] The pure brookite
film was obtained from a TiGlprecursorwith cellulose and oxalic acid as
complexing agemst It was found that sodium, which had diffused from the glass
substratewas present in the brookifdm. These researchers concluded that a
combinationof factas including complexing agenpolymer additive, solution

media and precursor concentration led to the formation of brookite.

Brookite ha been obtained by sputtering from a titanium sourde ansilicon
wafer[162 The asdeposited films contained a mixture of anatase and brookite.
Two different anealing methods were tested; CTAonventional thermal
annealing (heating rate of Z/min andheld at the target temperature for two
hourg and RTA, rapid thermal annealing, (heating the sample at the target
temperature for 128econdy It was found that rutile was formed at temperatures
of 800°C or above with CTA whereas brookite was obtained at’80@ith RTA.

This was attributed to the lower amount of thermal energy applied to the sample

during RTA which allowed metastable brookite ¢orh.

The only publication found using chemical vapour deposition is a report by Basu
and ceworkers who employed a plasma enhanced CVD mdth@§.They used
titanium tetraisopropoxide, TTIP, and oxygen gas (mixed with argon) as the
precursors on a silicon (110) surface with an appliedtsatie bias of 250 V dc.

The product was large pure brookite crystals approximately 500 x 1200 nm. They
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have explained that the applied voltage can supply sufficient energy (as does heat
in other variants of the CVD process) to achieve the requirethiseti energy

that allows a certain crystal structure to form through reorganisation of the heavy
ions. This explanation igather vague and does not giary reason why these
conditions should favour brookite over the other titania polymorphs.

Clearly, here is a great deal of work to be undertaken in order to elucidate the
factors which lead to brookite formation in any thin film synthetic method but

particularly from chemical vapour deposition.

4.1.3Photocatalytic activity of brookite

Having revieved synthetic strategies for brookite formation, the following section
highlights selected reports of the photocatalytic properties of brookite in order to
gain an appreciation for the potential applications of the material and understand

the motiation forfurther investigation.

The physical properties of brookite are often considered to be between that of
anatase and rutile. The band gég, example has been determined as 3.1 eV
whereasanatase and ruéhave a band gap 8f2eV and 3.0eV respective}.[32]
However the photeatalytic activity is less wellinderstoodOhtani et alin 1985

were the first todescribethe photocatalyticacivity of brookite[164] They
reported that (platinised) brookite was highly active in the degradation of
propanol to acetone and hydrogen, demonstrating that the condoatidrenergy

of brookite was sufficienthhigh to enable the hydrogen evolution, like anatase
but unlike rutile. Photodeposition of silver from silver sulphate was also used as a
test for photocatalytic activity. In both of these tests brookite was shove t

more active than anatase or rutile.

Koelsch identified brookite as a promising candidate material for use in
DSSC4.165 They used cyclic voltammetry to demonstrate that brookite is more

electrochemically active than films of anatase.
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The aforementionedtudy of TiGQ on different glass substratewith varying
levels of sodium assessed the photocatalytic activity of the film by resazurin ink
bleaching and stearic acid degradafid®9 They reported the lowest activity for
the brookite film in both tests. However in this casepghesenceof the sodium

ion may be responsible for the low activity

Another study i the group of Bahnemann used an aqueous solution of titanium
bis(@ammonium lactate) dihydroxide, TALH, and urea under hydrothermal
conditions to form either anatase nanoparticles or brookite nanorods or a mixture
of the two, depending on the concentratodrurea[166 Each of the pure phases

and mixtures with a range of compositions were platinised asdssead for
hydrogen evolution froma methanol/water solution. The pure brookite
outperformed the yre anatase, the mixtures and even Degussa (@25
commercially available mixture of anatase and rutile that is commonly used as a
6gol d st andar ddhisiwas dgspite theosigraficaatly lpveer ssirface
area of the pure brookite. The authottsilatte this to a slightly lower conduction
band edgef brookite compared to anatase, making the production of hydrogen
more favourableThis is also evidenced by measurement of the flat band potential
of brookite and anatase. Degradation of dichloroaaatid DCA, was also used

as afurther examination of photocatalytic activity. The results of this test showed
brookite and brookite containing mixtures to be less active than anatase. There
was, however, a direct correlation between the surface areactiwity, i.e. the
anatase particles had the highest surface area and the highest activity, therefore it
would be invalid to conclude that anatase is a better photocatalyst from these

investigations.

Nanoflowers from a titanate precursor (discugsexviowsly) showed activity for

the degradation of methyl oranffls(0 The most active sample tested was a
mixture of anatase and brookite followed by pure brookite and then pure anatase.
However it was noted that wh accounting for difference in surface artee

pure brookite sample would be expected to give the highest activity.

Kominami et al., who used a TiO(aca@recursor demonstratg that their

brookite nanoparticles had similar activity to Degussa P25wause activity
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compared tgoure anatase in thelehydrogenation of-propanol[167] However
these direct comparisons of activitmay not be entirely fair since when
comparing anatase and brookite particles with similar surface @reasamples
calcined at 823 K in both cases), the authore it a small amount of rutile
appears in the brookite sample, which may have a deti@neffect on the

photocatalytic activity.

Research by the same group (Kominami et al.) highlighted the different trends
that can be observed when using different photocatalytic [t8&®s.They used
brookite particles that had been calcined at various temperatures between 400 K
and 1200 K in three different photocatalytic $estA higher calcination
temperature gave larger particles and therefore a decreased surface area. Testing
for CO, evolution from acetic acid, the rate decreased witheasedannealing
temperature implying that surface area is more important than anjsgallThe
investigation of hydrogen evolution showadplatinized) sample cal@d at 823

K gavethe best performangesuggesting @ompromisebetween surface area and
crystallinity gives the highest activit{this sample gave aimilar rate to P25)
Finally, for O, evolution from silver sulphatethe samples with théighest
calcination temperatures were best. This was attributéaetoequirement fafiour
holesto be present for the generation of oxygen and theré¢fisetest is more
sensitive tothe recombination of electrons and holes within the partidRases of
recombination aregenerallylower in the samples that have beemealed at
higher temperatures. hEse trend$have also been shown to blee same for

anatase

Yu et al have studied experentally, the reactivity of different faces of the
brookite crystal structurll69 They report the synthesis of single crystal
nanosheets, nanoflowers and nanospindledrookite from TiCl,, urea and
sodium lactatewhich acts as a surfactant asdmplexant, forming isitu a
[Ti(CsH403)3]> precursor.The lactate ion absorbs onto specific faces of the
brookite crystal causing kinetically selective growth of various faces of the grain
seed.The lactate ion was necessary to form pure brookite as without wahich
different precursor Ti(OH)»(OH,)4)** was generateavhich resulted inmostly

anatasevith only a little brookite andutile. It wasdeterminedhat thenanosheets
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had four 210 two 101 and two201 facets exposedn contrast, the nanoflowers

and nanospindles did not have anytipalar facets exposed and were described as
irregularly faceted. Photocatalytic activity was assessed by the bleaching of
methyl orange. The nanosheets showed higher activity than Degussa P25 whilst
the nanoflowers and nanospindles were inactive. THeoetttribute this to the

high percerdge of the exposed high enerfii facet which is known to be highly
catalytically active. Alspmeasurements of the production rate-©OH radicals
indicated that there is repressed recombination of electrons aesl ihothe
nanosheets which would also give rise to a more active photocatalyst.

The aforementionedrbokite films reported by Di Pdw et al. were shown to
degrade zpropanol under UV irradiation however no comparison of activity was

made witheither anase films on industry standard photocatalyst filib§|

Some researchers have suggested there may be gisijoenteraction between
anatase and brookite. Chen showed tlzattoparticles synthesised hydrothermally
from a titanate precursor could be either anatase or brookite depending on the
NaOH concentratiofi34] The pure brookite titania was more active for hydrogen
evolutionthan pure anatase despite having lower surface ¥etaa mixture of
anatase and brookite together gave the highest activity, which when normalised
for surfacearea, was 220% higher than Degussa P25. They ascribed this to
separation of electrons and hoksthephase interface by electr®m brookite
transferring to the CB of anatase due to the more negative flat band potential of
brookite. They also complimé&d these findings with femtosecond transient
absorption spectroscopy (TAS) measurements which showed that the
photoexcited electroria brookitehad the longest lifetimes.

4.2 Experimental

All depositions were carried out using the atmospheric preshi@mical vapour
deposition reacr which is detailed in section 1.4litanium tetrachloride

(ReagentPlu®999%,) was obtained from Sigma Aldrich, ethyl acetd&boratory
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reagent gradeyas obtained fronfrischer Scientific, iad tert-butylamine (99.5%)

from Sigma Aldrich A brookite crystal was purchased from Crystal Seen Trading
Co. All precursors were used without further purification. Float glass with ap SiO
barrier layer on one side was supplied by Pilkington and was cleaned with water
and detergent, atone and isopropanol then dried in an oven prior to use.
Stainless steel coupons (25 x 25 x 0.1 mm), 304 grade, were purchased from
Goodfellow. aracterisation by SEM, XRD and Raman spectroscopy were
carried out using theastruments detailed in secti@?. Photocatalyti@activity for
samples with a steel substrate was assessed usingedtidgusing the procedure

outlined in section 1.5.3

4.3 Results and Discussion

This sectiomgives three examples of APCVD deposition conditions which lead to
the formation of brookite, either as a pure phase or as a mixture with different
TiO, polymorpls. The samples of pure brookite weltgther characterisednd

tested for photocatalytic activity

4.3.1 Low ethyl acetate mass flow

Given the 1:2 ratio of titaniurand oxygen in the structure of titanium dioxide it
could be assumed that a 1:2 ratio of mass flows in the CVD process would be
required to obtain the correct stoichiometHowever, practically, the ratio of
flows is fairly insensitive and Ti@is strongy favoured above another titanium
oxides such as TiO, B3, TizOsor the ThO,,1 series (= 4-10).[170 This is due

to the greater thermodynamic stabil{tgwest Gibbs free energpf the dioxide.

With this type of system (i.e. APCVD with Tigand ethyl acetate precursors) the
phase is largely then dependent on the tentyreraf the substrat€hapter two

has showrthat neither precursor nosubstrate is thaingle determining factar

althoughboth certainly ddhave an influenceDepositions were carried oufith a
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very high ratio of TiCJ to ethyl acetateThis led to the formatioma mixture of
anatase and brookitdhe deposition parameters for samdef and3 are shown
in Table 5

Sample| Time | TiCl4flow Ethyl TiCly: Plain | Thickness
(mins, rate acetate Ethyl lines (nm) (at
secs) | (mol/min) | mass flow| acetate total position

(mol/min) ratio (L/min) 2b)

Sample

L 14 0.0053 0.0034 1.6:1 4.6 2042
Sample

5 14,53| 0.0175 0.0011 16:1 4.6 637
Sample

3 14 0.0175 0.0011 16:1 4.6 486

Table 5 Deposition parameters for variation in ethyl acetate flow(all depositions at 500°C).

As the table lsows the sample® and3 vary from 1 in theratio of ethyl acetat¢o
TiCl,. Upon visual inspection for all samples, the glass substrate was fully
covered with a off-white film that is partially opaque. The interference fringes,
typical of TiQ; thin films, were also visible.

The most straight forward way of determining the phase is by using Raman
spectroscopy. There are a large number of Raman active vibrations for brookite
which can easily be identified within a mixture of anatase and brodkigaman
spectrum for a commercially obtained brookitgstal(powdered with mortar and
pestle) wasecordedand is shown in Figurgl.
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Figure 51 Reference Raman spectrum from commercially obtained brookite.

The peakpositions obserw in Figure51 correlate with the reported Raman
spectrum for brookitgl05 In contrast, XRDrevealsonly onepeakfor brookite
which is not coincident (or very close to) amatasepeak and vice-versa
Furthermore the short data collection timéor high quality datan Raman
spectroscopymakes it a convenient tool for raf assessing many areas across a
CVD substrate. For each of the sampleRaman spectra were recorded at a
number of locations across the film3he positions are indicated by a
number/letter codeyhich corresponds ta 10 x 20 squargrid with letters AJ
from left to right anchumbersl-20 from bottom (i.e. end closest to the gas inlet)
to top (nearesto the exhaugt Figure 2 shows selected Raman spectranir
specific regions of sampl@ exempifying a region identified as pure rutile
(position 2i), pure anataspdsition4b) and an anatase/brookite mixture (position
2b).
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Figure 52 Raman spectra of selected positions on samg@eCircles indicate anatase, squares
indicate brookite and stars indicate rutile.

There ae a number of peaks which occur very close to one another (for example
the E mode of anatase at 144 ¢tand the Ay mode at 153 cih brookite),
however the presence of a peak at 516" ésnused to confin the presence of
anatase whilst brookite has severablg in the region of 20880 cm’ for
identification of brookiteNote that the region beloea. 150 cm' does not show
peaks withthe expected intensity due to degradation of the notch Witéin the
Raman instrument, however unambiguous assignment of the phases present is still
possible. The effect of theotchfilter is also seen in the decrease in background
noise hence it is possible to establish that the reduced intensity of peaks below
150 an is due to an instrument artefact rather than a peculiarity of the sample.
Figure 3 colouris used tondicate thegphaseof the Ti(, in each of the positions

analysed.
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Figure 53 Map of phase distribution for samples2 (top left) and 3 (top right) and 1 (bottom
left).

Inspection of the phase maps regd¢hht the films formed under low ethyl acetate
conditions do not have a homogenous phase. Brookite tends to be present near to
the gas inlet on theeft-hand sideof the glass substrat&he TiO, precursors
entered the reactor on the rigidnd side. Only nitrogen gas entered through the
inlet on the lefthand side of the reactofample3 was made with a slightly
shorter deposition time and showed a similar trend withtase and brookite
mixtures on the left hand side of the reactor, however there was no discernible
rutile present on the right hand side. It could be presumed that rutile was formed
as a result of a longer reaction timenawer a deposition for 1 minufé seconds

(with the same flow rates @and3) shows the presence of rutile in the centre and
right-hand side of the substrate and a mixturenaitase and brookite on the left
hand side in a similar manner 2 It may be the case that rutile is present

sample 3 but it not detectable by Raman or that variation in the substrate
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temperature have led to rutile formationsample2. CVD reactos of this nature

are known to give a variation in conditioraevious work has investigated the
variation in phae across a TiO flm formed under similar reaction
conditions[104] These researchers found that at 460anatase was found across
the substrate but at 60C anatasevas formed nearer the front and rutile was
incorporated toward the back of the reactor. This was attributed to changes in
temperature of the gaseous precursors when entering the hot reactor environment
and heating up as they pass through the reactor, hsasveubtle changes in
reactant concentration through the reactdt. is also difficult to say with
confidence that the temperature of the carbon block is uniform across its whole
area. There are two Whatman heater cartridges within the carbon blockasdich
approximately 2 cnin diameter placed in the centre of the block, hence it is likely
that the edges of the block are somewhat cooler, particularly given that the quartz
surrounding the reactor zone is not heated, i.e. it is a cold walled type reactor.
Once the reactdnas reached its temperature set point, it is allowed to equilibrate
for a minimumof 45 mins before the deposition to minimise the temperature
gradient across the carbon blocKariations in precursor concentration within the
reactor carbe caused by dispersion of the gas as it moves from the pipework into
the much larger volume of the reactor and also by depletion of the precursors due
to their reaction at the front region of the reactor. These are innate features of
CVD andvery difficult to avoid and also extremely challenging to measure or
monitor insitu. It is highly likely however thatthese variations in concentration
may affect the chemistry of the deposition reaction and in turn influence the phase
of the material. As discusséa the introduction of this chapteroncentration of
solution phase reactantan have a critical effect on polymorphic phase, hence it
is reasonable to suggest it is also a relevant paramefd?@vD. Given thatall

other parameterstgmperatureplain flow rates, substrate etc) have beentkep
constant between samples 2f811, other tharthe TiCl, to ethyl acetate flow rate
(note that this consequently increases the total flow rate since plain flow lines
werenot adjusted) the amount of the oxygencprgor present in the reactor can

be identified as a critical parameter in the formation of the brookite polymorph.
Brookite is observed when the flow rate of ethyl acetate is very low.
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In order to gain further insight into the conditions and mechanisnbrfukite

formation, two further systems werneidied

4.32 Brookite formation in the presence of an amine

Depositiors werecarried outin the presenceof an additionalchemical species,
namelytert-butylamine. Hergdepositions werperformedon glas with identical
parametes except forchangedamountof tertbutylamineand ethyl acetatased
(note that this does have the effectatieringthe total gas flow since the plain
flow lines were not adjusted).The films formed in the presence of amine are
yellow in colour, indicatingncorporation ofitrogeninto the TiQ structure The

depositionparameters are shown in Table 6

Sample| TiCl, | Ethyl Plain | Amine Phase Thickness
mass | acetate| lines mass (um)
flow mass flow (range)

flow

Sample 6.4

0.0053 | 0.003 4.6 0 Anatase
1 (6.1-6.7)
Sample Anatase/Brookite 2.4
0.0053| 0.0034| 4.6 0.0013 .
4 mix (2.1- 2.6)
Sample Anatase/Brookite 2.4
0.0053| 0.0104| 4.6 0.0013
5 mix (2.1-2.7)
Sample 8.0
0.0053| 0.0142| 4.6 0.0013 Anatase
6 (7.3-8.5)
Sample 4.0
0.0053 | 0.034 4.6 0.0007 Anatase
7 (3.8-4.1)

Table 6 Deposition parameters of TiQ varying amine and ethyl acetate flow rategall
deposition at 500°C for 14 mins).
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For all samples in Table 6 an aigahe centre of the glass (appnowitely 12 crh

was investigated. At least four Raman spectra and three thickness measurements
were recorded in this area for each sample. The phase designation (i.e. either
anatase or anatase/brookite mixture) was the same for each of the four spectra
from one sample. The thickness variadifferentpositiors as shown in Table 6.

It was found that without the amingure anatase is formgdample ) on the
glasssubstrateand when th@mine is introduce@dsample 4, ananatasérookite
mixture is formed.From this starting point the amount of ethyl acetate was
increased. Increasing to a ratio approximately 1:2 TiGltethyl acetate an
anataskrookite mixture was observed agafsample %, but then increasing the

ethyl acetate flow rate still further th2.7 TiCl,.ethyl acetate ratigielded pure
anatasgsample §. Similarly, reverting tanitial ethyl acetate flow rateused in
sample Jandsample 4and introducing a very small amount of amine (loficaw

thansample dresulted in pure anataggmple?).

Looking at the phase of tteample 4ilm alone, one could infer that the presence

of the amine causes the formation of brookite. However, with the same amount of
amine but sufficiently increased ethyl acetapure anatase is observeeétom

these obarvations it is possible to conclude that introduction of the aatoge a
critical amount willcausebrookite formatiorunless the flow rate of ethyl acetate

is increasedThe propose@éxplanation is that the amimeact with ethyl acetate

with the effet of lowering the overall ethyl acetate concentratiofhis then
results in a situation such as in the previous section which resutisokite

formationmixed with anatase

4.3.3 Substrate dependant brookite formation

An investigation was carriedub to determine if substrates other than glass can
support the formation brookite titania, and if so, what effect the substrate has on
the phase composition. Steel (304 grade) was an appropriate choice of alternative
substrate given the industrial inter@stphotocatalytic coatings on architectural

materials, as outlined in section 2.1Rour pieces of steel were placed directly on
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top of a sheet of SiDbarrier coated glass, with gaps of approximately 4 mm
between each steel piece. This was to allowgthes between the steel piste
be coated and compare the phase of the coating on the steel and the surrounding

glass. The deposition ganeters used are shown in Table 7.

Sample | Temp Time TiClymass | Ethyl acetate | Plain
(°C) | (mins, secs)| flowrate | mass flow rate | lines
(mol/min) (mol/min) (L/min)
Sample 8| 500 1,15 0.008 0.004 4.6

Table 7 Deposition parameters for TiO, on steel and glasssimultaneously.

Each piece of steel was analysbg Raman spectroscopy in three different
positions. It was found that all ¢hpieces of steel except theedrom the bottom

left corner was pure brookite, in all areas analysed. The piece of steel from the
bottom left corneof the reactohad pure brookite in one of the three areas tested
and ananatase/brookite mixture in the other two areas. As mentioned previously
there are a number of coincident Raman peaks in the brookite and anatase spectra,
however for this analysis it has been judged to be pure brookite if the peaks at 128
cmi?, 153 cni with a shoulder at 135 cfrare discernible. This is used to discount

the presence of anatase as it is presumed that the very strong intensity of the
anatase Eg mode at 144 twould obscure this shoulder even with a very small
amount of anatase prese{n example of a pure brookite on steel Raman

spectrum is given ifigure 54.
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Figure 54 Raman spectrum of pure brookite, sample3 with inset illustration of shoulder at
135 cmi'.

Pure anatase was found on the glass in evewy @sted including around the
positions where the steel had been. This demonstrates that a steel substrate can
induce formation of an entirely different polymorph even under identical flow and
heating conditiongi.e. simultaneous deposition on glass atekly The reasons

for this could be physical, i.e. a templating effect due to the nature of the surface
on steel, or chemical. Given thath@pter 2 presents results demonstrating the
formation of anatase on a 304 steel substrate, the nature of theidtssd sannot

be the dominating factor. The conditions used to produce brookite on steel had
lower ethyl acedte flow rate than was used irh&pter 2 where anatase was
formed. Howeverthe low ethyl acetate flow rate also cannot be the determining
factor snce the identical flow rates produce anatase on the glass surrounding the
steel. Given that the previous sections have suggested low ethyl acetate
concentration as a condition for brookite formation, one could consider whether
the ethyl acetate could bepmleted or removed in some way at the steel surface. A

possibility could be that the steel surface is not fully oxidised (unlike the SiO
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surface of the glass) and is chemically reacting with the ethyl acetate and lowering
the amount available for Tglformation. However, with this theory, one would
expect the oxide layer to be formed quickly and the continuous flow of ethyl
acetate to be sufficient to replace any that has reacted with the steel surface.
Further work is required to establish what th&aal differencebetween the gks

and steel substrate is, seleapters for possible strategies.

4.3.4 Mechanism of brookite formation

These results presented in @irevious three sections gitleree set®f conditiors

in which the formation of brookitesiobservedin the first case, low ethyl acetate
flow rate is clearly identified as the variable which results in brookite formation.

is proposed thaih the presence of amine the ethyl acetate concentration is also
depleted, howver this is speculativeince m direct measurements have been
carried out. However theseobservatios do not establish a cause and effect
relationship. Tie question remains as to why this conditiohlow ethyl acetate
concentrationyvould favour brookite over anatase orilitThe answer to this is

not immediately obvious since the stoichiometry of all three polymorphs is, by
definition, the samesolowering the amount of oxygen precursor available is not
an intuitive explanation for the formation of brookibe contrasto solution based
methods of Ti@ formation,no publishedwork has beefound on the mechanism

of brookite formation from vapour deposition. It is interesting to note that the only
other paper which reports brookite formation by a CVD process, plasmacedhan
CVD, comments on thehemical reaction of Oions suggesting that hydroxyl

and carboxyl groups are not able to bond with Ti but are instead oxidised into
gaseous products and removed via the exhfiet lowering the amount of
reactive oxygen)This has not been proven experimentally and again why this

should lead to brookite is not explained.

It is necessary to consider the chemical species which are involved in the reaction
which forms the bonds TiO,. No reportswere foundin the literature of igher

experimental work or theoretical modelling on the decomposition pathway of
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TiCl, and ethyl acetate or of the mechanism for ;Ti@mation. A speculative
mechanism was proposed by Parkin et which involved a three step
procesg171] Equationd4 shows the degradation of ethyl aatetinto ethenone and
ethanol.

CH3COCH,CH3; A C,H,0O + CHCH,OH

Equation 4

The ethanol can then further break down imtater and ethane, as shown in
Equationb.

CH;CH,OHA HO + GH4

Equation 5

The wder can then react with the titanium chloride and formtitheium dioxide,

as shown in uation®6.
TiCls + 2H,O A TiO, + 4HCI

Equation 6

The exact processes which take place in this final step are not ddtaileler it
is reasonable to assume that all four chloride ions do not simultdypelgsociate,
but rather that it is a step by step process in which each réplaced with a OH
resulting in a Ti(OH) complex. This would then give rise tosduationwhereby

the TiO, bonds are formed byydehydration step between two hydroxide ligands.

An alternative degradation pathway of the étmetate could be nucleophtligpe
attack of the ester bont form acetyl chloride and an ethoxide ligand on the
titanium centreas sown in Equation 7This seems reasonable as the ethenone
product proposed ikquation4 is highly reactive and susceptible to nucleophilic

attack.
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CH3CO,CH,CHs + TiCla A CHsCOCI + Ti(Cls(OCH,CHs)

Equation 7

Both of these appiaches have begiroposedas possible reaction pathways by
Sheel et a]72] It is interesting tanote that a titanium centre with four ethoxide
ligands would closely resemblditanium tetraisopropoxide, TTIP, which is

another common precursor used in CVD for the deposition of. TiO

With either scenario for ethyl acetate decomposition it seems likatythere is a
stage at which the titanium metal is coordinat®@dn oxygen containing ligand.
This oxygen containing ligand would then be able to react with another ligand on
a nearby metal centrejith the elimination ofvater, ethanol or HCForminga Ti

O-Ti bond This then leads to a circumstance in which one could apply the same
logic to explain brookite formation as for solution based processes. That is, for
edge sharing oahedra to form there must be tvemjacentoxygen containing
ligands on a metal centre When only one OH group is present on each metal
centre a vertex sharing interaction would form. This is depiot€gyure55.

@OH + HO@ > @o@ + HOH

+ 2HOH

-0
|_—=OH + HO —_—
0

Figure 55 Formation of vertex sharing octahedra (top) and edge sharing octahedra (bottg).

Therewould bea higher chance addge sharing interaction occurrimgth more
ethyl acetate preserince anatase has four edge sharing octahddrirmation

is favoured with higher levels of ethyl acetate but with low ethyl acetate
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concentrationthe chloride ligand are less likely to be replaced with an oxygen
containing ligandThis rationale would suggest anatase is always favoured with a
single source precursor such as TTIP as all four ligamdild contain oxygen and
may explain why brookitdormation has not been reported by other groups since
TTIP is usually the preferred precursor.

4.3.5Characterisation and photocatalytic activity of pure brookite

In order to investigate the morphology of pure brookite, the surface was
investigated usig scanning electron microscopy. The images below show pure

brookite on steelsample 8xat three different magnifications.
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Figure 56 SEM images of brookite on steel substrate at differing magnifications.

These images illugate that the particle size of brookite is comparable to that of
anatase and rutile (as shown ih&pter2). However there appears to be pillars or
columns consisting of many stacked plbke particles, which results in a more
textured surface at the anon scale than is typically seen for anatase films. This
would indicate that these films would be of interest for future studies of
photocatalysis as an increased surface area would be predicted to give high

photocatalytic performance.

Plate type morpholyy of brookite has been observed by otliéds This may

suggest that the growth mechanism is similar, adding weight to the hypothesis that
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the brookite, here, is formed by linking of Ti octahedra innailar manner to
solution based processes

Given thatno studiesinto the photocatalytic properties of brookite CVD films
were found in the literaturea sample of pure brookiteample 8on steel was
selected for testing and compdrto a standard of Pilkgton Activ glass in
addition to a blank of uncoated steel. N@estruction was selected as a test
method given that other standard photocatalytic tests such as stearic acid and dye
degradation usually require a transparent substrate for transmissiorreneasis

of IR or UV-vis. The results shown inigure 57 plot the change of NO
concentration in the dark and under UVA irradiationsample8, blank uncoated

steel and a piece of Activ glass (25 mm x 25 mm)
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