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Abstract

Titanium dioxide (TiO>) is the leading material for self-cleaning applications due to its
intrinsic properties, such as chemical inertness, mechanical robustness, high
photocatalytic activity and durability to extend photocatalytic cycling. However, its
relatively wide bandgap limits its outdoor applications. There has been a strenuous
effort to try and improve the photocatalytic efficiency of TiO», in particular by
modifying its electronic structure to enhance its function under solar illumination. The
most commonly studied approaches for achieving this have been to incorporate anionic
and/or cationic species into the TiO» structure and the design of TiOz-based

heterojunction systems.

The addition of nitrogen, phosphorus and sulfur species into the matrix of TiO> was
investigated. Films were grown using atmospheric-pressure chemical vapour
deposition (APCVD). The nitrogen-doped system has been investigated most
prominently to enhance and extend the photocatalytic response of TiO> materials into
the visible region of the electromagnetic spectrum. Nitrogen can either replace oxygen
sites (N, substitutional doping) or sit within the TiO structure (N, interstitial doping)
and form N-O groups with lattice oxygen. Interestingly, these NOx groups, as well as
NHx surface species present similar binding energies, ca. 400 eV, hindering the
identification of the nitrogen species and their role in the photocatalytic response of the
material. Various synthesis conditions were experimented using different nitrogen
precursors (fert-butylamine, benzylamine and ammonia), which were used to establish
a correlation between surface and bulk nitrogen species and the photocatalytic
behaviour of the N-TiO> films. A loss of the Nj environment (as observed by X-ray
photoelectron spectroscopy), as well as a decrease in photoactivity over time was

observed, suggesting a direct participation of the nitrogen species in photocatalytic



processes. In addition to traditional CVD methods, a pulse precursor approach was used
for the first time, to the best of our knowledge, to synthesise stratified N-doped TiO»
thin films, by adding nitrogen into specific regions of the N-TiO2 film. Physical and
functional comparison of stratified and non-stratified N-TiO> films with similar
structural and morphological features allowed us to evaluate the benefits of this
synthetic approach, which not only resulted in an increase in the photocatalytic
efficiency of the stratified N-TiO; films but also did not affect the overall crystallinity
of the films. The addition of phosphorus and sulfur was investigated as the most
promising alternative to the use of nitrogen doping, as both could be added to the lattice
of TiO; either as cations or anions. Through functional testing, it was found that both
dopant species were beneficial from a photocatalytic point of view. Interestingly, the
use of APCVD techniques to deposit P-TiO; thin films resulted in the addition for the
first time, to the best of our knowledge, of P* species, as well as P°*, to the TiO
structure with the relative proportion being determined by the synthesis conditions.
Through Hall effect probe, photocatalytic testing and transient absorption spectroscopy
(TAS) analyses, it was found that the incorporation of P> species was detrimental from
an electrical conduction and photocatalytic point of view; however, the presence of
solely P3* species resulted in P-TiO> films with enhanced self-cleaning and TCO
properties. These results provide important insights on the influence of dopant nature

and its location within a semiconductor’s structure.

Heterojunction semiconductor materials are used in a wide range of applications
including catalysis, electronic devices, sensors and solar-to-chemical energy
conversion. These materials benefit from effective electron transfer processes, electron
tunnelling, surface passivation and other synergistic effects to enhance their

performance beyond the individual components. By using CVD methods, two different



heterojunction systems, rutile/ anatase TiO> and WO3/TiO,, were grown. The
interposition of an amorphous TiO»-based interlayer allowed direct vapour deposition
of anatase on a rutile substrate, which is otherwise hindered by templating. The
subsequent crystallisation of the amorphous interlayer after annealing, allowed us to
investigate the impact of an efficient interface between the two rutile-anatase phases in
the photodegradation of an organic model pollutant, stearic acid. Clear evidence on the
synergy between the two polymorphs and more importantly, on the charge flow across
the interface, which is against much conventional understanding, was evaluated through
the photoreduction of silver particles. This charge flow involves electron transfer from
rutile to anatase. Likewise, a conformal coating of WO3; nanorods with TiO, was
performed using APCVD techniques. The resulting WO3/TiO; heterojunction films
showed an electron transfer phenomenon, where electrons moved from WO3 into TiO»,
against widely reported observation. State-of-the-art hybrid density functional theory
(DFT) and hard X-ray photoelectron spectroscopy (HAXPES) were employed to
elucidate the electronic interaction at the heterojunction of the WO3 and TiO»
crystalline phases. This vectorial charge separation reduces electron-hole
recombination and most likely extends the lifetime and relative population of
photogenerated charges. These results provide important insights on the influence of
vectorial charge separation in heterojunctions. These phenomena had a dramatic impact
on the photocatalytic efficiency of the heterojunction films, which are among the very

highest ever reported by a thin film.
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Chapter I
INTRODUCTION

“The following chapter presents the aim and motivation of this project, using
photocatalysis for water treatment remediation. In this chapter, a brief introduction
and historical review of TiO> photocatalysis and its potential new photocatalytic
applications is presented. This chapter introduces the basics and principles of chemical
vapour deposition techniques, which was used in the synthesis of the photocatalytic

materials produced for the thesis.”



1. Introduction.

This thesis aims to explore and develop a method to enhance the photocatalytic
properties of titanium dioxide (Ti0O2) coatings, which will be used inside a photoreactor
to purify wastewater in South East Asia from palm oil industries. In this thesis, the
enhancing of the TiO: functionality will be investigated by using three different
approaches, including chemical modification, coupling two dissimilar semiconductors
and through the nanostructuring of metal oxides. The chemical modification of TiO2
will be explored by adding different non-metal species, such as nitrogen, phosphorus
and sulfur, to the TiO> structure, allowing us to acquire a better understanding of their
effect on the photocatalytic performance of TiO; films. In addition, the coupling and
nanostructuring of TiOz-based semiconductors will be also investigated to identify and

optimise the most beneficial approach for enhanced photocatalysis of TiO»-based films.

1.1.  Principles and aims of this thesis: The PCATDES project.

While the amount of fresh water on the planet has remained relatively constant over
time, continually recycled through the atmosphere and back onto the earth, the human
population has dramatically grown, increasing water demand. The shortage of clean
water sources due to the rapid development of industrialisation and metropolitan areas

has led to shortages that are exacerbated by droughts.

All this has made access to drinking water a major issue that needs to be solved by both
developing and developed worlds. The amount of fresh water available to the world
population represents only 2.5 % of all water on the planet. It is worth noting that most
of this fresh water is trapped in glaciers and snowfields, leaving only 0.007 % of the
planet’s fresh water available to be used by human beings. It has been estimated that
around 4 billion people worldwide have little to no access to clean and sanitised water

2



resources.! This world scenario is expected to get worse, due to the increase of
industrialisation and farming, which will deliver micropollutants and contaminants into
the natural water cycle.? All this has led to a vast investigation to optimise and improve
water treatment processes. The wastewater problem could be addressed by using
conventional water treatment methods, but they are highly expensive and energy
intensive,’ making them largely inaccessible in developing countries. Therefore, highly
efficient and low cost water treatment technologies must be developed and optimised

to address the fresh water shortage.

The most common approach to treat water consists of a two-step process, where firstly
the contaminated wastewater is treated by separation, to decrease the amount of
contaminants, and subsequently treated by biological degradation. These are cheap and
effective methods that can reduce 95 % of water contaminants. However, there is a
remaining 5 % of organic pollutants commonly named recalcitrant material, whose
removal is challenging.* This recalcitrant matter includes humic and palmitic acid, as
well as oleic and linoleic triglycerides. Therefore, further treatment processes are
necessary to completely clean wastewater deposits. Currently there are different water
treatment processes to destroy these remaining organic contaminants: ozonation,
membrane bioreactors, electrocatalytic treatment and chlorination are the most

common:

i.  Ozonation consists of the oxidation of organic components by pumping ozone
into the water stream. The very short half-life of ozone requires on-site
production through a low efficiency process and consequently requires high
investment and operational costs.

ii.  Membrane reactors are intrinsically less energy intensive, however, these

systems are affected by membrane fouling, increasing significantly the



hydraulic resistance of the system.>® These systems require frequent membrane
cleaning and maintenance processes, adding significant operational costs to the
water treatment process. Therefore, this approach would be unsuitable for very
high throughput systems.

iii.  Electro-catalytic oxidation processes are based on the injection of suitable
biological and chemical catalysts into the wastewater stream together with a
concentrated oxygen source, creating an aerated water stream.”-® This stream is
subsequently electrolysed using a controlled direct current. This water treatment
approach has shown the highest efficiency to purify wastewater, but is highly
expensive and energy intensive. Thus, its application is not affordable for small
scale producers.

iv.  Chlorination has been the most commonly and widely used water treatment
method in the last decades to decontaminate wastewater streams. Unfortunately,

this disinfection method generates mutagenic and carcinogenic by-products.’

Despite the fact that these treatment methods can remove the recalcitrant matter from
wastewater streams, they are energy intensive and relatively expensive to meet the
legislative and policy standards of Southern Eastern Asian countries.!? In addition,
small palm oil mills and olive oil pressing industries, as well as smaller scale fish
farming businesses which are ubiquitous to South East Asia, as well as Southern
Europe, are often situated in rural areas where power is scarce and/or expensive, making
people unable to access drinking water. Therefore, there is a clear need to develop and
implement cost-effectiveness and mobile water treatment technologies.!! This could be
addressed by using photocatalysis to treat wastewater streams. In the last few decades,

photocatalysis has shown a great potential to remove persistent organic compounds and



micro-organisms from water. In addition, this is a low-cost and sustainable water

treatment process.'?

In this thesis, the application of photocatalysis for water purification applications was
explored through the synthesis and design of new photocatalytic materials, which were
tested in photoreactors designed by our project partners (Bath University and Rey Juan
Carlos University). This thesis work was part of a multidisciplinary project, involving
different teams across Europe and South East Asia, named the PCATDES project. The
aim of the PCATDES project was to design, develop and build smart autonomous-
mobile photoreactors based on innovative processes, novel engineering, solid-state
lighting and materials with enhanced photocatalytic properties. Therefore, these
photoreactors could be used in remote areas and potentially mineralise the recalcitrant
organic pollutants, which cannot be removed from wastewater using biological

methods.

The PCATDES project consists of two main phases. Firstly, it is focused on developing
doped TiO> or other active photocatalytic materials (core shell systems, nanostructured
metal oxides, heterojunction systems, etc.) to increase the photocatalytic efficiency
through the enhancement of photon absorption and charge carrier separation. In
particular, this increase will be accomplished by maximising the UV absorption via
artificial irradiation using blue light emitting diodes (LEDs, developed by Bath
University). Secondly, innovative electronic technologies will be used to build an
autonomous and portable photoreactor for wastewater purification purposes. The
reactor will be assisted by the blue LEDs which will enhance the photogenerated charge
carrier separation of the photocatalytic material. These LED lights will be
interconnected with high-tech sensors and microprocessor to enable continuous

operations in remote areas. The input of UCL to this project was the synthesis and



optimisation of highly active new photocatalysts, as well as novel photocatalytic
materials with high surface area. Photocatalytic tests were also carried out at UCL to

assess the functionality of the photocatalysts.

1.2. Photocatalysis as an alternative and green method to purify water.

1.2.1. Photocatalysis: basis and fundamentals.

Photocatalysis has been one of the most investigated topics in the last five decades, due
to its potential application in a wide range of different fields, such as photovoltaics,
energy storage, remediation treatments, etc. Photocatalysis is understood as a
photocatalysed reaction, however, this terminology can be incorrectly used since this
terminology implies that light acts as a catalyst, whereas light should be thought and
understood as a reactant which is photoconsumed during the chemical process.
Therefore, photocatalysis has been chemically defined as the acceleration of a
photoreaction when a catalyst is present. There are two different types of
photocatalysis, depending whether photocatalysts and reactants are in the same phase

or not. These two types are:
I.  Homogeneous photocatalysis:

Homogeneous photocatalysis is a type of photocatalysis where the photocatalyst and
the reactant are in the same phase. The most common photocatalysts used in
homogeneous photocatalysis are ozone and photo-Fenton systems (Fe™ and Fe/H,0,),

and both mechanisms are driven by the formation of hydroxyl radicals (¢*OH). The

generation of hydroxyl groups from ozone is given in Equation 1.1.13
O3 +hv —> 0, + O('D) 1.1a
O('D) + H,0 —> °*OH + *OH 1.1b



o('D) + H,0 — H,0, 1.1¢c

H,0, + hv — *OH + *OH 1.1d

Likewise, in photo-Fenton systems, UV light would encourage the photolysis of H>O»
with the concomitant reduction of Fe**, to create active hydroxyl radicals. The

mechanism is given in Equation 1.2.1

Fe?" + H,0, — *OH + Fe*" + OH- 1.2a

Fe’" + H,0, — Fe*" + HOO®* + H" 1.2b

Fe?" + *OH — Fe’" + OH" 1.2¢
and

H,0, + hy — *OH + *OH 1.2d

Fe’" + Hy,O + hy — Fe?" + HO® + H" 1.2¢

This process shows sensitivity up to 450 nm, making it active in the visible region and
thus a cost-effective process as it can avoid the use of UV lamps and electrical energy.
However, the main disadvantage of this process is that it can only be used at low pH
values, since iron precipitates at high pH values, having to be removed after the

treatment.

I.  Heterogeneous photocatalysis:

Heterogeneous photocatalysis has both the photocatalyst and the reactant in different
phases. The most common heterogeneous photocatalysts are transition metal oxides and
semiconductors. Dissimilar to metals, semiconductors present an electronic structure
characterised by a valence and a conduction band separated in energy. This difference

in energy, between the top of the valence band and the bottom of the conduction band,



is the bandgap. If the valence band is completely full and the conduction band is
completely empty some electrons can be promoted from the valence to the conduction
band." This electronic promotion is essential in photocatalysis. When a semiconductor
is irradiated by a light source, with photons of energy (4v) equal to or superior to the
bandgap energy, Eg, of the semiconductor, an electron (e°) is promoted from the valence
band (VB) into the empty conduction band (CB), creating a hole (h") in the VB (Figure
1.1). These photogenerated electrons and holes can follow different paths, they can
recombine dissipating the energy as heat or getting trapped in metastable surface states
(Figure 1.1, reaction (a)), with the concomitant loss of the photogenerated charge
carriers. In contrast, if photogenerated carriers are promoted to the surface of the
semiconductor, they will react with acceptors and donors adsorbed on the
semiconductor surface (Figure 1.1, reaction (b) and (¢)) to initiate the photocatalytic
process. It is worth mentioning that in the absence of suitable electron and hole
scavengers, the stored energy is dissipated within a few nanoseconds by

recombination. '
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Figure 1.1. Scheme representing the processes that occur at the semiconductor
photocatalyst upon irradiation and electronic excitation. Photogenerated electrons and
holes can get recombined at the bulk or surface (a). Photogenerated holes promoted to
the surface of the photocatalyst can oxidise an electron donor D (¢), and photogenerated
electrons will reduce an electron acceptor A (d).



1.2.2. Photocatalytic water purification. Heterogeneous photocatalysis.

As previously mentioned, heterogeneous photocatalysis is a photocatalytic application
where both the photocatalyst and the reactant are in different phases. It can be
performed in a wide range of different environments, such as, gas and liquid phase, as
well as in aqueous solutions. Therefore heterogeneous photocatalysis can be used in
different applications, such as; organic synthesis, water splitting, photoreduction,
hydrogen transfer, metal deposition, disinfection and anti-cancer therapy, water
detoxification, gaseous pollutant removal, etc.!” Heterogeneous photocatalysis, also
known as ‘advanced oxidation technologies’ (AOT), is based on reductive and
oxidative reactions at the surface of the photocatalyst. This type of photocatalysis uses
solar energy to generate in-situ highly reactive transitory species (H2O2, OH", O" 7, O3)
to mineralise organic compounds, pathogens and disinfection of by-products. All these
properties make heterogeneous photocatalysis the most promising approach for air and
water remediation treatments. The mechanism of photocatalysis can be divided in five

different steps:

1. Transfer of the reactant species to the surface of the photocatalyst.
2. Adsorption of at least one of the reactant species.

3. Reaction in the adsorbed phase, where the reaction takes place.

4. Desorption of the products.

5. Removal of the products from the interface region.

Heterogeneous photocatalysis requires aerated conditions, therefore, oxygen will play
an important role to degrade organic compounds and mineralise them to carbon dioxide

and water. This process could be summarised by Equation 1.3.



semiconductor

Organic pollutant + O, —————» CO, + H,O + mineral acids 1.3

hvzEyg
The general mechanism of this photocatalytic process can be observed in Figure 1.2.
However, the role of the photogenerated charge carriers and oxygen on the overall
reaction has been a constant source of debate during the last few decades.'® Some
groups have reported that the oxidation of the organic compounds is directly linked to
the photogeneration of holes and their transfer to the surface of the catalyst.
Nevertheless, in recent years, it has been widely postulated that both photogenerated
electrons and holes, generated in the photonic excitation, have a critical role in the
oxidation of organic compounds. These charge carriers, promoted to the surface of the
photocatalyst, would react with oxygen and water to form highly reactive radical
groups, such as hydroxyl ("OH), hydroperoxyl radicals (OOH) and superoxide ions

(‘O2") radicals, which will finally react with nearby reactants.

minerals

Organic Oxidised
pollutant intermediate

- = Ti"’loHIo"»{Hoz.l "OH, H,0,}-> H,0
Ti"OH o,

Oxidised Organic
pollutant l intermediate

minerals
Figure 1.2. General processes for the photomineralisation of organic compounds,

adapted from Mills et al."”
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The use of semiconductor materials to mineralise organic matter was reported for the
first time in the 1980's by Ollis and coworkers,'”?® through the degradation of
halogenated hydrocarbons. Since this first approach, there has been vast number of
investigations to expand the use of photocatalysis to a wide range of organic
compounds, being already reported more than 200 publications. In the last few decades,
different semiconductors, such as TiO;, ZnO, Fe>Os3, CdS and ZnS, have been
successfully reported as potential photocatalysts. It is commonly acknowledged that a
semiconductor photocatalytic material should possess five essential property

requirements, which are:

1. photoactive.

2. able to utilise visible and/or near-UV light.
3. biologically and chemically inert.

4. photostable.

5. inexpensive.

The use of solar energy, for water treatment applications, will reduce the impact on the
environment, reducing the use of toxic oxidants, as well as the overall energy usage
(reducing CO» emissions), facilitating its implementation in remote areas. In addition,
it is important mentioning that the photocatalytic cleaning process of recalcitrant
compounds occurs at the boundary between the photocatalyst and the aqueous
environment. However, when light rays penetrate into the aqueous environment, they
can be attenuated. Despite this limitation photocatalysis is a promising technology for
water and air remediation treatments, as it can be supported by high surface area
materials which can reflect and irradiate the photocatalyst material. Likewise, it can be
also supported by additional lights (UV, etc.) inserted inside the photoreactor chamber.

Therefore, the investigation and optimisation of the photocatalytic water treatment
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process and semiconductor photocatalysts, is a key point in our project. It could be
finally concluded that photocatalytic water treatment processes present great

advantages over conventional methods.

1.3. Titanium dioxide: Functionality and efforts to improve its application in

the water treatment process.

Titanium dioxide (Ti0Oy) is the most commercially utilised semiconductor material. It
is widely used in industry as a pigment, titanium white, to provide whiteness and
opacity to paints, plastics, papers, inks, food, etc. representing 70 % volume of the
worldwide pigments’ production. TiO2 is also commonly used in cosmetic and skincare
products, and it is present in many types of sunblock products to avoid the effect of UV
light over the skin. However, despite the vast number of applications of TiO», the most
studied and promising is its exceptional photocatalytic response for environmental
remediation applications. Interestingly, this was causally found in the beginning of the
20" century, as a consequence of chalking paints upon light illumination. This finding
led to different studies during the following years, being finally attributed to the
photocatalytic degradation of the organic bonds within TiO,.2! However, it was not
until the late 1960°s that Fujishima et al.?* reported for the first time the
photoelectrochemical solar conversion using TiO» and its detailed photocatalytic

mechanism.

TiO, exists in nature as three main crystalline polymorphs; anatase, rutile and brookite.
Rutile is the most abundant and thermodynamically stable crystalline phase. Anatase
and rutile polymorphs are commonly used in photocatalysis, both crystal phases consist
of chains of TiOs octahedra. These two TiO; phases present different distortion of each

octahedron, as well as a different assembly pattern of the chains (Figure 1.3). Both
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rutile and anatase present a tetragonal structure, with rutile showing a cubic close
packing (ccp) structure and anatase a hexagonal close packing (hep) structure. These
differences in the lattice structure cause different mass densities and electronic band
structures. Rutile and anatase TiO; show different bandgap energies 3.0 eV and 3.2 eV,
respectively. Despite the higher bandgap of anatase TiO», this is the most efficient
crystal phase from a photocatalytic point of view. This difference in photoactivity is
mainly due to the different surface behaviour of both polymorphs, which can be
explained by the rapid coverage of the anatase TiO2 surface with a layer of peroxo
species during photo-oxidation processes. In contrast, rutile shows a negligible loading
of peroxo species,?® which suggests that the mechanism of the photooxidation reactions
occurs differently in anatase and rutile crystal phases. In addition, it has been commonly
reported a higher polaron effective mass for rutile than for that of anatase. The polaron
effective mass is intimately associated to the exciton mobility, where only excitons that
efficiently diffuse can reach the surface of the photocatalyst. Therefore, the anatase

phase presents a lower photogenerated carrier recombination rate than the rutile phase.

(a) (b)

| A W
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=

Figure 1.3. Scheme presenting the crystal structures of (a) anatase TiO; and (b) rutile
TiO,.
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As previously mentioned, TiO> materials have shown high photocatalytic efficiency
(within the UV range), chemical inertness, as well as mechanical robustness and

1724 making them an ideal material for photocatalysis

relatively low-cost production,
applications.!” The photocatalytic mechanism of TiO, is based on its photoexcitation
upon UVA light illumination. The photoexcitation of TiO> generates photogenerated
holes and electrons, which are transferred to the surface of the TiO> photocatalyst where
they react with O, and H>O existing in the environment to produce the highly active
radicals that are the responsible species for photocatalytic processes. These radical
species are hydroxyl species (OH"), formed from photogenerated holes, and superoxide

(O2") groups, produced from photogenerated electrons. It is generally accepted that

photocatalysis in TiOz proceeds through two different avenues:

1) donor molecules, such as water, react with surface holes (h") to form highly
reactive hydroxyl radicals that subsequently will degrade nearby organics,
or;

ii) the reaction of electrons (e”) with oxygen to create highly reactive

superoxide radicals that can also degrade nearby organics.

These active radical species react with nearby organics, oxidising organic matter into
water, carbon and mineral acids. The rate limiting step of this mechanism is the

interfacial electron transfer process, which involves the reduction of oxygen.'”

The degradation rate of the organic matter by TiO», when the illumination source is in

steady state, follows Langmuir — Hinshelwood kinetics.
ri=kyx 0,x Cg/ (14 6,xCy) 1.4

Where r; is the initial rate of substrate removal, C; is the initial concentration of the

organic species, ks is the kinetic constant for the surface reaction and ;s is the surface
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coverage constant (absorption). It is generally assumed that & is proportional to I, (rate

of light absorbed) and to the fraction of O» adsorbed to the surface of the photocatalyst

and the different constants are affected by the following factors:

)

iii)

vi)

vii)

Bandgap. The bandgap of the semiconductor photocatalyst defines the
region of the solar spectrum where it will be active,

Thickness. The thickness of the photocatalytic material is essential to
understand the portion of photons that can be absorbed, /.,

Roughness. The morphology of the photocatalyst determines the number of
active sites available to form radical groups, ks, and the contact with the
organic layer, 0,

Crystallinity. The crystallinity of the photocatalyst drives the transfer of the
photogenerated electron-holes to the surface of the material, ks. Therefore,
different TiO, materials will show different rates of photocatalysis,
electron and hole diffusion length,

average electron-hole lifetime,

kinetics of reactions of electrons and holes with acceptor and donor

molecules.

In the last few decades, there has been a constant investigation to make photocatalysis

an energy-efficient process. This has been widely explored by improving the

photocatalytic feature of TiO», especially by modifying its electronic structure to

enhance its function under solar illumination.?* The most investigated approaches have

been chemical modification,?® nanostructuring,?®?’ the addition of co-catalysts

coupling semiconductors.

28,29 and

30-33
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The chemical modification of TiO, through the incorporation of anionic and cationic
dopants into its structure, has been widely explored to alter the TiO> band structure and
enhance its photocatalytic function. Different computational density of states
calculations (DOS) have shown that the electronic band structure of TiO> consists of a
valence band made primarily of O 2p orbitals and a conduction band made by Ti 3d
orbitals. The dopant species can introduce band states within the bandgap of TiO-,
modifying its electronic structure. It has been commonly acknowledged that anionic
species can substitute oxygen (O%) sites, but they can also be added into the TiO,
framework as interstitial sites. Computational studies have shown that both doping
forms can modify the band arrangement of TiO> materials, non-metal modification in
substitutional positions generates interband states just above the valence band
maximum (VBM), allowing their interaction with O 2p orbitals to spread the VBM to
higher energies, lowering the bandgap (Figure 1.4(b)). However, dopants in interstitial
positions create interband states between the valence and conduction band of TiO>
(Figure 1.4(c)), resulting in a dual-electron process with electrons initially excited to
the interband state and subsequently to the conduction band. TiO> has also been
modified using cationic species, which replace titanium (T1) sites, these cationic species
generate electronic states close to the conduction band minimum (CBM) of TiOy;

forming interband states between the VBM and CBM of TiO; (Figure 1.4(d)).
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(a) (b) (c) (d)

CBM

VBM

Figure 1.4. Scheme to illustrate the different changes that the bandgap of TiO> could
show upon doping with different chemical species. (a) bandgap of pristine anatase TiO>;
(b) anatase TiO2 doped with anionic species in substitutional positions; (¢) anatase TiO2
doped with anionic species in interstitial positions and (d) anatase TiO> doped with
cationic species.

Different theoretical studies have reported shifts in the absorption edge of TiO», as well
as visible-light activity through these changes in the electronic structure of Ti0,.3+3°
However, it is important mentioning that the optical shift observed through interstitial
and cationic modification is mainly due to excitations from the intermediate states to
CBM. It is also worth noting that the chemical modification of TiO> can lead to the
production of oxygen deficient materials, commonly known as oxygen vacancies (O*
), they can also generate intermediate states below the CBM, potentially resulting in the
visible activation of TiO2.3” This has led to a broad debate about which modification is
responsible of the activation of TiO. Although many different dopants have been
examined, there is still no consensus as to which dopant produces the best desired
effect. In many cases, the acquisition of visible light activity through chemical
modification is often coupled with a decrease in UV light activity, with little or no
overall benefit for outdoor use. In chapters 2 and 3, we present an exhaustive

investigation on the effect that different non-metal species have on the functional and

structural properties of TiO».
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Nanostructuring of TiO»-based materials enables formation of a solid solution which
can enhance the photocatalytic performance. By structuring TiO; in different
arrangements, such as nanorods, nanobelts, nanotubes, etc., confined conductive
channels, with longer charge diffusion lengths, are created within the TiO, matrix. This
can drastically increase the separation of photogenerated charge carriers and their
availability to react with nearby reactants.*® All these features make these hierarchical
structures with high and accessible specific surface area desirable for photocatalytic
applications.* Nevertheless, the main limitation of this approach is that the absorption
onset of the nanostructured TiO> cannot be extended to the visible region. However, it

could be bypassed by the addition of dopant species.

(a) (b)

”
o

Figure 1.5. [llustration of a conventional TiO> film (a) synthesised by a CVD process
and a CVD nanoengineered TiO: film (b), with high specific area.

Heterostructured materials have garnered attention in the field of photocatalysis, as an
alternative to the chemical modification of TiO>. The success of this approach is
supported by the fact that the most active form of TiO> is a commercial heterojunction
system, P25 Evonik, which is composed of ~ 3:1 ratio of the anatase and rutile phases
of Ti02.%° A heterojunction system allows engineering of the band structure of the two
joining semiconductors, making it energetically favourable to transfer photogenerated
electrons and holes in opposite directions across the heterojunction boundary. The

position of the band potential of the heterostructured material is essential to understand
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the flow of the photogenerated charge carriers, as either the photogenerated holes can
leap down into the valence band of the top layer semiconductor (Figure 1.6(a)) or
electrons can jump up into the conduction band of TiO; (Figure 1.6(b)). This spatial
separation in charge can inhibit electron-hole recombination and increase
photocatalytic efficiency.’’*?*® In addition, depending upon the respective band
energies, a heterojunction can extend the photocatalytic response into the visible region
of the solar spectrum through complementary absorption of solar light. The benefits of
using these heterostructured systems in photocatalysis have been demonstrated for a
wide range of heterojunction systems, including CuxO/TiO2,*' WOs3/BiVO4,*
ZnO/BiV04,* which have shown synergetic enhancements in their photoresponse
compared to that of their individual analogues. In chapter 4, we will present the
synthesis of a rutile/anatase TiO2 heterojunction film to investigate its impact on the

functional properties of TiO»-based materials.
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Figure 1.6. Characteristic band alignment for heterostructured photocatalysts.
Heterostructured materials coupled with semiconductors of lower energy can result in
the straddle of the (a) conduction band or (b) valence band.

19



In addition, in chapter 5 we will investigate the combination of both nanostructuring
and heterostructuring approaches, through the synthesis of a metal oxide with high

specific area, nanorods of WO3, coupled with a overlayer of TiO,.

1.4.  Synthesis of photocatalytic materials. Chemical vapour deposition.

1.4.1. Basics and history.

Chemical vapour deposition (CVD) of thin films and surface coatings involves the
chemical reaction from precursors transported in the gas phase, to a heated substrate
material to produce a solid deposit. CVD is a well-known and versatile technique
employed for more than a century to synthesise a vast number of metal and non-metal
chemical species, as well as carbides, nitrides, oxides, and many others. One of the

earliest uses of CVD was reported by Wohler et al.,**

where tungsten metal films were
produced using tungsten hexacarbonyl [W(COgs)] and hydrogen. During the beginning
of the 19" century, CVD was extensively used in industrial applications to produce high
purity refractory metals, such as Ti, Ni and Zr. However, it was not until the late 1950’s
when the mechanism of CVD was better understood, leading to improvements in the
synthesis of surface coatings, as well as their functional properties, such as protection

against wear, corrosion, oxidation, chemical reaction, etc.*>4

Nowadays, CVD is an important industrial tool, as it can be easily scaled-up. One of
the most proactive companies to implement it has been Pilkington NSG Group via an
on-line CVD process,*’ through the synthesis of surface coatings at a very large scale,
which reduced both cost and production time. These advances resulted in a
breakthrough in the production of self-functional windows. Two of the most notable

surfaces deposited by this methodology are:
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i.  Fluorine-doped tin oxide (F:SnO», FTO). FTO coatings are used in windows to
prevent heat loss from houses, with the concomitant ecological energy saving.

it.  TiOs coatings. Self-cleaning glass surfaces were designed by coating windows
with a very thin layer of transparent TiO», which can degrade and clean dirt

upon solar illumination.

Despite all the advances and improvements seen by CVD technology, it was not until
three decades ago when CVD technology garnered significant success in the
microelectronic industry, which required to have a very accurate control of the
uniformity, composition and doping of the coatings to deliver very thin coatings with
high purity. This led to the introduction to two new concepts of CVD methodology;

metalorganic chemical vapour deposition (MOCVD)*4

and atomic layer deposition
(ALD).’%! MOCVD allows the thermodynamically stable deposition of metastable
alloys on different surface substrates, introducing the use of semiconductors in
optoelectronic applications. Likewise, ALD has recently shown great potential in the
field of optoelectronics, as it allows deposition of very thin and conformal coatings
controlled at an atomic level. All these advances in CVD technology has allowed its

exportation to many different applications, such as surface modification, ceramic fibre

production, as well as aerospace and military applications.

It is also worth mentioning that CVD presents important advantages compared to other
sputtering or vapour deposition techniques (physical vapour deposition, PVD), as it
allows surfaces to be coated with high specific area, including three-dimensional
configurations. In addition, CVD normally does not always require high vacuum
systems and it can be easily modified to different configurations, making it a most

economical process.
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1.4.2. Principles of chemical vapour deposition processes.

The mechanism of CVD processes is complex and requires gas-phase reactions, as well
as surface reactions with the surface substrate. The key points of this mechanism can

be summarised in the following steps:

1. Transport of the gaseous reagents to the CVD reactor chamber.

2. Gas phase reaction of the different reagents in the reactor chamber to create
reactive intermediate species and by-products, which are removed from the
reaction chamber through the exhaust system.

3. Mass transport of the intermediate reactants to the substrate surface.

4. Adsorption of the reactant species on the substrate surface.

5. The reactant deposits will diffuse through the substrate surface to nucleation
sites, where surface chemical reactions will lead to the growth of a coated film.

6. Desorption of unreacted deposits from the substrate and transport from the

reaction chamber through the exhaust system.
A representative scheme of the mechanism of a CVD process is shown in Figure 1.6.
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reaction chamber
—

O Transport from
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reaction /
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Desorption of

Precursor adsorption ol :
remaining deposits

Figure 1.6. Schematic illustration of the precursor transport and reaction processes in
CVD technology.
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1.4.3. Types of chemical vapour deposition processes.

CVD can be carried out in a variety of different configurations. The main difference

between these different configurations is that the chemical reaction can be activated by

several methods, being the most important:

1. Thermal activation. Thermal CVD typically takes place at high temperatures,

however this temperature can be lowered if metal-organic precursors are used.

It is worth mentioning that this thermal CVD category can be further subdivided

depending on the configuration of the CVD reactor:

i

ii.

iil.

1v.

Pressure. CVD can be either performed at atmospheric-pressure CVD
(APCVD);>"* at sub-atmospheric-pressure CVD (LPCVD)*> which
could reduce gas phase reactions or under very low pressure, ultra-high
vacuum CVD (UHVCVD).3"38

Physical properties of the precursor. The precursor can be transported as
a gas (APCVD),”>3 aerosol (AACVD)*%" or injected as a liquid
solution (DLICVD).%!

Reactor chamber configuration. Thermal CVD can either use a hot-wall
or cold-wall configuration. A hot-wall reactor consists of an isothermal
furnace which allows it to achieve a homogenous heating of the different
parts of the reaction chamber. On the contrary, in a cold-wall reactor
there is only one heating source, whilst the rest of the reaction chamber
remains cool.

Precursor mixing. Almost all thermal CVD configurations transport the
precursors to the reaction chamber where they react, depositing a

coating on the substrate surface. However, there is a thermal CVD
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modification, where precursor reactants are pulsed to the reaction
chamber alternatively: atomic layer deposition (ALD).>!

2. Plasma activation. CVD techniques can be activated by plasma sources which
can work at much lower substrate temperatures than thermal CVD, allowing
polymers to be coated. There are three different modifications of plasma-
assisted CVD techniques; microwave plasma-assisted CVD (MPCVD),6%%3
plasma-enhanced CVD (PECVD)**® and remote plasma-enhanced CVD
(RPECVD).6667

3. Photo-activation. Photo-initiated CVD is a process activated by UV light to
stimulate chemical reactions.®®® This process is similar to plasma-enhanced
techniques. However, PICVD presents an advantage compared to plasma-
enhanced CVD, under specific conditions it can be operated at atmospheric

pressure.

1.4.4. Chemical vapour deposition kinetics.

The CVD processes employed in this thesis were atmospheric-pressure and aerosol-
assisted chemical deposition, APCVD and AACVD, respectively. Both CVD methods
are characterised as "thermal CVD". The film growth rate of these CVD processes is
controlled by the substrate temperature, pressure of the reactor chamber, as well as the
chemistry of the gas-phase.’”® The growth rate is intimately correlated to the temperature
of the reaction chamber, exhibiting three well differentiated growth regions. The first
region corresponds to growths at low temperatures, following the Arrhenius equation,
where £ is the activation energy, R is the gas constant and T is the temperature. CVD

systems working within this region can produce film depositions by maintaining
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constant temperature. In this region, the growth rate increases exponentially with

substrate temperature and it is mainly controlled by the kinetics of chemical reactions.

Growth rate = exp(E, / RT) 1.5

Upon an increase in temperature, there is a region where the surface kinetic processes
become so rapid that the growth rate stops being temperature dependant and it is only
controlled by the transport of the gaseous reactants. This region is commonly called the
mass transport limited region. This type of film growth is beneficial for cold-wall CVD
processes, where it is more difficult to achieve a homogenous heating gradient across
the substrate surface. The growth rate of the as-synthesised coating can be controlled

by monitoring the flux of the limiting reactant precursor.

The mass transport limited region is controlled by the diffusion of the gas phase
precursors species through a boundary layer to the deposition surface. The diffusion

rate in this region is given by Fick’s law of diffusion:

Ji:'D dCl =D [A]
dx dx

1.6

where J; is the precursor diffusion flux, D is the diffusion coefficient or diffusivity, Ci
is the concentration of the precursor species and x is the direction perpendicular to the
substrate surface. This equation can be summarised to a first order equation in respect
to the concentration of the precursor species on the substrate surface, [A]. The rate of

diffusion of gas phase precursors to the surface is expressed in molecules / cm?s.

Further an increase in temperature results in a region where the growth rate starts
decreasing. This decrease is due to side reactions through depletion of reactants on the
walls of the reactor, promoting reactions outside the substrate surface. Likewise, this

growth region increases the desorption rate of the film from the substrate due to
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delamination effects. Higher temperatures in the reactor chamber promotes particle
formation instead of film generation due to gas phase reactions, producing powdery

film deposits.”%7!

1.4.5. Layer morphology.

Layer morphology is extremely critical to determine the physical properties of a thin
film. The morphology of the film is directly associated to the diffusion and nucleation
processes, which are also influenced by different CVD parameters, such as deposition
temperature, total pressure of the CVD system, as well as the partial pressure of the
gaseous reactants. An increase in the deposition temperature is associated with an

increase in the mobility of the species adsorbed on the substrate surface.

Typically, CVD processes can be driven by two different type of reactions,
homogeneous (gas phase) or heterogeneous (near the heated substrate surface)
reactions. Gas phase reactions commonly generate homogeneous nucleation, which
normally takes place at high deposition temperatures, leading to the production of a
stable solid powder. This effect is due to the presence of powdery particles, generated
in the gas phase reaction, which will sit on nucleation sites of the substrate surface,
stopping nucleation and growth processes. Therefore, this type of chemical reaction
will produce powdery coatings. In contrast, heterogeneous reactions near to the
substrate surface lead to adsorption of mobile monomers onto the substrate, which
diffuse to preferred sites on the substrate surface to start the nucleation process.
Subsequently, more monomers will be added to these nucleation sites, leading to

crystallite growth with the concomitant formation of a thin crystalline layer.

There are three main types of layers growth by CVD methods, epitaxial, amorphous

and polycrystalline:’%"!
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i.  Epitaxial layers. Film layers are single crystals grown with the same direction
as the substrate. This growth is only possible if the substrate is defect and
contamination free. Epitaxial deposition requires low growth rates which
allow diffusion of the adsorbed species to nucleation sites that replicate the
orientation of the substrate. Low growth rates are generally achieved by low
amounts of reactive species (controlled by the partial pressure of the
reactants) and fast surface diffusion. Low-vacuum systems are ideal for this
type of growth.

ii.  Polycrystalline layers. Polycrystalline substrate surfaces present this growth,
where polycrystalline layers are grown by nucleation on different sites of the
substrate. This type of growth is controlled by the size and nature of the
crystallites, presenting two different structure morphologies: a) Columnar
structure: particle grains arranged in the same preferred orientation than the
first nucleated layer deposited on the substrate surface. b) Equiaxed structure:
particle grains randomly arranged across the substrate surface.

iii.  Amorphous layer. In this growth arrangement, the transfer of the precursors
to the reaction chamber is much more rapid than the diffusion of reactant
species along the substrate surface. This is favoured by high growth rates and

low temperatures inside the reaction chamber.

In addition, the quality and functionality of the as-deposited films in a CVD process,

are influenced by the following parameters:

i.  Thickness and density. Film thickness in CVD vary from a few nanometres to
several microns. The film thickness is intimately related to the type of CVD
process and different deposition parameters (substrate temperature and pressure
of the CVD system) employed. It is commonly acknowledged that high growth
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rates, which are associated with high temperatures and partial pressure values,
will produce thick films. In contrast, low growth rates are associated with the
synthesis of very thin films. Likewise, the density of a film is very important in
terms of the film quality and functionality, where low values are associated to
highly porous films with impurities in the crystal lattice.

ii.  Adhesion. This parameter is essential in thin films synthesis, as the film
functionality is extremely dependent on the strength of the adhesion between
the substrate and the as-deposited film. Although this mechanism is not always
totally understood, it is widely acknowledged that the substrate surface needs to
be thoroughly cleaned before the deposition process.

iii.  Composition and purity. These two factors are also really important to produce
highly functional films. Small changes in film composition can drastically
change the physical properties of the film. Likewise, the presence of even very
small traces of impurities can have a dramatic impact on the formation of the
film. These impure particles can consume the precursors decreasing the amount
available to react. Likewise, they are potential source of defects, inducing to

pin-hole effect and the concomitant delamination of the as-deposited film.

1.4.6. Atmospheric-pressure chemical vapour deposition (APCVD).

Atmospheric-pressure CVD is the most common form of CVD, where pure precursor
species are heated in a bubbler to form enriched vapour, which are delivered by an inert
carrier gas to the reaction chamber. These gaseous reactants chemically react when they
pass through the reaction chamber, with the subsequent deposition of a solid product
(thin film) on the substrate surface. The precursor supply rate to the reaction chamber

is controlled by the vapour pressure of the precursor, operating temperature of the
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bubbler, as well as the flowing rate of the inert carrier gas. The use of vapour reactants
requires that the precursor species should have a relatively high vapour pressure to

facilitate the phase change transfer, from liquid to gas phase.

In APCVD the growth rate of the as-deposited films can be controlled by monitoring
the gas transport of the gaseous reactants to the reaction chamber. To determine this
gas flow, it is generally assumed that the gaseous species follow the ideal gas law,
which is valid for APCVD processes, as it works at atmospheric-pressure and therefore,

there will not be gas phase reactions occurring. The ideal gas law equation is:

N, __P L
Ne P ’

where N, and N. are the amount (moles) of precursor reactants and carrier gas,
respectively; and P, and P. are the partial pressures of precursor reactants and carrier
gas, respectively. Assuming that an APCVD system will only contain precursor and
carrier gas species, it is commonly acknowledged that the partial pressure at the outlet
of the bubbler is equal to the sum of the partial pressure of the precursor species, P,,

and the partial pressure of the carrier gas, P..

PtotaI:Pp+Pc Pc:Ptotal'Pp 1.8
N.x P,

szﬁ 1.9
total p

As previously mentioned APCVD works at atmospheric-pressure, therefore the total
partial pressure can be substituted by 760 torr. In APCVD processes the gas flow is
measured in litres per minute. Considering that one mole of gas is equivalent to 22.4
litres, it can be concluded that dividing the carrier gas volume-flow rate, N., by 22.4
litres would give the flow rate of the carrier gas, F., which is independent of temperature

and pressure, and thus it can be used to calculate the flow rate of the precursor species,

29



F). Therefore, Equation 1.10 can be used to determine the flow rate of the precursor

species transferred to the reaction chamber.

P F.xP,
P 22.4(760 - P,)

1.10

1.4.7. Aerosol-assisted chemical vapour deposition (AACVD).

As previously mentioned, in conventional CVD the precursor reactants are delivered to
the reaction chamber by heating a stainless steel bubbler, wherein these precursors are
contained, to create reactant vapours. Despite the advantages of conventional CVD,
such as scalability and relative fast production of high quality coatings, there is a main
limitation associated to this type of CVD; the availability of suitable chemical

precursors, as it requires the use of highly volatile chemical species.

Aerosol-assisted CVD was designed as a liquid-phase modification of CVD, where
non-volatile precursors can be used. These non-volatile precursors are mixed with a
solvent to produce a precursor-mist, which is transferred to the reaction chamber by
nebulising it using an ultrasonic generator. Therefore, the major advantage of AACVD
over conventional CVD processes is the wider range of potential precursors that can be
investigated, as they depend on their solubility rather than volatility.”? In addition,
AACVD does not require heat lines to transport the precursor-mist and its cost is
relatively low compared to conventional CVD processes. In a typical AACVD
deposition, the precursor solution is placed in an ultrasonic generator, which consists
of a piezoelectric transducer element in a water bath to generate standing waves and
aerosol droplets. These precursor droplets are transferred to the reaction chamber,

where a solid thin film will be deposited on the substrate surface.
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In the following chapter, we will explore the chemical modification of TiO> thin films
by adding nitrogen species to its structure. These nitrogen-doped TiO> films will be
investigated to study the effect of surface and bulk nitrogen species on the physical and
functional properties of N-TiO thin films. In addition, the engineering and synthesis
of stratified N-TiO; thin films will also be investigated, which will allow high

concentrations of nitrogen in selective positions of the N-TiOz thin films.
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Chapter 11
NITROGEN DOPED TiO; THIN FILMS

‘The following chapter presents the results from a series of experiments for growing
nitrogen-doped TiO: thin films using atmospheric pressure chemical vapour deposition
(APCVD) processes. This chapter will be divided in two different sections. In the first
section, different nitrogen precursor sources (tert-butylamine, benzylamine and
ammonia) are used to create different synthesis environments, which will help to study
the effect that surface and bulk nitrogen species will have on the functional properties
of N-TiO: thin films. In the second section of this chapter, the use of APCVD processes
in a pulsed precursor mode to deliver stratified N-TiO: thin films is explored. This
approach allows high concentrations of nitrogen to be added in selective positions of
the N-TiO: films with minor impact on their physical properties. These stratified N-
TiO; films showed an increase of the photocatalytic efficiency compared to that of
undoped and non-stratified N-TiO: films. The enhanced photocatalytic properties of
this systems can be explained by engineering layers of undoped and N-doped TiO:,
resulting in an enhancement of charge carriers photogeneration and mobility.’
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2. Nitrogen doped TiO:2 thin-films.

2.1. Introduction.

As previously mentioned, anatase TiO2 presents a range of intrinsic properties, such as
high photocatalytic activity, durability to extended photocatalytic cycling, mechanical
robustness and chemical inertness over a wide range of pH and voltage, which has made
it the most studied photocatalyst.!”7>> However, this photocatalytic material shows
some drawbacks, such as its relative wide band gap (~ 3.2 eV) which lies in the UV
region of the electromagnetic spectrum, minimising its outdoor applications (as <4 %
of solar photons can excite the material), leading to a vast number of studies aimed at

enhancing the visible light activity of anatase TiO>.

The use of non-metal species to chemically modify TiO2 materials is the most common
method of expanding its absorption onset into the visible region. Over the last few
decades, it has been commonly assumed that non-metal acceptor doping should
simultaneously raise the valence band of TiO; (red-shifting the absorption onset of
TiO2) and reduce the number of recombination centres.”® From all different non-metal
acceptor species, nitrogen has become the most studied dopant source.>>’8! However,
the origin of this visible activity is still a matter of debate. This is due to the ambiguous
assignment of N species by X-ray photoelectron spectroscopy (XPS) studies.’>7782
Nevertheless, general consensus has resulted in the assignment of two types of nitrogen
dopants; substitutional (N*", replacing oxygen) and interstitial (N’/ N-O?* groups within
the lattice), with binding energies of ca. 396 and 400 eV, for substitutional (Ns) and

interstitial (Ni) dopant species.?>3

In this chapter, the use of atmospheric-pressure chemical vapour deposition (APCVD)

processes to synthesise N-doped TiO» thin films, using either fert-butylamine,
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benzylamine or ammonia (NH3) as nitrogen sources, is explored. The use of APCVD
will facilitate N-doping of TiO> thin films with a homogeneous content of the dopant
specie throughout the material bulk. The effect of adding nitrogen to the lattice of TiO»,
will be investigated through physical and functional studies. In addition, the selective
incorporation of the N dopant into the TiO; lattice by pulsed precursor delivery using
APCVD is also investigated. This approach will deliver stratified N-doped TiO; thin
films, which will allow investigation of the addition of high concentrations of N in

localised positions throughout the lattice of TiO».

2.2. Experimental methods.

All chemicals were purchased from Sigma-Aldrich. Titanium (IV) chloride (TiCls, 99.9
%) and ethyl acetate (C4HgO2, 99.8 %) were utilised as titanium and oxygen precursors,
respectively. Tert-butylamine (CsHiiN, 99.5%), benzylamine (C7HoN, 99%) and
ammonia (NH3, oxygen free) were used as nitrogen sources. Nitrogen carrier gas was
supplied by BOC. Glass substrates, provided by Pilkington NSG Group, contain a thin

Si0; barrier (50 nm), which prevents ion diffusion into the as-deposited photocatalyst.

2.2.1. Nitrogen-doped TiO: thin films synthesis.

As previously mentioned, APCVD processes, in a cold-wall configuration, were used
to synthesise N-doped and undoped TiO films. All thin films used in this chapter, were
deposited on float glass substrates. Each substrate was carefully washed with acetone
(C3HgO, 99 %), isopropanol (C3HgO, 99 %), distilled water and finally dried with air

prior to their use.

In APCVD, precursors are volatised thermally. In our set-up, each different precursor

source was stored in a stainless steel bubbler. The precursors were heated to achieve a
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particular vapour pressure, so that the gaseous vapours could be transported to the
reaction chamber by an inert carrier gas (N2). A schematic figure of the APCVD

apparatus is shown in Figure 2.1.

Flow meters —-O- 2-way valve -: 3-way valve
Plain lines -[

rﬁ‘ Bubbler

Bubbler

Bubbler

N2 - carrier gas

Carbon block ~ chambers

\ 4
Exhaust

Figure 2.1. Scheme of the atmospheric-pressure chemical vapour deposition (APCVD)
apparatus. Undoped and N-doped thin-films were synthesised from volatile precursors
carried by di-nitrogen gas from bubblers; where bubbler 1 contained TiCly, 2 contained
ethyl acetate and 3 contained a nitrogen source (either zerf-butylamine, benzylamine or
NH3).

All pipelines of the APCVD reactor, were maintained at 200 °C to inhibit condensation
of the precursors as they were carried to a pre-mixing chamber. The pre-mixing
chamber was held at 250 °C, where the two gas streams of TiCls and ethyl acetate met
before being carried through a triple baffle manifold into the reaction chamber. The N>
gas carrier gas was pre-heated. The CVD reaction chamber consisted of a 320 mm-long
graphite block with three inserted heater cartridges (Whatman). Pt-Rh thermocouples
were used to control the temperature at different stages of the CVD system. In a
standard TiO; synthesis, the temperatures of the bubblers, containing the titanium and

oxygen precursors, were held at 68 and 38 °C, respectively. The temperature used for
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the nitrogen dopant was adapted in order to produce enough gaseous reactants. Low
temperatures were used for fert-butylamine and benzylamine (~3-5 °C), using an ice-

bath.

2.2.2. Physical characterisation.

The structural properties of the as-synthesised thin films were investigated using X-ray
diffraction (XRD) and Raman spectroscopy analyses. XRD measurements were carried
out using a Bruker-Axs D8 (Lynxeye XE) diffractometer, which consists of a
monochromated Cu X-ray source (Kq1, 1.54 A) and a glancing incident angle (6) of 1°.
Raman spectroscopy was performed using a Renishaw 1000 spectrometer equipped
with a 633 nm laser, which was calibrated using a silicon reference. UV/vis
spectroscopy analyses were evaluated using a double monochromated Perkin Elmer
Lambda 950 UV/Vis/NIR Spectrophotometer in the 250 — 2500 nm range. The UV/vis
measurements were calibrated using a Labsphere reflectance standard as reference. In
addition, a Helios double beam instrument was used to record reflectance values, within
the 300 — 2500 range, at different positions, allowing to evaluate the thickness of the
films via Swanepoel method.®’ These thickness measurements were also corroborated
by side-view scanning electron microscopy (SEM) analysis. Two different SEM
systems, a JEOL 6301 (5 KV) and a JEOL JSM-6700F field emission instruments, were
used to collect the data, which were analysed using the Oxford software INCA. X-Ray
photoelectron spectroscopy (XPS) analyses were carried out using a Thermo K alpha
spectrometer with monochromated Al K alpha radiation, a dual beam charge
compensation system and constant pass energy of 50 eV. A binding energy range of 0
—1200 eV was used to collect survey scans. The principal peaks of the elements present

in the as-synthesised thin films Ti (2p), O (1s) and N (1s), as well as C (1s) and Si (2p),
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were investigated by acquiring high-resolution peaks. These peaks were used to
evaluate the concentration of element within the analysis region (spot size 400 um).
CASAXPS software was utilised to model the area underneath these peaks, using
relative sensitivity factors to calculate the thin film composition and referenced to

adventitious carbon at a binding energy (B.E.) of 284.4 eV.

2.2.3. Functional properties characterisation.

2.2.3.1.1. Band gap determination.

Transmittance spectra were recorded over the 300 — 2500 nm range on a Helios double

beam instrument. Band gap energies were determined through Tauc plots.%

2.2.3.1.2. Photocatalytic test.

A model organic pollutant, octadecanoic (stearic) acid (95 %), was used to evaluate the
photocatalytic response of the thin film coatings deposited in this chapter. A 0.05 M
solution of stearic acid in chloroform was used to deposit a layer of this organic
pollutant in the undoped and N-doped thin films, using a dip-coating process. UVA
(Vilber-Lourmat, 2 x 8 W, 365 nm, 1.2 mW cm) and/ or visible (GE lighting 2D
fluorescent GRI10g-835 white, 28 W) irradiation were used to evaluate the
photocatalytic performance of the thin film photocatalysts. The loss of the dip-coated
stearic acid layer was followed by measuring its characteristic C-H infrared bands at
2958, 2923 and 2853 cm™', which were integrated using a Perkin Elmer RX-I Fourier
transform infrared (FTIR) spectrometer. The degradation of the stearic acid bands needs
to be converted to the number of molecules of stearic acid degraded during the
photocatalytic process. This conversion was performed following a work reported by
Mills et al.,¥” where it was estimated that 1 cm™' of integrated area corresponds to 9.7 x

10" molecules of stearic acid. A linear regression of the degradation process, at its
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initial step (30 — 40 %), was used to assess the photocatalytic rate, which has been

shown to possess zero-order reaction kinetics above a critical stearic acid concentration.

The photocatalytic response was expressed as formal quantum efficiency (&), which has

been described as molecules of acid degraded per incident photon (molec. photon™),

and estimated accepting that all incident photons had the same energy (3.4 eV).

2.3. N-doped TiO: thin films: A study of the effect of the different nitrogen species
(bulk and surface) on the photocatalytic properties of N-TiQO2 thin films.

2.3.1. Introduction.

No dopant within TiO; has been investigated more than nitrogen, producing a vast list

33.77.7980 and patents. 8!

of reports in photocatalysis, including a good number of reviews
These materials have become the archetypical visible-light-active TiO2-based
photocatalysts for a wide range of applications,”’ although the origin of their visible
light activity is still a matter of debate. This is due to the ambiguous assignment of N
species by X-ray photoelectron spectroscopy (XPS).>>7782 Nevertheless, general
consensus has assigned two main positions as substitutional (N*, replacing oxygen)

and interstitial (N°, N...O groups with lattice oxygen) nitrogen, henceforth referred to

as Ns and Ni, with respective binding energies of ca. 396 and 400 eV 8334

It has been commonly acknowledged that adding N within the lattice of TiO2 results in
a red-shift of the optical absorption and often additional features in the visible range.
This effect has been widely explained on the basis of localised N 2p interband energy
states above the upper O 2p valence band in Ti0,.3%7838 Different theoretical studies
have reported that Ny species raise the valence band energy due to the mixing between
N 2p and O 2p orbitals, narrowing the bandgap energy of N-TiO» materials.’*%%% In

contrast, it has been postulated that N; species form interband states (~ 0.74 eV) above

the valence band, resulting in a dual-electron process, where electrons are initially
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excited to the interband state and subsequently to the conduction band.** However, it is
worth mentioning that narrowing the band gap of TiO2 usually requires the use of high
amounts of the dopant reagent which can be negative for photocatalytic applications as

result of the increase of impurities added to the TiO, lattice.

The scientific community has been historically divided in regards to which N species,
in particular substitutional (Ns) or interstitial (N;) nitrogen, are allegedly responsible for
the enhanced sensitivity of N-TiO, photocatalysts.”” In the last few years, there have
been a wide number of works attributing the visible light activity of N-doped
photocatalysts to the narrowing of the bandgap energy of TiO2 upon the substitution of
0% by N* species.*® In contrast, the presence of N within the TiO, lattice has been
reported to beneficially enhance the UV light sensitivity of N-TiO, films.”® The latter
forms N-O groups with lattice oxygen in the TiO; structure. Unfortunately, a range of
different NOx groups, chemisorbed molecular nitrogen (y-N3) and NHx species with
similar binding energies (ca. 400 eV) are often present,’*3>778391 hindering the
assignment of the nitrogen species, as well as their role in the photocatalytic activity. It
has also been suggested that the visible light activity is due to inherent oxygen
vacancies (Vo) formed in the incorporation of N* anions in the TiO: structure.’>%?
Furthermore, other authors have observed correlation between visible light activity and

an optimum loading of defect sites in the form of Ti=N triple bonds in modified N-TiO»

materials containing a single surface peak at ca. 397.5 eV.”?

The photocatalytic performance of N-TiO, materials has been commonly missed by
arguable assessments of visible light activity, which is often determined in the
photocatalytic process (photo-oxidation and /or photo-reduction) of dyes, as well as
using irradiation conditions which could lead to a dye-sensitised process through the

direct participation of the dye in the reaction. However, visible-active photocatalysis of
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organic pollutants has been claimed by many authors.3**¢ It is worth mentioning that
these processes require the engineering and design of an appropriate photoreactor with
cut-off filters, which would prevent any secondary bands at half-wavelength in the UV
range (even for monochromated light), and control of any potential thermal degradation
of the target organic pollutant, efc. Further, many of photocatalytic studies involve the
use of materials with varied physical properties, such as crystallinity, morphology,
surface area, efc.; as well as unknown ratios of TiO2 polymorphs, etc. This would inhibit
an adequate comparison between the photocatalytic efficiencies of undoped and N-
doped photocatalysts. Moreover, the addition of nitrogen (doping) within the TiO»
structure can often be argued, especially when the dopant specie is added as a post-

treatment process.

In this section, we will explore the photocatalytic performance of N-TiO; thin-films
using different N precursors (fert-butylamine, benzylamine and ammonia), to the
photocatalytic degradation of stearic acid, a model organic pollutant. The use of these
precursors was intended to create different synthesis environments, helping to clearly
establish a correlation between surface and bulk nitrogen species and the photocatalytic
behaviour of the N-TiO; films. We observed a loss of the XPS peak at ca. 400 eV (N)),
as well as a decrease in photoactivity upon UV cleaning and after sequential stearic acid
tests, which suggests the direct participation of N species in enhancing the UV light
activity. The N-doped species predominantly enhance the UV photocatalysis of the
films- however we observe that these dopants are partially consumed in the
photocatalytic process through a minor degradation pathway- which results in the
activity diminishing over time. It is worth noting that O-rich conditions, such as those
used in wet processes induce the formation of interstitial N; and NOx species, whilst O-

deficient (reducing) conditions would favour the incorporation of N in O lattice sites.
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2.3.2. N-doped TiO: films synthesis.

All TiO; thin films used in this chapter, N-doped and undoped, were synthesised using
APCVD processes. Undoped TiO» thin films were synthesised using titanium (IV)
chloride (TiCls, 99.9 %) and ethyl acetate (C4HgsO2, 99 %) as titanium and oxygen
sources, respectively. N-TiO; films were formed using either ferz-butylamine (C4H1 1N
99.5%), benzylamine (C7HoN 99%) or ammonia (NH3, oxygen free) as nitrogen
sources. All precursors were contained in stainless steel bubblers at appropriate
temperatures to create gaseous reactants which were carried through the CVD rig. The
enriched gases were combined in stainless steel mixing chambers at 250 °C and carried
through a triple baffle manifold into the APCVD reaction chamber using pre-heated N>
gas. In a standard N-TiO; deposition, the temperatures of the bubblers containing the
titanium, oxygen and nitrogen sources were hold at 68, 38 and 5 °C, respectively. The
temperature of the nitrogen bubbler (5 °C) was achieved using an ice-bath and it was
applied to both fert-butylamine and benzylamine chemical reagents; ammonia flowed
under its own vapour pressure from a gas cylinder. The corresponding mass flow rates
of titanium and oxygen sources were 6.7 x 10~ and 3.1 x 10 g min™\. The flow rate
conditions of the N precursors are indicated in Table 2.1. The films were deposited at
500 °C on float glass substrates (225 x 90 x 4 mm; length x width x thickness). Further
experimental details are also included in Table 2.1, such as N source, atomic
concentration of each N specie at the photocatalyst surface and bulk, deposition time,
thin film thickness (obtained from Swanepoel method and side-on view SEM), as well

as photocatalytic values expressed as formal quantum efficiency (&).

All TiO2 thin films, both undoped and N-doped, showed interference fringes, which are

typical of thin film materials with high refractive indices. These interference bands are
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associated to a varying film thickness across the substrate, with the bands peaking
within the centre of the film (Figure 2.2). This indicates an increase in thickness
towards the middle section of the film. Undoped TiO> thin films were colourless and
translucent, whereas N-TiO: thin films presented a yellowish tint, characteristic of
nitrogen-doped TiO2 materials. All thin films used in this chapter were adhesive and

t,97

resistant to the Scotch tape test,”’ with no particles being peeled off, as well as resisting

1°% and are indefinitely stable in air. It is worth noting

a scratch test using a steel scalpe
that all as-synthesised coating surfaces showed no pin-hole defects and no particulates

were observed in the exhaust gas.

22.5¢cm —m—m

+~—9cm —

Figure 2.2. Picture of a characteristic N-doped TiO> thin-film. The interference fringes
observed in the thin-film are characteristic of thin-film materials with high refractive
indices. These different interference bands allowed an investigation at the effect of
different thickness on the physical and functional properties of undoped and N-doped
titania thin-films.
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Table 2.1. Experimental and synthesis details of the as-synthesised films used in this
section, undoped and N-doped TiO> thin films. The metal (TiCls) and oxygen (C4HsO»)
sources were set at constant temperature and mass flow parameters: 68 and 38 °C and
6.7x 102 and 3.1 x 1073 g min”!, respectively.

Sample N N Mass Bulk N Surface  Deposition d® £/10*
# source  Flow/10™ species N(@) time (s) (nm) (molec
(g min) (at%)? (at%) photon™)°
N@) _N(s)

Til - - - - - 60 253 0.63
Ti2 - - - - - 120 744 0.92
NTil NH;3 4040 1.69 7.75 3.70 60 370 0.10
NTi2 NH;3 760 021 041 3.79 60 370 0.04
NTi3 BA 0.08 0.15 0.18 1.82 60 555 0.07
NTi4 BA 0.03 041 027 3.04 60 461 1.01
NTi5 BA 0.02 0.11  0.13 3.19 60 468 2.30
NTi6 BA 0.11 0.10 0.14 2.46 60 584 0.05
NTi7 BA 0.02 0.08 0.13 1.80 60 357 0.07
NTi8 BA 0.02 0.01 0.11 0.64 60 416 1.24
NTi9 BA 0.02 0.08 0.15 0.66 60 483 1.11
NTil0 TBA 13.50 023  0.65 3.06 60 334 1.23
NTill TBA 13.50 0.11  0.26 1.56 120 665 2.45
NTil2 TBA 13.50 0.06 0.14 0.93 120 703 1.30
NTil3 TBA 12.70 037 1.51 4.13 60 237 1.06
NTil4 TBA 59.40 0.94 443 2.08 60 290 0.35

NH3;= ammonia, BA= benzylamine and TBA= tert-butylamine. *N= interstitial
nitrogen and N)= substitutional nitrogen. The atomic concentration of each N specie
was measured using XPS analysis and CASAXPS software. °d= Film thickness
estimated from cross-sectional SEM and Swanepoel method. 6= Formal quantum
efficiency.

2.3.3. Results and discussion.

2.3.3.1. Structural properties.

X-ray diffraction and Raman analyses showed that all undoped and N-doped TiO; thin
films were only composed of the anatase phase structure, with no traces of other TiO»
polymorphs or nitrogen-based materials, such as titanium nitride or any other nitrogen-
containing structures, being detected (Figure 2.3 (a) and (b)). The XRD patterns of N-
doped and undoped films showed comparable peak broadening (FWHM ~0.5°), peak

intensities and peak area ratios at low concentrations of N (Figure 2.3 (a)), which ruled
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out the influence of long-range order crystallinity as responsible for the drastic changes

in photoactivity.
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Figure 2.3. Representative films from the different nitrogen sources used to synthesise
N-TiO; thin-films, ammonia, benzylamine and tert-butylamine. (a) X-ray analysis
diffraction patterns showed that the different nitrogen precursors did not have a drastic
impact on the crystallinity of the films using low concentrations of N, when compared
with undoped TiO: (Til and Ti2). However, upon an increase in the N concentration it
can be observed an important decrease in the crystallinity of the films. (b) Raman
spectroscopy analysis also confirmed the presence of solely anatase phase and that low
concentrations of N do not change drastically the physical properties of TiO, films.

In contrast, it can be clearly observed in Figure 2.3 how XRD patterns turned into less
intense and broader peaks upon an increase in N content, which agrees with previous
reports in the literature where the physical properties of N-TiOz thin films was affected
by the doping process.”>*** These results were corroborated by Raman spectroscopy,
where only anatase phase of TiO2 was observed in all films and the major scattering Eg
band, typically found at 144 cm™ in undoped anatase, was shifted to lower
wavenumbers when TiO was doped with nitrogen (Table 2.1). The E; mode represents
phonons operating primarily in the g-axis of the tetragonal unit cell. In this section, it
was found that the use of high concentrations of nitrogen (> 12 at. %) showed traces of

additional phases, which likely corresponded to oxynitride compounds. Therefore, only
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N-TiO; films with nitrogen levels lower than 12 at.% were considered for the

photocatalytic studies in this chapter.

Scanning electron microscopy (SEM) images of undoped TiO> thin films (Figure 2.4)
revealed a relatively rough surface formed by large diamond-like aggregated particles.
It can be observed in Figure 2.4 that N-TiO> films deposited using fert-butylamine and
benzylamine showed similar surface morphologies, being slightly more compact than
that of undoped TiO; films with flat particles merged together, particularly in the case
of tert-butylamine. In contrast, the use of ammonia, as a nitrogen source, showed a
dramatic changed in the morphology of the N-TiO; films, agreeing with previous
studies.*®* Overall, it can be concluded that N-doping decreased the crystallite size of

the N-TiO; films, resulting in an increase of the particle size.

) s €, » ¥
Figure 2.4. Scanning electron microscopy (SEM) images (x25,000 magnification) of
(a) undoped and (b-d) N-TiO: films deposited using (b) tert-butylamine, (c)
benzylamine and (d) ammonia as nitrogen precursors.
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2.3.3.2.0ptical properties and band gap determination.

UV-Visible absorption spectroscopy was used to determine the reflectance and
transmittance of our undoped and N-doped TiO> films. These two optical measurements
were used to calculate the light absorbed by the N-TiO> thin films, and thus determine
the band gap through a Tauc plot.%¢ This analysis plots (akv)'? against light energy
(eV), where a is the absorbance of the thin film, 4 is the Planck’s constant and v is the
frequency of the light at the absorbing wavelength. The change in absorbance with
wavelength was measured from 250 to 2500 nm, completely encapsulating the band
gap of undoped TiO2, ca. 380 nm. This approach to measure the band gap of
semiconductors is a straight forward approach for semiconductors with an indirect
bandgap, as Ti02,'% this plot is linear close to the absorption onset point of the
semiconductor material. Thus a simple extrapolation of the intersection between the

)1/2

two different axis, energy (x axis) and (a/v)''“ (y axis), generates the band gap energy.

UV-Visible spectra of undoped TiO; samples showed colourless and transparent films,
with an absorption onset at ca. 380 nm and maximum absorbance at 330 nm and below,
whereas the N-TiO> films showed a yellow tinge, typical from N-doped materials, and
their corresponding absorption onsets were red-shifted with respect to that of the
undoped films (Figure 2.5). Figure 2.5 shows the transmittance and the Tauc plot
determination, as an inset, performed by the different N-doped thin-films using
different nitrogen sources. It is worth mentioning that when benzylamine was used as
nitrogen source no changes in the optical properties of N-TiO> were observed compared
to undoped TiO> films. These N-TiO; thin films presented mainly N; incorporated into
the lattice of TiO,, determined through depth profiling XPS analysis, which agrees

101,102

previous theoretical studies, where computational modelling showed the
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formation of an interband state above the valence band of TiO; materials. It is worth
mentioning that this interband state was found difficult to assess by experimental

groups. Ananpattarachai et al.'®3

reported no changes in the absorption onset of their
N-doped materials, suggesting that these N-TiO; materials did not present a narrowing
ofits bandgap energy. Interestingly, both groups found a slight red-shift in the tail onset
of the N-TiO2 materials, which could explain the enhanced photocatalytic efficiency of

the N-T10, materials. However, such a tail shift was not observed in our N-TiO> films.
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Figure 2.5. (a) UV/Vis spectra of pristine (black line) and selected N-TiO; films: Ti2
(undoped TiO3, black line), NTi5 (using benzylamine as N source, yellow line), NTi10
(low concentration of N using fert-butylamine as N source, blue line), NTi2 (low
concentration of N using ammonia as N source, red line) and NTi14 (high concentration
of N using tert-butylamine as N source, green line). Inset: Tauc plots assuming all films
are indirect bandgap semiconductors. (b) Shift in optical transmission at 50 % (blue
line) and corresponding nitrogen content in the films, given as interstitial (N(i), full
green diamonds) and substitutional (N(s), full green triangles) nitrogen species. The
dashed horizontal lines indicate the optical shift (50 %) for a range of undoped TiO>
films of different thicknesses. The film description and experimental details of the
samples are given in Table 2.1.

In contrast, we observed that the use of the other nitrogen sources, ferf-butylamine and

ammonia, resulted in N-TiO> films with relatively high content of nitrogen (> 4 at. %)
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These N-TiO2 films contained both N;j and Ns, showing additional absorption bands in
the range of 400 — 450 nm (related to several optical absorption edges of the film), and
a red-shift of the absorption onset. It is not surprising that the presence of this
substitutional species (N-TiO: films synthesised using tert-butylamine and ammonia)
showed a change in their absorption onset, as well as in their light transmittance (Figure
2.5 (a) and (b)), resulting in a red-shift of the band gap of N-TiO; films. This is because
these N; species narrow the band gap energy by mixing N 2p and O 2p orbitals, resulting
in a raise of the energy of the valence band towards the conduction band. Therefore, it
can be concluded that increasing the amount of N species, within TiO, resulted in
narrower bandgap energies. The absorption features observed in this chapter are

consistent with previous works,33-36-8%104.105

2.3.3.3. Impact of nitrogen species on the photocatalytic activity of N-TiO: films.

X-ray photoelectron spectroscopy (XPS) studies at the surface of the N-doped TiO>
films (Figure 2.6), showed a predominant peak at 400 eV, which is generally attributed
to the overlap of different N species, such as Nij, NHx groups and chemisorbed
molecular nitrogen (y-N»). It is worth mentioning that additional peaks were sometimes
observed at the surface of the films, particularly when using ammonia and benzylamine
as nitrogen precursors. For instance, Figure 2.6 shows additional peaks at ca. 402 eV,
assigned to adsorbed N—O groups (N-O-Ti—O or O-N-Ti-0),'% which was found
detrimental from a photocatalytic point of view, as it will be discussed in detail in this

section.
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Figure 2.6. X-ray photoelectron spectra (XPS) of the N 1s environment for
representative N-doped TiO> films as-synthesised via tert-butylamine, benzylamine and
ammonia. The left column shows XPS spectra of the surface of N-TiO> films and the
right column shows XPS average spectra collected during depth profiling analysis
(right column). N and N; correspond to N3~ (substitutional) and N° (interstitial) species,
respectively.

The photocatalytic performance of the N-doped and undoped TiO> films was evaluated
during the degradation of stearic acid, a model organic pollutant, under UVA and
visible light irradiation (Figure 2.7). Comparison between these activities and their
corresponding bandgap energies, as estimated from Tauc plots (Figure 2.5), was
attempted (Table 2.1). However, no correlation was clearly observed under the
irradiation conditions used in the preliminary tests. The main reason for this divergence
is likely due to the role of surface species which are inherently formed in the deposition
of the films. The surface chemistry of the doped materials and the photocatalytic testing

method employed must be considered before any conclusion can be raised regarding
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the influence of the dopant in the electronic properties of TiO films. For instance, in
this chapter we have observed direct correlation of surface nitrogen-containing species
and degradation of stearic acid, which results in apparent photocatalytic activity under
UVA irradiation. This surface reaction likely occurs via formation of N-containing

radicals under the experimental conditions used in this chapter.
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Figure 2.7. Formal quantum efficiencies (FQE) of typical undoped and N-doped TiO»
films, as deposited using low concentration of fert-butylamine (NTill), low
concentration of ammonia (NTi2) or low concentration of benzylamine (NTi5) as
nitrogen precursors, determined from the photodegradation of stearic acid under UVA
irradiation (1.2 mW c¢m™). The apparent activity of plain glass is included for reference.
Full experimental details of the samples are given in Table 2.1.

The apparent enhanced activity of the doped samples deposited using terf-butylamine
could be discussed in terms of reactive N species present on the surface of the
photocatalyst. In particular, a correlation was established between the performance of
the photocatalyst and the concentration of N species with binding energies at ca. 400
eV, as identified using XPS analysis, which likely correspond to surface NHx groups.
The material is thus sensitised for as long as these surface species are present on the
surface, but this extrinsic activity drastically decreases once the active surface groups
are consumed in the reaction. This finding is also consistent with the moderate activities
observed in the case of N-doped samples deposited from benzylamine (Figure 2.7).
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The latter showed relatively low amounts of nitrogen within the bulk, as evidenced by
XPS analysis (Figure 2.6), and the corresponding apparent activities were only slightly
improved compared to those of pure TiO> films. The negligible average activity of the
doped films deposited from ammonia, for instance sample NTi2, as shown in Figure
2.7, could be explained considering the critical surface deterioration of these films upon

the doping process (Figure 2.4).

In addition, the presence of N—O surface species was found highly detrimental in the
photocatalytic performance of the N-doped films. Figure 2.8 shows the photocatalytic
activity, given as formal quantum efficiency, of typical N-TiO» films. It was observed
that those films containing N-O—Ti—O (or O—N-Ti—0), NOz™ and/or NO3™ groups, with
binding energies at ca. 401, 403 and 408 eV, respectively, showed no (or low) activity
under UVA light irradiation. This effect is illustrated in the schematic Figure 2.8. Only
N-TiO; films containing N surface species with binding energy at ca. 400 eV alone
were highly active compared to pure TiO; films under UVA illumination and their
activity correlated with the concentration of these surface species, as evaluated by XPS.
In this case, the activity of the films could be sensitised by surface groups rather than

influenced by an intrinsic mechanism in the doping of the semiconductor.
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Figure 2.8. Photocatalytic activity (given as formal quantum efficiencies) of N—TiO»
films deposited using low concentrations of fert-butylamine as nitrogen precursor
(samples NTill and NTil2) and high concentrations of benzylamine (sample NTi6),
and corresponding surface XPS data in the N 1s environment (right column), showing
the presence of different NOx groups. The film description and experimental details of
the samples are given in Table 2.1.
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Further photocatalytic testing of the N-doped TiO- films was carried out under visible
light (75 Xe lamp, AM 1.5 G), with a long-pass filter (cut-oft A > 420 nm, Melles Griot).
The rates of degradation of stearic acid molecules (Rs4, units: molec cm™ s™') on
selected N-TiO» films are shown in Figure 2.9. Similar results have been reported in
the literature, and thus it could be tempting to correlate these activities with the N
content in the films. Nevertheless, the results reported in this chapter are compromised
by the apparent activity of the undoped film (Ti2), which points to potential UV leaking
through the cut-off filter, and the poor fitting of the degradation curves (r* < 0.90),
suggesting that no visible light activity could be determined beyond instrumental error.
Indeed, as shown in Figure 2.9(b), the apparent activity of NTil3 was negligible
compared with that of a standard P25 Evonik dip-coated film, synthesised following the

1.9107

optimal conditions reported by Mills et a under identical conditions. It is worth

108

mentioning that P25 consists of a ~ 3:1 ratio of anatase and rutile,"”® the bandgap of
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either material falls below 420 nm, therefore, some light was certainly leaking through

for this material to be so active.
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Figure 2.9. (a) Photocatalytic performance of undoped and N-doped TiO» films under
visible light illumination (75 Xe lamp, AM 1.5 G, A > 420 nm). (b) Comparison
between the corresponding activities of the best N-TiO> sample (NTi3) and a dip-
coated P25 TiO; film. The film description and experimental details of the samples are
given in Table 2.1.

It could be finally concluded that the potential visible light sensitation mechanism with
participation of NHy groups, as described by Shishido et al.!* could not be confirmed.
The implementation of visible-active N-TiO2 compounds seems to involve several
crucial elements, including a selective type of surface species and a restricted number
of lattice defects for the promotion of charge diffusion. As such, the occurrence of only
one element would not result in visible light activity. For instance, assuming the
sensitising N species to be those with binding energy at 400 eV, the co-existence of
other N species could deactivate the sensitisation mechanism, as observed in the UV
light experiments. Likewise, the conditions that would result into appropriate N species
may also induce lattice defects, which may act as charge recombination centres and

thus counteract the visible-light sensitisation.
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2.3.3.4. Photostability of N-TiO: films.

In this chapter, we evaluated the photostability of the as-synthesised N-TiO; films by
carrying out sequential photocatalytic tests under UV A irradiation. The samples were
cleaned using chloroform, under stirring conditions, to remove any remain of stearic
acid before a fresh layer of stearic acid was dip-coated; herein, the sample will be
labelled as NTi5-chloro. Interestingly, it was observed a linear decrease of the
photoactivity rates (Figure 2.10) until a minimum value, which was similar to the
photoactivity efficiency of the analogue undoped TiOz films. XPS analysis was used to
study the influence that photocatalytic cycling has on the nitrogen species at the surface
of the NTi5-chloro film. Figure 2.10 shows a concomitant decrease of the interstitial
nitrogen peak (400.6 eV, Nj), as well as the formation of a weak new peak at 407.6 eV,

which is assigned to nitrate species (NO3~, N>").
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Figure 2.10. Formal quantum efficiencies (&), of sequential photocatalytic tests of a
selected N-TiO2 (NTi5) film using UVA irradiation. The sequential runs were labelled
as run 1, 2 and 3. The changes of the N 1s environment at the surface of the N-TiO>
film, before (run 1) and after (run 3) the photocatalytic cycling, are included as an inset.
The binding energies of Ni and NO3™ are included for reference. Sample NTi5 was
synthesised using low concentrations of N and benzylamine as N source, further
experimental details are given in Table 2.1.
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The N-TiO; films used in this section were UV cleaning, using UVA (or UVC)
irradiation, which is a common method to degrade (c/ean) organic contaminants from
the surface of photocatalytic materials. This method was used to study the nature of the
N 1s environment peak observed on the surface of as-synthesised N-TiOz films at 400.6
eV, as well as its role in their photocatalytic response. Surprisingly, XPS analyses of
the surface of N-TiO> films showed relevant changes of the surface N species upon
UVA cleaning of the N-TiOz films, using high humidity conditions, wet-air was flushed
through the samples. Figure 2.11(a) illustrates the effect of UVA illumination (1.2 mW
cm™) on a typical N-TiO» film (NTi10). It can be observed that, after irradiation for 48
h, the initial surface peak at 400.6 eV (N;) decreased to approximately half of the initial
area (NTi10/UV) and a new XPS peak at 407.6 eV (NO3") appeared. This observation
suggests that a partial photo-oxidation of the N species, with binding energy of 400.6
eV, resulted in the formation of NOs3™ groups on the surface of the film. It is worth
mentioning that these changes in the oxidation state of the surface N species decreased
the photocatalytic performance of the N-TiO2 film (Figure 2.11(b)). These nitrate
species may be formed and sat on active sites within the surface of the N-TiO; film,
poisoning its photocatalytic performance. However, it is worth noting that regardless
of removing the NO3™ species from the surface of the photocatalyst, upon washing the
film in distilled water (NTi10/H20), the photocatalytic response of the film remained
at low photoactivity values (Figure 2.11(a)). Interestingly, Figure 2.11 shows a
correlation between the decrease of the surface N species at 400.6 eV and the

photocatalytic values of the washed NTi10/H>O film, suggesting that the adsorbed N
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species (V;) may have a direct influence on the mechanism of stearic acid oxidation.
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Figure 2.11. (a) X-ray photoelectron spectroscopy (XPS) spectra of N 1s environment
at the surface of a selected N-TiO; film (sample NTil0, synthesised using low
concentrations of N and zert-butylamine as N source), after being cleaned using UVA
light (48 h, BLB lamp, 1.2 mW cm?) (NTi10/UV) and DI water (NTi10/H20). The
binding energies of the surface N species at ca. 400 (Ni/y-N2) and 407.6 eV (NO3") are
included for reference. (b) Changes in the photocatalytic performance of sample NTi10
using identical UV illumination after each cleaning process with its corresponding XPS
data (peak area percentage, calculated from CASA XPS fitting). Further experimental
details and description of the photocatalyst are given in Table 2.1.

Further tests to investigate the photo-oxidation of the surface N species at 400.6 eV
were carried out using XPS analyses and prolonged UVA irradiation (ca. 7 days),
finding that these species were not completely photo-oxidised to NO3™ species after
reaching a minimum value. Interestingly, once the surface N species were photo-
oxidised to this minimum, it was observed that the activity of the NTil0 film was
similar to that of undoped TiO; film analogue (Til). This effect may be explained due
to the presence of different surface N species at comparable binding energies (ca. 400
eV) but with a very dissimilar chemical nature, NHy species. Therefore, the photo-
oxidation of these species (NHy) could potentially produce -NO radicals, as well as
highly oxidising species, including products of the reaction with superoxide (O2™) and

hydroxyl radical groups, which may oxidise nearby organic molecules (Figure
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2.12(a)). However, in the absence of nearby organic pollutants, the NHy species could
also be photoconsumed, being oxidised into nitrate species (Figure 2.12(b)), while
unreactive Ni/N2 groups (also at ca. 400 eV) would remain on the surface. Therefore,
the enhancement observed in the photocatalytic performance of N-TiO> photocatalysts
could be the presence of active NHx species are present on the surface of the

photocatalyst.
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Figure 2.12. Schematic figure illustrating the proposed reactions of surface nitrogen
species with binding energy at ca. 400 eV. The central XPS peak could be originated
from concomitant N species such as (inactive) Ni/y-N2 and (active) NHx groups. (a) The
mineralisation of an organic pollutant may be intermediated by highly oxidising species
(N-O radicals) formed during photo-oxidation of NHx species. (b) In the absence of
organic molecules, these radicals may readily form salt (NO3") groups, as observed in
this work. In both cases, (a) and (b), the remaining peak at 400 eV after the respective
reactions is probably due to the inactive Ni/y-N2 species.

Interestingly, photoinduced deactivation of N-TiO> compounds has also been reported
during visible light irradiation. Nosaka et al.’* observed that the activity of their N-TiO:
materials decreased to one half of the initial rate during degradation of 2-propanol after
prolonged visible light illumination (100 h) using a 500 W super high-pressure Hg lamp
with a glass UV filter. Consistent with our observations, these authors also observed a
concomitant decrease of the main XPS peak in the N 1s environment. It is therefore
possible that surface N species would have a role in the reported visible-light-driven

reactions involving N-TiO; materials in the literature.

57



2.3.3.5. Conclusions.

A range of N—TiOz thin films were deposited via APCVD using a range of different N
precursors, such as ammonia, benzylamine and tert-butylamine. The latter was found
to be the most convenient precursor as N donor and also in terms of preserving the
physical properties (crystallinity and microstructure, when the N concentration levels
were kept below 1 at. %) compared to that of their undoped analogue films. Nitrogen
was preferentially incorporated as substitutional nitrogen, Ns (ca. 396-397 eV), in O
sites, by replacing O within the TiO; lattice. In addition, nitrogen was also added to the
TiO; structure as interstitial nitrogen, Nj (ca. 400 eV), which were also clearly shown

by XPS analysis.

The photocatalytic activity of the N-TiO; films was evaluated during mineralisation of
stearic acid under UVA and visible light illumination. In this chapter, we have found
that the presence of N is beneficial to enhance the photocatalytic properties of TiO».
However, we also found that surface N species would have a main impact on the
photocatalytic performance of the films under UVA illumination. Therefore, the
enhanced activity observed may be attributed to a sensitisation mechanism with
participation of surface species with binding energies of ca. 400 eV. Interestingly, XPS
analyses showed that the presence of nitrate (NO3") or nitrite (NO2") groups on the
surface of the films had a detrimental impact on the photocatalytic efficiency of N-TiO>
films, since these species likely will be allocated on active sites of the photocatalytic
material. In addition, we also found that other N-O groups, such as N-O-Ti—O or O—
N-Ti—O, with binding energy of ca. 401 eV, were also detrimental from a
photocatalytic point of view. Nitrogen leakage was also noticed for many samples
before and after UVA irradiation, although it could not be confirmed unequivocally in

some cases due to thickness gradients and N distribution across the films.
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Finally, no visible light activity was observed for any of the N-TiO; films tested against
the photo-degradation of stearic acid, despite the different APCVD conditions
(precursor, and environment) used in this chapter. The idea of direct participation of
surface N species on the photocatalytic activity of N—TiO> materials under visible light
(visible-induced sensitisation) may be reinforced by the many reports claiming visible
light activity from N-modified compounds, such as those obtained after post-treatment

of pure TiO materials.

In the following section of this chapter, we will explore the use of APCVD processes
in a pulsed deliver mode to deliver stratified N-TiO; thin films, allowing to control the
position, within the TiO; lattice, where the nitrogen precursor will be allocated. The

stratified N-TiO> films will be physically and functionally investigated.

2.4. Stratified N-doped TiO: thin films.

2.4.1. Introduction.

As previously mentioned, the use of nitrogen to modify TiO, has been reported
beneficial to broad the photoresponse of TiO», for solar photocatalysis applications.
This has been widely explored by using different approaches, such as the design of
TiO-based composite materials,!!*!!! the modification of TiO> using dye sensitizers'!?
and metal or non-metal species.?>$8113-115 An interesting strategy, particularly adopted
in recent years, is the selective incorporation of dopants (local doping) into

semiconductor photocatalytic materials.!!6-11°

The use of local doping would allow control over structural defects, contributing to a
better understanding that the doping process has on the physicochemical and functional
properties of N-doped TiO». Despite the potential benefits of doping to modify the band

structure of TiO> materials, the indiscriminate addition of impurities (dopant species)
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within the TiO; lattice could produce a severe impact on the structural properties
(crystallinity, morphology, efc.) of the photocatalyst, which would potentially decrease
its photocatalytic response. This has been widely reported by different groups when

CVD methods were employed to synthesise doped TiO; thin films.”>

An APCVD local doping approach, to synthesise doped films, can be used to deposit
photocatalytic materials comparable to those produced using atomic layer deposition
methods (ALD), which may be beneficial to minimise any structural impairment in the
material. It is worth mentioning that ALD processes have been commonly employed to
deposit nanostructured coating surfaces with nanoscale control,'?® which would
facilitate the engineering of stratified films containing buffer layers. This led to the
synthesis of nanostructured TiO> shells'?! and/ or ZnO-TiO; films,'?*!?* where the
photogenerated charge carrier transfer was increased by ultrathin layers of TiO»,

improving the efficiency of these solar cell devices.

In this section, we report the selective incorporation of nitrogen dopant species into
TiO, films by using a pulsed precursor APCVD approach, to synthesise stratified N-
doped TiO; thin films. This synthetic method was designed by adding the dopant specie
only during intermittent periods of the total deposition time, resulting in the formation
of N-TiO; layers within the TiO> bulk. This is, to the best of our knowledge, the first
example of the synthesis of stratified doped photocatalytic thin films using CVD
processes, a scalable and efficient operation/production method compared to ALD
processes, capable of producing highly crystalline and robust coatings. We will also
report that this approach will allow to add relatively high nitrogen content within the
locally doped regions of the stratified N-TiO> films, without affecting the overall
crystallinity of the stratified N-doped films, as evidenced by X-ray diffraction analyses.
This will allow to effectively compare the photocatalytic response of non-stratified,
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stratified and undoped TiO> analogue thin films, correlating the atomic concentration
and nature of the dopant and their influence on the photocatalytic efficiency of the films

used in this section.

2.4.2. Synthesis of undoped and nitrogen-doped TiO: thin films using APCVD.

In a typical TiO; deposition via APCVD, titanium (IV) chloride (TiCls) and ethyl
acetate (C4Hs03) are used as titanium and oxygen sources, respectively. Non-stratified
and stratified N-doped TiO; films, as well as their undoped TiO> analogues were
synthesised using a constant set up for titanium and oxygen sources. The temperatures
of the titanium and oxygen bubblers were set at 67 and 38 °C, with mass flow rates of
6.7x 1073 and 3.1 x 102 g min'!. All films, undoped and doped, were synthesised at 500
°C on glass substrates coated with a SiO; barrier. Each substrate was carefully washed
with acetone (C3HeO, 99 %), isopropanol (C3HgO, 99 %), distilled water and finally

dried with air prior to their use.

Stratified N-doped TiO: thin-films were synthesised using APCVD processes by
controlling the temperature, mass flow rate and deposition time of the nitrogen dopant
chemical reagent, fert-butylamine (C4H11N). In the previous section of this chapter, we
observed that this chemical reagent did not show apparent diffusion from the bulk of
the N-TiO> film, and therefore it will facilitate the addition of nitrogen in selecting
positions across the bulk of the N-doped TiO> thin film. The deposition of the non-
stratified and stratified N-dope TiO2 films was performed by controlling the volatility
of the nitrogen source, fert-butylamine, with an ice bath at 3 °C. The film growth of the
1

as-synthesised thin films used in this section ranged between 300-340 nm min™, as

determined from side on view SEM analysis and Swanepoel method.®
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The synthesis of the stratified N-TiO> films was designed to selectively incorporate the
N specie using a pulsed delivery of the nitrogen precursor. Therefore, areas highly
doped with N were introduce within undoped regions in the synthesis of the stratified
N-doped thin films. X-ray photoelectron spectroscopy (XPS) analyses of the N species
within the as-synthesised N-TiO> thin films used in this section, non-stratified, single-
layer and multi-layer, are shown in Figure 2.13. The presence of the N species is shown
as yellow areas. The synthesis of the non-stratified N-TiO2 films was designed by
flowing the nitrogen precursor during the entire deposition time (Figure 2.13(a)).
However, the synthesis of the single-layer stratified N-TiO2 film (SL) was engineered
by adding the nitrogen source only half time (30 s) of the total deposition time (60 s)
(Figure 2.13(b)). This was accomplished by maintaining the tap that regulates the
nitrogen flow, close during the first and last 15 s of the film synthesis. A similar method
was used for the synthesis of the multi-layer stratified N-TiO> thin films (ML) (Figure
2.13(c)), where the N tap regulator was maintained close during the first and last 15 s
of the coating process and open in 5 s intervals. Further experimental details, including
mass flow rates are included in Table 2.2. All thin films used in this chapter were
adhesive and resistant to the Scotch tape test’” with no particles being peeled off, as

1°% and are indefinitely stable in air. It

well as resisting a scratch test using a steel scalpe
is worth noting that all as-synthesised coating surfaces showed no pin-hole defects and

no particulates were observed in the exhaust gas.

62



Etch Time / s.

410 405 400 395

410 405 400 395

410 405 400 395

Binding Energy / eV

Figure 2.13. Depth-profiling X-ray photoelectron spectroscopy (XPS) analyses of the
N 1s environment of selected N-TiO; thin films: (a) non-stratified, (b) single-layer
stratified (SL) and (c) multi-layer stratified (ML) N-TiO, films. The regions with high
amounts of nitrogen are represented by yellow areas. XPS fitting using the CASA XPS
software showed that the N 1s environment corresponded to substitutional nitrogen
species (Ns, 397 eV).

These locally N-doped TiO> thin-films were engineered by pulse precursor delivery
APCVD, producing N-doped TiO> materials with high concentrations of nitrogen
incorporated in specific positions within the bulk of the N-TiO: films. In this chapter,
we will explore the use of this APCVD configuration to avoid the negative effect that
high loadings of the dopant specie may have on the physical and functional properties
of N-TiO; films. The impact of the stratified N-doping configuration and the influence
of the type of nitrogen species on the enhanced photocatalytic activity will be discussed
in the following sections. Several samples (more than 50), from each different thin film,
were synthesised to prove the reproducibility of the method synthetic method reported

in this section However, only selected thin films, with comparable thickness and

physical properties, are presented.
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Table 2.2. Sample description and experimental details for the deposition of undoped
N-doped TiO; thin films. The temperature and mass flow conditions were constant for
Ti and O precursors; being 68 °C, 6.7 x 103 and 37 °C, 3.1 x 107, respectively.

Sample Experimental Details
Sample N Mass Flow Deposition Film [N]
Description  (107) (g min™!) Time Growth (at. %)
(s) (nm min)
Til Undoped - 60 305 -
Ti2 Undoped - 120 355 -
NI Non-stratified 5.9 60 265 2.0
N2 Non-stratified 1.0 120 340 0.25
SL Single-layer 1.3 60/30* 390 0.60
ML Multi-layer 1.3 120/25%* 330 0.65
*Fraction of total time for nitrogen precursor delivery.

2.4.3. Results and discussion.

2.4.3.1.1. Physical and optical properties.

All undoped TiO> thin films, used in this chapter, were colourless and transparent with
expected absorption edge values (~ 380 nm) (Figure 2.14). In contrast, N-TiO thin
films showed a yellow tinge, characteristic of N-doped TiO» films,”” with their
absorption onset red-shifted compared to that of their analogue undoped TiO: films
(Figure 2.14). It is worth noting that this shift was not significant in the case of the
single-layer N-TiO; film (SL), showing an absorption edge threshold similar to its
undoped analogue films (~ 375-385 nm). Depth profiling XPS analysis of the SL film
showed that the concentration of substitutional (Ns) and interstitial (N;) nitrogen was
comparable, agreeing previous theoretical and experimental works where an increase
of the N; species showed negligible modifications of the absorption onset of N-TiO»
thin films.”**%!24 In contrast, the use of high concentrations of N resulted in an increase
on the concentration of the N species, leading to a red-shift of the optical properties of

778889 1t is important mentioning that

the N-TiO, films towards the visible range.
comparable non-stratified and stratified N-TiO; films showed similar optical properties,

however, these estimations were made ignoring the scattering component in the spectra.
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Interestingly, previous reports have shown similar changes upon the addition of high
amounts of the dopant within the lattice of TiO2,''® however, correlation between these
optical behaviour and the photocatalytic feature of N-TiO, photocatalysts has been a

matter of historical controversy.*
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Figure 2.14. UV/Vis spectra of typical undoped (Til) and N-TiO; thin-films: non-
stratified films with low (sample N2) and high (sample N1) concentrations of N (blue
and burgundy patterns, respectively), as well as single-layer (SL, yellow pattern) and
multi-layer (ML, green pattern) films, fert-butylamine was used as nitrogen source. The
inset shows bandgap measurements derived from a Tauc plot of typical undoped TiO-
and N-TiO; thin films synthesised by APCVD. Further sample and experimental details
are given in Table 2.2.

Top-down view and cross-sectional scanning electron microscopy (SEM) analyses
were used to investigate the surface morphology and film growth of the different films
used in this chapter (Figure 2.15). It can be observed in Figure 2.15 that the nitrogen
doping process did not affect the morphology of the as-synthesised thin films, showing
large star-shaped aggregated particles. However, XRD studies of the N-TiO; films
showed a drastic impact on the crystallinity of the as-synthesised thin films upon the
addition of high amounts of the nitrogen dopant (Figure 2.16(a)). This effect was

clearly observed upon comparison of the N-TiO; films and their undoped TiO:
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analogues, where the characteristic peaks of the anatase TiO, phase were broadened
and decreased, agreeing previous works from the literature.”>**!?% In contrast, XRD
studies of the stratified N-TiO, films showed intense and sharp peaks (Figure 2.16(c)),

suggesting that the overall crystallinity of the films was largely unaffected by the pulsed

addition of high levels of nitrogen.

(b) stratified N-TiO2 thin-films. Insets show cross-sectional SEM images of typical
undoped and stratified N-doped TiO> thin-film.
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Figure 2.16. X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS)
spectra of non-stratified, N1 (a and b) and stratified, ML (¢ and d) N-TiO films
containing highly N-doped regions. XPS data was obtained from averaging within ca.
50 nm. XRD and XPS spectra of their respective undoped analogues (Til, Ti2) are
included as reference.
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X-ray photoelectron spectroscopy (XPS) studies averaged from a similar thickness
range of each different film (ca. 50 nm) are shown in Figure 2.16(b, d). CASA XPS
software was used to fit the N 1s environment (397 — 400 eV) of each film, this fitting
was employed to estimate the concentration of nitrogen within the as-synthesised films.
In the case of the stratified ML thin film, the area studied includes one highly doped N
layers. It can be clearly observed that the nitrogen levels within selective regions of
both films were comparable, being 0.70 and 0.50, for N1 (non-stratified) and ML
(stratified) samples, respectively. Therefore, a fair comparison can be made between
samples made by a pulsed delivery strategy and those made using a constant delivery

of nitrogen dopant.

2.4.3.2. Photoactivity of stratified vs. non-stratified N-TiO: thin films.

The photocatalytic activity, of each single film used in this chapter, was evaluated upon
degradation of a model organic pollutant, octadecanoic (stearic) acid, under UVA
irradiation (Vilber-Lourmat, 2 x 8 W, 365 nm, 1.2 mW cm™). The overall degradation

reaction is given by Equation 2.1.

Ti0,
CH(CHy)16COH + 260, 5 —5— 18CO, + 18H,0 @D
= )g

Each different film was dip-coated with a thin layer of stearic acid using the same
conditions described in the previous section. The photocatalytic study was evaluated by
following the photodegradation of the C-H bonds of stearic acid, with IR bands at 2958,
2923 and 2853 cm™! (Figure 2.17(a)), which were used to calculate their corresponding
integrated areas (Figure 2.17(b)). The photoactivity rates and formal quantum
efficiencies (&) (Figure 2.17(c)) were estimated and calculated following the conditions

previously described.
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Figure 2.17. (a) FTIR spectra of a stratified multilayer N-TiO; thin film (ML), showing
the photodegradation of stearic acid upon UVA irradiation (1.2 mW cm?). (b)
Integrated areas, calculated from the photodegradation of stearic acid obtained, versus
irradiation time of selected thin films, Ti2 (undoped TiO», full triangles) and ML
stratified multilayer N-TiO,, full circles). Plain glass (empty squares) is included as
reference. (c) Formal quantum efficiencies (§), estimated as molecules degraded per
incident photon, of selected thin films, undoped (Til, Ti2), non-stratified (N1, N2) and
stratified doped (SL, ML) TiOz thin-films. Further sample and experimental details are
given in Table 2.2.

The photocatalytic performance of selected thin films; non-stratified (N1, N2), single-
(SL) and multi-layer (ML) stratified N-TiO> thin films, as well as their undoped TiO»
analogues (Til and Ti2) were tested by following the photodegradation of stearic acid
using an UVA illumination source (Figure 2.17(c)). As previously mentioned, the
effect of doping TiO» materials with high amounts of N was found detrimental from a
photocatalytic point of view, as it can be observed in Figure 2.17(c) where the non-
stratified N-TiO2 film (N1) showed low photocatalytic efficiency when compared to
the its undoped analogue. In contrast, the use of low concentrations of nitrogen to
deliver non-stratified N-TiO; films (N2) resulted in an enhanced photocatalytic
efficiency compared to that of their undoped analogues (Ti2). Interestingly, higher

photocatalytic efficiencies were observed when nitrogen was added in specific regions
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within the lattice of TiO2, samples SL and ML, being extremely pronounced for multi-
layer N-TiO; thin films. This behaviour was found unusual from a structural point of
view, because the regions containing high amounts of nitrogen in the stratified N-TiO»
films may also create disordered areas, which would lead to speed up the recombination
process of the photogenerated carriers and thus decreasing their photocatalytic
efficiency. It is worth noting that XRD analysis of the multi-layer stratified thin films
and their undoped analogues showed comparable patterns (Figure 2.18(a)). Therefore,
it could be expected that these highly disordered areas would be very narrow (within
short-range order), if present at all, for the as-synthesised multi-layer stratified thin
films. Instead, the concentration of nitrogen within the N-doped thin films could be
correlated with the photocatalytic changes, suggesting that the nature and amount of

nitrogen in TiO; thin films have an important role in their photocatalytic performance.
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Figure 2.18. X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS)
analyses of selected N-TiO thin films, non-stratified (N2), single-layer (SL) and multi-
layer (ML), as well as their undoped analogue (Ti2). XPS data was collected from
depth-profile analysis of the entire thin films and averaged using comparable
thicknesses.
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As mentioned in the previous section, the influence of N species on the photocatalytic
performance of dope TiO> photocatalysts has been widely studied, being a source of
debate and/ or great controversy in the literature.*®> As previously mentioned, nitrogen
can be added to the lattice of TiO> materials, either as substitutional (Ns, oxygen lattice
site) and/ or interstitial (N;) species, with binding energies of 397 and 399 — 400 eV,
respectively.81:126 The role of these species on the photocatalytic response of N-doped

TiO> materials has been widely investigated and discussed;>>1%*

unfortunately, despite
the great number of works based on these materials no agreement has been reached.
Indeed, the photocatalytic study of our N-doped thin films within the UV range (Figure
2.17(c)) could not be correlated to a specific role of either Ns or Nj species. XPS analysis
of the thin films used in this section showed that the amount of N5 (397 ¢V) within the
ML sample was very high compared to that of the SL film and non-stratified N2 films
(Figure 2.18(b)), which could have enhanced its photocatalytic performance. However,
the concentration of substitutional nitrogen within both SL and N2 samples was
comparable, despite the different photocatalytic efficiencies observed (Figure 2.17(c)).
In addition, the presence interstitial nitrogen (N, 400 eV) could not be also clearly
correlated with the enhancement of the photocatalytic efficiency, as similar N;

concentrations were observed for both ML and N2 samples and only slightly higher

amounts for SL sample (Figure 2.18(b)).

As previously mentioned, nitrogen species adsorbed to the surface of N-TiO; films may
affect their photocatalytic efficiency. The role of these adsorbed species could be
associated to a synergistic interaction among bulk and adsorbed species for an enhanced
photocatalytic performance of these N-doped photocatalysts.'?’ In this chapter, surface
XPS analyses of the N 1s environment showed a single peak at 400 eV, which are

widely acknowledged as surface adsorbed nitrogen species (y-Na2, NOx, NHy).?® It is
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important mentioning that the nature and concentration these species were similar
among the films investigated in this chapter, and no trace of other nitrogen-containing

species (N7, NOg3, etc.) was detected beyond instrumental error.

It is also worth mentioning that different groups®>!?”!?® have emphasised that the
nitrogen doping process could lead to create oxygen vacancies within the TiO; lattice
(Vos), which could play an important role in the visible light activity of N-doped TiO»
materials. These Vs are intrinsically created when nitrogen (N%) replaces oxygen (O
2) within the TiO> structure and also formed under the reductive conditions typically
used during nitrogen doping. These works also reported that visible light activity of N-
TiO2 materials is correlated with an optimum number of V,s. However, upon exceeding
this optimum value, they would act as carrier recombination centres decreasing the
photocatalytic performance of the N-doped materials. Additional photocatalytic tests
were performed by using regular indoor fluorescent lamps (visible range irradiation);
however, no photocatalytic response was found for any of the selected thin films used
in this section. Generally, any activity of N-TiO; photocatalysts observed in the visible

range is in detriment of their UV activity.

As previously mentioned, the presence of high levels of nitrogen within the structure of
doped TiO> films, has a detrimental role on their structural and functional properties.
However, there is a beneficial correlation between photocatalytic efficiency and the
total amount of nitrogen, when it was incorporated in specific regions within the lattice
of TiOa. These nitrogen rich regions within the multi-layer stratified films could act as
buffer layers,'?*> promoting the photogeneration of charge carriers. Therefore, the
astonishing photocatalytic efficiency of the stratified N-TiO> films can be explained in
terms of high mobility of the photogenerated charge carriers. In this section, stratified
films were designed and engineered to combine highly ordered N-doped layers,
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enhancing the creation of photogenerated charge carriers, and undoped layers with
high-mobility and band like-conduction behaviour,'?’ (Figure 2.19). In contrast, non-
stratified films with non-ordered high levels of nitrogen resulted in the enhancement of
recombination processes,'?’ decreasing the photocatalytic performance of these thin

(a) @ o (b) 0
§ (4§78t
$n §

Figure 2.19. Scheme representing the potential photogenerated charge carrier mobility
and recombination suggested for (a) non-stratified and (b) stratified N-TiO, thin-films.
In the scheme N represents the addition of nitrogen ions to the non-stratified and
stratified N-TiO> films, the full dots represent the movement of photogenerated charge
to the surface of the N-TiO> films.

2.4.4. Conclusions.

In this chapter, we have presented a new strategy to synthesise stratified doped TiO>
films using atmospheric-pressure chemical vapour deposition (APCVD) processes.
This has been, to the best of our knowledge the first use of APCVD to deliver precursors
in a pulsed mode. High amounts of nitrogen were added in specific regions within the
TiO, lattice, with minor changes of their physical properties, which were confirmed
through XRD and SEM analyses. The photocatalytic performance of as-synthesised
stratified films was explored during degradation of stearic acid under UVA
illumination. The activity of these films was dramatically enhanced compared to similar
non-stratified and undoped TiO; films. A possible explanation for this enhanced

photocatalytic efficiency was proposed in terms of the combined effects of higher
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charge carrier photogeneration and mobility, as well as low carrier recombination

within the highly doped and undoped regions of the stratified films.

In this chapter, we presented a simple strategy to add controlled concentrations of
nitrogen into the TiO; structure. This APCVD configuration can be used to produce
materials with multiple layers using a wide range of dopants or mixtures of co-dopants.
In this sense, the approach reported in this chapter is similar to that used in ALD
processes and allowed to design multilayer stratified films for an enhanced charge
carrier generation and mobility. Examples of advanced photocatalyst designs such as
the one presented in this chapter would suggest to revise the synthesis of photocatalytic
systems to achieve an optimum combination of physical and chemical properties. The
selective incorporation of convenient levels of specific dopant precursors (or mixture
of co-dopants) would increase the number of variables to the complexity of these

systems.

In the following chapter, we will explore the chemical modification of TiO> thin films
using chemical reagents, phosphorus and sulfur, which can be added to the lattice of
TiO, either as anionic or cationic species. These phosphorus/sulfur-doped TiO: thin
films will allow to investigate the effect that anionic and cationic species will have on

the physical and functional properties of these doped TiO> thin films.
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Chapter III

NON-METAL (PHOSPHORUS AND SULFUR) DOPED TiO:
THIN FILMS

‘The following chapter presents the results from a series of experiments for growing
phosphorus and sulfur doped TiO: thin films via atmospheric pressure chemical vapour
deposition (APCVD). These two dopant sources can be added to the lattice of TiO>
either as anionic or cationic species. Therefore, the synthesis of these doped TiO: films
was designed to investigate the effect that these two different species (anions and
cations) will have on the physical and functional properties of these doped TiO:> films.’
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3. Non-metal (phosphorus and sulfur) doped TiO: thin films.

3.1. Introduction.

As previously mentioned, TiO2 and specially N-doped TiO> have been widely explored
for photocatalytic applications.!” Unfortunately, there is still a wide debate on whether

nitrogen doping could deliver sunlight-active photocatalysts.>>!3

In the last few decades, there have been vast investigations to find alternatives to the
use of nitrogen to dope TiO». As such, different non-metal and metal species have been
investigated to modify the optical properties of TiO» photocatalysts. The benefits of
adding anion species to TiO, are well acknowledged, as previously discussed.
However, in the last few years, there has been an increasing interest in using cationic
species to improve the function of TiO,.'*'~!33 Different theoretical and experimental
works have reported that adding cationic species into the TiO; lattice would result in
the formation of inter-band localised states above the valence band of TiO», promoting
electron transition between the valence and conduction bands and hence inducing
visible light activity.>>37 This led us to explore the modification of TiO2, by using non-
metal species which can be added into the TiO» matrix either as cations or anions.
However, it is worth mentioning that the performance of cation and/or anion doped
TiO2 materials is intimately associated to the synthetic conditions. For instance, Yang

et al .13

reported that oxygen rich conditions led to produce cation-doped TiO, materials
and oxygen deficient conditions to anion-doped TiO» materials. In addition, it is
important to bear in mind that these cation-doped TiO materials are in a powder form,
and thus it would be crucial to rule out any possible contribution from oxide species

generated in the surface of the material, which can mask the optical and functional

response of the doped-TiO, materials.
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In this chapter, we will investigate the use of phosphorus and sulfur species to modify
TiO2 thin films. These two chemical elements could be considered as the most
promising alternatives to the use of nitrogen, as both could be added to the lattice of
TiO, either as cations or anions, allowing to investigate their effect on the physical and

functional properties of TiO; thin films.

3.2. Experimental methods.

All chemicals were purchased from Sigma-Aldrich. Titanium tetrachloride (TiCls, 99.9
%) and ethyl acetate (C4HgO2, 99.8 %) were used as titanium and oxygen source,
respectively. Triethyl phosphate ((C2Hs0)3PO, 99.8 %) and allyl sulfide (CsHioS, 97
%) were used as phosphorus and sulfur sources, respectively. Nitrogen gas (N2) was
supplied by BOC. Glass substrates coated with a thin barrier of SiO> (50 nm), which
prevents the diffusion of ions into the as-deposited coatings, were provided by the
Pilkington NSG Group. Each glass substrate was carefully washed with acetone
(C3HgO, 99 %), isopropanol (C3HgO, 99 %), distilled water and finally dried with air

prior to their use.

3.2.1. Phosphorus and sulfur doped TiO: film synthesis.

As previously mentioned, a cold-wall atmospheric pressure chemical vapour deposition
(APCVD) process was used to synthesise the phosphorus and sulfur doped TiO; films.
APCVD is a thermal CVD process, where each different precursor source is added to a
stainless-steel bubbler. These precursors are heated to obtain enriched vapours which
are transported to the reaction chamber by an inert carrier gas (N2). A schematic figure

of the APCVD apparatus is shown in Figure 3.1.
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Figure 3.1. Schematic of the atmospheric pressure chemical vapour deposition
(APCVD) apparatus. Undoped, P-doped and S-doped TiO: thin films were synthesised
from volatile precursors, which were carried by N> gas from different bubblers; bubbler
1 contained TiCls, bubbler 2 contained ethyl acetate and bubbler 3 contained the dopant
source used in this chapter (phosphorus and sulfur).

The CVD system was maintained at high temperature (200 °C). The gaseous reactants
were mixed in stainless steel mixing chambers at 250 °C and transport through a triple
baffle manifold into the reaction chamber using N> gas (pre-heated at 150 °C). The
APCVD reaction chamber consisted of a 320 mm-long graphite block with three
inserted heater cartridges (Whatman). The temperature of each individual APCVD
component was controlled using Pt-Rh thermocouples. In a standard TiO> synthesis,
the temperatures of the bubblers, containing the titanium and oxygen precursors, were
held at 68 and 38 °C, respectively. The temperature used for each different dopant
reactant was adapted to produce enough gaseous reactants. Low temperature, 8 °C, was
used for sulfur, this temperature was achieved using an iced-bath. In contrast, the

phosphorus source was heated at 90 °C.
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3.2.2. Physical characterisation.

The structural properties of the as-synthesised thin films were explored using X-ray
diffraction (XRD) and Raman spectroscopy analyses. XRD measurements were carried
out using a Bruker-Axs D8 (Lynxeye XE) diffractometer, which consists of a
monochromated Cu X-ray source (Kq1, 1.54 A) and a glancing incident angle () 1°.
Each different diffraction pattern was fit to the Le Bail method, using the anatase
structure parameters from Joint Committee on Powder Diffraction Standards (JCPDS),
through the GSAS and EXPGUI software suite. Raman spectroscopy was performed
using a Renishaw 1000 sepectrometer equipped with a 633 nm laser, which was
calibrated using a silicon reference. UV/vis spectroscopy analyses were carried out
using a double monochromated Perkin Elmer Lambda 950 UV/Vis/NIR
Spectrophotometer within the 250 — 2500 nm range. The UV/vis measurements were
calibrated using a Labsphere reflectance standard. In addition, a Helios double beam
instrument was used to record reflectance values within the range 300 — 2500 nm, at
different positions, allowing to evaluate the thickness of the films via Swanepoel
method.? This thickness measurements were also corroborated by side-view scanning
electron microscopy (SEM). Two different SEM systems, a JEOL 6301 (5 KV) and a
JEOL JSM-6700F field emission instruments, were used to collect data, the Oxford
software INCA was used for EDS analysis. Atomic force microscopy (AFM) was
performed using a Bruker Icon system running in PeakForce Quantitative
Nanomechanical Property Mapping (QNM) mode. The topography of the samples was
measured using 5 pm x 5 pm areas, and Bruker NCHV (etched silicon) tips in contact
mode. X-Ray photoelectron spectroscopy (XPS) analyses were carried out using a
Thermo K alpha spectrometer with monochromated Al K alpha radiation, a dual beam

charge compensation system and constant pass energy of 50 eV. A binding energy range
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of 0 — 1200 eV was used to collect survey scans. The principal peaks of the elements
present in the as-synthesised films Ti (2p), O (1s), C (1s), P (2p), S (2p) and Si (2p),
were investigated by acquiring high-resolution peaks. These peaks were used to
evaluate the concentration of the different elements within the analysis region (spot size
400 pm). CASAXPS software was utilised to model the area underneath these peaks,
using relative sensitive factors to calculate the thin film composition, these peaks were

calibrated to adventitious carbon at a binding energy (B.E.) of 284.4 eV.

3.2.3. Characterisation of functional properties.

3.2.3.1. Bandgap determination.

Transmittance spectra was recorded over the 300 — 2500 nm range on a Helios double

beam instrument to determine band gap energies trough Tauc plots.%

3.2.3.2. Transient absorption spectroscopy.

The dynamics of the photogenerated charge carriers of the undoped and doped TiO>
films used in this chapter were measured using transient absorption spectroscopy (TAS)
at room temperature (= 297 K) in the ps-s timescale. This TAS instrument has been
previously explained in detail elsewhere.!* In a few words, this system consist of a Xe
lamp (75 W) which is employed as the probe beam to illuminate the samples, the Xe
lamp has an integrated monochromator to allow the selection of specific wavelengths.
A Si PIN photodiode is used to measure the changes in transmitted light upon the
excitation of the sample by applying a UV laser excitation pulse, using the third
harmonic of an Nd: YAG laser (355 nm, 6 ns pulse width). Reasonably low laser
intensities were used (= 500 pJ cm™ pulse™!) with a laser repetition rate of 1 Hz. Each

TAS trace is the result of averaging between 50 and 500 scans.
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3.2.3.3. Hall effect.

Hall Effect probe measurements were conducted at room temperature on an Ecopia
HMS-3000 device in the Van der Pauw configuration. Measurements were acquired at
0.58 T with a variable current of 1 pA — 300 pA, on square cut samples with soldered

indium-tin ohmic contacts, the integrity of which were tested prior to measurement.

3.2.3.4. Photocatalytic test.

A model organic pollutant, octadecanoic (stearic) acid (95 %, Sigma-Aldrich), was used
to evaluate the photocatalytic response of the coating surfaces deposited in this chapter.
A 0.05 M solution of stearic acid in chloroform was used to deposit a layer of the acid
on the undoped and doped thin films, using a dip-coating process. UVA (Vilber-
Lourmat, 2 x 8 W, 365 nm, 1.2 mW cm™) and/ or visible (GE lighting 2D fluorescent
GR10g-835 white, 28 W) irradiation were used to evaluate the photocatalytic
performance of the thin films photocatalysts. The loss of the dip-coated stearic acid
layer was followed by measuring its characteristic C-H infrared bands at 2958, 2923
and 2853 cm™!, which were integrated using a Perkin Elmer RX-I Fourier transform
infrared (FTIR) spectrometer. The degradation of the stearic acid bands needs to be
converted to the number of molecules of stearic acid degraded during the photocatalytic
process. This conversion was performed following a work reported by Mills at al., ¥’
where it was estimated that 1 cm™ of integrated area corresponds to 9.7 x 10'* molecules
of stearic acid. A linear regression of the degradation process, at its initial step (30 — 40
%), was used to assess the photocatalytic rate, which have shown to possess zero-order
reaction Kinetics above a critical stearic concentration. The photocatalytic response was

expressed as formal quantum efficiency (&), which has been described as molecules of
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acid degraded per incident photon (molec. photon™), and estimated accepting that all

incident photons had the same energy (3.4 eV).

3.3. Multifunctional P-doped TiOz2 thin films. A new approach to self-cleaning,
transparent conducting oxide materials.

3.3.1. Introduction.

As previously mentioned, TiO> have been deeply explored during the las few
decades.!”7>7>136 Unfortunately, TiO, materials present some drawbacks, being the
most important its potential use in solar applications due to the relatively wide bandgap
of'its most photoactive TiO> polymorph, anatase. This has led to a large research driven
to find different solutions to narrow the bandgap of TiO; and extend its photocatalytic
response into the visible region, being the use of non-metal species, to chemically
modify TiO> materials, the most explored.”® From all different non-metal acceptor
species, nitrogen has been the most studied dopant source,® however, there is still little
consensus on its role to an overall improvement in visible light driven

photocatalysis,2%33-82.137.138

In addition, the use of cations, with oxidation states higher than that of Ti**, have been
also widely explored to modify the band structure of TiO» materials. It is worth
mentioning that these dopant species do not reduce the visible light response of anatase
TiO,. These species act as electron donors, which can be injected into the conduction
band of TiO», enhancing the use of TiO: as a transparent conducting oxide (TCO). A
blue shift of the optical absorption of TiO2, as well as a reduction in resistivity, are
normally associated to the formation of these TCO materials. The use of these TiO2
materials offers great advantages in the field of TCO applications due to its high
transmittance in the infrared region, chemical stability and high refractive index, as well
as an important reduction of its production cost.!* Therefore, this application has been
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widely explored during the last few decades, Nb, Ta, W and F have been the most
common electron-donor dopants studied.'¥*-!4? It is worth mentioning that Ta and Nb
materials have shown promising optical and electrical properties, being comparable to
that of ITO materials. In contrast, TiO, materials doped with F and W have not yielded
low enough resistivities, being associated to a charge carrier concentration effect (ie.
lower donation efficiency).!*® Interestingly, all these materials have shown a decrease

of their photocatalytic performance.

In this section, we chose phosphorus as a dopant source, as it allowed the possibility to
modify TiO, films with either cationic (P°") or anionic (P*) species, and further
studying their effect on the function of TiOx. It has been commonly acknowledged that
phosphorus in the pentavalent state (P°") would induce a shift of its optical properties
to lower wavelengths (blue-shift), as well as an increase in the number of free charge
carriers within the P-doped TiO: films. In addition, P can be present as more attractive
alternative to from a commercial point of view, as it is a much more earth abundant and
cheaper dopant source than either Nb or Ta. Hence, the synthesis of P-doped films could

be introduced as a new approach to deliver transparent conducting oxide materials.

P-doped TiO, films, hereafter P-TiO,, have been already explored using sol-gel
methods. These methods delivered P-TiO, materials with a single oxidation state in a
cationic form, which was assigned to a phosphate state (P3).'*'%7 Different
photocatalytic methods, such as degradation of organic compounds (n-pentane and
ethanol) and dyes (methyl orange (MO) and methylene blue (MB)) were used to
evaluate the functional properties of these P-doped photocatalysts. However, different
photocatalytic responses were observed, which could be correlated to varying

concentration of P>* species and surface area within the different reported materials.
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In this section, we investigated the use of APCVD methods to synthesise P-TiO»
films.>? This synthetic technique allows the growth of coatings at high temperature,
avoiding the amorphous to crystalline transition associated to sol-gel methods which
could drastically alter the nature and content of the dopant species.!**146 Interestingly,
we also found that APCVD can synthesise multi-valent P-doped TiO: films with
cationic P>* and anionic P?" species,®> which were used to study the effect that

phosphorus had on the electronic and photocatalytic properties of P-TiO> films.
3.3.2. P-TiOz2 thin film synthesis.

P-doped TiO; thin films were deposited on float glass using an APCVD process, from
the reaction of titanium (IV) chloride (TiCls), ethyl acetate (EtOAc) and triethyl

phosphate ((EtO);PO) at 500°C (Equation 3.1).

. 500 °C . (3.1)
T1C14 + CH3COOC2H5 + ((C2H50))3PO —_— Tll-XOZ-XPX + by-products :

The reaction mechanism between EtOAc and TiCls is not completely known. However,
different reaction paths have been reported, being the most commonly acknowledge,
the mechanism involving the hydrolysis of TiCls (Equation 3.2)'** via decomposition
of ethyl acetate to form ketene and ethanol and subsequent dehydration of ethanol to

form ethene and water.

CH;COOC,Hs ——=— CH;CH,OH + C,H,O (3.2a)
CH;CH,OH —= [,O + C,H, (3.2b)
H,O + TiCl,— = TiO, + 4HCI (3.2¢)

P-TiO; films were synthesised by maintaining the temperature of the P stainless steel
bubbler at 90 °C to control its vapour pressure. These P-TiO; films showed a thickness

(measured from cross section SEM and Swanepoel method®’) ranging between 450-
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1050 nm. It is well acknowledged that TiO> thin films present different optical
interference across the substrate, which each colour band corresponds to a different
region of thickness.!*’ Table 3.1 shows the corresponding phosphorus mass flow rates
used to deliver the P-TiO> films. In addition, Table 3.1 also shows the atomic
concentration of each phosphorus specie, P> and P*, as observed by XPS studies, as
well as the P¥*/P3" ratio. All films used in this section were adhesive and resistant to the

Scotch tape test,”’

with no particles being peeled off, as well as resisting a scratch test
using a steel scalpel®® and were constantly stable in air. It is worth noting that all as-
synthesised coating surfaces showed no pin-hole defects and no particulates were
observed in the exhaust gas. Several samples (more than 30), from each different thin
film, were synthesised to prove the reproducibility of the method synthetic method

reported in this section However, only selected thin films, with comparable thickness

and physical properties, are presented.
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Table 3.1. Experimental and synthesis details of undoped and P-doped TiO- thin films.
The metal (TiCls) and oxygen (C4HsO>) precursors were used at constant temperature
and mass flow conditions: 67 and 37 °C and 6.7 x 107 and 3.1 x 103 g min™,
respectively. The temperature for the phosphorus source ((EtO);PO) was maintained at
90 °C.

Sample Experimental Details

P Mass Flow P /P ratio  [P*'] (ar. %)"  [P*] (at. %)’ [P] total

(10%) (g min™) (at. %)
Anatase - -- -- -- --
P:Til 0.13 1:0 0.50+0.18 - 0.50+£0.18
P:Ti2 0.24 1:0 0.90 +0.37 - 0.90+0.37
P:Ti3 0.38 1:1 1.17+0.51 1.10£0.65 2.27+0.58
P:Ti4 0.57 2:1 2.04+0.68 094037 2.98+0.62

*As determined by XPS analyses.

3.3.3. Results and discussion.

3.3.3.1. X-ray photoelectron spectroscopy (XPS).

X-ray photoelectron spectroscopy (XPS) analysis was employed to evaluate the
concentration and oxidation state nature of the P specie in all P-TiO; films used in this
section. XPS is a surface-sensitive technique (< 10 nm),'>* therefore, several levels
within the bulk were studied by etching the surface with argon sputtering. It has been
previously reported that P can exist within the TiO> lattice as either, P>* cations which
substitute Ti*" lattice sites or P>~ anions which replace O lattice sites, these P oxidation
states are commonly assigned to P 2p orbitals, with XPS binding energies of ca. 135

and 129 eV respectively. 44131152

All P-doped TiO2 films showed simply an individual peak at their surface, with binding
energy of ca. 133.7 eV, which is generally assigned to phosphorus cations with an

oxidation state of 5+ (P>*, Figure 3.2).!1%+146 It is worth noting that upon XPS surface
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etching analysis a second P 2p environment was found within the bulk of the highly P-
doped films (> 2.3 at. %). This second P 2p environment showed a peak at 128.8 eV,
which has been reported by other groups as phosphorus anion species (P>, Figure
3.2).152153 It is commonly acknowledged that the XPS depth profile etching process can
modify the oxidation state of elements,'** however, this is unlikely due to the reduction
of P3* to P, since different phosphorus-based commercial powders with only P**
species were analysed by XPS depth-profiling, observing no changes in their oxidation
state. The fact that solely P> was present at the surface, even in samples that contained
both P3* and P3- species in the bulk, was attributed to surface oxidation of P states at

the surface on exposure to air.

(surface) (bulk)

Intensity / a.u.

-1 ' 1 ' 1 v 17 -1 ' 1 ' 1 v 17
128 132 136 140 128 132 136 140
Binding Energy / eV

Figure 3.2. XPS analyses at the surface (left) and bulk average (right) showing the
different P 2p environments found in the as-synthesised P-TiO2 films. These films
showed different P>*/P* ratios; P:Til (1:0), P:Ti2 (1:0), P:Ti3 (1:1) and P:Ti4 (2:1).
Anatase TiO; was used as reference. The experimental data is represented by solid lines
and its deconvolution into each chemical state (2 p3» and 2 pi2 environments) is
represented by dotted lines. The film description and experimental details are given in
Table 3.1.

As previously mentioned, we found that phosphorus can exist in the form of two
different environments in P-TiO> films, P>* and P*", by using APCVD processes. Four

86



distinct P-TiO2 samples were studied in this thesis in order to synthesise P-TiO> films
with different P concentration, as well as different P>*/P* ratios. P:Til and P:Ti2, using
low concentrations of phosphorus, which resulted in the sole presence of P> within the
TiO2 matrix. Likewise, samples P:Ti3 and P:Ti4, were synthesised using higher
concentrations of phosphorus, which resulted in P-TiO> films with both P>* and P*-
species. We observed a different P°*/P*" ratio for these samples, being 1:1 for sample
P:Ti3, and 2:1 for sample P:Ti4. Samples P:Til, P:Ti2, P:Ti3 and P:Ti4 showed a total

content of phosphorus of 0.50, 0.90, 2.27 and 2.98 at. % (Table 3.1).

3.3.3.2. Structural properties of P-doped TiOz2 thin films.

The structural properties of all undoped and P-doped TiO» films, used in this chapter,
were investigated using X-ray diffraction (XRD), these studies showed that all as-
synthesised samples were only constituted of the anatase phase with no evidence of any
other TiO2 polymorph or additional phosphorus-based structure (Figure 3.3). It is worth
mentioning that XRD analysis showed a considerable shift of the diffraction peaks upon
phosphorus doping compared to that of their undoped analogues. These diffraction
peaks were fit to a Le Bail refined model in order to quantify the lattice changes in the
as-synthesised films, showing the widest changes in the tetragonal ¢ axis. These
changes were clearly observed in the films containing the lowest amount of P within
the TiO: structure, sample P:Til, which presented the most contracted unit cell (135.7
+ 0.08 A%) relative to pure anatase (136.74 + 0.08 A?). It is worth mentioning that the
as-synthesised films with low concentration of phosphorus, P:Til and P:Ti2 (0.50 and
0.90 at. % of phosphorus, respectively), showed a solely oxidation state, assigned to P>*
states.'*” These P>* species would substitute Ti*" sites, resulting in a wide contraction

of the unit cell, as P°" and Ti*" species have different ionic radii; where 6 coordinate
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complexes of P>* and Ti*" show average ionic radii of 0.380 A and 0.605 A respectively.
In contrast, an increase in the concentration of the dopant also increases the formation
energy of the cationic dopant, resulting in P-TiO> films, samples P:Ti3 and P:Ti4, with
two different P 2p environments, P>* and P3- species,!#+131:152155 ywhere the anionic
species (P?) substituted O sites. The presence of these two P 2p environments resulted

in the suppression of the unit cell contraction, showing values similar to the one of their

undoped analogues.
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Figure 3.3. X-ray diffraction patterns of as-deposited P-TiO, films with different
P3*/P3" ratios; P:Til (1:0), P:Ti2 (1:0), P:Ti3 (1:1) and P:Ti4 (2:1). XRD analysis of
undoped anatase TiO; is included for comparison. The data was fit to a Le Bail refined
model.

This was explained in terms of the bigger ionic radii of the P* states (2.10 A) compared
to that of O* sites (1.40 A), compensating the unit cell contraction caused by the
addition of P>* species. In addition, a change in preferred growth in specific diffraction
planes was shown upon phosphorus doping. An anatase TiO; single crystal shows a
typical growth in the (101) diffraction plane. However, the use of APCVD to synthesise
TiO, films tends to substantially enhance the preferred growth in the (211) diffraction
plane, as well as inhibiting growth in the (101) plane. However, it has been reported by
Hyett et al.'*® that changes in the preferential growth did not substantially affect the

photocatalytic response of TiO2 films grown by APCVD. All undoped and P-doped,
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with low amounts of phosphorus, TiO> films were grown preferentially in the (211)
diffraction plane. However, the preferential growth was changed to the (101) diffraction
plane (Figure 3.3) upon an increase in the concentration of phosphorus. A similar trend
was also observed by Kafizas et al.'* and Bhachu et al.'*' when APCVD was used to
deposit Nb-TiO> films, where the preferential growth was modified from the (101) to

the (211) plane at high concentrations of Nb.

The physical properties of the as-synthesised samples used in this section were also
investigated using Raman spectroscopy. These analyses corroborated the results
showed by XRD, where only TiO> anatase phase was found in all undoped and P-doped
TiO; films. It is well acknowledged that anatase TiO> shows its major scattering Eg
band at 144 cm’!, this band was shifted to lower wavenumbers upon phosphorus doping
(Table 3.2). This band, Eg mode, describes phonons operating primarily in the a-axis
of the tetragonal unit cell.'’>” It was found a clear trend between the level of E, band
shift and then contraction of the unit cell volume observed by XRD analysis (Table
3.2), where the most red-shifted bands were found in the most contracted unit cells (i.e.

samples P:Til and P:Ti2; Figures 3.4 and 3.5).
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Figure 3.4. Raman spectroscopy spectra of undoped and P-doped TiO films with
different P>*/P*" ratios and P content; P:Til (1:0 and 0.50 at. %), P:Ti2 (1:0 and 0.90 at.
%), P:Ti3 (1:1 and 2.27 at.%) and P:Ti4 (2:1 and 2.98 at.%). The inset highlights the
red-shift of the major Raman scattering mode (Eg) observed in the P-TiO; films
compared to undoped TiO> films.
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Figure 3.5. Comparison between the change in ¢ lattice parameter (black circles) and
the shift in the main Raman scattering mode (Eg) (grey stars) for all different P-doped
TiO; films (P:Til, P:Ti2, P:Ti3 and P:Ti4).
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Table 3.2. Structural and functional characterisation details of the as-synthesised films
(undoped and P-doped) obtained via X-ray diffraction analysis (XRD), Raman
spectroscopy, UV/Visible absorption spectroscopy, X-ray photoelectron spectroscopy
(XPS), transient absorption spectroscopy (TAS), atomic force microscopy (AFM),
photocatalytic degradation of stearic acid (SA) and Van der Pauw and Hall Effect
electrical measurements.

Sample Physical Properties
X-ray Diffraction Spectroscopy TAS
Ban d* T% ‘
a c Vol Eg d [hm @ 122
1 1 from
[A] [A] [A%] (cm™) gap min' 2500
b 2 us
(eV) 1]

Anatase  3.787(1) 9.533(6) 136.74(6) 1439 322 305 732 58
P:Til  3.782(1) 9.505(6) 135.67(4) 141.7 336 315 668 -
P:Ti2  3.780(1) 9.492(5) 135.93(8) 1414 339 350 673 14
P:Ti3  3.785(2) 9.520(6) 136.39(6) 1432 328 385 723 3.1
P:Ti4  3.788(1) 9.512(2) 136.53(3) 1427 324 450 748 19

Functional properties Electrical properties
AFM Photocatalysis Hall effect probe
Surf.
area 4 FQY 1 n
) SUOD gy POyt (10 om)

Anatase  29.3(4) 0.86(1) 1.34(2) - - -

P:Til —033(1) 0652) 1.69+042 081+0.13 0.49+0.21
P:Ti2  29.02) 047(2) 0.78(3) - - -
P:Ti3 ~ 001(1) 00I(1) 818213 0.10£0.04 221+1.76

P:Ti4  30.1(6) 0.552) 0.822) 6.49+1.89 0.09+0.05 1.54+1.11

ad = film thickness; "average between 0 and 2500 nm. Numbers in parentheses represent
the error on the last digit.

3.3.3.3. P-TiO: thin films morphology.

The structural morphology of all samples used in this section were studied via Scanning
electron microscopy (SEM) analyses. These analyses showed that the morphology of

the undoped TiO: films consisted of well-defined shell-shaped aggregated particles
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(Figure 3.6(a)). However, a severe change in the structural morphology was found
when phosphorus was added into the TiO: structure. It is worth mentioning that these
changes were associated to the concentration of phosphorus. At low levels of P-doping,
sample P:Ti2, larger particles were observed that were more jagged in shape (Figure
3.6(b)). Moreover, upon an increase in the concentration of phosphorus, sample P:Ti4,
even bigger and more rounded bulb-shaped particles were observed (Figure 3.6(c)).
Therefore, it can be concluded that the particle size of P-TiO; films is increased by the

doping process.

Figur. 3.6. Scnning electron microscoy (SEM) images of typical (a) undoped TiO»,
(b) low concentration and (c¢) high concentration P-TiO2 films. The inset shows cross-
section SEM images of the films.

The morphology of the undoped and P-doped films was further complemented by using
atomic force microscopy (AFM). These AFM analyses were performed using a contact
(PeakForce) scanning mode, with a 20 nm special frequency on scan areas of Sum x
Sum. These measurements were locally performed six times for each sample. The
average of the surface area projected by each different sample as used to work out the
roughness induced surface area increase. These studies corroborated the changes in
morphology observed by SEM, with progressively larger and more rounded particles
upon P-doping (Figure 3.7). The root mean squared roughness increased significantly
from 16 nm for undoped TiOz to 51 nm for high levels of P doping. However, the

projected surface area showed only a slight increase as the peaks became sparser, the
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calculated surface areas ranged from just 29.35 £ 0.39 um? in undoped TiO> films, to

29.00 = 0.18 pm? and 30.13 £ 0.63 pm? in P3*/P3 = 1:0(b) and P**/P* = 2:1 samples,

,336inm

Figure 3 7. Atomlc force microscopy (AFM) analysis of selected samples (a) undoped
and P-doped TiO; films, with (b) low levels of phosphorus (P:Ti2, 0.90 at. %) and (c)
high levels of phosphorus (P:Ti4, 2.98 at. %).

respectively (Table 3.2).

3.3.3.4. Optical properties.

All undoped anatase TiO> thin films, used in this section, showed high transparency
with absorption onset values of ~ 380 nm (Figure 3.8). Interestingly, it was observed
that upon the addition of low levels of phosphorus (< 1 at. %) the films acquired a
blue/yellow tinge, slightly dipping their transmission within the green-red absorption
region from = 600 to 2000 nm (Figure 3.8). It is worth noting that doping with low
concentrations of phosphorus resulted in a small of the absorption edge of P-TiO films
into the UV region, Tauc plot analysis (Figure 3.8, inset) corroborated this changes in
the optical properties of the P-doped films showing bandgap energies of ca. ~ 3.4 eV
compared to their undoped analogues (~ 3.2 eV). Interestingly, the addition of high
levels of phosphorus (> 1 at. %) resulted in the synthesis of P-TiO, films with bandgap
energies like that of their undoped analogues. This change in the optical properties of
the P-doped films could be explained in terms of the different properties of the two

oxidation states of phosphorus (P>" and P*) in the TiO, structure. The presence of
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cationic phosphorus (P**) resulted in a blue-shift and bandgap enhancement of the P-
doped films. However, this behaviour would not be expected upon the insertion of
anionic phosphorus (P*) which replace oxygen lattice sites (O%). It is well
acknowledged that density of states of TiO» materials is composed of O 2p orbitals in
the valence band and Ti 3d orbitals in the conduction band. Anions, such as the P>
species found in the films explored in this section naturally replace O* sites, modifying
the TiO: valence band. As previously mentioned, it has been widely reported that N*-
species substitute O sites, this process is followed by a mixing process where N 2p
and O 2p orbitals the valence band is pushed upwards, narrowing their bandgap energy
(i.e. red-shift of absorption spectrum).8°*12* The enhancement of the bandgap energy
of P-TiO; films might be easily associated to a Moss-Burstein shift effect, which is
produced when the enhancement of the carrier concentration is high enough to cause
degeneracy and raise the conduction band minimum by occupancy. Nevertheless, the
charge carrier concentration was found to be significantly low when merely P>* was
present (n = 5 x 10'® cm™) compared to those recorded at high P levels (1 x 10 <n <
5 x 10" cm?), where both P°* and P?- were presented. These charge carrier
concentration measurements were investigated by Hall Effect probe analysis.
Therefore, the blue-shift in bandgap energy of the P-doped film containing only P*
species cannot be explained in terms of a Moss-Burstein shift was the reason for a blue-
shift in band-gap energy, as the same behaviour should also have been observed for the
P-doped films containing both phosphorus species. Another possibility is that these
differences in bandgap were due to changes in unit cell volume. However, as previously
mentioned there were no significant changes in the lattice of P-TiO> films when both
P> and P*, coexisted within TiO> films. In contrast, films with solely P3* species

resulted in the expansion of their unit cell volume expansion, due to the greater average
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distance between the ions within the lattice and thus widened density of states. The
intrinsic disorder caused by having a significant proportion of both P>* and P*- anions

in the structure could also have an impact on the measure band gaps.
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Figure 3.8. UV-Vis spectra of selected P-TiO> films with different P>*/P* ratios; P:Til
(1:0), P:Ti2 (1:0), P:Ti3 (1:1) and P:Ti4 (2:1), undoped TiO> (black solid line) is
included as reference. The inset shows bandgap measurements derived from a Tauc
plot, for P-doped films with low (P:Til, 0.50 at. %) and high P levels (P:Ti4, 2.98 at.
%).

The lifetime and population of photogenerated charge carriers of P-TiO> films and their
undoped analogues, was investigated via transient absorption spectroscopy (TAS)
analysis, from the microsecond to second time-scale (Figure 3.9). This technique is a
form of laser flash spectroscopy that tracks transient changes in absorption after an
excitation pulse, in many semiconductor photocatalysts, these transient changes in
absorption have been shown to be directly related to transient changes in
photogenerated charge.'*®10 It has been previously demonstrated that kinetics and
charge population of photogenerated electrons and/ or holes could be investigated in
TiO> materials by recording transient absorbance switches at specific wavelengths.>*

TAS analyses were carried out using an inert environment (argon), to avoid

photocatalytic processes during the process and therefore and thus, the photogenerated
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charge carriers could only recombine. This recombination process would lead to a
decrease in transient absorption towards zero net change (i.e. complete recombination
of charge). The velocity of this recombination process dictates the natural lifetime of
photogenerated charge carriers in a given photocatalyst. It has been well acknowledged
that in anatase TiO» materials, photogenerated charge carriers recombine naturally
within 100 ms and show a power law decay typical of the trap/ de-trapping movement
of charge.!?* Each undoped and P-doped film was measured from the ps to s timescale,
this region does not cover the initial stage where charge generation and trapping (fs to
ps timescale) occurs but includes the timescale region where most photocatalytic
processes typically occur such as the reduction of O2,'¢! the oxidation of NO'? and the

oxidation of water.'®

100
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Figure 3.9. Transient absorption kinetic decays on the microsecond to second time-
scale, normalised at 2 ps, was used to investigate the lifetimes of photogenerated charge
carriers for undoped (black line) and P-doped, P:Ti2 (P**/P* ratio = 1:0 and 0.90 at. %,
blue line), P:Ti3 (P3*/P* ratio = 1:1 and 2.27 at. %, green line) and P:Ti4 (P3"/P*" ratio
=2:1 and 2.98 at. %, burgundy line) TiO> films.

These TAS studies were carried out by using a 355 nm pulse laser, which was utilised
to photoexcite the as-synthesise films used in this section, producing photogenerated
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charges in the semiconductor alongside a transient change in absorption (Figure 3.9).
It can be observed in Figure 3.8 that the films explored in this section showed similar
levels of absorption at 355 nm, allowing a fair comparison in population changes.
Figure 3.9 shows that the undoped TiO: film showed the highest absorbance at 2 ps.
This meant that the undoped films could produce more photogenerated charge carriers
at this time-scale compared with the P-doped samples, despite that all films would have
absorbed a similar level of light from the laser pulse. Likewise, the decreasing of the
initial absorption signal at 2 us to half of its value (ti2) was also slowest for undoped
TiO, (Table 3.2), showing a lifetime with a ti» of 58 us. In contrast, the addition of
phosphorus decreases the lifetime of the photogenerated charge carriers, being the next
longest lived charges for samples P:Ti4 and P:Ti2, with a ti» of 19 and 14 pus
respectively. The shortest lived photogenerated charge was found in sample P:Ti3, with

atiz of 3.1 ps.

In summary, it can be concluded that P-doping increase recombination processed within
P-TiO, films, decreasing the lifetime of photogenerated charge in TiO». It is often
argued that doping TiOz typically encourages recombination, where the dopant sites act
as centres for this recombination.!®® Interestingly, it was observed that the
recombination rate changed substantially in our P-doped TiO, materials. The results
obtained did not allow to completely correlate the recombination rate and levels of
phosphorus; however, the results observed in this chapter do suggest that a faster

recombination rate occurs when the P3* and P*- concentration are equivalent.
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3.3.3.5. Functional properties of P-TiO2 thin films.

3.3.3.5.1. Electrical properties: Hall Effect Probe.

The electrical properties of the as-synthesised films used in this section were explored
using Hall Effect probe measurements, at room temperature, in the van der Pauw
configuration on samples made with soldered indium-tin contacts. Different positions
in each of the P-doped TiO; films with low, mid and high levels of phosphorus, were
investigated. In addition, area-specific XPS analysis data was collected to correlate the
level and nature of the phosphorus species and their electrical properties. The median
values, as well as their corresponding standard errors, for carrier density and mobility
and resistivity as a function of total P concentration and relative presence of P*", of the
P-doped films and their undoped analogue, are shown in Figure 3.10. All films
investigated in this section displayed n-type conductivity, with different electrical
conductivity properties depending on the oxidation state of the dopant (P> and P*"). It
is worth noting that the doping process seems to produce changes in the electrical
conductivity properties of the P-doped TiO: films, depending on the phosphorus
environment specie added to the TiO, lattice; therefore, the presence of the P~ state
(substituting O* lattice site and neutralising any electrons in the system) corresponds
to a decrease in both resistivity and charge carrier density whilst the P>* state
(substituting on the Ti*" site and liberating an electron) effects an increase in electrical
conductivity. Only at low phosphorus doping levels is the P>* state present alone (< 1

at. %), whereas at higher doping levels (from = 2 at. %) the P* state is also detectable.
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Figure 3.10. A comparison of Hall Effect probe measured resistivity (grey bars), charge
carrier mobility (burgundy bars) and carrier density (full diamonds) for P-doped TiO»
thin films; P:Ti3 (P¥*/P ratio = 1:1 and 2.27 at. %), P:Ti4 (P3*/P3" ratio = 2:1 and 2.98
at. %), and P:Til P>"/P* ratio = 1:0 and 0.50 at. %). Standard errors are included for
median electrical property values.

It could be finally concluded that P-doping enhances charge carrier density values,
inducing a crossover into semiconductor degeneracy, leading to a more ‘metallic’
character in accordance with the Mott metal-to-insulator transition. These levels of
charge carrier concentration are not achievable in theoretical undoped TiO: films that
allow conduction through oxygen vacancies. In contrast, in P-doped films the transfer
of charge carriers is thought to proceed via a band process. Carrier density shows a
typical transition from high resistivity, to low resistivity at an idealised dopant level (=

1 at. %), followed again by an increase in resistivity.

This could be explained in terms of the different roles of the phosphorus species within
the doped TiO» films. When TiO» thin films are doped using low amounts of P, they
will enter the lattice in the Ti site, with an oxidation state of 5+. These cationic species
have an ionic radius of six coordinated P>* of ca. 0.380 A, which is relatively smaller
than that of Ti*" (0.605 A), facilitating the replacement of the Ti lattice position.

However, anionic species, P*, present a much larger ionic radius than O species,
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which will be detrimental for their rapidly addition into TiO2. As the concentration of
dopant is increased, the formation energy of the cationic dopant, which acts as a shallow
donor and is in the Pri*!' charge state (Figure 3.11), increases over the range of the
bandgap. P on an oxygen site, however, acts as a p-type dopant, with the hole state
localized on the p-states of the P dopants. At high Fermi levels, however, Po™! will start
to become favourable. Once the concentrations of P dopant exceed ~ 1%, the Po™! starts
to dominate, acting as an electron killer, and pinning the Fermi level above just the
conduction band minimum (CBM). Any further increase of the P doping concentration

will just result in the decrease of the number of electrons in the system.

Whilst the effective carrier density values are fairly impressive; 0.5 — 2.2 x 10! cm™

(especially as compared to other non-metal dopants such as fluorine), the carrier
mobilities were low (= 0.1 - 0.8 cm?V-!s™) and attributed to ionised impurity scattering.
Overall, the current effective resistivities (of the order of 10° Q.cm) were found to be

too high for conventional TCO applications.

Formation Energy (eV)

VBM CBM

Fermi Level (E,)

Figure 3.11. Schematic showing the mechanism of dopant self-compensation as the P-
doping level is increased. The y-axis displays the formation energy of the defect species,
and the x-axis shows the position of the Fermi level relative to the VBM and CBM for
anatase TiO». For high doping levels (above the CBM), the Fermi level gets trapped
(Orange dot-dash vertical line) by the formation of Po™!.
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It can be concluded that the doping process explored in this section showed a decrease
in mobility upon phosphorus doping, due to a heavy ionised impurity scattering effect
(whether direct or indirect) of the dopant. However, it is worth noting that this decrease
can be associated to the presence of the P>~ species within TiO> films. Certainly, whether
the lower mobility is due to the use of high levels of the phosphorus dopant, leading to
form P3 species above a threshold value, or to the presence of the anionic specie
resulted difficult to address. Nevertheless, the results reported in this section indicate
that the presence of high levels of anionic species resulted in a severe loss of the

mobility, at similar levels of total P-doping.
3.3.3.5.2. Photocatalytic Activity.

As previously mentioned, the use of different synthetic methods to deliver P-doped
TiO2 materials resulted in a varying photocatalytic performance. It is worth mentioning
that sol-gel methods can deliver materials with a varying phosphate content and surface
area, which could potentially affect the photocatalytic efficiency of the material.!#+147
In contrast, the use of APCVD processes allow delivering films with homogeneous bulk
phosphorus content, as well as comparable surface area morphology. These as-
synthesised films were also used to thoroughly study the influence of the different P
species in their photocatalytic response, which was tested during the photodegradation

-2) 87

of stearic acid under UVA irradiation (1.2 mW cm The overall photocatalytic

reaction is given by Equation 3.3.

TiO
CH;(CH,),,CO,H + 260, /wTébg’ 18CO, + 18H,0 (3.3)
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The photoactivity efficiency of the films investigated in this section was explored using
Fourier infrared spectroscopy, FTIR, this technique was used to monitor the loss of
stearic acid characteristic C-H modes, present at 2958, 2923 and 2853 cm™. A linear
regression of the curve integrated area vs. irradiation time, at the initial photocatalytic
process (30 — 40 %), was used to assess the photocatalytic performance rates of the as-
synthesised undoped and P-doped thin films. The corresponding rates were expressed
as formal quantum efficiencies, &, defined as molecules of stearic acid degraded over
incident photons (units, molecule photon™) (Figure 3.12). It is worth noting that all
undoped and P-doped films used in this section showed comparable physical and
structural properties, as previously discussed; hence any variation of the & values should
not be attributed to differences in their physical or morphological properties. With the
exception of sample P°*/P* = 1:1, which showed no activity, most P-TiO, films showed
moderate activities compared to undoped TiO: films. This finding is unusual for highly
conductive samples, since is well acknowledged that for semiconductor materials there
is a decrease in photocatalytic activity upon an increase of their electrical

conductivity.'4?
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Figure 3.12. Formal quantum efficiencies obtained during photodegradation of stearic
acid under UVA irradiation of selected P-TiO> films and undoped TiO: film used as
reference. The relative levels (%) of cation phosphorus (P°*, full squares) and anion
phosphorus (P*, empty diamonds) are indicated for comparison. The film description
and experimental details are given in Table 3.1.
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The photocatalytic response of the films (Figure 3.12) could be directly correlated with
photogenerated charge carrier lifetimes (Figure 3.9), where films with higher carrier
lifetime showed the highest photocatalytic activity, being pure anatase TiO> (undoped)
the most active film (& = 0.86 molecule photon™'; ti2 = 58 ps), followed by P:Ti4, P:Ti2
and P:Til doped films (€ = 0.55, 0.47 and 0.33 molecule photon™’; ti» = 19, 14 and na
ps, respectively). In contrast films with a similar ratio between anionic and cationic
species, sample P:Ti3 (P°*/P* = 1:1), showed the lowest lifetime (ti2 = 3.1 us) and no
photocatalytic activity could be observed. These findings were correlated to the kinetics
of the photocatalytic process in TiO2 materials. It is commonly acknowledged that
photocatalysis on TiO; proceeds through the generation of electrons and holes, which
are diffused to the photocatalyst surface to react with air and water present in the
environment in two different pathways: (i) holes reacting with H>O present in the
surface of the materials to produce highly reactive hydroxyl radicals that subsequently
degrade nearby organics or (ii) electrons reacting with O to create superoxide species,
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also highly reactive, which will also degrade nearby organics.!” The mechanism of
these two reactions take place at different time-scales, being demonstrated that (i) holes
can react with HyO within 2 us and (ii) electrons react with Oz from 10 — 900 ps.!% As
previously mentioned, TAS analyses of the as-synthesised films showed that the
undoped TiO film was the sample with longest-lived photogenerated charge. However,
it is worth noting that these charge carriers were reduced to half of their initial value
from just 2-58 ps. Therefore, the low photocatalytic efficiency (ca. ~ 1.4 %) can be
correlated to the slow reaction of electrons with Oz, where the rate of charge carrier

recombination is higher than O, reduction.

Interestingly, the results observed in this section showed that the predominant presence
of P3* species was beneficial in terms of high photocatalytic activity and electrical
conductivity, whilst an equivalent presence of P*~ and P>* resulted in a decrease of the
functional properties of the P-doped films, where both photocatalytic and electrical
properties were negligible. This effect can be correlated to an enhanced electron-hole
recombination within P*" sites, where the lifetime of photogenerated charge carriers for
the most P*-rich sample (P:Ti3) showed a faster decay, almost 20 times, than that of its
undoped analogue film (anatase), and thus decreasing its photocatalytic efficiency

(Figure 3.13).
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Figure 3.13. Comparison between photocatalytic efficiency (given as formal quantum
efficiency, full squares) and the lifetime of photo-generated charge carriers (empty
diamonds) for anatase and P-doped TiO> films; P:Ti2 (P>*/P* ratio = 1:0 and 0.90 at.
%), P:Ti3 (P¥*/P3 ratio = 1:1 and 2.27 at. %) and P:Ti4 (P>*/P* ratio = 2:1 and 2.98 at.
%).

3.3.4. Conclusions.

In this section, we presented a new route to synthesise P-doped TiO: films (either P°*
doped or P3* and P*- doped) using atmospheric pressure chemical vapour deposition
(APCVD). This is the first example of APCVD synthesis to incorporate anionic

phosphorus (P*") in TiOx.

In addition, we have used transient absorption spectroscopy (TAS) to investigate the
transfer of the photogenerated charge carriers within the bulk of P-doped TiO> films.
We observed an increase of the recombination of photogenerated charge carrier,
decreasing their charge carrier lifetime upon the addition of phosphorus within the TiO»
lattice, especially when the concentration of P>~ species is higher than P3* species. These
anionic species, P¥", resulted also detrimental in the photocatalytic response of P-doped

TiO, films, investigated during the mineralization of stearic acid. Therefore, it can be
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concluded that P species contribute to increase the recombination of photogenerated
charge carriers, being almost 20 times faster, for P-TiO> films with high P*/P>* ratio,
than that of their undoped TiO analogue. In addition, the charge carrier recombination

of P3-rich films was also almost 6 times faster than the corresponding P**-rich samples.

Hall Effect probe measurements were also used to study the electrical response of the
as-synthesised P-doped films. These measurements showed that the electrical
conductivity was higher in samples rich in P>* species as well. The results reported in
this chapter are significant, since electrical conductivity often arises to the detriment of
photocatalytic activity, and it could mean a step forward in the formation of novel
multifunctional materials, with an optimal balance between self-cleaning and TCO

properties.

In the next section of this chapter, we will investigate the addition of sulfur species to
TiO, films using APCVD, and its effect on the physical and functional properties of

Ti0; materials.

3.4. S-doped TiO: thin films.

3.4.1. Introduction.

As previously mentioned, non-metal doping has been the most commonly approach
used to dope titania materials. Nitrogen has been historically the most explored dopant
to red-shift the light absorption properties of TiO. materials.?>% However, these
materials have engendered wide debates to explain either their enhanced UV

35,99,164

activity, and visible-light,”>*! driving the scientific community to investigate

alternative non-metal dopants.
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Along with the use of nitrogen, sulfur has also been extensively investigated as an
alternative to red-shift the absorption onset of TiO, materials from UVA to the visible
light range.'6!7 Different techniques have been explored to synthesise these S-TiO»

9 as well

materials; such as, atomic layer deposition (ALD), ! annealing of TiS; in air,!
as mechanochemical treatment.'®® However, only a few groups have tried and
successfully synthesised S-TiO, materials using atmospheric pressure chemical vapour
deposition (APCVD),'”® a well-known technique widely used to manufacture float

glass, which could be seen as a rapid and facile way to scale-up the synthesis of these

photocatalytic materials.

In this chapter, the addition of sulfur to the TiO; lattice using an APCVD approach is
reported. The results observed in the previous chapter and section of this chapter, when
TiO2 was doped with nitrogen and phosphorus, respectively, as well as previous S-
doped TiO2 reports, makes this chemical element a promising dopant source to replace
oxygen within the TiO> lattice to narrow its band gap and enhance its photocatalytic
response. It is commonly assumed that non-metal elements with a potential energy
higher than that of O 2p atomic orbitals can widen the valence band of TiO»,!”!
narrowing its band gap. In addition, it has been reported that S can be added to TiO2
either as anionic or cationic species,!®®!” both S oxidation states have been reported
beneficial to red-shift the optical properties of TiO> and produce visible-light active

173.174 However, it is worth mentioning that the contribution of

photocatalytic materials.
these anionic and cationic species on the enhanced properties of TiO; is still not clear,

being a subject of debate. In this chapter, we will evaluate the effect of adding sulfur

into the TiO; lattice through different physical and optical techniques.
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3.4.2. S-TiO:z2 thin films synthesis and appearance.

S-doped and undoped TiO> thin films were synthesised using APCVD. Undoped TiO>
thin films were synthesised using titanium tetrachloride (TiCls) and ethyl acetate
(C4HgOy) as titanium and oxygen sources, respectively. Sulfur-doped films were

growing using allyl sulfide (C¢H10S) as the sulfur source, following Equation 3.4.

0O
TlCl4 + CH3COOC2H5 + C6Hlos M’ TiOQ_XSX + by-products 34

As previously mentioned all precursors are contained in stainless steel bubblers at
appropriate temperatures and the APCVD system is maintained at 200 °C. The enriched
vapour reactants are transferred using pre-heated N> to the stainless steel mixing
chambers (250 °C) and carried through a triple baffle manifold into the CVD reaction
chamber. In a standard S-TiO; synthesis, the temperature of the bubblers, containing
the titanium, oxygen and sulfur sources were hold at 68, 38 and 8 °C, respectively. The
latter temperature was achieved using an ice bath. The corresponding mass flow rates
of titanium and oxygen sources were 6.7 x 10~ and 3.1 x 10 g min™\. The flow rate
conditions of the S precursors are indicated in Table 3.3. The films were deposited at

500 °C on float glass substrates (225 x 90 x 4 mm; length x width x thickness).

Table 3.3. Experimental and synthesis details of undoped and S-doped TiO» thin films.
The temperature and mass flow conditions were constant for metal (TiCls) and oxygen
(C4Hs0y) precursors: 68 and 38 °C and 6.7 x 107 and 3.1 x 103 g min™!, respectively.
The temperature for the phosphorus source (C¢H10S) was maintained at 8 °C.

Sample Experimental Details
S Mass Flow Deposition d [S]
(107%) (g min™") Time (nm min') (at. %)
(s)
Undoped TiO» - 120 350 -
S1 0.02 120 315 0.15
S2 0.03 120 300 0.20
S3 0.05 120 285 0.45
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The S-TiO; thin films synthesised in this chapter were transparent, showing a slight
yellow tinge, with thicknesses (as determined from cross-section SEM and Swanepoel
method)®® varying between 250-450 nm depending on the flow rate of the sulfur
precursor. This variation in the thickness is correlated to the presence of different
optical interference bands across the substrate, where each colour band corresponds to
a different region of thickness.'* All thin films used in this section were adhesive and
resistant to the Scotch tape test,’” with no particles being peeled off, as well as resisting

1°% and were constantly stable in air. It is worth noting

a scratch test using a steel scalpe
that all as-synthesised coating surfaces showed no pin-hole defects and no particulates
were observed in the exhaust gas. Several samples (more than 25), from each different
thin film, were synthesised to prove the reproducibility of the method synthetic method

reported in this section However, only selected thin films, with comparable thickness

and physical properties, are presented.

3.4.3. Results and discussion.

3.4.3.1.1. Physical and optical properties of S-TiOz2 thin films.

X-ray diffraction and Raman spectroscopy analyses showed that the use of low
concentrations of sulfur did not modify the structural properties of TiO», presenting
peaks that match in position to those expected from anatase TiO» crystal phase.
However, we observed that increasing the amount of sulfur, loaded in the TiO, matrix,
induced an anatase-to-rutile phase transfer, agreeing previous sulfur-doped works. Pore

168 reported the synthesis of S-doped TiO> materials by atomic layer deposition

et al.
(ALD), finding that sulfur had a drastic impact on the TiO> growth, inducing the

presence of the rutile crystal phase. This could be explained as the S* states (1.85 A)
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that replaces O* sites (1.40 A) were larger, modifying the lattice of TiO>. This
modification on the TiO structure could decrease the temperature for the anatase-to-
rutile transformation process. Sabyrov et al.!” also reported that a decrease in the
particle size, as well as an increase of the acidic conditions of the reaction environment,
could contribute to increase the growth of the rutile crystal phase in TiO> materials.
Therefore, our S-doped TiO; films might be affected by this anatase-to-rutile transfer
effect, as the use of sulfur can lead to reduction of the pH of the CVD reaction chamber

affecting the TiO: film synthesis.

All samples showed similar peak area ratios ([101]/[211]) in the range of 1.6-2 and
FWHM of 0.5° which match in position to those expected for anatase TiO,. The
crystallinity of the S-TiO; films, as evaluated by XRD, was probably affected by
incorporation of S?* anions in the structure, as expected from large size ions (Figure
3.13). In addition, possible atomic segregation of sulfur ions from the bulk to the surface
of the films will be discussed below in terms of X-ray photoelectron spectroscopy

(XPS) results.
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Figure 3.13. X-ray diffraction patterns of as-deposited S-TiO» films with different
concentrations of sulfur, low sulfur loading (S1, 0.15 at. %, and S2, 0.20 at. %) and
high loading of sulfur (S3, 0.45 at. %). Undoped TiO» XRD pattern was included for
comparison. The inset shows Raman spectroscopy analysis of representative S-doped
and undoped TiO> thin-films.
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Undoped and S-doped TiO; thin films showed thicknesses within the range 300-700
nm, through cross-section scanning electron microscopy and Swanepoel method
analyses. Scanning electron microscopy (SEM) analysis of undoped TiO> thin films
(Figure 3.14) revealed a relatively rough surface formed of large diamond-like
aggregated particles. In contrast, S-TiO: films showed a change in the morphology of
the films with smaller flat particles apparently merged together, particularly in the case
of S-TiO; films deposited using low concentrations of sulfur. Furthermore, the use of
high concentrations of sulfur revealed a drastic change in the morphology of the S-TiO»
films, the results observed in this chapter agree with previous works reported in the

literature.'”?

TiO2 thin films, using low (b) and high (c) concentration of the sulfur source.

The undoped TiO; films used in this chapter were uncoloured and transparent, with
absorption edges at ~ 380 nm (Figure 3.15), characteristic of anatase TiO, materials.
The incorporation of S into the TiO> resulted in films with a yellow tinge, suggesting a
potential change in the S-TiO light-absorption properties. This was evidence by a
bump and a red-shift in the absorption tail onset (Figure 3.15), similar to the one
showed by interstitial nitrogen (N;) species in N-TiO> materials, this red-shift of the tail

onset is associated to the formation of intermediate states in N-TiO; materials,
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facilitating the electron-hole photoseparation.>**” In contrast, it can be observed in
Figure 3.15 that upon an increase in the S concentration, the absorption edge was also
red-shifted. This could be explained in terms of the replacement of O sites by S which
mixed the valence band O 2p orbitals with S 2p orbitals, resulting in the raising of the
valence band energy and concomitant narrowing of the bandgap energy, similar to the

effect showed by nitrogen substitutional (Ns) species in N-TiO, materials.>*

It is worth mentioning that the S-doped films reported in this chapter showed the
presence of sulfate species in the surface of the S-TiO> films, upon oxidation of the S
dopant species. It is worth mentioning that these sulfate groups could be optically active
in the visible region,!”® therefore, the optical red-shift observed in our S-TiO; films may
be assigned to these surface groups. The presence and effect of these surface sulfate

species will be discussed in detail in the next section of this chapter.
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Figure 3.15. UV-Vis spectra of selected S-TiO> films using low (S1, 0.15 at. %, and
S2, 0.20 at. %) and high (S3, 0.45 at. %) sulfur content, undoped TiO> (black solid
line) is included as reference. The inset shows a comparison of the bandgap
measurements, derived from Tauc plot analysis, between undoped and S-doped TiO>
films.
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3.4.3.1.2. Influence of sulfur on the activity of S-TiO: thin films.

X-ray photoelectron spectroscopy (XPS) analysis was used to study the nature and
concentration of the sulfur dopant in our S-TiO; thin-films. The addition of S species
into TiO> materials has been widely studied in the last few decades. Both theoretical
and experimental studies have reported that sulfur could be added to TiO2 as two
different oxidation state environments, either as a cation or an anion. Several groups
have shown that S can be added as S®" (SO4%) or S** (SO») species, which replaced Ti
within the lattice of TiO, materials, with typical binding energies values within 166-
170 eV.133167173 However, it is worth mentioning that the cationic species observed in
these S-TiO, materials could be directly associated to the synthesis method. These S-
doped materials were synthesised using an annealing step which would oxidise the S
species present in the photocatalyst surface. In addition, it was observed that no cationic
species were found within the bulk of TiO2 upon XPS depth profiling analysis,
suggesting that these species are mainly attached to the surface of the photocatalyst
more than inserted into its matrix. Likewise, anionic species (S*) substituting O*" lattice
sites were also assigned to S 2p binding energies between 160-163 eV.!¢7172 It is also
important mentioning that these anionic species were only observed through XPS
surface analysis of S-TiO; materials synthesised using titanium disulfide (TiS>) as the
precursor source, and without post-heat treatment involved, suggesting that these S*

species could be assigned to the incomplete oxidation of the TiS» precursor.

As previously mentioned, XPS is a surface-sensitive technique (< 10 nm),'! thus all S-
doped TiO> films reported in this chapter were investigated using several depths within
the bulk by etching the sample with argon sputtering. Our S-TiO» films showed a single
surface peak at 169 eV, which is commonly assigned to S (S04?) species (Figure

3.16).133167177 SQurface etching revealed extremely low concentration values of S*
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replacing O* species (Figure 3.16), represented by the presence of a weak peak at 162
eV 16717218179 Thig effect could be explained in terms of the important difference in
the atomic size between O and S, which could play an important role to hamper the
insertion of S into the bulk of TiO,, encouraging atomic segregation from the bulk to
the surface of our S-TiO; thin films. In addition, it should be mentioned that the etching
process can change the oxidation state of elements during XPS depth profiling,'>!
however, this point is unlikely in the hypothetical case of a reduction from S to S*,
since argon sputtering typically encourages oxidation. The fact that solely S®* was
present at the surface was attributed to surface oxidation on exposure to air.!>* It is
important to note that the presence of these sulfate groups will create strong acidic sites
on the surface of the TiO2 thin-films, enhancing the acidity of S-TiO2. As previously
mentioned this increase in acidity would reduce the temperature of the anatase-to-rutile
transfer process. In addition, it has been found that the presence of acidic sites on the
surface of TiO2 will have an important role in its photocatalytic response, which will

be discussed in detail below.
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Figure 3.16. XPS spectra of surface (left) and bulk average (right) species in the Sy,
environment (assignments included) of S-TiO; films with low concentration of sulfur
(S1, 0.15 at. %) and high concentration of sulfur (S3, 0.45 at. %). The solid lines
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represent experimental data and dotted lines represent the deconvolution of each
chemical state into its respective 2 p3» and 2 pi2 environments.

The effect on the photocatalytic performance of TiO> materials upon sulfur doping has
been widely investigated in the last few decades, showing very different experimental
observations. Typical synthesis methods, such as sol-gel and hydrothermal techniques,
may perform materials with varying sulfur content and surface area, affecting the
photocatalytic performance of S-TiO> materials.!®!7>180 In contrast, APCVD allows
the synthesis of thin films with a homogenous insertion of the dopant species across the
bulk and also comparable surface properties. The photocatalytic activity of the S-TiO»
samples was evaluated during the degradation of stearic acid under UV A irradiation
(1.2 mW cm?).%7 The photocatalytic reaction is given by Equation 3.5.
TiO

CH3(CH,);4CO,H + 260, ——— >

VZEbg

18CO2 + 18H20 (3‘5)

The photocatalytic test was performed following the loss of the stearic acid C-H modes
at 2958, 2923 and 2853 cm™! via FTIR. A linear regression of the curve integrated area
vs. irradiation time, at the initial photocatalytic process (30 — 40 %), was used to assess
the photocatalytic performance rates of the undoped and S-doped films explored in this
section. The corresponding rates were expressed as formal quantum efficiencies (),
defined as molecules of stearic acid degraded over incident photons (units, molecule
photon™) (Figure 3.17). The variation in the & measurements was discarded to be due
to differences in physical properties of the films, since all films investigated in this
work, undoped and S-doped TiO2, showed similar thicknesses and comparable

crystallinity, based on XRD analysis (Figure 3.13).

In this chapter, we observed that the addition of S to TiO: is beneficial from a
photocatalytic point of view. Figure 3.17 shows that except for sample S3, (synthesised

using high mass flows of S) which performed a slightly lower photoactivity than
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undoped TiO; films, all S-TiO> samples showed enhanced activities compared to
undoped anatase TiO; films. This finding was astonishing, since sulfur seems to have
a dramatic impact on the physical properties of S-TiO> materials (Figure 3.13), which

has been usually associated with a decrease of the photocatalytic efficiency of TiO»

th

Plain Anatase
Figure 3.17. Formal quantum efficiencies obtamed durlng photodegradatlon of stearic

acid under UVA irradiation of undoped TiO; film (anatase) and S-doped TiO; films
with different dopant concentration; low concentration of S (samples S1, 0.15 at. %,
and S2, 0.20 at. %) and high concentration of S (sample S3, 0.45 at. %). Plain glass
(Plain) was used as reference.
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A general increase in activity, compared to undoped TiO» films, was observed for the
S-TiO; films (Figure 3.17). As previously mentioned, the relatively big size of S* (1.85
A) was found a limiting factor to achieve a complete insertion of the S species into the
TiO, lattice, being the majority of the S species segregated to the surface and
subsequently oxidised. Therefore, the enhanced photocatalytic activity could be
tentatively explained in terms of the presence of these sulfate species (S®) in the surface
of the S-TiOs films. Wang et al.'®? demonstrated that the presence of sulfate species in
TiO, materials, increased its surface acidity. This enhanced acidity generates Lewis

acidic sites, generating more surface chemisorption centres for reactants and oxygen. It
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is generally acknowledged that photocatalysis on TiO> proceeds through the reaction
of photogenerated holes with HoO and photogenerated electrons with O, to form
reactive hydroxyl radicals that will degrade nearby reactants, thus the increase of O»
adsorbed to the S-TiO2 surface will result in an enhancement of the active hydroxyl

radicals.

Interestingly, XPS analysis showed that the concentration and nature of these sulfate
species (S*") were similar for all different S-TiO» films, including low and high
concentration of S (Figure 3.16). Therefore, the difference in UV photoactivity of S-
TiOz thin films should be attributed to the different concentration of S, replacing O
sites, within the bulk of TiO,. This finding suggests that using high amounts of S
species, to dope Ti0O2, would increase the amount of impurities added to the TiO> lattice,
increasing the number of recombination centres. In addition, the use of high mass flows
of S resulted in drastic changes in the structural and physical properties of TiO> (Figure
3.13 and 3.14), which was found detrimental for the photocatalytic performance of S-
doped films. It is worth noting that a similar effect was observed in N-TiO> films, where
the use of high mass flows of the dopant source was beneficial to narrow the band gap

of the materials, but this effect generally compromises their photocatalytic response. !

3.4.4. Conclusions.

Allyl sulfide was used to synthesise S-doped TiO; thin-films by atmospheric pressure
chemical vapour deposition (APCVD). The use of this chemical precursor to dope
titania materials could facilitate the scale-up of S-TiO; films, as allyl sulfide is easier
to handle and less toxic than reagents previously used via APCVD (hydrogen sulfide

and carbon disulfide).
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In this chapter, we found that the incorporation of sulfur within the lattice of TiO> was
beneficial to alter the optical properties of TiO: films. We observed that having S-TiO»
films, with low concentrations of S, performed a red-shift of the absorption tail onset
increasing the photoactivity efficiency in the UV region. This effect could be explained
in terms of mid-gap states between the valence and conduction band of the materials,
promoting the photogenerated electrons and holes to the surface of the material. The
use of high concentrations of S showed a red-shift in the absorption maximum onset,
however, the photoactivity efficiency was decreased upon this enhancement in the
amount of S; as more impurities were added to the material, increasing the number of

recombination centres.

To summarise, we have found that the use of sulfur to dope TiO: films could be seen
beneficial from a photocatalytic point of view. However, the relatively bigger atomic
size of S* compared to O species, drives to a great disorder within the structure of
TiOz films, affecting drastically the crystallinity of the S-TiO: films. It is worth
mentioning that no visible activity was observed for any of the S-TiO> films used in
this chapter. Despite the different reports claiming visible light activity from S-TiO>
materials, it is still not clear whether this enhanced activity is due to the presence of S
within the bulk of TiO; or due to the generation of sulfate species on the surface of
TiO2. Acquiring visible light materials involves to control different parameters, such as
controlling the type of surface species present in the photocatalyst surface, as well as
having a restricted number of lattice defects for the promotion of photogenerated charge

diffusion.

In the next chapter, APCVD will be used to investigate the synthesis of rutile/anatase
TiO2 heterojunction films. The synthesis of these heterojunction films was designed by
adding an amorphous TiO»-based interlayer to allow direct vapour deposition of anatase
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on a rutile substrate. An organic model acid (stearic acid) was used to test the
photocatalytic performance of these heterojunction films. In addition, silver (Ag) metal
particles will be photodeposited on the surface of the heterojunction films, to investigate
the effect, that the synergistic interaction between the two TiO; crystalline polymorphs,

has on the photocatalytic activity of the heterojunction films.

119



Chapter IV
RUTILE/ANATASE TiO: HETEROJUNCTION THIN FILMS

‘The following chapter presents the results from a series of experiments for growing
rutile/anatase TiO> heterojunction films via atmospheric-pressure chemical deposition
(APCVD). This synthesis was designed by introducing an amorphous TiO>-based
interlayer to allow direct vapour deposition of anatase on a rutile substrate, which
otherwise would be hindered by templating. This resourceful approach and the
subsequent crystallisation of the amorphous layer after heat-treatment of the films
allowed investigation on the impact of an efficient interface contact of the two rutile
and anatase phases in the photodegradation of a model organic pollutant. The
enhanced photocatalytic properties of these films could possibly be explained by the
high symergistic effect between both polymorphs. This chapter also presents clear
evidence on the interfacial charge flow, involving electron transfer from rutile to
anatase, which is in agreement with theoretical and electronic paramagnetic resonance
data’.
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4. Heterojunction rutile/anatase TiO2 thin films. An innovative approach to an
efficient photogenerated charge carrier separation.

4.1. Introduction.

As previously mentioned TiO, materials have been widely used in photocatalysis.!”
However, the main limitation of these photocatalytic materials is its relatively wide
band gap (ca. ~ 3.2 eV), limiting their use to UV-light driven applications. Many routes
have been investigated during the last few decades to extend the photocatalytic response
of TiO; into the visible region, being the chemical modification of TiO, addition of
cations and anions to its lattice, the most explored approach. Although successful red-
shifts have been observed, there is no general agreement as to which dopant is more
beneficial. And in many cases, there is inherent problems associated to the addition of
impurities, resulting in an increase in the number of the recombination centres with the
concomitant decrease of the photocatalytic properties. In addition, as previously
discussed, chapters 2 and 3, this chemical modification would not be durable to several
photocatalytic cycles, due to a photoconsuming process of the dopant species during

the photocatalytic process, decreasing its photocatalytic response.

Therefore, alternative solutions to extend and enhance the photocatalytic response of
TiO2 have been investigated. Despite the vast number of approaches to enhance the
activity of TiO», which include nanostructuring and the addition of co-catalysts,
arguably, the most successful would be to form a heterojunction system. This system
would generated an interface region which promotes vectorial transfers, enhancing the
lifetime of the photogenerated charge carriers and their availability on the surface of
the photocatalyst to form active radicals with the associated increase of the
photocatalytic performance.!3® This approach could be considered as a new and facile

route to synthesise highly active photocatalysts, as well as a long-lasting solution to
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overcome the low durability associated to doped materials. In addition, depending on
the respective band energies, a heterojunction can increase photocatalytic efficiency

through the complementary absorption of solar radiation.

In this section, the improvement of TiO» by forming a heterojunction between rutile
and anatase TiO2 polymorphs is presented. It has been commonly acknowledged that
composites of these two polymorphs will enhance the photocatalytic properties of
titania; following a similar mechanism to P25 Evonik, still the most common
benchmark photocatalyst, where the synergy between the two polymorphs enhances the
charge carrier separation.'®3 However, the synergy between anatase and rutile phases

has created a constant debate, '3+18°

especially concerning the relative position of their
corresponding conduction bands. It is worth mentioning that rutile has been commonly
considered as an electron sink in the anatase-rutile system (Figure 4.1(a)), however, a

recent theoretical model’!

has proposed a type II energy band alignment (staggered)
with electrons being transferred from rutile to anatase (Figure 4.1(b)), which agrees a
previous work based in electron paramagnetic resonance (EPR) data.!®3 In this chapter

an investigation to shed light on this rutile — to — anatase electron transfer based on

standard photocatalytic tests is presented.
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Figure 4.1. The two models proposed for the relative position of the conduction bands
of rutile and anatase TiO> polymorphs (adapted from ref. 31): (A) consensual model
denoting rutile as an electron sink; (B) recent configuration proposing electron transfer
from rutile to anatase. This work presents evidence that supports model (B).

Atmospheric pressure chemical vapour deposition (APCVD) was used to produce rutile
(R) and anatase (A) materials, as well as rutile/anatase (R/A) heterojunction films, with
an effective interface contact. When the synthesis of these multilayer films was
designed, we found that there is an inherent limitation to deposit an anatase layer on
rutile using APCVD (Figure 4.2). This rutile substrate would always act as a template,
inducing formation of a single-phase rutile film. This issue was bypassed by
intercalation of a TiO»-based layer at relatively low temperature (~ 300 °C), producing
an amorphous (Am) layer which blocks the templating effect of the rutile substrate
(Figure 4.2). The deposition of the amorphous interlayer in the
rutile/amorphous/anatase (R/Am/A) multilayer films and its thermally-induced
crystallization, resulting in rutile/anatase (R/A) films, allowed evaluating the effect of
an effective synergy at the interface, and the photocatalytic performance of the
heterojunction films by monitoring the photodegradation of a model organic pollutant
(stearic acid). Additionally, the synergistic contact between both layers and the rutile —

to — anatase electron transfer was also investigated during photodeposition of silver
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(Ag), allowing direct evidence of a drastic increase in electron density on the anatase

surface of A/R films, which agrees with theoretical and experimental studies.’!

Anatase Non disorder TiO, interlayer x

. Annealing step
Rutile , PAAAA, >

Disorder TiO, interlayer 500 °C
Figure 4.2. Scheme to explain the synthesis of the multilayer TiO; films. It can be
observed how the first path would lead to have a pure single rutile film, as it would
hinder the deposition of any crystalline TiO2 phase. On the contrary, in the second route

the use of a non-crystalline TiOz-based material as interlayer and its successive
crystallisation, allowed to deliver rutile/anatase films.

4.2. Experimental methods.

All chemicals were purchased from Sigma-Aldrich. Titanium tetrachloride (TiCls, 99.9
%) and ethyl acetate (C4HgO2, 99.8 %) were used as titanium and oxygen source,
respectively. Nitrogen gas (N2) was supplied BOC and was used as the inert carrier gas.
Quartz substrates were purchased from MultiLab. Each quartz substrate was thoroughly
cleaned using acetone (C3HgO, 99 %), isopropanol (C3HgO, 99 %), distilled water and
finally dried with air prior to their use. Octadecanoic (stearic) acid (Ci1gH3602, 95 %)

was used as the organic layer to be degraded during the photocatalytic test.

4.2.1. Physical characterisation.

X-ray diffraction analysis was performed using a Bruker-Axs D8 (Lynxeye XE)
diffractometer, which consist of monochromated Cu X-ray source (Kq1, 154 A) and a
glancing incident angle (€) of 1°. Raman spectroscopy was performed using a Renishaw
1000 spectrometer equipped with a 633 nm laser, which was calibrated using a silicon

reference. UV/vis spectroscopy analyses were carried out using a double
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monochromated Perkin Elmer Lambda 950 UV/Vis/NIR Spectrophotometer within the
250 — 2500 nm range. These UV/vis measurements were calibrated using a Labsphere
reflectance standard. Two different scanning electron microscopy (SEM) systems, a
JEOL 6301 (5 kV) and a JEOL JSM-6700F field emission instruments, were used to
collect data, the Oxford software INCA was used for EDS analysis. Likewise, SEM
was also utilised to measure the thickness of the heterojunction thin films, and their
single component analogues, via side-view SEM analysis. Transmission electron
microscopy (TEM) images were collected using a high resolution TEM instrument,
JEOL 2100, which consists of a LaBg source at an acceleration voltage of 200 kV. A
Gatan Orius Charge-coupled device (CCD) was used to acquire and record the
micrographs. The samples were prepared by scrapping them off the quartz substrate
using a diamond pen, followed by a sonicating process in chloroform and drop-casted
onto a 400 Cu mesh lacy carbon film grid (Agar Scientific Ltd.). Energy-dispersive X-
ray spectroscopy (EDS) analysis was carried out using a JEOL JSM-6700F and
secondary electron image on a Hitachi S-3400 field emission instruments (20 kV) and
the Oxford software INCA. X-ray photoelectron spectroscopy (XPS) analyses were
carried out using a Thermo K alpha spectrometer with monochromated Al K radiation,
a dual beam charge compensation system and a constant pass energy of 50 eV. A
binding energy range of 0 — 1200 eV was used to collect survey scans. The principal
peaks of the elements present in the as-synthesised films Ti (2p), O (2p) and C (1s)
were investigated by acquiring high-resolution peaks. These peaks were used to
evaluate the concentration of the different elements within the analysis region (spot size
400 pm). CASAXPS software was utilised to model the area underneath these peaks,
using relative sensitive factors to calculate the thin film composition, these peaks were

calibrated to adventitious carbon at a binding energy (B.E.) of 284.4 eV.
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4.2.2. Functional characterisation. Photocatalytic test.

A model organic pollutant, octadecanoic (stearic) acid, was used to evaluate the
photocatalytic response of the coating surfaces deposited in this chapter using UVA
irradiation. This organic pollutant is highly stable under UV light (in the absence of an
underlying effective photocatalyst) and its loss can be easily followed by measuring its
characteristic C-H infrared bands at 2958, 2923 and 2858 cm’™ via infrared
spectroscopy. The loss of stearic acid was integrated using a Perkin Elmer RX-I Fourier

transform infrared (FTIR).

The investigation of the charge carrier flow was evaluated following the deposition of
silver (Ag) metal particles upon reduction of Ag" ions by photogenerated electrons
trapped on the surface of the selected films used in this chapter. The films were
immersed in 40 ml of aqueous silver nitrate solution (AgNO3) under strong stirring
conditions for 2.5 h. The vessel, containing the sample and the AgNO3 solution, was
irradiated using solar simulator (75 W Xe lamp, Am 1.5 air mass filter), the solution
was purged with argon (Ar) for 30 min prior to illumination. The presence of Ag metal
particles was evaluated using energy-dispersive X-ray spectroscopy (EDS) and

monitored via back-scattered SEM images.

4.3. Rutile/Anatase TiO: thin films synthesis.

Titanium (IV) chloride (TiCls) and ethyl acetate (C4HgO2) were used as metal and
oxygen sources, respectively.’? The precursors were heated to achieve a particular
vapour pressure, so that the enriched vapours could be transported to the reaction
chamber by a pre-heated inert carrier gas (N2, 200 °C). As previously explained the
APCVD reactor consisted of a quartz tube containing a 320 mm-long graphite block
with three inserted Whatman heater cartridges. The temperature of the entire system
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was controlled by Pt-Rh thermocouples. All pipelines of the APCVD system were
maintained at 200 °C, to inhibit condensation of the precursors in their way to the pre-
mixing chamber. This chamber was kept at 250 °C, where the two gas streams of TiCly
and ethyl acetate met before passing to the reaction chamber through a triple baffle
manifold. In a standard TiO» synthesis, the temperatures of the bubblers, containing the
titanium and oxygen sources, were held at 70 and 40 °C, respectively. These
temperatures allowed to set a gas flow of 1.2 L min™' / 70 °C and 0.25 L min™!/ 40 °C

for TiCls and C4H302, respectively.

The rutile TiO, layer was deposited with a growth rate of ca. 0.25-0.3 pm min™!, on

quartz slides (25 x 25 mm) at 500 °C, due to temperature limitation of the CVD rig the
as-synthesised TiO> layer consisted of the anatase phase. Therefore, the rutile layer was
achived by heat-treating the as-synthesised anatase film at 1050 °C during 5 h. The
presence of only pure rutile phase, with no traces of anatase or any other crystalline
phases, was corroborated by X-ray diffraction and Raman spectroscopy studies. As
previously mentioned, an interlayer to avoid the templating of the rutile layer was
synthesised. This interlayer was performed by lowering the temperature of the reacton
chamber to 300 °C, allowing to synthesise an interlayer of amorphous TiO». This
amorphous TiOz interlayer was deposited using different deposition times (growth rate,
0.1 um min™) to deliver heterojunction films with variable interlayer thickness. The
final TiO; layer (0.25 — 0.3 um min™'"), which consisted of solely pure anatase phase,
was deposited at 500 °C. The as-synthesised heterojunction films were heat-treated at
500 °C during 5 and 10 h. The quartz slides were only kept in the reactor during the
actual deposition time of the amorphous interlayer (a few minutes) and the anatase

phase (2 min) to avoid the potential crystallization of the amorphous TiO; layer.
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4.4. Results and discussion.

4.4.1. Structural properties.

Scanning electron microscopy (SEM) analysis was used to investigate the structural
morphology of the as-deposited films, as well as to demonstrate the presence of the
different layers of rutile, amorphous and anatase TiO» within the multilayer films. Side-
view SEM analysis of a typical as-deposited rutile/amorphous/anatase TiO> multilayer
film is shown in Figure 4.3(a), where the three different layers can be clearly identified.
These multilayer samples were annealed at 500 °C for 10 h to induce the crystallisation
of the amorphous interlayer, resulting in rutile/anatase TiO2 films with high intimate
contact (Figure 4.3(b)). In addition, this heat treatment seemed to promote formation
of a well-defined particulate structure on the surface of the films (Figure 4.3(c)).
However, it is worth noting that by following the photocatalytic behaviour of the
amorphous/anatase TiO> control sample, before and after the annealing step, it can be
ruled out that the enhanced photocatalytic efficiency, of the films investigated in this
chapter, was due to heat-induced changes in the morphology of the films, further details

are given in the photocatalytic section.
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Figure 4.3. Scanning electron microscopy (SEM) images of (a) as-synthesised
rutile/amorphous/anatase heterojunction TiO> film with thickness of ca. ~ 1.5 um; (b)
heat-treated rutile/anatase heterojunction TiO» film at 500 °C during 5 h, with thickness
of ca. ~ 1.2 pm; (c) Top down view SEM image of a selected rutile/anatase
heterojunction TiO2 film. High-resolution transmission electron microscopy (HRTEM)
images of (d) anatase and rutile crystalline phases in the heat-treated rutile/anatase
heterojunction film and their corresponding interplanar distances, (101) and (111)
planes for anatase and rutile, respectively; (e) electron diffraction pattern of rutile; (f)
small rutile particles (< 100 nm) identified in R/A films.

High-resolution transmission electron microscopy (HRTEM) was also utilised to study
the synergy between rutile and anatase crystalline phases on the annealed rutile/anatase
films. HRTEM analysis showed large areas of highly crystalline material, with
interplanar distances da [101] = 3.5 A and dr [111] = 2.0 A assigned to anatase and
rutile, respectively (Figure 4.3(d)). The two polymorphs were also identified by
electron diffraction (Figure 4.3(e)). As it can be observed in Figure 4.3(d), anatase and
rutile phases may be in intimate contact, this condition was emphasised by Hurum et
al.'®3 as essential to promote an efficient electron transfer from rutile to anatase. This

work also proposed that the electron transfer could be rapidly promote between the two
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titania polymorphs when atypically small rutile crystallites in small size aggregates (<
200 nm) were present, which can be clearly identified in the rutile/anatase
heterojunction films synthesised in this chapter. Figure 4.3(f) showed the presence of

small rutile particles (< 100 nm).

4.4.2. Physical and optical properties.

Raman spectroscopy analysis was also used to confirm the presence of the different
TiOz phases. Pure crystalline phases of rutile and anatase, with no traces of any other
crystalline phases, were identified in the materials. The presence of anatase phase was
confirmed by a very strong band at 144 cm™ and three other Raman active-modes at
397, 515 and 639 cm™! (Figure 4.4(e)). In addition, rutile was also corroborated by the
lack of a strong band in the 140 — 150 cm™! region and showing only Raman active-

modes at 445 and 609 cm™ (Figure 4.4(a)).

Raman spectroscopy was also employed to monitor each deposition step. The presence
of the amorphous TiO2 modification was identified by significant baseline intensity in
the Raman spectra of the rutile/amorphous TiO> control sample (Figure 4.4(b))
compared to that of pure rutile (Figure 4.4(a)). Further analysis of as-deposited
amorphous TiO: on glass showed broad peaks at ca. 150 and 630 cm™!, which are likely
related to characteristic E; modes (144 and 638 cm™) of the anatase phase (Figure
4.4(c)). The presence of both TiO, polymorphs, rutile and anatase, was also clearly
identified in the multilayer films by the presence of the characteristic Eg modes

associated to each individual crystalline phase (Figure 4.4(d)).
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Figure 4.4. Raman spectroscopy patterns of (a) rutile TiO> on quartz. (b) Amorphous
TiO; layer as deposited on rutile. (c) Amorphous layer on plain glass (black line) and
corresponding spectrum of the glass substrate (grey line); (d) typical rutile/anatase
heterojunction film; (e) pure anatase TiO> film on glass.

X-ray diffraction analysis (XRD) was also used to demonstrate the presence of both
crystalline phases in the films (Figure 4.5). XRD is a technique sensitive to thin-films
of atomic dimensions to thicknesses of many tens of microns. It is usually a non-
destructive technique that requires no sample preparation. All these features make it a
very facile and straight forward route to obtain structural information of multilayer thin-
films. XRD analysis showed solely pure rutile and anatase phases, and no traces of any
other crystalline phases were identified in any of the as-synthesised films. XRD patterns
for the control sample, amorphous/anatase TiO2 layered film, showed strong diffraction
peaks at 25° and 48° which are associated to pure anatase TiO, materials (Figure
4.5(b)). It can also be observed that the as-deposited multilayer samples,
rutile/amorphous/anatase TiO2 films, showed these characteristic peaks as well as
diffraction peaks at 27°, 36° and 55° which are commonly assigned to rutile materials

(Figure 4.5(a)). It is worth noting that despite annealing these multilayer films, there
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were no significant changes in the diffraction peaks (Figure 4.5(a)). This finding can
be also applied to the control amorphous/anatase sample (Figure 4.5(b)) and, as it will
be discussed below, it implies that the different photocatalytic behaviour of the heat-

treated heterojunction films cannot be simply associated to a thermally-enhanced

crystallinity.
(a) A (b)
A
A R
A
5 R
5 A
2 :
i ‘ R l
c ‘ Il
£ I A
- ‘ ARg ‘ “R R
N W IR P :
" iR | 1 it ]
" A : . ‘
il d G UL T o el ol
20 30 40 50 60 20 30 40 50 60

20/ degrees 20/ degrees
Figure 4.5. X-ray diffraction spectra of selected films (a) as-synthesised R/Am/A
heterojunction thin film and (b) control Am/A film (black lines in graphs a and b). The
grey lines show XRD patterns of the selected films, after being heat-treated at 500 °C
for 10 h. This heat treatment process resulted in the complete crystallisation of the
amorphous layer (Am), resulting in a R/A heterojunction film and a single component
anatase film (A), respectively.

Optical properties for each individual sample were studied using UV-Vis
measurements. It is well acknowledged that rutile and anatase polymorphs have two
different absorption edges, with rutile absorbing at higher wavelengths. It can be clearly
observed in Figure 4.6 that the absorption onset maximum of pure rutile is red-shifted
by 40 nm respect to pure anatase. Figure 4.6 shows the bandgap energies of rutile and
anatase phases, estimated from Tauc plot analyses (ca. 2.94 and 3.21 eV, respectively),
which agrees with values reported in the literature. Figure 4.6 also shows that the

absorption spectra of a typical rutile/amorphous/anatase heterojunction film resulted in
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a combination of the spectra of the isolated crystalline phases, with a bandgap energy
comparable to that of rutile (ca. 3 eV). This would be in agreement with values
predicted in the literature, where the heterojunction of rutile and anatase phases would
produce materials with an absorption onset red-shifted from the pure metal oxides.*!
Unfortunately, the high scattering component, inherent to TiO> films, in the absorption
spectra of the annealed R/A film (Figure 4.6) hindered an accurate estimation of the

bandgap energy for a comparison with reported values.
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Figure 4.6. UV/vis spectroscopy analysis, showing the optical absorption of anatase

(A), rutile (R) and rutile/anatase heterojunction films before (R/Am/A) and after (R/A)

heat treatment at 500 °C for 10 h. The inset shows the approximate bandgap energy
values of the rutile (R) and anatase (A) crystalline phases.

4.4.3. Photocatalytic activity.

Photocatalytic tests were conducted on all as-synthesised films using a model organic
pollutant, octadecanoic (stearic) acid.?”-!36-188 The overall degradation reaction is given

by Equation 3.1 and can be easily followed for transparent samples via Fourier
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transform infrared spectroscopy (FTIR), monitoring the loss of the C-H bands of acid

at 2958, 2923 and 2853 cm™! (Figure 4.7(a)).

Ti10
CH3(CH2)16C02H + 2602 #» 18C02 + 18H20 (4.1)

hv =Ey,

The number of acid molecules degraded are estimated using a conversion factor from
the literature,’” 1 cm™ = 9.7 x 10" molec cm™?). A linear regression of the curve
integrated area vs. irradiation time, at the initial photocatalytic process (20 — 30 %), was
used to assess the photocatalytic performance rates of the as-synthesised films (Figure
4.7(b)). These rates were expressed as formal quantum efficiencies (§), which calculate
the number of acid molecules photodegraded per incident photon (units, molec photon
1. In this estimation, all photons irradiating the surface of the sample are considered to

be absorbed by the photocatalyst, with a constant energy of ca. 3.4 ¢V (365 nm).
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Figure 4.7. (a) FTIR spectroscopy measurements showing the loss of C-H modes of
stearic acid upon UVA illumination (1.2 mW cm) on a selected R/A heterojunction
film. (b) Integrated areas obtained during illumination of R/A (full triangles) and
control Am/A (full circles) films. A blank test corresponding to stearic acid on plain
glass is included for reference (empty symbols).
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A range of different rutile/amorphous/anatase films (samples M1, M2 and M3) was
designed by keeping a similar thickness of the crystalline phases (anatase and rutile, ca.
0.5 — 0.6 um) and modifying the thickness of the amorphous TiO> interlayer (ca. 0.1,
0.3 and 0.4 um, respectively). A thin film of stearic acid was dip-coated onto the surface
of all different films, control and multilayer samples, from a 0.05 M stearic acid solution
in chloroform. The photocatalytic performance of all different films was assessed using
UVA irradiation (BLB lamp, 1.2 mW cm) before and after the heat treatment process
at 500 °C for 5 and 10 h (Figure 4.8). For each single film, the photocatalytic efficiency
was always increased after being heat-treated at 500 °C for 5 h (samples M1-T5, M2-
T5 and M3-T5). This enhancement in photocatalysis could be easily associated to the
annealing process, however, a control amorphous/anatase film was annealed at 500 °C
for 10 h without showing changes in its photocatalytic activity (Figure 4.8). Since no
structural changes were observed in the films before and after heat treatment, as
observed by XRD analysis (Figure 4.5). The enhanced activity showed by the
multilayer films could be directly attributed to the crystallisation of the amorphous
interlayer and thus, to an intimate contact between the two crystalline rutile and anatase
polymorphs. In addition, all multilayer films (M1-T5, M2-T5 and M3-T5) were
annealed again to investigate the synergistic contact between rutile and anatase. It was
observed that the activities did not increase further after a second annealing step
(samples M1-T10, M2-T10 and M3-T10) (Figure 4.8), which could be attributed to the
complete crystallisation of the amorphous TiO; interlayer after the first annealing step

(5 h).
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Figure 4.8. Formal quantum efficiencies (§) obtained from the photocatalytic
evaluation of the as-synthesised heterojunction thin films and their single component
analogues using UVA illumination (1.2 mW cm?). Three different
rutile/amorphous/anatase heterojunction films (M1, M2, M3) with comparable
thicknesses (0.5 — 0.6 um) of the rutile and anatase layers but different thicknesses of
amorphous interlayers (0.1, 0.3 and 0.4 um) were photoevaluated. The layers included
in each individual film are schematically represented for guidance. Anatase layers are
represented by light purple frames (A), rutile layers by dark brown frames (R) and the
amorphous interlayer by green patterned frames (Am). Each different frame was scaled
per the approximate thickness of the corresponding layers; the total thickness of each
single film is represented by blue full diamonds. The different heat treatment time (5
and 10 h, 500 °C) are labelled as TS and T10, respectively. Two single component
analogues (A1 and A2) with different thickness were used for reference. The thickness
of sample Al (~1 um) was found optimal for single component films in this chapter,
based on & values. In addition, three more control samples were tested and included as
reference. An amorphous/anatase film (consisting of solely amorphous and anatase
layers only), as well as amorphous TiO> deposited on glass (Am) and rutile (R/Am).
Further experimental and film description details are given in Table 4.1.

The photocatalytic efficiency of the as-synthesised R/Am/A heterojunction films
(samples M1, M2 and M3, before the heat treatment process) were significantly higher
than those of their single component analogues (samples Al and A2) (Figure 4.8).

When using APCVD it was found that the formal quantum efficiencies of single
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component anatase thin films is positively correlated with film thickness within a range
below 1 um.""®!8 However, an increase in thickness above this value was found
detrimental from a photocatalytic point of view, showing poor photoactivity efficiency
(comparison between pure anatase films with different thickness, samples A1 and A2
in Figure 4.8). This effect can be attributed to an enhanced charge carrier recombination
associated to thicker films, were the charge carriers must travel farther distances to
reach the photocatalyst surface. Therefore, the enhanced photocatalytic activity showed
by the heterojunction films M1, M2 and M3 can be attributed to an effective separation
and transfer of the charge carriers, with a potential contribution of the Am interlayer in
the carrier dynamics. This positive contribution of the Am layer is reinforced by the
direct correlation between the thickness of the amorphous TiO: layer and the activities

of samples M1, M2 and M3 (Figure 4.8).

However, this was unexpected since it has been commonly reported that non-crystalline
TiO2 coatings promote the recombination of photogenerated charge carriers,'*
therefore, it would be expected for the amorphous interlayer to inhibit electron transfer
between the two crystalline layers. It is worth noting that the amorphous TiO> coatings
synthesised in this chapter showed negligible activity (Figure 4.8). It is also worth

! amorphous TiO» samples reported by

mentioning that, as remarked by Ohtani,"
different groups should not be extended to all non-crystalline TiO, modifications,
which may differ in structure and composition. The nature of the amorphous TiO> layer
in the rutile/amorphous/anatase heterojunction films may differ from that of the
amorphous coating deposited on glass (Figure 4.4(c)). This amorphous TiO; interlayer,
enclosed between rutile and anatase, may be a highly distorted modification of either

anatase or rutile polymorph and its potential role in the charge carrier transfer between

the crystalline rutile and anatase phases is not known. In fact, the existence of a highly
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distorted interface between rutile and anatase has been suggested in the

183,

literature.!83-192193 These interface regions have been suggested as nucleation sites,

which favour the rapid electron transfer between the two polymorphs.

4.4.4. Synergistic interaction between rutile and anatase polymorphs.

The photocatalytic enhanced observed when comparing samples before and after
annealing, could be associated to the synergistic interaction between the TiO:
crystalline polymorphs. Nevertheless, this was effect was reported as necessary but not
sufficient in the argument of electron transfer in the rutile/anatase system.
Photogenerated holes and electrons react in the surface of the photocatalyst to form
hydroxyl and hydroperoxyl radicals (*OH, *O;H), respectively, as well as oxo species.
Subsequently, these highly reactive radicals degrade nearby organic

compounds.!7191:194

Further studies on the direction of the photogenerated charge carrier flow were carried
out following the photodeposition of silver metal particles (Ag) by photoreducing Ag*
ions with photogenerated electrons diffused and trapped on the surface of photocatalytic
material.!®>1%® The two TiO2 polymorphs used in this chapter, rutile and anatase, present
a very different capability to photoreduce Ag” ions. It has been reported that high
amounts of small Ag metal particles normally coat the surface of rutile materials
(Figure 4.9). However, more large Ag particles, forming aggregates (lumps) are
commonly showed by pure anatase materials (Figure 4.9(b)). This observation is
indicative of active sites (hot spots) involving accumulation of photogenerated

electrons trapped on the anatase surface.!’

All different samples were coated simultaneously under solar simulator irradiation

conditions (75 W Xe Lamp, Am 1.5 air mass filter) in 40 ml of aqueous silver nitrate
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solution (AgNOs, purged for 30 min with Ar prior irradiation) under strong stirring
conditions during 2.5 h. Energy-dispersive X-ray spectroscopy (EDS) using a back-
scattering configuration, was used to investigate the presence of Ag metal particles
within the surface of the films (Figure 4.9). Four different films were investigated, a
single component rutile and anatase films, as-synthesised rutile/amorphous/anatase
heterojunction (before heat treatment) and a rutile/anatase heterojunction (after heat
treatment). The anatase film (initially Am/A but heat-treated at 500 °C for 10 h) showed
lumps of Ag metal particles, scattered across the film surface, as expected from results
reported in the literature (Figure 4.9). The rutile/amorphous/anatase heterojunction
showed similar Ag aggregates across the anatase surface (top layer of the heterojunction
film) (Figure 4.9); however, a high concentration of Ag particles coated the whole
surface, suggesting an increase in the density of photogenerated electrons. This result
is consistent with the photocatalytic enhancement of the as-synthesised
rutile/amorphous/anatase heterojunction films compared to that of their single
component anatase analogue (Figure 4.8). Interestingly, a dramatic enhancement in the
Ag particle density was observed upon the heat treatment process to produce the
annealed rutile/anatase heterojunction films (Figure 4.9(d)). This can be explained in
terms of an effective synergy between the rutile and anatase polymorphs. The Ag
particles were photodeposited as needles and large aggregates and they are presumably
the result of alternating electronic and ionic events, commonly described by Equation
4.2.1% 1t could be clearly postulated that the changes observed in the photodeposition

of Ag showed that electron transfer occurs from rutile to anatase.

Ag’ + Ag" ——(Ag); ——> Ag, ——(Ag); —— Ag, W Ag, (42
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Figure 4.9. Backscattered SEM images of selected films (20 kV, x300) after
photodeposition of Ag particles. (A) Rutile; (B) Anatase; (C) as-synthesised
rutile/amorphous/anatase  heterojunction film; (D) heat-treated rutile/anatase
heterojunction film (500 °C, 10 h). Ag particles (light grey) can clearly observed against
the TiO; background (dark grey). EDS analyses were also used to confirm the presence
of Ag particles across the film surface.

-~

1."8 reported SEM photodeposition of Ag

It is worth mentioning that Kawahara et a
particles on rutile/anatase patterned films, which were synthesised from sol-gel anatase
stripes on sputtered rutile substrates, with both phases exposed to the testing
environment. The authors observed large Ag aggregates on the anatase surface and a
cloud of small Ag particles on the rutile side of the boundary region. The authors
noticed the apparent inactivity of rutile, which was attributed to possible structure
insensitivity of the [110] crystal plane of the sputtered rutile phase. These rutile/anatase
patterned films showed an enhancement of the Ag particle size towards the rutile-
anatase interface. In this work, the authors proposed an electron transfer from anatase
to rutile phase, based on the scale of the diffusion length of electrons in solids, estimated
as being of the same order (5.1 um) than the extent of the Ag cloud on the rutile side.
It is worth mentioning that this finding could be associated to the presence of deep

trapping sites within the films, reversing the predicted electron transfer direction.

Nevertheless, the enhanced number of Ag particles photodeposited, found in Kawahara
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work, could also be explained by the increased density of photodeposited electrons
towards the rutile-anatase interface, where a fail rather than a cloud of particles may be

1.8 could been considered

expected. Therfore, the findings observed by Kawahara et a
in agreement with the proposed theoretical model and with the experimental

observations reported in this chapter.

4.5. Conclusions.

In this chapter, APCVD was used to synthesise rutile/anatase TiOz layered films. This
is the first time in which rutile/anatase heterojunction films were synthesised by
APCVD techniques. The traditional impediment to deposit directly anatase on a rutile
substrate via APCVD was surpassed by developing a novel synthesis approach to avoid
a direct contact between both polymorphs, rutile and anatase, by intercalating an
interlayer consisted of a non-crystalline TiO2-based material. In addition, upon the
synthesis of the multilayer films heat-treatment process at 500 °C was carried out for
several hours to deliver rutile/anatase TiO> films through a complete crystallisation of

the amorphous TiO> interlayer.

These TiO> heterojunction films showed a high level of interaction between rutile and
anatase phases, as well as an atypical size of rutile particles, enhancing drastically the
photocatalytic performance of TiO; materials. Our layered rutile/anatase films showed
a 3-fold increase compared to N-doped TiO2, being by the time they were synthesised
one of the most active titania-based materials ever reported. Comparison between the
behaviour of the layered films and the pure polymorphs of TiO», rutile and anatase,
during photodeposition of silver particles allowed conclusions to be drawn on the

directional flow of photogenerated electrons.
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In the following chapter, we will use APCVD to investigate solid solutions of
heterojunction films of two different metal oxides, WO; and TiOz. Although the
photoinduced wettability and photocatalytic degradation of dyes have been studied for
these WO3/TiO, heterojunctions, to the best of our knowledge, its effect on the
photocatalytic degradation of organic compounds has not been reported. We will use
an organic model acid (stearic acid) to test the photoactivity of these materials. In
addition, theoretical and hard X-ray photoelectron spectroscopy (HAXPES) will be

utilised to model the flow of the photogenerated charge carriers.
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Chapter V

NANOSTRUCTURED WOs/TiO; HETEROJUNCTION
THIN FILMS

‘The following chapter presents the results from a series of experiments for growing
nanostructured WQO3/TiO> heterojunction films using chemical vapour deposition
(CVD) processes. A nanostructured semiconductor host, consisting of nanorods of
WQOs, was grown via an aerosol-assisted CVD method. This host was subsequently
coated conformally with a layer of anatase TiO: using atmospheric-pressure CVD —
with nanoscale precision of the coating’s thickness. These WO3/TiO: heterojunction
films showed an unprecedented photocatalytic activity for a thin film in the degradation
of a model organic pollutant. The enhanced photocatalytic properties of this system can
be explained by the synergistic effect of charge separation between both metal oxide
layers. This is supported by hybrid density functional theory (DFT) and hard X-ray
photoelectron spectroscopy (HAXPES) studies, which suggest clear evidence of the
importance of the vectorial charge separation in heterojunction systems.’
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5. Nanostructured WO3/TiOz2 thin films: A facile solution to a highly active
photocatalyst.

5.1. Introduction.

As previously mentioned, TiO> is the most studied photocatalytic material, either for
UV'7 and/ or solar applications (by modifying its electronic structure).?* Its solar
application has been commonly explored by adding anionic and/ or cationic dopants
into the TiO> structure.?’ Nevertheless, as previously reported, chapters 2 and 3, this
approach often comes at the expense of structural properties and may compromise the
overall performance of the photocatalyst. For instance, doping can yield increases in
visible light activity but is often coupled with a decrease in UV light activity, meaning
there is little or no overall benefit for outdoor use.’>**> More recently, many new
strategies for enhancing the activity of TiO> have been explored, including

28,29

nanostructuring,’%?’ the addition of co-catalysts®®* and the use of heterojunction

systems.331%

A heterojunction is the interface that occurs when two dissimilar semiconductors are
coupled. Such junctions have been explored extensively in the field of photovoltaics
and in organic and dye sensitized solar cells.*® More recently, heterojunction materials
have also received considerable attention in the field of photocatalysis, especially for
water splitting applications.’*!* The fact that the most active form of TiO2, P25 Evonik
(formally known as Degussa), is a heterojunction system, as well as the results reported
in chapter 4, supports this approach. P25 Evonik is composed of ~ a 3: 1 ratio of the
anatase and rutile phases and is considered the benchmark material for comparing
photocatalytic activity.*>2% In a heterojunction system, the band structures of the two
joining semiconductors can align favourably, causing photogenerated electrons and

holes to migrate in separate directions across the heterojunction boundary. This spatial
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separation in charge can inhibit electron-hole recombination and increase
photocatalytic efficiency.?!*> The benefits of using a heterojunction in photocatalysis
have been demonstrated for a wide range of heterojunction systems, including
Cu0/Ti02," WO3/BiVO4,* and ZnO/BiVO4,* which have all shown synergetic

enhancements in their photoresponse compared to that of their individual analogues.

At the same time, the nanostructuring of semiconductor materials often results in
increases in photocatalytic activity. This has been attributed to both an increase in the
degree of contact between the photocatalyst and the pollutant as well a decrease in the
distance photogenerated charges must travel to react at the surface.?6273820! Over the
last few decades, a wide range of high-surface-area photocatalytic materials, such as
nanotubes, porous materials, 3D frameworks, efc. have been investigated.*®
Unfortunately, issues related to the supporting of these materials within photoreactors
and the scalability of many of these synthetic processes represent additional challenges
to future commercialisation.”® A potential solution to this problem would be to produce
high surface area photocatalysts directly onto a support using an upscalable technique.
In this chapter, we explore the use of CVD, a roll-to-roll technique used heavily in
industry for coating large- areas, for growing high surface area photocatalysts. In order
to increase the efficiency of charge separation, and thus the efficiency of photocatalysis,
the WOs3/ TiO; heterojunction system was explored. High surface area WO3 nanorods
were coated with conformal layers of anatase TiO,. CVD has previously been used to
conformally coat macrostructures,?’> however, the most commonly recognized method
capable of delivering conformal coatings with nano-scale control is atomic layer
deposition (ALD).*%! Unfortunately, factors associated with ALD processes, such as
slow growth times, the requirement of high vacuum, low yields and high operation/

production costs, limit the commercialization of ALD methodologies for coating large
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areas. Although CVD does not offer the same degree of controlled growth (such as the
layer by layer growth ALD is capable of on the Angstrom scale), it can be used to grow
films with nanoscale control. Also, CVD techniques are comparatively far cheaper,

scalable and can deposit highly crystalline materials.”

In this chapter, we will investigate the nanostructuring of a well-known heterojunction
system, WO3/TiO, which has recently been extensively investigated by different
groups,’?32% who report enhancements in photogenerated charge carrier separation and
function. Nevertheless, these WO3/TiO; heterojunction systems were synthesised using
techniques, such as hydrothermal, sol-gel and glancing angle deposition processes, less
capable of mass-production. Therefore, we explore the application of CVD, a scalable
method capable of producing robust coatings. We will report the synthesis of a
semiconductor host with high specific area, nanorods of WO3, synthesised by aerosol-
assisted CVD (AACVD). Subsequently, this highly structured host will be conformally
coated with TiO2 with nano-scale control of its thickness, using atmospheric-pressure
CVD (APCVD). In addition, we observed that coupling these WO3 nanorods with TiO»
results in the highest reported photocatalytic activity for a thin film during the
degradation of stearic acid under UVA illumination. The investigation of these
heterojunction WO3/TiO2 films will be complemented using state-of-the-art hybrid
density functional theory (DFT) and hard X-ray photoelectron spectroscopy
(HAXPES), to elucidate the electronic interaction at the heterojunction of the WO3 and
TiO; crystalline phases. The results reported in this chapter present evidence for the
direction of charge separation in WO3/ TiO2, and provide important insights on the

influence of vectorial charge separation in heterojunction systems as a whole.
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5.2. Experimental methods.

Tungsten hexacarbonyl ([W(CO)s], 99% ), titanium tetrachloride (TiCls, 99.9 %) and
ethyl acetate (C4HgO2, 99.8 %), used as tungsten, titanium and oxygen source,
respectively, were purchased from Sigma-Aldrich. Acetone (99%) and methanol
(99.5%), used as the solvents for the aerosol-assisted CVD process, were purchased
from Emplura. Nitrogen gas was supplied by BOC. Quartz glass substrates were
purchased from Multi-Lab. Octadecanoic (stearic) acid (CigHz602, 95%), purchased
from Sigma-Aldrich, was used as the organic layer to be degraded during the

photocatalytic test.

5.2.1. Physical characterisation.

The structural properties of the as-synthesised thin films were explored using X-ray
diffraction (XRD) and Raman spectroscopy analyses. X-ray diffraction measurements
were carried out using a Bruker-Axs D8 (Lynxeye XE) diffractometer, which consist
of a monochromated Cu X-ray source (Kq1, 1.54 A) and a glancing incident angle (6)
of 1°. Each different diffraction pattern was fit to the Le Bail method, using structure
parameters from Joint Committee on Powder Diffraction Standards (JCPDS), through
the GSAS and EXPGUI software suit. Raman spectroscopy was performed using a
Renishaw 1000 spectrometer equipped with a 633 nm laser, which was calibrated using
a silicon reference. UV/vis spectroscopy analyses were carried out using a double
monochromated Perkin Elmer Lambda 950 UV/Vis/NIR Spectrophotometer within the
250-2500 nm range. The UV/vis measurements were calibrated using a Labsphere
reflectance standard. Two different scanning electron microscopy (SEM) systems, a
JEOL 6301 (5 kV) and a JEOL JSM-6700F field emission instruments, were used to

collect data, the Oxford software INCA was used for EDS analyses. Likewise, SEM
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was also utilised to measure the thickness of the WO3/TiO; heterojunction films, as
well as their single component analogues, via side-on view SEM analysis. Transmission
electron microscopy (TEM) images were collected using a high resolution TEM
instrument, JEOL 2100, which consist of a LaB¢ source operating at an acceleration
voltage of 200 kV. A Gatan Orius Charge-coupled device (CCD) was used to acquire
and record the micrographs. Each sample was prepared by scraping them off the quartz
substrate using a diamond pen, followed by a sonicating process in chloroform and
drop-casted onto a 400 Cu mesh lacy carbon film grid (Agar Scientific L.td.). Energy-
dispersive X-ray spectroscopy (EDS) analysis was carried out using a JEOL JSM-
6700F and secondary electron image on a Hitachi S-3400 field emission instruments
(20 kV) and the Oxford software INCA. Atomic force microscopy (AFM) was
performed using a Bruker Icon system running in PeakForce Quantitative
Nanomechanical Property Mapping (QNM) mode. The topography of the samples was
measured using 5 pum x 5 pum areas and Bruker NCHYV (etched silicon) tips in contact
mode. X-ray photoelectron spectroscopy (XPS) analyses were carried out using a
Thermo K alpha spectrometer with monochromated Al K alpha radiation, a dual beam
charge compensation system and constant pass energy of 50 eV. A binding energy
range of 0 — 1200 eV was used to collect survey scans. The principal peaks of the
elements present in the as-synthesised heterojunction films Ti(2p), W (4f), O (O1s) and
C (1s) were investigated by acquiring high-resolution peaks. These peaks were used to
evaluate the concentration of the different elements within the analysis region (spot size
400 pm). CASAXPS software was utilised to model the area underneath these peaks,
using relative sensitive factors to calculate the thin film composition, these peaks were

calibrated to adventitious carbon at binding energy (B.E.) of 248.4 eV.
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5.2.2. Theoretical methods.

All calculations were performed using the Vienna Ab initio Simulation Package
(VASP),2%20 3 periodic plane wave density functional theory (DFT) code where the
interactions between the core and valence electrons are dealt with using the Project
Augmented Wave (PAW) method.?!® Both the plane wave basis set and k-point
sampling were checked for convergence, with a cut-off of 560 eV and k-point grid of
I'-centred 4 x 4 x 4, for the 32 atom monoclinic unit cell of WO3 found to be sufficient.
Geometry optimisations were performed using the Heyd-Scuseria-Ernzerhof (HSE06)
hybrid DFT functional.?!! The structures were deemed to be converged when the forces
on all the atoms totalled less than 10 meV A™!. In the plane wave formalism, due to the
presence of periodic boundary conditions, the electrostatic potential of a crystal is not
defined with respect to an external vacuum level and, as such, the absolute electronic
eigenvalues from different calculations are not comparable. In order to align the
energies to the vacuum level, a slab-gap model (128 atom, 15.5 A slab, 20 A vacuum)
was constructed and the corresponding electrostatic potential averaged along the c-
direction, using the MacroDensity package.?'? Consistent with previous studies of WO;
surfaces,?'® a (V2 x\2)R45° reconstruction of the (001) surface was cleaved using the

METADISE code.?"
5.2.3. Functional characterisation. Photocatalytic test.

A model organic pollutant, octadecanoic (stearic) acid, was used to assess the
photocatalytic response of the coating surfaces deposited in this chapter using UVA
irradiation. This organic pollutant is highly stable under UV light (in the absence of an
underlying effective photocatalyst) and its loss can be easily followed by measuring its

characteristic C-H infrared bands at 2958, 2923 and 2858 cm™ via infrared
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spectroscopy. The loss of stearic acid was integrated using a Perkin Elmer RX-I Fourier

transform infrared (FTIR).

5.3. Synthesis of WO3/TiO:2 heterojunction films.

This chapter reports the improvement of a well-known heterojunction photocatalytic
system, WO3/TiO», by using CVD processes. These films were produced as a two-step
process, where nanorods of WO3 (~ 650 nm length), deposited using AACVD, were
coated with a layer of anatase TiO> (with varying thikness ~ 30, 45 and 100 nm) from
APCVD. All different deposition parameters (bubbler and reactor temperatures, flow
rates, deposition times, etc.) were controlled in order to achieve nanorods of WO3 and
anatase TiO; films. Likewise, two control samples, WO3/C/TiO; and P25 Evonik films,
were synthesised to evaluate the photocatalytic performance of WO3/TiO;

heterojunction films.

5.3.1. Aerosol-assisted chemical vapour deposition (AACVD): WQO3 nanorods.

Tungsten hexacarbonyl (0.060 g) ([W(CO)s], 99%) was dissolved in 15 ml of a 2:1
mixture of acetone (99%) and methanol (99.5%). The solution containing the precursors
was moistened using an ultrasonic humidifier (Liquifog, Johnson Matthey), operating
at 2 MHz, to produce aerosols which were transported to the reaction chamber an inert
carrier gas (Nz), controlled by a mass flow controller. Pure tungsten trioxide (WO3)
nanorods were deposited as a thin film at a set temperature of 375 °C (the actual
temperature ranged between 339-358 °C) on quartz slides (Multi-Lab). Both the reactor
heater and humidifier were switched off, after the thin film deposition, and the AACVD
reactor was naturally cooled under a N> flow to room temperature. The inlet to the cold-

wall reactor of the AACVD system was equipped with a water jacket to avoid the
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overheating of the aerosol precursor, which could lead to its decomposition prior to
entering the reaction chamber. The exhaust was directly vented into the extraction
system of the fume cupboard. Each single quartz substrate was thoroughly cleaned
using acetone (99 %), isopropanol (99.9 %) and distilled water and dried in air prior to

use.

5.3.2. Atmospheric-pressure chemical vapour deposition (APCVD): Anatase

TiO:2 coating.

After the synthesis of the WO3 nanorods, an anatase TiO» overlayer was deposited at
500 °C from titanium tetrachloride (TiCls, 99%) and ethyl acetate (C4HgO2, 99.8%)
using APCVD. Each precursor was heated in stainless steel bubblers at 70 and 40 °C,
respectively, and their flow rates set at 1.2 and 0.25 L min’!, respectively. Pre-heated
N2 (~200 °C) was used as inert carrier gas. The precursors were mixed in a stainless
steel chamber (250 °C) before accessing the reactor. The cold-wall APCVD reactor
consisted of a 320 mm-long heating graphite block accommodated in a quartz tube,
with three inserted Whatman heater cartridges. The temperature of the entire system
was controlled by Pt-Rh thermocouples.

Figure 5.1 shows a scheme representing the synthesis of WO3; nanorods via AACVD
and their subsequent coating using an APCVD method. As it can be observed from
Figure 5.1 and Figure 5.2(b), the specific flow rate conditions in the deposition of TiO2
ensured the conformal coating of the WO;3 nanorods, preserving their original
microstructure. In the following section, it will be discussed in detail the potential
application of APCVD processes to deliver conformal coatings of nanostructured

semiconductors.

152



AACVD APCVD

Flow meter Precursor (= Flow meters -O- 2-way valve -: 3-way valve

solution Plain lines {
Water

Piezoelectric
element

N2-carriergas | )

N2 - carrier gas

Mixin:
Carbon block ~“chambers

Exhaust ‘ Exhaust ‘
\ Ly

Carbon block

Figure 5.1. Schematic illustration of the use of AACVD and APCVD to deliver
nanostructured WO3/TiO; heterojunction films.

5.3.3. Synthesis of control sample: WO3/C/TiOz> thin film.

The conditions described above for the WO3/Ti02 film synthesis were reproduced with
the incorporation of a thin carbon interlayer, which was sputtered over the WO3
nanorods before the deposition of the TiO2 layer. This carbon interlayer inhibited direct
contact between WO3 and TiO> phases, whilst preserving the microstructure of the
original WO3/Ti0; film (Figure 5.2(c)). This approach was used to ascertain whether
the enhancement in activity was due to synergistic interaction between the two
semiconductors and to rule out the potential influence of an increasing specific area of
the TiOz by using a high-surface-area host (WO3). This effect will be discussed in detail

in the photocatalytic section of this chapter.
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Figure 5.2. Scanning electron microscope (SEM) images of WO3 nanorods thin-film
(a), WO3/TiOz heterojunction film (b) and WO3 nanorods sputtered with a carbon (c)
layer to avoid a synergistic contact between WO3 and TiO2 (W/C/Ti).

5.3.4. Synthesis of control sample: P25 Evonik film.

A film of P25 Evonik TiO> was deposited on borosilicate microscope glass slides (75
x 25 x 1 mm, VWR International) by dip-coating into a 5 wt% aqueous dispersion of
the powders, following the optimum conditions reported by Mills et al.'%” In this work
the samples were immersed for 10 s and then withdrawn at 120 mm min'. The film
was dried at 30 °C for 30 min and then at 100 °C for 1 h, before washing it with water
and left it to dry in air. Before the deposition of a layer of stearic acid, the TiO> coating
on the back of the slide was removed by wiping it with cotton wool soaked in a 5 M

aqueous NaOH solution.?!3

5.4. Results and discussion.

5.4.1. Conformal coating of the WO3 nanostructured substrate.

Under the deposition conditions described in the previous section, a range of different
TiO, coatings, of varying thickness, were deposited onto the nanorods of WOs. The
different thicknesses were achieved by tuning the TiO> deposition time (from 5 to 120
s). This approach allowed us to investigate the potential use of APCVD processes to

deliver conformal coatings of highly nanostructured substrate hosts. In this section, we
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will demonstrate that the thickness of the TiO layer is directly dependent upon the

deposition time (Figure 5.3).

Deposition time of TiO,
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Figure 5.3. Model proposed for the growth of TiO2 (blue colour) on WO3 nanorods
(grey colour) using APCVD. The WOs3 nanorods are grown on quartz substrates using
AACVD. For deposition times below the conformal growth regime (< 15 s), the
nanorods were only decorated with TiO> particles. Within the conformal growth regime
(15-60 s), epitaxial growth of the TiO> layer was observed along the nanorods. For
deposition times beyond the conformal growth regime (> 90 s), the nanorods were
encapsulated within the bulk of a TiO2 matrix.

We observed that the growth rate of TiO> within deposition times ranged between 15-
60 s was approximately constant and estimated as 1.7 nm s! (Figure 5.4), we observed
that the TiO> growth rate achieved in this region was conformally controlled at a
nanoscale level, herein called the conformal growth regime. In contrast, outside this
conformal growth regime, the nanorods of WO3 were either decorated with TiO2
particles only (TiO2 with deposition times < 15 s) or embedded within a bulk TiO:
matrix (TiO; deposition times > 60 s), the latter conditions led to increased growth rates

of 6.7 nm s (Figure 5.4). This growth rate is typical of flat TiO, films grown by
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APCVD on glass (as opposed to a nanostructured substrate). In addition, TiO;
depositions below 15 s showed a growth rate of 1.2 nm s™!, resulting in the decoration
of the WO3 nanorods with TiO» particles (Figure 5.4). The films were labelled

henceforth as W/Ti-t, where ¢ indicates the deposition time (s) of the TiO, layer.
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Figure 5.4. TiO> growth rates vs. deposition time on WO3 nanorods. A conformal
growth regime was established between 15-60 s with a constant rate of 1.7 nm s™..
Below this regime, the WO3 nanorods were decorated with TiO2 nanoparticles whilst
long deposition times resulted in bulk TiO layers with embedded WO3 nanorods.

5.4.2. WQOs/TiOz2 heterojunction films morphology.

Scanning electron microscopy (SEM) analysis was employed to investigate the
microstructure of the WO3/TiO; heterojunction films. Cross-sectional SEM studies
showed that the microstructure of the nanostructured host was preserved for TiO»
coatings grown for 60 s or less. (Figure 5.5). When the deposition time was increased

to 120 s, an increase in growth rate was observed coupled with a loss in nanostructure,
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resulting in a flat material, wherein nanorods of WO3 were embedded within a bulk
TiO2 matrix (Figure 5.5). The complete encapsulation of the WO3 nanorods by a TiO2
overlayer was clearly observed using high-resolution transmission electron microscopy
(HRTEM). It can be observed in Figure 5.5 that conformal TiO, coatings of 30, 45 and
100 nm were homogeneously deposited across the WO3 nanorods at deposition times
of 15, 30 and 60 s, respectively. However, depositions outside this range resulted in
either particles of TiO> along the nanorods (< 15 s) or enclosing nanorods of WO3
within TiOz (> 60s). For conformal structures, energy-dispersive X-ray spectroscopy
(EDS) analyses across a WO3/TiO2 nanorod quantitatively showed how the WO3
nanorods were completely covered by a conformal TiO» layer (Figure 5.6). A linear
EDS cross-section, measured across a nanorod, confirmed the presence of W, Ti and
O, with no other impurity elements. Moving across the rod, we consistently observe Ti,
maximising at the edges of the rod, and as expected for a conformal coating. Also, W
was only observed in the core, with no evidence of W diffusion into the TiO layer. O
was present throughout. EDS analysis also corroborated that the WO3 nanorods were
embedded within the bulk of a TiO2 matrix when the conformal regime was surpassed

(Figure 5.6(d)).

157



Figure 5.5. Cross-sectional scanning electron microscopy (SEM) (left column),
transmission electron microscopy (TEM) (centre column) and atomic force microscopy
(AFM) images (right column) of as-deposited and TiO>-coated WO3 nanorods, with
Ti0; coatings deposited for 0, 10, 15, 30, 60 and 120 s.
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Figure 5.6. Energy-dispersive X-ray spectroscopy analysis (EDS) analysis across a
WO3/TiO> nanorod showing the presence of W, Ti and O elements, for the different
WO3/TiO; heterojunction films: (a) W/Ti-15; (b) W/Ti-30; (¢) W/Ti-60 and (d) W/Ti-
120.
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5.4.3. Physical and optical characterisation.

X-ray diffraction (XRD) analyses of the different as-synthesised films showed pure
monoclinic (WO3) and anatase (TiO2) structures (Figure 5.7(a)) with no trace of
additional phases or impurities observed. XRD patterns were fit to a Le Bail refined
model to quantify any changes in the lattice of both crystal phases. These patterns
showed a strong diffraction peak at 25°, as well as additional peaks at 38°, 48° and 55°,
which are associated with the anatase TiO> phase. It can also be observed a diffraction
peak in all WO3/TiO; heterojunction films, which is associated with the monoclinic
WOs3 phase. From the lattice parameters (Table 5.1), it can be observed that there is no
substantial change in unit cell volume (column =V % change) for either phase when
compared with powder standards. This was further evidence of little or no W diffusion
within the TiO; and vice-versa. The average crystal sizes did not change significantly
either. Raman studies confirmed the results observed through XRD analysis, as solely
anatase TiO, and monoclinic WOj3 crystal phases were present in all heterojunction and

' confirmed the

single-component films (Figure 5.7(b)). A weak band at 807 cm’
presence of monoclinic WO3. Also, the presence of anatase TiO» phase was confirmed
by a very strong band at 144 cm™ and three other Raman active-modes at 397, 515 and
639 cm™!. The position of the major scattering band of the anatase phase (at 144 cm™)
did not change for any of the heterojunction films, where blue shifts in this band have
previously been associated with W doping of the anatase phase.!* As such, Raman

analysis supported our EDS and XRD analyses in that no evidence for W diffusion into

the anatase layer was observed.
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Figure 5.7. (a) X-ray diffraction spectra (dotted lines) of the as-synthesised WO3/Ti0O»
heterojunction films (W/Ti-15, W/Ti-30, W/Ti-60 and W/Ti-120) and their analogues,
nanorods of WO3 and anatase TiO>. The data was fit to a Le Bail refined model (blue
lines). (b) Raman spectroscopy analysis showing the presence of pure anatase TiO; and
monoclinic WO3 phases. The representative scattering bands of TiO2 and WO3 were
accordingly labelled. Further experimental and film description details are given in

Table 5.2.

Table 5.1. Unit cell lattice parameters derived from Le Bail refinement of XRD data.
WRp is the weighed residual of least-squares refinement and V (%) is the lattice volume
expansion relative to a powder standard. The unit cell of either phase did not expand
more than 0.5 % relative to a powder standard. 1 is the average crystallite size.

Sample X-ray diffraction-Le Bail refinement
a[A] c[A] V (%) wRp 1 (nm)

Standard WOs 7.301(1) 7.670(1) - - -

TiO, 3.785(1) 9.512(1) - - --
Pure phase WO; 7.287(3) 7.701(1) 0.02 0.12 27.3
Pure phase TiO» 3.785(1) 9.525(3) 0.13 0.16 32.6

WO3 7.312(3) 7.684(1) 0.02 33.2
W/Ti-15 0.93

TiO, 3.793(1) 9.527(6) 0.62 20.0

WO3 7.254(6) 7.721(1) -0.25 21.7
W/Ti-30 0.92

TiO, 3.792(1) 9.540(4) 0.68 24.8

WO3 7.301(6) 7.710(1) 0.49 232
W/Ti-60 0.12

TiO, 3.788(1) 9.515(2) 0.22 26.8

WOs 7.264(4) 7.708(1) -0.13 22.1
W/Ti-120 0.13

TiO; 3.790(1) 9.520(1) 0.39 343

Numbers in parentheses represent the error on the last digit.
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The optical properties were studied using UV-Visible absorption spectroscopy. It can
be clearly observed in Figure 5.8(a) that the single-component TiO; film showed
expected absorption edge values (~ 380 nm). Interestingly, WO3 nanorods films showed
an unexpected increase in light transmission, likely due to its nanostructured
morphology. Smith ef al.>'® reported that the synthesis of nanorods of WO; required
the use of an oxygen deficient environment, which most likely introduced oxygen
vacancies. It has been recently found by Ling et al.?!” that these oxygen vacancies
within the nanorod localise electrons at W¢" sites, forming polarons, which enlarge W-
W bonds and shorten W-O bonds. This change in the structure of WO3 will induce a
spatial stress which is relaxed by a lattice displacement, resulting in the formation of
dislocation loops (Figure 5.9(a)). These dislocation loops will induce a quantum
confinement effect, increasing the light transmittance in WO3 nanorods, as well as its
bandgap. The presence of these oxygen vacancies within the nanorods of WO3 can be
demonstrated using XPS analysis. For charge neutrality, the presence of an oxygen
vacancy results in the reduction of W% states in WO3; to W>*. Our XPS analyses

confirmed the presence of W* states (Figure 5.9(b)).

Bandgap measurements were obtained from Tauc plot analyses,® as ca. 3.2 and 3.15
eV, for TiO> and WOs3 nanorods, respectively (Figure 5.8(a), inset). UV-Visible
absorption spectra of the WO3/Ti02 heterojunction films showed band onsets that were
substantially more red-shifted compared with each isolated analogue, in agreement with
previous theoretical and experimental works, where it was found that the bandgap of
heterojunction films is lowered with respect to the individual components.’!*?
Interestingly, a comparison of the UV absorption properties of a typical WO3/TiO»

heterojunction (W/Ti-60) with pure TiO> (Figure 5.8(b)) shows that the

heterojunctions absorb substantially more UV light. Of note, our photocatalytic tests
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were conducted using a 365 nm light source, where at this wavelength, heterojunction
W/Ti-60 absorbed four times more light than pure TiO,. However, as it will be
explained in detail in the following section, the enhanced photocatalytic efficiency of

the WO3/Ti02 heterojunction films cannot be explained only in terms of different light

absorption.
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Figure 5.8. (a) UV-Vis spectra of pure metal oxides, WOs3 (black line) and TiO (blue
line), as well as the WO3/TiO> heterojunction films; W/Ti-15 (purple line), W/Ti-30
(yellow line), W/Ti-60 (red line) and W/Ti-120 (green line). The inset shows bandgap
measurements derived from Tauc plot analysis. (b) UV-Vis spectra of W/Ti-60
heterojunction film (red line) and its TiO» single-semiconductor analogue (blue line),
highlighting the absorbance of both materials within the region (320-380 nm) of the
emission spectrum of the light source used in our photocatalytic tests (grey line). The
full symbols indicate the ratio between the corresponding absorbance of the two films.
Further experimental and film description details are given in Table 5.2.
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Figure 5.9. (a) High-resolution transmission electron microscopy (HRTEM) image of
a typical nanorod of WO3; and zoom in to show the strain within the lattice of the
nanorods due to the presence of dislocation loops (yellow squares) within the lattice of
WOs3 nanorods (image taken from Min Ling from his PhD work based on the study of
the mechanism to grow WO3 nanorods). (b) X-ray photoelectron spectroscopy (XPS)
spectrum of the W 4f environment. The grey filling is assigned to W®" oxidation state
and the blue filling is assigned to W>* oxidation state.
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5.4.4. Hybrid density functional theory (DFT) and hard X-ray photoelectron

spectroscopy (HAXPES) analyses.

The electronic interaction at the WO3/TiO2 heterojunction was studied from both
theoretical and experimental standpoints. Density functional theory (DFT) has been
widely used to explore the electronic band alignment between semiconductors.?!321
The ionization potential of bulk WO3 was calculated using the slab model,>'???° using
hybrid density functional theory (DFT) (HSE06 functional®!') within the VASP code.
In Figure 5.10, the alignment is plotted relative to the anatase TiO> band edges as
calculated previously.’! The HSE06 calculated ionization potential (7.65 eV) and
electron affinity (4.91 eV) for WOs fits reasonably well with previous experimental
measurements of 7.38+0.11 and 4.10 £ 0.11 eV for WO3 surfaces.??! It should be noted
that our calculated ionization potentials do not take into account the effects of interfacial
strain and chemical interactions that may influence the band offset at a particular
interface, however, they offer a reasonable first approximation, as demonstrated by the
widespread application of Anderson’s rule for estimating band offsets.?”? The
calculated alignment, reported in this chapter, suggest spatial separation of holes
moving into WO3 (Figure 5.10). This idealised alignment is at variance with the
commonly accepted WO3-TiO> alignment motif in the literature.>> The theoretical

modelling, as well as the data interpretation and analysis of this section, were performed

in collaboration with Dr. David O. Scanlon.
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Figure 5.10. HSEO6 calculated band alignment between WOs3 and anatase TOz. The
electron affinities are calculated based on bandgaps of 2.74 and 3.20 eV for WO3 and
anatase TiOy, respectively.

The electronic alignment at the WO3/Ti0; interface was also experimentally explored
using hard X-ray photoelectron spectroscopy (HAXPES) measurements, which were
carried out at Beamline 109 at Diamond Light Source. Figure 5.11 shows the valence
band spectra measured from the W/Ti-15 film and the individual components. It is
worth noting that no differences in the binding energy of either Ti 2p or W 4d were
detected between the coated nanorods and the corresponding references (Figure
5.11(b) and (c¢)), indicating that the contact between WO3 and TiO> does not alter the
energy levels relative to the vacuum level on either side of the interface. The valence
band alignment across the WO3/TiO; interface could thus be determined directly from
the valence band maxima of the WO3 and TiO» references, which were extracted from
Figure 5.11(a) to be 2.85 and 3.57 eV below the Fermi level, respectively, leading to a
valence band offset of 0.72 eV. Figure 5.11(d) summarises the alignment of the energy
levels derived from the HAXPES data, where the conduction band offset was estimated
to be 0.26 eV, using previously reported bandgaps of 2.74 and 3.2 eV for WO3 and
TiO2, respectively. The band edge of WOj3 is above that of TiO; for both conduction
and valence bands, in excellent agreement with the DFT calculations previously

reported. The HAXPES measurements, as well as the data interpretation and analysis
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of this section, were performed in collaboration with Dr. Tien-Lin Lee and Dr. Pardeep

Kumar at Diamond Light Source, Harwell Science and Innovation Campus.
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Figure 5.11. Results of the HAXPES measurements on WO3/Ti02 heterojunction film
(W/Ti-15) and the individual components, WO3 and anatase TiO». (a) Corresponding
valence band spectra of all three materials. For each sample a silver Fermi edge was
recorded to calibrate the binding energies. The blue dashed lines mark the valence band
maxima of the TiO, and WOj3 references. (b-c) Ti 2p3/2 and W 4d5/2 peaks to show no
detectable banding energy shifts between the samples. (d) Band alignment at the
WO3/TiO; interface derived from HAXPES results. Bandgaps reported from previous
studies for WO3 and TiO; are assumed for estimating the conduction band offset, values
are relative to the VBM of WOs.

5.4.5. Photocatalytic activity.

Photocatalytic tests were carried out in all individual single-component and
heterojunction films during degradation of a model organic pollutant, stearic
(octadecanoic) acid under UVA irradiation. The overall degradation reaction is given

by Equation 5.1:

CH3(CHy)16CO, +260, — ™ 18CO, + 18H,0 5.1

165



In a typical test, a thin layer of stearic acid was deposited onto the film using a home-
made dip coater from a 0.05 M stearic acid solution on chloroform. The integrated areas
of the bands were periodically estimated during UV A irradiation of the films (/= 3.15
mW cm?). The light source was a blacklight-bulb lamp (BLB), 2 x 8 W (Vilber-
Lourmant). The photoactivity rates were estimated from linear regression of the initial
30-40 % degradation steps (zero-order kinetics) of the curve of integrated areas (Figure
5.12(b)). The results are typically expressed in terms of the formal quantum efficiency,
&, defined as the number of molecules degraded per incident photon (units, molecule x
photon™). The number of acid molecules degraded were estimated using the conversion
factor 1 ecm™ = 9.7 x 10" molecule cm™ from the literature.’” The & values tend to
underestimate the actual photocatalytic activity since not all incident photons are
absorbed by the catalyst. In this estimation, it is also assumed that all the incident
photons have the same energy, i.e. 3.4 eV (365 nm). The rates of degradation are
typically expressed in terms of formal quantum efficiency (&), defined as molecules of

stearic acid degraded per incident photon (molecule x photon™) (Figure 5.13).
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Figure 5.12. (a) IR spectra of stearic acid upon UVA illumination (/= 3.15 mW cm™)
on a typical TiO2/WOs; heterojunction film. (b) Integrated areas obtained during
sequential photocatalytic tests under UVA illumination of WO3/TiO> heterojunction
films.
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The photocatalytic activity for our range of different heterojunction films (samples
W/Ti-15, W/Ti-30, W/Ti-60 and W/Ti-120) were examined. As it can be observed in
Figure 5.13, the formation of a heterojunction between WO;3 and TiO2 results in an
extremely beneficial enhancement in the photocatalytic efficiency. Within the
conformal growth regime, the increase in activity correlated with the increasing
thickness of the TiO; overlayer, this could be attributed to an enhancement of the light
absorbed by the photocatalyst. However, beyond the conformal regime, the activity
suddenly dropped to & values similar to those observed in pure TiO> films (Figure 5.13,
W/Ti-120). These results were reproducible ((Figure 5.13(b)) and showed similar &

values even after being storage in air for a year.
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Figure 5.13. (a) Photocatalytic activities given as formal quantum efficiencies () of
the different WO3/TiO> heterojunction films with a varying TiO» overlayer; W/Ti-15
(30 nm of TiO2), W/Ti-30 (45 nm of TiO2), W/Ti-60 (100 nm of TiO2) and W/Ti-120
(500 nm of TiO2). The values are given as molecules degraded per incident photon
(molecule x photon™') and were obtained from the rate of photodegradation of stearic
acid under UVA illumination (3.15 mW-cm™). (b) Formal quantum efficiencies ()
obtained during sequential photodegradation of stearic acid on the three WO3/TiO»
heterojunction films obtained within the conformal growth regime (W/Ti-15, W/Ti-30
and W/Ti-60). The third test was carried out a year after the synthesis of the
heterojunction films. Further experimental and film description details are given in
Table 5.2.
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The photocatalytic behaviour of the optimum WO3/TiOz heterojunction film (W/Ti-60)
was studied in detail, in order to achieve a better understanding of the effect of the
synergetic interaction between the two metal oxides. The photocatalytic activity of the
This heterojunction W/Ti-60 film was 17.1 x 10 molecule x photon (Table 5.2),
which exceeded the record established by the rutile/anatase TiO, sample (10.7 x 107
molecule x photon™) reported in chapter 4. Surprisingly, the outstanding activity
achieved by the W/Ti-60 heterojunction film was comparable to that of a dip-coated
P25 Evonik film (16.8 x 10"! molecule x photon™!, Figure 5.14), with a film thickness
considerably thicker (~1300 nm) than that of the W/Ti-60 film. This is a remarkable
achievement for any thin film, since P25 Evonik is one of the best commercial
polycrystalline TiO> photocatalysts, which is commonly used as a benchmark material
for comparing photocatalytic activity.?>> As a reference, Figure 5.14 includes the &

values reported by a Pilkington Activ’™ glass (0.2 x 10* molecule x photon™),2*

a
commercially available self-cleaning coating, which was about 100-times lower in
activity than that of the W/Ti-60 heterojunction film. In this chapter, a thorough
comparison of the photocatalytic efficiency reported for different heterojunction
systems, as well as chemically modified photocatalysts, was performed. However, it is
worth mentioning that there is always an inherent difficulty when comparing
photocatalytic materials produced by different synthetic methods and groups. This issue
was bypassed by comparing enhancement factors as estimated from activity ratios
between the heterojunction (or doped) material and their corresponding best-
performing single (or pure) component. For instance, the enhancement factor for the
system reported by Chatchai et al.,”>> WO3/BiVO4, was calculated by taking the IPCE

values at 365 nm for the heterojunction system and the most active single-component,

BiVOy, these values being ~ 71 % IPCE and ~ 8 % IPCE, respectively, and thus the
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estimated enhancement factor is ~ 9. As observed in Table 5.2 the corresponding
enhancement factor of our WO3/TiO2 (W/Ti-60) system is ~ 14, which is the highest

enhancement ever reported, to the best of our knowledge.

It is important to mention that heterojunction systems have been typically synthesised
by sol-gel, electrodeposition, spin-coating and other thermal methods; which are
commonly less capable of mass-production. Nevertheless, in this chapter we present
the use of a well-known method, CVD, to produce high crystalline heterojunction
systems that could be scaled up to online processes. In addition, it is also important
mentioning that this WO3/TiO> heterojunction system has been previously investigated

203-205226-228 \yhere each single group reported an enhancement in

by different groups,
the separation of the photogenerated charge carriers. Unfortunately, the photocatalytic
properties presented in this chapter could not be compared with previous reports from
the literature, as most of these works were based in hydrophilicity studies of the
WO3/TiO; system,?*2?8 and in other works the chosen synthetic method performed

composites instead of heterojunction systems.??’

169



Table 5.2. Physical and functional details of the optimized WO3/TiO; heterojunction
film and relevant standards. As-synthesised WO3 nanorods were ~650 x 70 nm (length

x width).
Sample Physical Properties Functional properties
Spectroscopy AFM Photocatalysis
& (nm) Ened (V) SurfacezArea £/10™ (molecule x
(wm?) photon™)
WOs3 - 3.10 11.1(3) 0.4 +0.06
TiOx* 650 3.21 4.6(4) 1.3 +0.04
W/Ti-15 30 3.02 9.5(6) 10.8£0.30
W/Ti-30 45 2.95 8.0(6) 11.3£0.20
W/Ti-60 100 2.80 7.6(7) 17.1£0.35
W/C/Ti-60 100 - 7.2(7) 1.5+£0.07
W/Ti-120 500 2.75 7.1(7) 0.8+0.08
P25 Evonik 1300 - - 16.8 +0.03

#Values for an optimised TiO, CVD film deposited under identical flow/temperature
conditions; °d = TiO; film thickness from TEM, SEM and profilometer measurements;
4Bandgap energies (Ebe) estimated from Tauc plot analysis. Numbers in parentheses
represent the error on the last digit.
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Figure 5.14. Photocatalytic activities given as formal quantum efficiencies (&) of the
different heterojunction films, W/Ti-60 and W/C/Ti-60, as well as the individual
components, WO3 and TiO». The £ values are given as molecules degraded per incident
photon (molecule x photon™). Typical & values of relevant photocatalytic materials are
included for reference. The activity of Pilkington Activ'™ was obtained from ref. 224
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Table 5.3. Photocatalytic enhancement of representative photocatalytic materials
(heterojunction and doped materials) reported in the literature. Synthesis method and
photocatalytic test are included as reference. All photocatalytic materials were
compared to their analogues.

Photocatalyst Synthesis method Test” A Enhancement Refs.
factor®
WOs/TiO, CVD Stearic acid UVA 14 Chapter
5
WO3/BiVO, Spin coating IPCE 365nm 9 225
Cu0/TiOs Electrodeposition IPCE 365nm 8 229
CaFe;O4/ .
TaON Electrophoretic dep IPCE 365nm 8 230
VzOé/N ,S- Solid state reaction IPCE 365nm 75 231
TiO, route
. Anodization/
CdS/TiOs . IPCE 365nm 7 232
Electrodeposition
Rutile/Anatase (AP)CVD Stearic acid  UVA 7 Chapter
TiO, 4
Nano- .
Au:Ag:TiOs Sol-gel Stearic acid UVA 7 136
W:TiO, Sol-gel Stearic acid UVA 5 136
TiOy/STiO; Hydrothermal B uve 45 233
synthesis generation
Electrodeposition/
MoS,/CdS Chem Bath IPCE 365nm 4 234
Bi;WO¢/ . .
Ag/N-TiO Spin coating IPCE 365nm 4 235
N:TiO, (AP)CVD Stearic acid  UVA 3.5 Chazp‘er
Electrospinning/
TiO/WO3 Thermal evaporation/ Rh B UVA 3 226
Thermal annealing
TiO02/Sn0O; (PE)CVD Phenol uv 3 236
. Sol-gel/
TIQZ/CU%O Microsphere MB UVA 2.5 237
microgrid .
lithography
TiO2/SnO; Electrospinning Rh B. uv 2 238
WO/BiVO, Solvothermal/ IPCE  365nm 2 42
Spin coating
Ti0,/In20; Sol-gel 2-CP uv 1.5 239
. Colloidal templates/
CeOy/TiO; MB UVA 1.5 240
ALD
ZnO/TiO,  \hermalsputtering/ - pop g0 1.5 241
Anodization
Bi:S:/WOs3 Solvothermal IPCE 365nm 1.5 242
Perovskite/ Spin casting/
PCBM Thermal evaporation IPCE 365nm 15 243

2 IPCE: incident photo-to-current efficiency in water splitting; RhB: Rhodamine B;
MB: methylene blue; 2-CP: 2-chlorophenol. *Approximate enhancement factors
estimated from activity ratios
modified/doped) material and the corresponding active analogue (or pure) component.

between the

heterojunction (or

chemically-
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As previously mentioned, the different WO3/TiO2 heterojunction films showed
different light absorption. Therefore, it could be easily questioned whether the
enhancement of the photoactivity efficiency is merely due to an increase in light
absorption of the heterojunction films compared to the single-semiconductor analogues.
This effect was investigated comparing the absorption spectra of the W/Ti-60
heterojunction film with that of its TiO single-component analogue. Figure 5.8(b)
shows the absorption spectra of the active components (TiO2 on WO3 and as a single
layer) in these systems, within the relevant region (320-380 nm) of the emission
spectrum of the light source (UVA BLB lamp). Indeed, the light absorption of the
heterojunction film was 4-times that of the TiO» analogue at 365 nm (Figure 5.8(b)).
However, considering a linear correlation between photon absorption and
photocatalytic activity, the corresponding activity enhancement (a factor of 14) cannot

solely be attributed to an increase in light absorption.

To ascertain whether the enhancement in activity was simply due to an increase in
surface area of the TiO by using a high-surface-area host (WO3), a thin layer of carbon
was sputtered over the WO3 nanorods before the deposition of the TiO2 layer, to inhibit
direct contact between the oxide phases. The resulting WO3/C/TiO; film showed a
similar microstructure than that of the W/Ti-60 film (Figure 5.3), however, its
photocatalytic activity was comparable to that of the single-semiconductor TiO»
analogue (Figure 5.14). Therefore, it can be concluded that the enhancement observed
for the WO3/TiO> heterojunction films should be attributed to an electronic synergy
upon a direct contact of the two phases. This synergistic effect most likely increased
the lifetime of photogenerated charge carriers in WO3/TiO; heterojunctions, reducing
the detriment of charge carrier recombination, resulting in an enhanced photocatalytic

activity.
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5.5. Conclusions.

In this chapter, the use of CVD processes to synthesise WO3/TiO> heterojunction films
with high surface area by conformally coating nanorods of monoclinic WO3 with
anatase TiO2 is reported. The use of CVD processes to synthesise heterojunction
systems will be relevant for commercial applications, as it is a scalable method capable

of producing robust coatings.

These WO3/TiO> heterojunction films have shown the highest enhancement in activity
for a TiO»-based thin film photocatalyst. These heterojunction films are also durable to
multiple photocatalytic cycles. Both theoretical and experimental work have provided
a direct understanding of the enhanced activity, finding that a high level of electronic
interaction between both, WO3 and TiO», crystal phases is crucial to design highly
active photocatalytic materials. Crucially, the synthesis of these highly active and
durable photocatalytic surfaces has been achieved using an industrially upscalable
method, CVD. These results reported in this chapter highlight not only a qualitative
step forward in the engineering of photocatalytic heterojunction materials, but also the
importance of the synthesis method and conditions employed, which should be

optimised to ensure an effective contact between the semiconductor phases involved.

In the following chapter, we will summarise the results reported during this thesis. We
will evaluate the use of CVD processes as a route to deliver robust surface coatings
with high photocatalytic performance, as well as durable to several photocatalytic
cycles. Finally, we will briefly suggest what we consider is necessary to improve the

functional properties of thin film surface coatings.

173



Chapter VI
CONCLUSIONS AND FUTURE WORK

“The following chapter presents a summary of the results reported in this thesis. In this
chapter, we will also present a brief introduction to the future work that we feel it could

improve the application of photocatalysis to environmental treatment remedies.”
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6. Conclusions and future work.

6.1. Summary of results.

As previously mentioned, enhancing the photocatalytic efficiency of TiO» has been
intensely sought for more than five decades. This has led to a drastic increase on the
number of publications from 1000 publications in 1970-2000 to almost 28000
publications in 2000-2015. Many different approaches, such as chemical modification,
heterostructuring, nanostructuring, addition of co-catalysts, etc., have been

investigated.

Although the vast number of methods studied, no approach has been more investigated
than the chemical modification of TiO> using anionic and/ or cationic dopant species.
This method modifies the electronic structure of the TiO> materials, allowing to tune
its absorption features, and therefore, enhancing its photocatalysis. However, this solid
solution depends extremely on the synthetic method and dopant source used, which
have a direct influence on the nature of the species added to the structure of TiO», as
well as the species adsorbed to its surface. The nature and effect of these dopant species
on the photocatalytic performance of TiO> has created a historical debate, which is still
unanswered. Atmospheric-pressure chemical vapour deposition (APCVD) has been
used, in this thesis, to investigate the influence that anionic and cationic species had on
the functional properties of TiO, by adding three different dopant species into the TiO»

lattice, nitrogen (Chapter 2), phosphorus and sulfur (Chapter 3).

As previously mentioned, nitrogen can coexist within the TiO; lattice in the form of
two different type of environments, by replacing substitutionally oxygen sites or sitting
interstitially within the TiO» structure. This has led to a historical debate based on which

nitrogen specie is the responsible of the photocatalytic enhancement of N-doped TiO»
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materials. Many authors have attributed the visible light activity as being due to the
narrowing of the bandgap energy in the band structure of TiO> upon substitution of O*"
by N3 species. It is worth mentioning that the visible light activity has been also
assigned to the inherent formation of oxygen vacancies upon the incorporation of N*-
anions. In contrast, the presence of interstitial nitrogen within the structure of TiO»,
forming N-O groups with lattice oxygen, has been observed beneficial to enhance the
UV light sensitivity of N-doped TiO2 materials. In addition, the use of nitrogen leads
to obtain different nitrogen-based surface species, such as NOx groups, chemisorbed
nitrogen (y-N2) and NHx species with similar binding energies to that of interstitial
nitrogen, ca. ~ 400 eV; making even more difficult to identify the role of nitrogen in

the N-TiO> photocatalysis.

In chapter 2 three different nitrogen sources (fert-butylamine, benzylamine and
ammonia) were used to modify TiO; thin films. This allowed us to account the effect
that nitrogen had on the physical and optical properties of N-TiO; films. In this chapter,
we found that the presence of nitrogen enhanced the photocatalytic efficiency of TiO,.
However, after a thorough study of all different nitrogen-based species found on the
surface of our N-TiO; films, it was found that these species had a main impact on the
photocatalytic performance of the N-TiO; films under UVA light illumination.
Therefore, the enhanced photocatalytic efficiency observed may be assigned to a
sensitisation mechanism of NHy species (~ 400 eV). In addition, it was also found that
the presence of nitrate (NO3"), nitrite (NO2"), as well as other N-O (N-O-Ti—O or O—

N-Ti—O) groups had a dramatic effect on the photocatalytic response of N-TiO> films.

It has been commonly acknowledged that the chemical modification of TiO2 normally
requires the use of high amounts of the dopant specie, which will drastically affect the
physical and functional properties of doped TiO> materials. In chapter 2, we bypassed
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this issue through the design of stratified nitrogen-doped TiO» films, by adding the
dopant specie locally within the TiOz structure. These stratified N-TiO: films combined
N-doped and undoped TiO; layers which could be seen beneficial to increase
photogenerated charge mobility and therefore, lower charge recombination.
Atmospheric-pressure CVD was used in a pulsed precursor configuration to selectively
incorporate high concentrations of nitrogen into the TiO; lattice, resulting in the
synthesise of stratified N-doped TiO2 films. These films showed enhanced
photocatalytic efficiency without affecting the physical properties of N-TiO; films.
Therefore, this APCVD configuration could be used to produce materials with multiple

layers using a wide range of dopants or mixtures of co-dopants.

As previously mentioned the addition of cationic species to TiO» has been widely
investigated. Many theoretical and experimental works have reported that cationic-
doped TiO2 materials could result in visible-active materials, by introducing inter-band
localised states above the valence band of TiO2, promoting the electron transition
between the valence and conduction bands. In chapter 3, phosphorus and sulfur species
were used to grow P and S-doped TiO»> films and investigate the effect that cationic and
anionic species have on the functional properties of TiO». It was found that the addition
of cations, P>, to the TiO> structure resulted in an increase in the conductivity of the
TiO2 films, which agrees with the literature where it was reported that cationic dopants
with higher oxidation state than Ti*" inject electrons into the conduction band of TiO,
transforming it into a transparent conducting oxide (TCO). Interestingly, it was also
observed that the cationic phosphorus specie (P°) did not decrease the photocatalytic
efficiency of TiO,. This was extremely relevant since electrical conductivity often
arises to the detriment of photocatalytic activity. In addition, the incorporation of sulfur

was also investigated. We found that the use of sulfur was beneficial from a
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photocatalytic point of view. However, the relative big atomic size of sulfur resulted in

disorder changes within the structure of TiO».

As previously mentioned, the inherent problems associated to the chemical
modification of TiO; led to a vast investigation to find alternative routes to enhance the
photocatalytic efficiency of TiO», being the use of heterojunction systems the most
commonly accepted solid solution. In heterojunction systems, the band structures of the
two joining semiconductors can align favourably, migrating photogenerated electrons
and holes in separate directions across the heterojunction boundary. This vectorial
charge separation can inhibit electron-hole recombination and enhance photocatalytic
efficiency. In this thesis, we explored the design of two different heterojunction
systems, rutile/anatase TiO> (Chapter 4) and nanostructured WOs3/TiO> (Chapter 5)
heterojunctions to study the synergistic effect between the two joining metal oxides.
The synthesis of rutile/anatase TiO> heterojunction films allowed us to investigate a
well-studied heterojunction system, where an enhanced photocatalytic activity was
observed compared to its single-semiconductor component (anatase TiO»). This
enhancement observed can be explained in terms of an effective photogenerated charge
transfer promotion. In addition, the synthesis and investigation of nanostructure
WO3/TiO; heterojunction films, through theory, hard X-ray photoelectron spectroscopy
and experiment, confirmed that the design of heterojunction systems with an electronic
structure that promotes photogenerated charge transfer will result extremely beneficial

to enhance the photocatalysis of TiO>-based photocatalytic materials.
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6.2. Future work.

We consider that further investigations into CVD processes may result in improved
methods for depositing coatings with enhanced photocatalytic properties, especially the
use of APCVD to produce conformal coatings. Although APCVD is a well-known
technique, its potential application to deliver conformal coatings has not been explored
in depth. We feel that continued application and investigation of this method could
surely lead to further materials discovery, especially to produce new heterojunction
systems if new combinations of metal oxide layers are applied. From looking at the
literature, there is a wide number of non TiO»-based photocatalysts including, Fe>O3,
BixO3, BiVOs, efc. that have been suggested to be visible-light active. Therefore, the
optimisation of APCVD process, to coat these different metal oxides, will allow to
engineer heterojunction systems with potential visible-light properties. In addition, we
would also like to apply APCVD to produce stratified-doped metal oxides. We
observed that the photocatalytic efficiency of stratified nitrogen-doped TiO2 films was
enhanced compared to that of undoped and non-stratified doped TiO» materials.
Surprisingly, we found that these stratified nitrogen-doped materials did not affect their
physical properties such as crystallinity. A possible explanation for this phenomenon
was attributed an increase of charge carrier separation and mobility as charges move
from the highly doped to undoped regions of the stratified films. Using APCVD we
would like to assess the validity of this phenomenon by synthesising stratified TiO- thin
films using a range of dopant sources, as well as investigating the design of
heterojunction systems, to deliver robust self-cleaning surfaces with potential
capabilities of water purification. We would also like to investigate upscalable routes

to deliver low cost water splitting devices made by CVD methods.
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