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Mechanisms of Enhanced Activity of Model TiO,/Carbon and TiO,/Metal
Nanocomposite Photocatalysts
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Chalmers University of Technology, Goteborg 2013

Abstract

TiO, is the most widely used photocatalyst for energy and environmental applications
because of its outstanding physical and chemical properties. However, the quantum efficiency
of TiO, is greatly diminished by fast electron-hole pairs recombination and light absorption
only in the UV region. This thesis deals with two approaches aiming to improve TiO,
performance through design of model systems. Emphasis is given to understand the
underlying photocatalytic mechanisms.

In the first approach, a model consisting of TiO,/Graphitic carbon nanocomposites has been
fabricated to address the role of carbon on charge carrier dynamics and light absorption.
Composites showed a significant enhanced photocatalytic activity compared to bare TiO,
films in the UV region for the test reaction of gas phase methanol photooxidation. The
enhanced activity was attributed to improved charge carrier separation at the interface
between carbon and TiO, films. Photoluminescence (PL) studies confirmed further the
improved charge carrier separation in composites, showing reduced PL intensity and shorter
lifetime. Another type of model TiO,/Graphene composite photocatalysts was prepared with
the aim of demonstrating the role of graphene synthesizing techniques on the performance of
TiO, photocatalytic activity. Graphene prepared by different methods resulted in different
morphology and electrical conductivity. These modifications strongly affected charge carrier
dynamics as revealed by PL studies and in turn affected the photocatalytic activity.

In the second approach, model systems consisting of TiO, and optically active Au and Ag
metal nanoparticles (NPs) in different configurations were designed to address the role of
localized surface plasmon resonance (LSPR)-related effects on the photocatalytic activity of
undoped TiO, films. Sample irradiation conditions were chosen to excite TiO, and NPs
separately as well as simultaneously. A substantial enhanced photoactivity was observed for
TiO,/Metal composites compared to bare TiO, films. The model systems were evaluated in
two different photoreactor systems with two different photocatalytic reactions (methanol and
ethylene photooxidation). The enhanced activity was attributed to (i) Interfacial charge
transfer from TiO, to NPs, when they are in direct contact with each other and (ii) Plasmonic
near-and far-field effects, when there is an overlap of the plasmonic band with the TiO,
absorption band.

In addition, TiO,/Cu nanocomposite samples were prepared and tested under UV irradiation
with the aim of understanding Cu NPs’ chemical stability at conditions resembling CO,
photoreduction to hydrocarbons in water. The chemical transformation of Cu was followed in
situ using LSPR spectroscopy.

Keywords

Photocatalysis, TiO,, carbon, graphene, graphite, localized surface plasmon resonance,
nanocomposites, photocatalytic mechanisms, solar energy conversion
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1. Introduction

1.1. Background

Provision of sustainable energy is essential for the global economic development and
human well-being. More than 80% of our current energy production comes from carbon-
based fossil fuels such as coal, oil, and natural gas[1, 2]. We utilize energy mainly in the
form of electricity and liquid fuels, which are used for domestic, commercial, industrial,
and transportation sectors. Although these carbon-based fuels can supply energy for
another century or may be several hundred years[2], continuous reliance on them will
cause severe problems to our economy and environment. Economic problems are
predicted to arise from a steady increase of oil prices because of continuous demand but
restricted supply. Environmental problems, such as global warming, are mainly caused by
increase in man-made (anthropogenic) carbon dioxide in the atmosphere originating from
burning of fossil fuels. The global energy demand is projected to double by 2050[2] due
to growing population and increased living standards of people in the developing
countries. So, the global community has to work harder towards finding alternative ways
to tackle shortage in energy supply and associated challenges. One potential way to meet
these challenges is to derive energy from renewable sources such as solar radiation, wind,
hydroelectric power, etc.

Solar energy is by far the most abundant energy source. It can be the potential
replacement to fossil fuels. It provides not only carbon-neutral energy but may also fulfill
future energy demands. The amount of solar radiation striking our earth surface is about 3
x 10* joules/year which is 10* times higher than the current global population
consumption rate[3]. Albeit the amount of solar energy is tremendous, it only constitutes
roughly less than 1% (photovoltaic and concentrated solar power plants)[4] in the global
energy production in 2011. Though there are several ways to transform solar energy into
some useful energy, direct conversion by photovoltaic cells to electricity is the yet most
exploited route. However, solar photovoltaics technology sets some limitations due to the
fact that the sunlight is not continuous throughout the day (intermittency) as well as due
to inefficiency and lack of large scale solutions to store electricity[S]. In this respect,
direct conversion of solar energy by photoelectrochemical cells to chemical (solar) fuels,
such as hydrogen from water splitting or hydrocarbon fuels from CO, photoreduction, is
attractive and promising routes to store solar energy in the form of chemical energy.
Solar fuels can be used not only directly for automobile applications but also for domestic
applications producing electricity by fuel cells. This technology is economically feasible,
environmentally safe, and will supply energy continuously throughout the day even when
there is no sunlight[6, 7]. The chemical process involved in this conversion route mimics
the natural photosynthetic process and is often called artificial photosynthesis. The heart
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of solar energy conversion in the artificial photosynthesis process is the light harvesting
material called photocatalyst, which is the central part of this thesis.

1.2. Photocatalysis

The dawn of photocatalysis is dated back to more than 80 years with the observations of
the chalking of TiO, based paints and darkening of metal oxides in contact with organic
substance in sunlight [8]. This field gained prominent attentions in 1972 after the
pioneering work of Fujishimna and Honda on photocatalytic water splitting on a single
crystalline TiO, photocatalyst. This event paved the way for a new era in the field of
photocatalysis. Ever since the field is growing continuously (Figure 1.1) with variations
that follow closely the world energy demand and supply.
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Figure 1.1: Chart illustrating volume of research work

carried out each year in the field of photocatalysis. An

interest in photocatalysis is growing exponentially and

overwhelmingly. Source: ISI web of knowledge with the
search keyword ‘photocatal*’ from the year 1972 to 2012.

Photocatalysis, by definition, ‘is a change in the rate of chemical reactions or their
generation under the action of light in the presence of substances called photocatalysts
that absorb light quanta and are involved in the chemical transformations of the reaction
participants’[9]. So, photocatalysis is a term used to refer to a chemical reaction which
utilizes light to activate a chemical substance which, in turn, usually accelerates the rate
of the reaction without being modified itself [10].



1.3. Why is TiO2 Photocatalyst?

From an energetic viewpoint, photocatalytic reactions are classified into uphill reactions
and downhill reactions[11]. In the uphill reactions, the photon energy is converted into
highly energetic chemical compounds than the reactants. Examples are hydrogen from
water splitting, methanol from CO, photoreduction, etc. These reactions are highly
endothermic and referred to as artificial photosynthesis or photosynthetic reactions[11].
In the downhill reactions, the photon energy is used to induce degradation in chemical
compounds and the resulting products are with lower energy than the reactants. These
reactions are highly exothermic and referred to as photon-induced reaction[11]. Examples
are organic compounds oxidation, carbon monoxide oxidation, etc.

Semiconductors are usually employed as photocatalysts since they have bandgaps (E,),
which make photoexcited electrons live longer and thereby have higher chance to
promote a chemical reaction, compared to a meal. Most interesting are semiconductors
with bandgaps corresponding to optical frequencies (hv~ 350 to 1100 nm). The basic
elementary processes of a semiconductor photocatalyst (discussed in the chapter 2)
are[12]:

@) Light absorption and electron-hole pair generation
(ii))  Charge separation and transport
(i1i))  Chemical reactions at the surface

These processes govern the performance of any photocatalytic systems. Their
optimization is crucial in order to improve the efficiency of the photocatalytic systems.

1.3. Why is TiO, Photocatalyst?

Among the many investigated photocatalyst materials for the past decades, TiO, remains
a most popular candidate for applications in solar cells[13], solar fuels[14], and
environmental cleaning[15]. It is due to its outstanding and unique physiochemical
properties. Among others, TiO, exhibits remarkable resistance to corrosion and
photocorrosion especially in harsh aqueous environments[16]. The valence band hole has
a strong oxidation potential towards environmental toxic substances. The properties of
TiO, can be widely altered by introducing defects in the crystal lattice (alteration of
stoichiometry) and by doping[17-19]. TiO, is much cheaper than other photosensitive
materials and its reserves are abundant. All these factors, so far, make TiO, superior for
energy and environmental applications in comparison to other heterogeneous
photocatalysts[20].
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The applications of TiO, photocatalysts can be categorized into two areas: (i)
Environmental remedy and (ii) Solar fuels applications. Some of its important
applications are listed below.

Self-cleaning of building materials (windows, walls, etc)[20]
Air purification[20]

Water purification and degradation of organic compounds[20]
Solar water splitting [21] and Photovoltaics [3, 22]
Photoreduction of CO, to hydrocarbon fuels[23]

Sensors (oxygen gas sensors)[24]

Anti-fogging mirror[20]

Pigments in paints and coatings[20]

PN =

1.4. Nanoscience and Nanotechnology Approaches

Nanoscience (NS) and nanotechnology (NT) are scientific and engineering branches
dealing with manipulation of materials on the nanoscale (1 to 100 nm) and the size
related phenomena in them. The term NT refers not only to the size reduction of materials
but also to the controlled manipulation of atoms and molecules in the materials. The
properties possessed by nanomaterials can be entirely different from those exhibited by
the bulk materials. When the material object’s size goes down to the nanoscale, quantum
mechanical effects and surface properties come into play more dominantly. For example,
gold metal exhibits good catalytic properties on the nanoscale of 1 to 2 nm, but it is
normally not observed on the macro scale[25, 26]. Thus, NT allows one to design and
tailor make functional materials that are able to replicate some natural processes, for
instance photosynthesis [27]. One important feature of NT in the realm of photocatalysis
is that it offers substantially higher surface to volume ratio. This extensively helps
minimizing charge carrier recombination before the charge carriers have the chance to
induce a chemical reaction, and increases the surface area of the photocatalysts[28]. From
a practical point of view, the miniaturization of devices also has several advantages such
as less material consumption, compactness, etc. Metals such as gold (Au), silver (Ag),
copper (Cu), etc., on the nanoscale exhibit localized surface plasmon resonance (LSPR),
i.e. collective and coherent oscillations of the conduction electrons at optical
frequencies[29]. The LSPR of metal nanoparticles (NPs) has generated a lot of attention
and interest in the photocatalytic field due to its potential to enhance photocatalytic
performance[30, 31]. Overall, NS and NT have the great capacity to contribute to the
improvement of photocatalytic elementary processes.



1.5. Scope of the Thesis

1.5. Scope of the Thesis

As mentioned above, TiO, possesses some outstanding properties for energy and
environmental remedy applications. However, it suffers greatly in

(i) Fast electron-hole pair recombination
(ii) Light absorption only in the ultraviolet (UV) region

The bandgap of TiO, is about 3.2 eV (anatase), so it absorbs light only in the UV part of
the solar spectrum. This part accounts for only 4% in the total incoming solar radiation.
Hence for solar radiation related applications, it is essential to extend the light absorption
of TiO, to the visible region, which accounts for about 42% in the incoming radiation.
The fast e-h pair recombination in TiO, is also an undesirable process because the
absorbed energy is wasted as heat or reemitted without doing any chemical work. These
two inherent properties are major reasons for the low quantum efficiency and are
obstacles for the practical applications of TiO,.

There are several approaches to substantially alleviate these problems. In this thesis, two
different model TiO, based nanocomposite systems have been designed and prepared to
address the issues of charge carrier dynamics and light absorption. Special attention has
been paid to understanding the underlying mechanisms of the enhanced photocatalytic
activity. The prepared photocatalysts are:

(i) TiO,/Carbon nanocomposites
(i1) TiO,/Metal nanocomposites

TiO,/Carbon nanocomposites: This model system has been designed to address the role
and mechanism of electrically conductive carbon films in the form of graphite and
graphene on the photocatalytic performance of TiO, nanocrystalline films. Special
importance has been given to understanding the charge carrier dynamics and interfacial
effects of carbon beneath TiO,. A significant attention has been devoted to understanding
the role of synthesizing techniques of graphene on the TiO, photocatalytic performance.

TiO,/Metal nanocomposites: This model system has been designed to address the role
of LSPR related effects, exhibited by metal nanoparticles (NPs), on the photocatalytic
performance of undoped TiO, nanocrystalline films. The chosen metal NPs in this study
were Ag and Au, since they have excellent plasmonic properties in the near UV, visible
and near infrared region. The metal NPs have been intentionally placed onto, isolated
from, and beneath TiO, in order to elucidate different effects associated with LSPR.
Great emphasis has been given to irradiation conditions of the composite systems over
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different spectral regions with the aim of distinguishing the bandgap excitation from the
plasmonic excitation.

TiO,/Cu nanocomposite has been fabricated for photocatalytic reduction of carbon
dioxide to hydrocarbon fuels using water and solar energy. In this photocatalytic system,
Cu NPs were placed onto TiO,to address the role of Cu chemical stability in aqueous
environment under the bandgap illumination of TiO,. The stability of Cu has been in situ
monitored by LSPR spectroscopy techniques.

All composite photocatalysts have been tested with the photon-induced downhill
reactions. Gas phase methanol photooxidation has been chosen as a model reaction to test
the performance of the prepared model photocatalysts.

To summarize, the aim of the thesis was to design, fabricate, and test model TiO, based
photocatalysts with the aim of optimizing their performance through understandings of
the mechanisms for enhanced photocatalytic activity.



2. Fundamental Photocatalytic Process

Heterogeneous photocatalytic system, where the photocatalysts and the reactants are in
different phases, represents a central part in an artificial photosynthesis scheme for
conversion of solar energy into usable chemical energy. This chapter outlines the
fundamental aspects of the heterogeneous photocatalytic process, which are also central
in the thesis. Light absorption and charge carrier generation, separation and transportation
of charge carriers, and chemical redox reaction driven by transported charge carriers at
the surface are regarded as the basic elementary steps in any heterogeneous
photocatalytic process. Understanding of them will therefore provide useful insights into
the field of heterogeneous photocatalysis. Since TiO, has been the choice of material in
this thesis, most of the details described in this chapter pertain to its inherent properties
and related phenomena.

2.1. Basic Concepts of Photocatalysis

A photocatalyst is a substance that is able to produce chemical transformations of the
reaction partners upon absorption of light. The excited state of the photocatalyst
repeatedly interacts with the reaction partners forming reaction intermediates and/or
products and regenerates itself after each cycle of such interactions[32].

Photocatalysts are classified into homogeneous and heterogeneous systems depending on
the photocatalysts’ phase with respect to the reactants. In homogeneous system, both the
reactants and the photocatalysts are in the same phase whereas in heterogeneous system,
the photocatalysts exist in solid phase and the reactants exist in liquid or gas phase. The
latter plays central role in solar energy transformation processes since Fujishima’s and
Honda’s pioneering work[21]. Heterogeneous photocatalytic system has intensively been
studied for many years because of its potential use in energy[ll, 12, 33] and
environmental related applications[15]. It is essential to understand microscopic
properties of solids especially electronic structure in order to explain the observed
macroscopic phenomena in heterogeneous photocatalytic systems.

2.2. Electronic Band Structure of Solids

Solids are generally classified into metals, semiconductors, and insulators based on the
nature of their electronic band structure. In general, electronic bands represent sets of
allowed energy state ranges that electrons can populate in a solid. Normally, a solid has
several numbers of energy bands but the important ones, for the discussion here, are the
valence band (VB) and conduction bands (CB), i.e. the highest populated and lowest
unpopulated bands (in equilibrium at room temperature). According to the Pauli
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exclusion principle, no two identical fermions (in our case electrons) may have the same
quantum state simultaneously. Therefore, the electrons start to fill up and distribute from
the lowest energy levels and up. Electrons that occupy highest energy states or orbitals at
absolute zero temperature (0 K) constitute the VB. The energy of the highest and
occupied electron state at O K is called the Fermi energy. The band of orbitals or states,
above the filled VB, that are higher in energy and empty (at 0 K) where the electrons can
move freely, if they are excited to these energies, are called the CB. In between the
valence band maximum and the conduction band minimum there is a forbidden energy
gap called the bandgap, where no electrons can accommodate. As illustrated
schematically in Figure 2.1, electronic classification of solids stems from how the VB
and the CB are positioned with respect to the energy of electrons. In metals, the VB and
the CB partially overlap with each other, and there is, thus, no bandgap or forbidden
range of energies, which is the reason metals are excellent conductors, while
semiconductors at 0 K are insulators.

l U U .

Fermi 4
ermi energy |

(EF) . I i i I |

p-type  Intrinsic n-type
Metal Semimetal Semiconductors Insulator

Energy

A

Figure 2.1: Schematic representation of the electronic band structure of metals,
semiconductors, and insulators. Note there is an overlapping of the VB and the CB in
metals or semimetals whereas in semiconductors and insulators they are separated by
a forbidden energy gap. The diagram is adapted from Wikipedia.

In semimetals, the VB and CB overlap is small and need not occur at the same
wavevector (k) in the Brillouin zone. Moreover, the density of states at the Fermi energy
is lower compared to metals. In semiconductors and insulators, the VB and the CB are
separated by a forbidden energy gap. The states in the VB are completely filled (T = 0 K)
or almost filled (T > 0 K). In semiconductors, the origin of electrical conductivity at RT
comes from thermal excitation of some electrons from the VB to the CB. The
conductivity is very low in comparison to metals and hence the material is called a
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semiconductor. Conductivity in semiconductors, however, can be improved by doping
with foreign atoms. Depending on the dopants, the semiconductors can be divided into p-
type and n-type semiconductors. The former are dominated by holes in the VB carrying
the current. These holes are created by electron excitation to the dopant atoms, which
have their energy levels just above but very close to the VB. In n-doped semiconductors,
electrical conductivity is dominated by electrons in the CB. The electrons are excited
form the dopant atoms, which have electron levels just below the CB band edge. The
energy bandgap of different semiconductors varies from ~1 eV to 4 eV. In insulators, the
forbidden bandgap is higher than in semiconductors and as a result RT thermal energy is
not enough to promote the electrons from the VB to the CB. So, the electrical
conductivity is not possible in insulators.

2.3. Elementary Steps in Heterogeneous Photocatalytic Systems
2.3.1. Light Absorption and Generation of Charge Carriers

Light is an electromagnetic radiation, which is visible to the human eye in the wavelength
range from 400 nm to 700 nm. All electromagnetic radiation has dual characteristics of
wave and particle nature. The particle nature of light is characterized by the photon, the
elementary particle of light, with energy E=hv, where & is the Planck’s constant. The
wave nature of light is characterized by a wavelength (A), a frequency (v), and a velocity
(c), which are related as C=Av. Light can, thus, be perceived as an electromagnetic wave
or collection of photons propagating through space.

The electromagnetic radiation discussed here spans from the near ultraviolet to visible to
near infrared (UV-VIS-NIR) ranges. In terms of energy (wavelength), this is radiation
from ~4.1 eV (300 nm) to ~1 eV (1200 nm). In general, most of the chemical
transformation occurs in theses energy ranges. Intrinsic semiconductors naturally have
their bandgaps corresponding to these ranges. More interestingly, the part of the solar
spectrum that reaches earth falls into these energy ranges and thus making
semiconductors important and interesting functional materials for solar energy
transformation applications.

Semiconductors are the most widely used materials as heterogeneous photocatalysts:
however, there some exceptions exist. For instance, smaller optically active supported
metal NPs have recently been realized as plasmonic photocatalysts in solar energy
transformation processes[31, 34]. Figure 2.2 illustrates the interaction of light with a
bulk semiconductor.
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Figure 2.2: Schematic illustration of the first
elementary step in a photocatalytic process: the
absorption of light in a semiconductor and the
subsequent generation of an e-h pair. This is
possible for light with energy equal to or greater
than the bandgap.

O

Semiconductor

As discussed earlier, a semiconductor is characterized by the filled VB and the empty CB
separated by a forbidden energy bandgap (E,). As far as light absorption in the
semiconductor is concerned, the bandgap width and the position of the valence band
maximum (VBM) and the conduction band minimum (CBM) have great implications.
The width of the bandgap depends strongly on the electronic structure of the constituent
atoms in the material. Electronic band structure is generally represented as energy (E)
versus momentum (k-vector) of the states that electrons or holes can occupy in a solid,
often simply referred to as the E-k diagram. In a direct bandgap semiconductor, the VBM
and the CBM lie at the same k vector whereas in an indirect bandgap semiconductor, they
lie at different k values (see Figure 2.3 (a)). When a photon with energy equal to or
greater than the bandgap impinges on a semiconductor, it can excite an electron to the CB
and leave a positive hole behind in the VB. This process occurs under the restrictions of
energy and momentum conservation. Photons travel at the speed of light, so they have
very little or negligible momentum relative to the electrons’ momentum in a crystal. This
makes electronic transition “vertical” in the E-K diagram, i.e. the initial and final states
have the same k vector (exceptions are phonon assisted transitions)[35]. This type of
band-to-band transition is called interband transition, since it involves two different
bands contrary to intraband transition, where the transition takes place within the same
band. In the direct bandgap material, as both the VBM and the CBM lie at the same k-
vector, light penetration depth is lower at the bandgap energy since all light is absorbed
close to the surface. In such a case, thin films are enough to absorb more photons. In an
indirect bandgap material, the VBM and the CBM lie at different k-vector (see Figure 2.3
(b)). In this case, light absorption is assisted by a third (quasi)particle called phonon
(lattice vibration) in order to conserve energy and momentum. Phonons have much
higher momentum and much lower energy compared to photons in the visible range[35].
Since phonons must assist absorption or emission, the light penetration depth is larger in
these materials and it is temperature dependent. In other words, the absorption coefficient
is less at the bandgap energy or close to it, so thicker films are needed to absorb more
photons.
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2.3. Elementary Steps in Heterogeneous Photocatalytic Systems

The absorption spectrum in semiconductors is typically broad as it may involve all
states[36]. The light absorption process results in creating electrically neutral excitons
(bound e-h pairs) or unbound charged e-h pairs (free). The excitons are a bound state of
e-h pair attracted to each other through electrostatic columbic attraction. Excitons in
semiconductors (where the dielectric constant is usually large) are called Wannier-Mott
excitons and have binding energies on the order of ~10 meV. Excitons are stable at lower

temperature and are ionized into free electrons and holes at RT, since thermal energy at
RT is about ~25 meV.
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Figure 2.3: Illustration of an interband transition in a (a) direct and (b) indirect bandgap
semiconductor. Upward arrow represents the photon absorption. Light absorption in (b) is
executed by a photon and a phonon in combination to conserve momentum and energy.

2.3.2. Charge Separation, Trapping, and Transport

The light absorption in semiconductors promotes electrons from the VB to the CB and
leaves behind positive holes in the VB or creates e-h pairs. The fate of photogenerated
charge carriers could follow several pathways depending on the physical circumstances
(see Figure 2.4). The lifetime of the charge carriers in the excited state, i.e. the time it
can live in the excited state, is on the order of nanoseconds[37] in semiconductors in
contrast to femtoseconds in metals. This second elementary step in the photocatalytic
process encompasses several sub-processes, each of which is briefly described below.
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2. Fundamental Photocatalytic Process

2.3.2.1. Charge Carrier Recombination

Charge carrier recombination is an undesired process because it hinders the efficiency of
a photocatalytic system. This undesired process is strongly competing with the desired
charge transfer process to the adsorbates on the surface[37]. Factors such as impurities,
defects, degree of crystallinity, surfaces, etc., are important to account for recombination
of charge carriers. There are several ways to minimize charge carrier recombination.
Examples are incorporation of metal particles, manipulation of interfacial junctions,
adding dopants, and trapping sites[38].

Charge carrier recombination results in dissipation of the absorbed energy in the form of
heat (non-radiative) or photon emission (radiative). It is hard to quantify precisely the
relative degrees of radiative and non-radiative recombination. It is also hard to measure
directly the amount of non-radiative recombination[38]. However, the radiative
recombination probability can be quantified from photoluminescence studies and can be
used to assess charge carrier dynamics and to estimate the lifetime of charge carriers of
the photocatalyst.

Surface/bulk
defect

Figure 2.4: Schematic illustration of the second
elementary step in a photocatalytic process. After the
e-h pair generation, charge carriers follow different
paths. The dotted lines/curves and the solid lines
represent  non-radiative  (volume/surface) and
radiative  recombination of charge carriers,
respectively. The solid curves represent charge
carrier transfer process to the adsorbates.

Surface/bulk
defect

2.3.2.2. Charge Carrier Trapping

As mentioned previously, photogenerated charge carriers in semiconductors are the ones
that mediate the desired chemical reactions. In some photocatalytic reactions, it is the
holes (or vice versa) that induce the desired chemical reactions. In such situations, the
electrons (or vice versa) may need to be trapped because they can otherwise recombine
with the desirable carrier type. The charge carrier recombination rate can, thus, be
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suppressed with the help of trapping sites, since it helps increasing the charge carrier
lifetime of TiO,[37].

Charge carrier trapping is the capturing of photogenerated electrons or holes in trap sites
at the surface and in the bulk of the semiconductor. Trapping could be beneficial if the
charge carriers are localized at important electron transfer sites on the TiO, surface or if it
promoted charge carrier separation. Trapping conversely could be detrimental if the
trapping sites are far from preferred electron transfer sites[38].

Trapping occurs normally at irregularities caused by lattice imperfections both at the
surface and in the bulk. Depending on the energy associated with the trapping sites, it is
characterized as shallow trapping or deep trapping. Shallow trapping sites exist just
below the CBM or above the VBM. The energy associated with these trapping sites is
close to the energy of thermal excitations. Detrapping (release of trapped carriers) of
charge carrier in shallow sites is activated by thermal excitation at RT. Surface states are
one example of shallow trapping sites, which occur normally due to the presence of
dangling bond(s) at the surface. Bulk trapping sites exist in the bandgap and the energy
associated with them with respect to the CBM or the VBM is often higher than thermal
excitation at a given temperature[39]. Trapping sites are localized and their occurrence
depends strongly on the preparation methods. Reduction of TiO, or annealing it in
vacuum creates oxygen vacancies or localized Ti’* sites at the surface[40-42]. These
oxygen vacancies are the main trapping sites for the photogenerated electrons in TiO,
photocatalysts. These surface trapping sites play a significant role in influencing the
performance of TiO, under different circumstances especially under oxygen lean
conditions or when the surface is fully bound with or blocked by organic compounds. In
other words, they can be simply regarded as electron storage sites[38]. Although the
nature of hole trapping sites remains unclear, it is assumed that hole scavengers such as
organic compounds and OH species initiate the hole trapping. However, several studies
point out that Ti**-O" site is the most possible sites, where hole resides on an under-
coordinated oxygen atom at the surface[38]. A few recent studies propose that the hole
trapping sites exist preferably in the near-surface region contrary to bulk or on surface
sites[38]. Overall, the trapping sites in TiO, have the capacity to determine the
performance of photocatalytic activity.

2.3.2.3. Charge Transport
As soon as the e-h pairs are generated by light absorption, the photogenerated charge
carriers should preferably be separated and transported to the surface in order to induce

desired chemical processes. The primary driving forces that transfer the photogenerated
charge carriers to the surface on the macroscopic scale are diffusion, resulting from
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gradients of charge carriers, and drift (mobility) due to force exerted on charge carrier by
an electric field. Depending on the nature of the photocatalyst system, either one or both
of the processes could contribute to the transfer of charge carrier. In a typical
heterogeneous photocatalytic system, there is generally an electric field created at the
interface between the photocatalyst and the reactants due to band bending. If the band
bending is of the right sign, it will accelerate the desired charge carriers to the surface and
vice versa. As a result of this, after the generation of e-h pairs in the bulk, charge carriers
first will diffuse over certain distances (if excitation occurs deeper into the semiconductor
than the distance over which band banding occurs) and then if they are close to the
interface, the electric field will drift them further away.

The extent to which charge carriers are effectively transported depends on the nature of
materials’ electronic and crystal structure. If the crystal is perfect, the band states in the
VB or CB represent travelling states, that is states allowing the holes or electrons to move
almost like free electrons, except that the motion occurs as if the electron (hole) had
different effective mass. This problem can be further simplified by assuming the concept
of electrons effective mass. Higher effective mass of charge carriers leads to lower charge
transfer and vice versa. The effective mass approach is valid under the influence of
electric field. However, in the real case, i.e. in a non-perfect crystal, impurities, defects in
the lattice, crystallinity defects, etc., will scatter charge carriers strongly and hinder their
movement to a great extent. The average distance over which charge carriers move
without experiencing any scattering or collisions from defects is called the mean free path
of charge carriers and the corresponding time it takes between such collisions or
scattering events is called the mean free time.

TiO, represents a mixed nature of ionic and covalent bonding[40]. The ionic nature of
TiO, causes a strong interaction of photogenerated electrons with the lattice, resulting in
formation of quasiparticles called polarons i.e. electrons accompanying lattice
polarization and/or distortion. Strong interaction of electrons with the lattice leads to
more localized, self-trapped polarons whereas the weak interaction leads to formation of
less confined polarons with effective wavefunctions that extend beyond the dimension of
a unit cell[43]. In the former case, the charge is transported through hopping from one
site to the next sites whereas the latter case exhibits the band type transport but with an
enhanced mass relative to the band mass of an electron[43].

2.3.3. Chemical Reactions at the Surface
Once the charge carriers arrive at the interface with the reactive medium, they may take

part in redox reactions (Figure 2.5). This elementary step involves transfer of the charge
carriers between the surface of the photocatalyst and the adsorbed chemical species. This
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transfer process is called interfacial charge transfer and is a central process in the
heterogeneous photocatalytic scheme. There are several governing parameters that
determine charge carrier transfer across the interface. The most important one is how well
the energy level positions of the semiconductor and the adsorbed species match each
other. The energy level position of different semiconductors with respect to the redox
potential of water is shown in Figure 2.6.

A
Photoreduction

A

Figure 2.5: Schematic representation of the
third elementary step in a photocatalytic
process. The photogenerated electron takes
part in reduction whereas the hole takes part
in oxidation reaction.

D+

Photooxidation

D

In order for an electron transfer to occur, for example in TiO,, the position of the CBM
should be higher than the reduction potential of the adsorbed acceptor species. For a hole
transfer to occur, the position of the VBM should be lower than oxidation potential of the
adsorbed donor species. The transfer of photogenerated electrons from the CB of the
photocatalyst to the acceptor is referred to as photoreduction whereas the transfer of
electrons from the donor to the VB of the photocatalyst is referred to as photooxidation.
The electron and hole transfer processes should occur (almost) simultaneously in order to
regenerate the photocatalyst otherwise charging effects would occur.

2.3.3.1. Band Bending

When a semiconductor is in contact with another phase such as liquid, gas or metal,
Fermi level equilibration thermodynamically occurs by redistribution of the charge
carriers from the lower work function side to the higher work function side. This can be
explained clearly in the example of contact between a metal and an n-type
semiconductor. Assume that the metal work function is higher than the semiconductor
work function. In this case, the electrons will flow from the semiconductor to the metal
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side until their Fermi level aligns. As a consequence, a space charge layer or double layer
is built-up at the interface where more excess negative charge carriers are present on the
metal side and more positive carriers exist on the semiconductor side. This situation is
similar to formation of electric dipoles across the interface, which in turn creates an
electric field in the space charge region. The space charge region has great implications
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Figure 2.6: Schematic representation of energy band positions of different semiconductors versus standard
hydrogen electrode potential (NHE) and vacuum energy level at pH=0 [44]

in suppressing charge carrier recombination due to the presence of the electric field.
Following the Fermi level alignment and subsequent migration of charge carriers from
the semiconductor, the electrostatic potential near the interface is changed, causing
upward band bending close to the surface. This forms a potential barrier across the
interface and is referred to as a Schottky barrier. Note that the Schottky barrier/contact is
formed when the metal work function is higher than the semiconductor work function
otherwise the formed junction is called an ohmic contact. The height of the Schottky
barrier is given by,

¢SB ¢m x(sc) (21)

where ¢, ¢,,, and E, . are the semiconductor work function, the metal work function,
and the electron affinity of the semiconductor, respectively. The direction and magnitude
of band bending plays a crucial role in photocatalytic activity because it determines the
direction of charge transfer/ transport across the interface/in the material. More detailed
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analysis of the band bending and their implications on photochemistry has been recently
summarized in reference[45].

2.3.3.2. Surface Active Sites

The second important parameter that should be taken into account when considering the
surface reactivity is the number of surface active sites. These are operational sites at the
surface where the reactants tend to adsorb and react with photogenerated charge carriers
and eventually lead to new products. In this regard, the surface structure[46] and surface
area of photocatalysts play important roles in determining active sites. The surface
structure determines the adsorption ability, e.g. binding strength, of photocatalysts with
the reactants. Molecules or atoms can either physically or chemically adsorb on the
surface. In physisorption, the adsorbed molecules or atoms are in proximate contact with
the surface via weak Van der Waals interaction. No chemical bond is formed between the
physisorbed adsorbates and the surface, which results in no change in the electronic
structure of the involved substances. In chemisorption, a strong chemical bond is formed
in a monolayer on the surface upon transfer (ionic bonds) or sharing (covalent bonds) of
electrons among the adsorbates and the surface. Chemisorption consequently modifies
the density and position of electronic states of the surface-adsorbate complex. The
binding energy of species involved in chemisorption (~ 1 to 10 eV) is higher than in
physisorption (10 to 100 meV). Of course, there exist a whole spectrum of bond strengths
going from weak physisorption bonds to strong chemisorption bonds. Chemisorption is
the dominant adsorption mechanism in heterogeneous photocatalytic systems.

The chemical reaction that takes place at the surface active site is either reduction (gain
of electrons) or oxidation (loss of electrons) or both (redox). In a photocatalytic process,
both oxidation and reduction happens at the surface of the same material and no net
charge is accumulated, whereas in photoelectrochemistry (PEC), oxidation takes place at
the (photo) anode and reduction takes place at the counter-electrode (or photo-cathode).
The VB holes are powerful oxidants (+1.0 to +3.5 V vs. normal hydrogen electrode
(NHE) depending on the semiconductor and pH), while the CB electrons are good
reductants (+0.5 to -1.5 V vs. NHE)[15, 47]. Most organic photodegradation reactions
utilize the oxidizing power of the holes directly or indirectly. However, to prevent a
buildup of charge one must also provide a reducible species to react with the electrons.
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2 4. Titanium dioxide Properties

This section highlights some basic properties of TiO, ranging from structure, electrical,
optical, and surface. Some fundamental approaches for photocatalytic enhancement of
TiO, are discussed in the end of the section.

2.4.1. Bulk Properties

TiO,, also known as titanium (IV) oxide or titania, is a naturally occurring oxide of
titanium [48]. It is one of the basic materials in our daily life and has been used for a
variety of applications over long time. As discussed in the chapter 1, this material
possesses several properties favorable to the photocatalytic applications. There are
several extensive reviews available on TiO, photocatalyst systems, so the reader can refer
to them for further and more detailed understanding of this material[8, 20, 37, 38, 40, 49].

Structural properties: TiO, crystallizes naturally in three forms: rutile, anatase, and
brookite phase. The rutile phase is thermodynamically the most stable phase. The anatase
phase, in contrast, is more stable at lower temperatures and converted into rutile at higher
temperatures. The crystal structure of both anatase and rutile are similar, belonging to the
tetragonal crystal family. On the other hand, the brookite phase has an orthorhombic
crystal structure. This phase is less studied due to its inefficiency as a photocatalyst.
Anatase and rutile have the same tetragonal symmetry, but they differ in physical
properties. In rutile, the structure is based on octahedrons of titanium oxide that share

Table 2.1: Structural properties of titanium dioxide

Properties Anatase Rutile Brookite

Crystal structure® Tetragonal Tetragonal ~ Orthorhombic

Lattice constant (A)* a=3.784 a=4.5936 a=9.184
c=9.515 c=2.9587 b=5.447

c=5.145

Space group® 14,/amd P4,/mnm Pbca

Molecule/cell” 4 2 8

Density (g/cm’)* 3.79 4.13 3.99

Refractive index”* 2.52 2.71 2.583

Melting point® Becomes rutile at high 1858 Becomes rutile at high
temperature temperature

Ti-O bond length (A)*  1.937(4) 1.949(4) 1.87~2.04
1.965(2) 1.980(2)

“Reference[50] and therein
"Reference [20]
‘Reference[48]
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two edges of the octahedron with other octahedrons and form chains. It is the chains
themselves which are arranged into a four-fold symmetry [51]. In anatase, the
octahedrons share four edges hence the four-fold axis. TiO, with rutile crystal structure is
the most used phase in industrial applications[20]. The crystal structure properties of the
three TiO, phases are summarized in Table 2.1.

Surface properties: The surface of course plays a crucial role in governing
photocatalytic activity. It determines how the material will interact with the environment
and is the key in forming interfaces with other materials. A detailed knowledge and
better understanding of surface properties, thus, will help solve some fundamental issues,
concerning the improvement of catalytic reactions[40]. The mixed nature of ionic and
covalent bonding of this metal oxide surface structure has the capability of influencing
local surface chemistry in a richer way as compared to metals or elemental
semiconductors[46]. The single crystalline TiO, surface, especially rutile (110) surface,
has been well studied for this purposes as a model system, since it offers excellent
properties[40]. A detailed analysis of the surface structure of TiO, can be found
elsewhere [40].

Electronic properties: The photocatalytic properties of TiO, are determined by its
electronic structure. In TiO,, the VB is created by O,, states whereas the CB is formed by
Ti,, states. The energy bandgap size is essentially established by hybridization of these 2
orbitals[50]. The electronic band structure of titania has a wide indirect bandgap of about
~3.2 eV for anatase and ~3.0 eV for rutile [52]. It is reported that the anatase phase has a
higher photocatalytic activity over rutile due to the difference in position of energy band
levels with reference to the water redox potential. It should be noted that the VBM for
both types lies at the same energy level with respect to water redox potential. The origin
of the higher photocatalytic activity in anatase arises from the fact that its CBM lies 0.2
eV above rutile CBM that gives more reducing power than rutile; for example, it can
reduce molecular oxygen into superoxide radicals [20]. The oxidation potential of
photogenerated holes is about +3 eV, whereas the reduction power of photogenerated
electrons is about TiO, is about -0.3 eV[53].

The exact stochiometry of TiO, is primarily determined by the process conditions such as
oxygen partial pressure and temperature. Any deviation from perfect titania stochiometry
results in oxygen depletion (vacancy defects). The oxygen vacancy makes titania become
an n-type material and is responsible for color centers in titania. Moreover, the depletion
of oxygen creates Ti’" sites in the lattice, which is the origin for electrical conductivity of
titania[8]. The formation of oxygen vacancies can have 0,1,2 electrons associated with
them and with different energies [54]. Tang et al [52] studied the electronic properties of
rutile and anatase titania extensively and reported a change in electronic conductivities
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between them after thermal reduction in vacuum around 400 or 450° C. It has been
observed experimentally that the effective mass of electrons is smaller in the anatase
phase in comparison to the rutile phase, resulting in higher mobility [55].

Optical properties: TiO, optical properties stem from its electronic band structure. Since
the anatase phase has a bandgap of 3.2 eV, it is highly transparent to visible light and
absorbs below 380 nm wavelength. TiO, has high refractive index (n,@sspum= 2.4 for
anatase and 2.75 for rutile) [56]. The origin of the high refractive index is the TiOq
octahedral structure, the basic building block of rutile and anatase. Under optical
excitation, titania exhibits a broad visible photoluminescence in the green color range
(~2.1 to 2.3 eV). The origin of this luminescence is the recombination of self-trapped
excitons (STEs)[57-59]. The concept of STE can be understood by considering the ionic
nature of TiO,. The ionic nature gives rise to a strong electron-lattice interaction, leading
to formation of a polaron. A bound electron-hole pair involving such a type of polaron

formation is described as STE, which may be immobilized by its own lattice distortion
field[60].

2.4.2. TiO, Nanostructures

TiO, in the form of nanostructures[61, 62] has received much attention due to its
improved performance in solar cells[22], heterogeneous photocatalysis[8, 37], and non-
linear optics[63]. The improved performance is a direct consequence of shrinking particle
size down to the nanoscale, which in turn results in different physiochemical properties as
compared to its bulk form[64]. The commercially available Degussa P-25 (here 25
represents the mean diameter of the particles) has a mixed phase of anatase and rutile in a
ratio of about 3:1 and has a surface area of about 49 m*/g [65]. It is reported to have
enhanced photoactivity owing to its particle size and reduced recombination rate. The
anatase phase is considered to be the active element in the mixed phase, whereas the
rutile acts as an electron sink to reduce the recombination rate[66]. TiO,in the form of
nanocrystalline porous structure is being predominantly used in dye-sensitized solar cell
applications due to 1000-fold increase in effective surface area [67]. TiO, in the form of
nanotubes, nanowires, etc., are also reported to have enhanced photocatalytic
performance [68, 69]. Overall, TiO, as nanostructures offers high surface to volume ratio
and short path for charge carriers to the surface (especially for photogenerated holes).

2.5. Approaches to Improve TiO, Photocatalytic Performance

It is clear from the description of the elementary steps of the photocatalytic processes that
the fundamental governing parameters of a photocatalytic system are light absorption,
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charge carrier dynamics, and provision of surface active sites. So, a good photocatalyst is
said to possess all these properties in a favorable way to improve the quantum efficiency.
As can be seen from Figure 2.6, there exist several semiconductor photocatalysts, but
none of them satisfy all the requirements for being a good photocatalyst. Nevertheless,
TiO, still dominates being a potential candidate in this field though it absorbs only in the
UV region, owing to its robust properties. Moreover, it can be used as a good model
system through modifications of its surface chemistry since a wealth of available
information exists in the literature. In this regard, there are three fundamental approaches
proposed in the literature to enhance the performance of TiO, [70]:

(i) Bandgap engineering and/or use of photosensitizers for broadening of the absorption
wavelength range

(i1) Optimization of the charge transport and minimizing charge carrier recombination
(ii1) Provision of adequate quality and quantity of active surface sites

These approaches have been widely followed and subject to research efforts by the
scientific community because of their potentials to improve the photocatalytic

performance.
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Figure 2.7: Global air mass 1.5 solar spectral distribution

2.5.1. Bandgap Engineering and Photosensitization
This approach is used to extend light absorption of TiO, photocatalyst systems into the

visible region. Figure 2.7 shows the incoming solar radiation that reaches the earth
surface. According to this spectrum, the ultraviolet region and visible region constitutes
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of about 4% and 43%, respectively in the incoming solar radiation[71]. It is, therefore,
important to extend light absorption in the visible region in order to improve the overall
efficiency. There are two pathways commonly followed to accomplish this approach.

(1) Bandgap engineering
(i1) Photosensitization

Bandgap engineering is the process of altering the bandgap of a semiconductor through
modifying its electronic properties. The proposed way to modify the bandgap is through
an introduction of some additional energy states in the bandgap and/or shrinking the
bandgap via impurity doping, making alloys of different compositions, etc. Non-metal
doping such as carbon[72-75], nitrogen[76-78], boron[79], and sulphur[80] has also been
attempted to improve the absorption of titania photocatalyst in the visible.

Photosensitization is the concept of incorporating either some molecules (dyes) or
metallic NPs on the TiO, surface that have absorption or plasmonic spectrum in the
visible region. The function of these sensitizers is to create e-h pairs through visible light
absorption and inject the photogenerated electrons to the CB of TiO, due to favorable
energy alignment. The injected electrons result in causing either photocurrent or
reduction while the holes will be scavenged by an electron donor. In this way, light
absorption in the visible region can be achieved. This is the backbone of dye-sensitized
based solar cell systems[13]. Nobel metal NPs have the ability to extend light absorption
of TiO, into the visible region through excitation of surface plasmon resonance[30, 31,
34]. The concept of surface plasmon resonance will be discussed in the chapter 4.
Plasmonic NPs have some advantages over dyes because they are more robust and non-
degradable.

2.5.2. Optimization of the Charge Transport

Operation of the catalytic system requires charge carrier transport to the surface. So, the
focus of the second proposed approach is to improve charge carrier dynamics in TiO,.
There are several ways to improve charge carrier transport to the surface. The simplest
one is to prepare photocatalyst with smaller thickness or make it on a nanoscale because
they offer shorter path for the photogenerated charge carriers to reach the surface active
sites. In this way, charge carrier recombination could considerably be reduced. It should
be also noted that films with smaller thickness absorb less light compared to thicker
films. This problem can be compensated by designing composite structures[81]. Addition
of metal NPs on TiO, in the form of co-catalysts will improve charge carrier
separation[82, 83]. Making rectifying heterojunction structures could also serve to
improve charge separation[84].
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2.5.3. Optimization of the Surface Area

The third approach is used to improve surface active sites and reduce back reaction.
Surface area plays one of the important roles in enhancing the activity of the
photocatalyst by providing a platform for the reactants. As a rule of thumb, more surface
area makes more reactants adsorb on the active sites of the surface. It will eventually lead
to more products and thereby increasing the overall efficiency. For instance, the
commercially available Degussa P-25 TiO, shows higher photoactivity due to its
improved surface area (~49 m’/g) and mixed phase of anatase and rutile [65, 66].
Nanostructuring photocatalysts is the most effective way to improve not only the surface
area but also all the elementary processes. Another way to improve surface area is to use
porous supports or templates, whiskers or nanotubes.
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3. Experimental Methods

This chapter provides information about sample fabrication methods and characterization
techniques used in the study. The description is organized in the same order as for a
typical experiment: fabrication, characterization, and test of activity.

3.1. Deposition Methods

The materials used in this thesis were TiO,, graphitic-carbon, graphene, silicon oxide
(S10,), gold (Au), silver (Ag), and copper (Cu). These materials have been deposited by
physical vapor deposition (PVD) and chemical vapor deposition (CVD) methods and
appear in the form of nanometer thin films or nanometer particles.

3.2. Physical Vapor Deposition

PVD is a method of growing thin films onto a desired substrate. The deposition involves
evaporation of the source material by heating and its condensation onto the substrate at
controlled temperature. The chamber is maintained under vacuum in the range between
10” mbar to 10” mbar, depending on the process requirements. The source material can
be evaporated by different ways such as plasma sputter, pulsed laser ablation,
evaporation, etc.

3.2.1. Electron Beam Evaporation

The electron beam evaporation (e-beam) makes use of a high-energy electron beam to
heat and evaporate the source material. The electron beam originates from an electron
gun consisting of a tungsten filament and electron optics. When a high DC voltage (10 to
30 KV) is applied to the filament, the thermally excited electrons that have energies
above the vacuum level electrons are pulled from the tungsten filament and accelerated
and focused on the target. The energetic electrons transfer their kinetic energy to heat in
the collision with the source material, which is then heated. The source atoms are
vaporized and travel straightly in vacuum and eventually condense on the substrate. The
transferred energy is quite high, making high temperatures possible, to achieve high
deposition rates. The e-beam evaporated films usually have less contamination in
comparison to thermally evaporated films because only the source material is heated.

Carbon films (see paper I, II, and III) were deposited in the AVAC HVC 600 e-beam
evaporator with poly-crystalline graphite as the source material. The deposition chamber
was maintained at around 10° mbar and the substrates were at RT. The deposition rate
was maintained at 1A/s in order to achieve the nominal thickness of about 20 nm at stable
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operational conditions. The NPs in paper IV were prepared by depositing a thin layer of
Au and Ag films in the same evaporation chamber. The nominal thicknesses of the Au
and Ag films were 3 nm and 5 nm, respectively. The deposition rate was maintained at
1A/s.

3.2.2. Sputtering

Sputtering is a physical process by which the source material is bombarded with high
energetic plasma (ionized gas) to dislodge the source atoms. The plasma is usually
created in an inert gas, such as argon, by applying a RF voltage. The applied EM field
ionizes the argon atoms and creates positive argon ions and free electrons. The energetic
free electrons create more ions on the way they collide with other gas molecules. On the
other hand, the high energetic positive ions are attracted towards the negative electrode,
where the source material is placed. During the collision, the positive ions transfer its
energy and momentum to the source. This process ejects some atoms or clusters from the
source. The ejected atoms travel in the chamber until they encounter the target where
they get deposited. Sputtering process is normally associated with a glow discharge
(plasma) due to radiative relaxation of the free electrons and excited atoms/ions.

In this thesis, direct current (DC) reactive magnetron sputtering was used to deposit TiO,
thin films. In this sputtering, the deposited TiO, was formed by chemical reaction
between the source material (titanium) and the reactive gas oxygen introduced in the
chamber during the sputtering. The argon was used to initiate the sputtering process with
a flow rate of 40 SCCM whereas the oxygen flow rate was maintained at 12 SCCM
initially and then reduced to 4 SCCM during the deposition. The DC power was kept at 1
kW. The chamber pressure was kept at 5x10~° mbar during the sputtering.

3.3. Chemical Vapor Deposition

CVD is a method for depositing a material in solid (film) form onto a substrate through
chemical reaction of gas phase precursors. To achieve this, the precursor gases are mixed
with carrier gas and fed to the chamber at ambient conditions. The substrate is kept at
high temperature. When the precursor gases come in contact with the substrate, they react
chemically and form a solid phase of desired materials onto the substrate. The parameter
that influences the chemical reaction is the substrate temperature, concentration
(pressure) of precursors, and carrier gas. This technique was, in the present work, used to
deposit graphene and SiO,. The graphene synthesis was done using Black Magic,
AIXTRON Nanoinstruments Ltd using methane or acetylene as a precursor material. The
chamber was heated to 1000°C to initiate the reaction for graphene deposition with and
without catalysts. Details of the graphene synthesis by the CVD technique can be found
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in references[85-87]. The SiO, insulating layer in paper II and IV was deposited by
plasma enhanced CVD (STS) using silane and oxygen as precursor materials. The
temperature of the substrate was kept at 300°C.

3.4. Nanofabrication Techniques

Nanofabrication is a process of manipulating materials to make structures at nanoscale.
Presently nanostructures are fabricated by fop-down and bottom-up approaches. In the
top-down approach, a bulk material is, for example, etched gradually until the desired
shape and structure is achieved (removal of substance). Typical examples for top-down
method are conventional photolithography, e-beam lithography, focused ion beam
etching, etc. In contrast, the bottrom-up approach starts with steering atoms or molecules
to form nanostructures (addition of substance), for example, by self-assembly techniques.

3.4.1. Hole-mask Colloidal Lithography

Colloidal lithography is a class of non-conventional and bottom-up nanofabrication
techniques for preparing 2-D arrays of nanostructures on a large-scale sample area at
relatively low-cost. In this technique, charged polystyrene (PS) beads are used as a
template to define the desired nanostructure.

Hole-mask colloidal lithography (HCL) is a slightly modified version of the original
colloidal lithography technique for deposition of nanostructures[88]. It relies on using
colloidal PS nanospheres as an etch mask to pattern and deposit a variety of materials.
This method offers fabricating structures with different sizes and shapes on a large area,
but it yields only short-range order. The lack of long-range order is an advantage for
certain types of optical experiments because it prevents interference and diffraction
effects. The technique is simple, cost-effective, and faster comparing to conventional,
serial top-down lithography methods like e-beam lithography.

The fabrication procedure starts with spin coating the substrate with a thin PMMA
sacrificial polymer layer and subsequent baking of the polymer at 180 °C for 5 to 10
minutes. The polymer layer is further subjected to oxygen plasma etching for 5 seconds
to improve its hydrophilicity. Dip coating of the sample in positively charged water-
based PDDA electrolyte follows next. Negatively charged PS beads are then deposited in
liquid phase onto the PDDA layer (Figure 3.1a). The PS beads are bound firmly and
distributed homogenously on the substrate due to electrostatic attraction between PS
beads and the PDDA and repulsion between the beads. A thin metal film (Au) resistant to
oxygen plasma is evaporated onto the sample (3.1b).
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Figure 3.1: Illustration of the different steps in the HCL nanofabrication method (a)
Deposition of PS beads on a PMMA layer (b-d) Etch mask deposition (Au), removal of
PS beads by tape stripping, and formation of patterned nanoholes (e-f) Removal of
PMMA beneath holes and deposition of target materials (g) Final nanostructure after lift-
off in acetone.

In the next step, the beads are removed by tape stripping or in ultrasonic bath with
isopropyl alcohol (3.1¢). Removal of the beads also removes the Au that was deposited
on top of the beads, and leaves nanoholes in the PMMA sacrificial film (3.1d). Here, the
PS beads define the size and diameter of the holes. Reactive oxygen plasma etching is
then used to remove the PMMA underneath the nanoholes (3.1e). The hole-mask
prepared in this method, consisting of a bottom layer of PMMA and a top layer of Au,
mimics a conventional photolithography mask and can be used as an etch mask to etch
the underlying substrate and/or as a deposition mask (3.1f). The etch mask is finally
lifted-off in acetone (3.1g). Using the HCL technique, different types of nanostructure
based on metals (Au, Ag & Cu) and carbon were fabricated during the thesis work.

3.5. Annealing Treatments

All deposition methods described in this work were carried out at room temperature (RT).
As-deposited structures are highly amorphous or very finely microcrystalline according
to the characterization tests. Post-deposition thermal treatment was carried out to make
fabricated structures crystalline. It was performed by rapid thermal processing (RTP)
process. The RTP process employs high intensity halogen lamps to generate the
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necessary heat. Since the method employs a lamp as a heating source, the desired
temperature can be achieved within a few seconds (thus the name rapid). The system also
allows the possibility to use different process gases during the treatment. The system used
in this thesis to anneal the fabricated samples was Jiplec Jetfirst 200. Summary of all
preparation recipes can be found in Table 3.1.

Table 3.1: Summary of annealing parameters employed in the RTP system for
different fabricated materials

Materials Temperature (°C)  Annealing time Process gas
(minutes)

Carbon 800 10 to 30 Argon

TiO, 500 10 to 20 Argon

Au 300 15 to 30 Argon

Ag 200 15 to 30 Argon

Graphene oxide (GO) 150 to 200 15 to 30 Nitrogen

3.6. Analytical and characterization Techniques

A number of analytical and characterization techniques were used to probe the material
properties of prepared samples either ex situ or in situ. They provide knowledge on
material’s internal structure such as composition, phase, and distribution of elements
within the material, topography of surfaces, etc. This section briefly describes the used
toolbox.

3.6.1. Scanning Electron Microscope

The birth of electron microscope (EM) began in 1931 with the optical microscope
approaching its theoretical resolution limit (180 nm) due to light diffraction. The EM
provides high-resolution image because of the small wavelength (de Broglie) of
electrons. A typical scanning electron microscope (SEM) with different components is
schematically illustrated in Figure 3.2 (a). It consists mainly of an electron gun, different
electromagnetic lenses, an aperture, scanning coils, and different electron detectors. The
main working principle of an SEM is as follows. The electron gun emits a beam of
electrons by applying a voltage to a thermionic tungsten filament. These electrons are
attracted by the anode and accelerated vertically through the column of the SEM. On its
way, the beam passes through different magnetic lenses before reaching the sample
surface. A pair of condenser lenses demagnifies the electron beam and defines the beam
size, which in turn determines the resolution of the SEM. The objective aperture blocks
any unwanted spray electrons. The objective lens focuses the beam on the sample
surface. The sample is scanned in a raster across the specimen with the help of scan coils.
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When the incident electrons (primary) beam with high energy impinges on the sample, a
number of different signals are generated as described below (see Figure 3.2(b)).

Secondary electrons: The energetic primary electrons knock out electrons from the
surface of the sample. The energy of these electrons is relatively low (0-30 eV). Together
with inelastically scattered primary electrons, they are used to analyze the surface

topography.
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Figure 3.2: (a) Schematic representation of a typical SEM (b) Sample interaction volume
and the generation of different signals. The size of the interaction volume depends on the
incident electrons’ energy, composition, and the density of the sample.

Backscattered electrons: These are highly energetic (within a few eV the same as the
primary electrons’ energy) elastically scattered electrons. They are originating from the
sample down to 0.5 um below the surface. The elastically scattered electrons are used to
analyze the bulk properties and compositional aspects of the specimen.
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Auger electrons, X-rays, and cathodoluminescence can also originate from the specimen.
The relative strengths of the different signals from the specimen depend strongly on the
incident energy and composition of the material. SEM in combination with Xx-ray
spectroscopy can be used as an analytical technique for elemental analysis.

Important advantages of SEM over optical microscopy are its relatively large depth of
analysis, the capability of producing an image that is a good representation of the sample,
etc. One limitation, however, is that the sample has to be conductive enough to avoid
charge accumulation. This problem is circumvented in the so-called environmental SEM.
The combination of larger depth of field, greater resolution (~2 nm), higher
magnification, compositional and crystallographic information makes the SEM one of the
most extensively used instruments for different applications both in industries and the
academy. In this thesis, the JEOL SEM (JSM-6301F) and the Zeiss Supra (60 VP) SEM
were used to analyze morphology of thin films, nanoparticles shape, diameter, and their
distributions.

3.6.2. Atomic Force Microscopy

The atomic force microscope (AFM) is a versatile instrument belonging to a family of
scanning probe microscopes (SPMs). It is used to probe the surface topography of a
sample with atomic resolution. Commonly, SPM relies on an interaction between a sharp
tip and the sample surface. It raster-scans the surface and monitors the tip to the sample
interactions. Different types of interactions between the tip and the sample surface bring
different names to SPM.

In AFM, the sample surface is probed with a sharp tip of less than 10 nm. The tip is
attached to the free end of a cantilever (100 to 200 zm long) [89]. When the tip is brought
closer to the surface, forces between the tip and the sample surface cause the cantilever to
bend or deflect. The cantilever deflection is recorded during the scanning by a detector.
The signal is then sent to a computer and electronics to generate the surface map of the
sample. In modern AFMs, the cantilever deflection is monitored by an optical lever
technique in which a laser beam is directed to the backside of the cantilever. The position
of the reflected beam is measured using a four-quadrant photodiode detector. AFM
allows one to operate it in different modes to analyze the surface properties of the
specimen. The most commonly used modes in AFM are contact, non-contact, and tapping
modes. The corresponding force-distance curves[90] of these modes are plotted in Figure
3.3 (b).
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Figure 3.3: (a) A typical AFM setup. It consists of a tip attached to a cantilever,
scanner, and a four-point photodiode detector (b) Plot of force-distance curve indicates
the position of the tip from a sample surface and its corresponding force regime.
Different mode of AFM operation is based on one or combination of this regime.

One of the great advantages of AFM is that it can be used to study both conducting and
non-conducting surface. It does not require vacuum and any special sample preparations
except that the sample needs to be reasonably flat on a macroscopic scale. The Veeco
Dimensions 300 SPM and the Bruker Dimension 3100 SPM were used in the thesis to
characterize carbon and TiO, structures and also to measure the height of NPs. The AFM
was operated in tapping mode and a silicon tip of diameter below 5 nm was used.

3.6.3. UV-VIS-NIR Spectrophotometer

As the name implies, this spectrophotometer measures the interaction of light with solids
or liquids in the UV-VIS-NIR regions. These regions are more interesting and important
because different optical transitions in solids occur over these spectral intervals. Figure
3.4 shows a double-beam spectrometer setup with its different parts. It consists of a light
source, diffraction gratings (monochromator), a sample holder, chopper, and a detector.
The light that is coming out of the source enters the monochromator and gets spectrally
diffracted into different wavelength. The light output from the monochoromator is split
into 2 beams by a chopper, where one light beam probes the sample and the other light
beam is used as a reference. The chopper allows one beam at a time to the detector while

blocking the other one since it consists of a transparent, a mirror and a dark segments.
The double beam mode is normally found in modern spectroscopes. The reference beam
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intensity is set to 100 % transmission and the detector measures the intensity ratio of the
sample and the reference. The advantage of double beam over single beam is that any
fluctuations in the light source, detector or electronics are removed each time a
measurement is taken [91].

(a) . gReference beam§
Mirror, v
A .
Visible lamp :
2 Chopper
Detector
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A
Diffraction
grating&
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Figure 3.4 (a): Schematic of a double-beam spectrophotometer setup. In this
setup, the light beam is split into 2 beams by a chopper. One beam is used as
a reference and other beam is used to probe the sample.
I,
(b)

Figure 3.4(b): Schematic of a typical integrating
sphere. The sample is mounted 3° tilt from the normal
incident in order to avoid the light scattering back
from the front port. Iy and I, represent the specular and
Reference  diffuse reflectance light intensity, respectively.

beam

iffuser

The instrument measures the intensity of light as a function of wavelength. It actually
measures the transmitted light, i.e. the ratio between light that is coming out of the
sample and the incident light (I,).

Transmission =1/ (3.1

The extinction, which usually describe the light absorbed and scattered by the sample,
can be determined from the obtained transmission spectrum by,

Extinction = Absorption + Scattering = 1- I/ I, (3.2)
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The scattering can be measured separately by the diffuse reflectance accessory (DRA).
The DRA setup contains an integrating sphere and a detector located either on the top or
bottom of the sphere (Figure 3.4(b)). The integrating sphere is a hollow spherical cavity
whose wall is coated with a high reflecting material, which in principle reflects all light
several times until the light reaches the detector. The optical absorption can be finally
calculated from the equation 3.2. The Cary Varian 500 and 5000 double-beam
spectrophotometers were used in the thesis for performing optical characterizations on
the prepared samples.

3.6.4. Photoluminescence Spectroscopy

Photoluminescence (PL) spectroscopy measures the intensity of luminescence as a
function of wavelength, temperature, excitation intensity, and time. It is a unique, highly
sensitive, and non-destructive method to probe the electronic energy levels and defects in
a given material using the PL intensity, peak position, and line width at ambient
conditions. Analysis of these parameters helps understanding the underlying physics of
the recombination mechanism in semiconductors. Recombination of photogenerated
charge carriers can dissipate energy both radiatively and non-radiatively. PL
spectroscopy measures only the radiative recombination of charge carriers. A typical PL
setup is shown in Figure 3.5. The setup consists of a laser source, optics, and a detector.
The excitation laser source photons excite electrons from the VB to the CB and leave
holes in the VB. Since an excited state is not stable for the electron, it falls back to the
ground state by emitting a photon corresponding to the bandgap energy and/or other
energies below the bandgap if the electron is trapped in defects and impurities. The
emitted light is collected by a microscope objective and sent to the detector. Non-
radiative recombination (emission of phonons) is one of the competing processes because
the thermal energy (lattice vibration) can dissociate the exciton from trapped or impurity
sites. The analysis of such defect or trap states can be obtained from temperature-
dependent PL measurements (4 K to RT). From these measurements, the activation
energy of thermal quenching can be extracted. By varying the excitation energy, one
could measure the concentration of the excited electronic states. In the time-resolved
photoluminescence (TRPL) measurement, a laser pulse is used to excite the material and
the decay of PL intensity transient yields the lifetime of charge carriers.

The setup employed for PL. measurements as follows: We used a 325 nm wavelength He-
Cd laser (cw) as an excitation source. The laser light was illuminated on part of the
sample that was freely hanging in the air from the sample holder to avoid any
contributions from the holder. The laser was shot at a certain angle on the sample in order
to prevent scattered light reaching the detector. An optical fiber detector was used to
collect the luminescence from the front side of the sample through a microscope
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objective. For the low-temperature measurements, samples were placed inside a
cryogenic chamber and the measurement was done in the temperature interval from 10 K
to RT. The laser beam intensity used for both RT and low-temp measurements was ~6
mW. TRPL was investigated at 10 K by employing 372 nm wavelength laser (Pico
Quant, 50ps-pulsed, 2 mW @ 40 MHz) as an excitation source. The selected spectral
region was filtered out from the total PL signal using imaging spectrograph (HORIBA
Jobin Yvon, iHR320) and registered by photon counting system (Becker&Hickl,
PMC100, TCSPC, MCP) with overall time resolution of ~50 ps.
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Figure 3.5: Schematic of a typical PL setup. The laser light is shot on the sample
surface at a certain angle in order to avoid the incident light reaching the detector.
The emitted light is collected by a microscope objective from the front side of the
sample.

3.6.5. LSPR Spectroscopy

LSPR spectroscopy is a versatile optical characterization technique for in sifu monitoring
of local changes in the (metallic) NPs environment or in the particles themselves. As will
be explained in the chapter 4, the LSPR frequency depends on the size, shape, material,
and the local dielectric environment medium. The plasmon frequency will shift by
manipulating any of these parameters. The shift can also be caused by changes in
electronic density in the NPs provided that other mentioned parameters remain constant,
as given in the expression 3.3,

O omen = (N M e,) " (3.3)

plasmon —

where N, e, m’, and ¢, are the concentration of electrons, charge of an electron, the
effective mass of electrons in the conduction band, and the vacuum permittivity,
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respectively. According to the expression 3.3, the plasmon frequency is directly
proportional to the square root of the density of electrons (i.e. the number of free
electrons in the volume of metal NPs). In other words, the plasmon frequency shifts to
the blue side if the electron density increases or to the red side if the electron density
decreases. Based on changes in plasmonic peak position, one can deduce the charge
transfer from TiO, to plasmonic particles (and vice versa) as well as chemical stability of
particles (oxidation and corrosion) in real time. The spectroscopy setup used in the work
consisted of a fiber optics spectrometer, a visible source, an UV source, and a quartz
cuvette containing an aqueous solution (either milli-Q or methanol). The solution was
bubbled with nitrogen gas to maintain inert conditions around the NPs. The sample was
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Figure 3.6: A simple LSPR spectroscopy setup. Visible light is irradiated
normal to the surface while the UV light is irradiated at a certain angle. The
transmitted light is sent through the fiber optics spectrometer to the detector for
analysis.

placed in the solution and irradiated with visible light normal to the surface to excite the
plasmons. In order to study charge transfer from TiO, to metal particles (Paper IV), an
UV LED (A=365 to 367 nm) was used to excite the TiO, at a certain angle, as shown in
Figure 3.6. The transmitted light was collected by an optical fiber and the detector signal
was sent to a computer for processing. In paper V, we used this technique to monitor
changes in the copper NPs (supported on TiO,) chemical stability (oxidation/reduction) in
water under the bandgap illumination.

3.6.6. Raman Spectroscopy

Raman Spectroscopy is an analytical technique relying upon inelastic scattering of
monochromatic light (typically a laser) with molecules as a result of molecular excitation
such as vibration, rotation, etc. The working principle of Raman Spectroscopy is based on
the Raman effect as illustrated in Figure 3.7. When the laser light strikes the molecule, it
distorts the electronic cloud and causes polarization. The molecule distortion induces a
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dipole moment P=aE, where o is the molecular polarizability which determines the
distortion of the electronic cloud. Since light contains a time-varying periodic electric
field (E), the molecule starts to oscillate periodically with a characteristic frequency. It is
known that when charged particles vibrate, they emit electromagnetic field. The emitted
scattering light from the molecule can have three different characteristic frequencies.

Rayleigh scattering: A molecule in its lowest ground vibrational state (V,) is excited to
some virtual states after absorbing a photon of frequency (f;). Eventually the excited
molecule relaxes back to its original ground state (V,) by emitting a photon. In Rayleigh
scattering, the emitted frequency (f,) is the same as the incident frequency. This is
referred to elastic scattering, as there is no shift in frequency. The Rayleigh scattering is
not Raman-active mode.

Stokes shift: A molecule (Raman-active) is excited to a virtual state from its lowest
ground vibrational state with the help of a photon (f,). When it relaxes back, it lands in
one of the higher ground vibrational states. The difference between incident and emitted
photon frequency (f,-f,) is referred to as Stokes shift. The emitted photon energy (f,) is
red shifted.

En‘Ergy Virtual excited vibrational state energy
::"r?:::::::::::‘}:::::'_:::::T'_;::'_
Rayleigh Stokes Anti-stokes
\ scattering shift shift
Laser light
fo fo fo (fo'fs) fo (fo+fas)
}Ground state
SN 99 vibrational levels
Ground state electronic energy

Figure 3.7: Energy level representation of the Raman effect with different active
modes.

Anti-Stokes shift: At the time the Raman-active molecule is already in one of the higher
ground vibrational states during excitation. It then relaxes back to the lowest ground
vibrational state by emitting a photon (f,,). The resulting difference between incident and
emitted photon energy (f,+f,,) is referred to as anti-Stokes shift. In this case, the emitted
photon is blue shifted.

The inelastic Raman scattering is relatively very weak as compared to Rayleigh elastic

scattering. Care must be taken to separate Rayleigh scattering and fluorescence emission
from the Raman scattered light reaching the detectors. There are some advanced Raman
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spectroscopes such as Surface enhanced (SERS), resonance Raman, tip-enhanced Raman,
etc., which gives enhanced Raman scattered signal. Raman spectroscopy encompasses
wide applications in chemistry, solid-state physics, and biology.

In this thesis, Raman measurements were carried out by a LabRam spectrometer using a
He-Ne laser of 632.8 nm light with a beam intensity of 1.76 mW. The use of Raman in
our work was mainly to characterize the crystalline phase of the carbon and TiO, films.

3.6.7. X-Ray Diffraction and X-ray Photoelectron Spectroscopy

X-ray diffraction (XRD) is a technique to analyze the crystalline structure and
composition of a material. XRD is based on the interaction of a monochromatic x-ray
beam with a crystal lattice. Since the crystal lattice represents a periodic arrangement of
atoms in 3-dimensions, it can act as a grating element to diffract/scatter the x-rays. The
scattered waves from the atomic lattice can interfere constructively under special
conditions and give rise to sharp interference maxima with the same symmetry as in the
distribution of atoms in a given material. The criteria for constructive interference to
occur according to Bragg’s law is given by,

2d sinO = nA (3.4)

where d, 0, n, and A are the distance between the lattice planes, diffracted angle,
diffraction order, and the wavelength of the x-ray, respectively. In this thesis, XRD was
used to characterize the crystalline phase of as-deposited and annealed TiO, films using a
Siemens D5000 diffractometer with a step size of 0.03 degree and time/step of 2 seconds.

X-ray photoelectron spectroscopy (XPS) is a technique to analyze the chemical state and
elemental composition of a material primarily in the surface region. In XPS, an x-ray
beam irradiates the material and emits the core-level electrons. The binding energy of the
electrons can be determined by detecting the kinetic energy of the emitted electrons from
the material. Though x-rays can penetrate down to 1 mm in the material, the mean free
path of the electrons is on the order of 10 nm. So, XPS is a surface sensitive technique
and the sampling depth is less than 10 nm from the surface. The electronic structure of
the elements is very unique, so it is also elemental sensitive. Based on the shift in binding
energy, the chemical state of the material can be determined. In this thesis, we used XPS
to analyze the chemical state of the Cu NPs and graphene oxide using PHI 5500 XPS
system at a base pressure of 10" mbar.
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3.6.8. Gas Phase Chemical Reactor

Gas phase chemical reactor is a small (micro) reactor chamber where chemical reaction is
normally taking place on a (photo) catalyst material. It is generally high sensitive to
evaluate and optimize the performance of a thermo or photocatalytic activity. The
microreactor can be used for liquid phase reactions as well. Simply speaking, the
reactants in gas or liquid phase are fed to the reactor, by small channels, to take part in
chemical reactions on the (photo) catalyst and then products are withdrawn through
another end of the reactor for further analysis by mass spectrometry (MS) or gas
chromatography (GC). The reactors can be operated both in batch and continuous or flow
mode. In batch mode, the reactants are filled once in the reactor. After a while, the reactor
is closed and brought to the desired temperature and pressure. These conditions are
maintained for the time needed to achieve the desired conversion. In continuous or flow
mode, there is continuous flow of the reactants to the reactor and continuous withdrawal
of the products from the reactor[92]. Microreactors are fabricated from a variety of
substrates such as silicon chip, quartz, metals, polymers, ceramics, and glass depending
on the available fabrication techniques and the application. The advantages of a
microreactor over conventional reactors are the following [93]; It provides high mass and
heat transfer. It is safer and environmentally friendly as small amounts of chemicals
being used. The residence time of the reactants flow is small because of small
dimensions, which results in high space velocity [94]. It offers possibility to regulate
parameters like pressure, flow rate, and also the residence time.

3.6.9. Mass Spectrometry

Mass spectrometry (MS) is a versatile method to quantitatively analyze the molecular or
atomic mass of individual compounds. Simply saying, it is an analytical technique for
weighing molecules based on the mass-to-charge ratio (m/z) of ions. The basic schematic
of a mass spectrometer is shown in Figure 3.8. It involves three basic steps to map the
spectra of masses[95].
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Figure 3.8: A block diagram of a common mass spectrophotometry
instrument. The source region, mass analyzer, and the detector are
maintained in ultra-high vacuum (UHV).

The first step is the conversion of analyte molecules or atoms into gas-phase ionic
species. This is normally done in the source region (ionization source) where neutral
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molecules are converted into ionic species (charged) by adding or removing an electron
to or from the molecule. During the ionization process, the excess energy transferred may
break the molecules into characteristic fragments. The charged ionic species are now
accelerated into a mass analyzer with the help of the applied electric field. The mass
analyzer is the central part of the mass spectrometer, where charged ions or their
fragments are separated according to their m/z ratio. The quadrupole mass analyzer
(QMA) is the most used analyzer in the mass spectrometer. The QMA consists of four
circular metal rods arranged parallel to each other. A fixed DC and alternating RF
potential is applied across the rods. The ions that are produced in the source enter the
middle of the rods where their motions are controlled by the electric field. This allows the
mass analyzer to filter only ions of a particular m/z. In other words, ions of particular m/z
value that have a stable trajectory will reach the detector. Different ions can be filtered
and sent to the detector by changing the RF value applied to the rods. The diameter and
length of the rods determine the resolution and mass range [96]. Finally, the detector
measures the ion current from the mass-separated species. The detected signal is
amplified and displayed on the computer in the form of a mass spectrum.

3.7. Experimental Setup for the Photocatalytic Tests

The photocatalytic experiment setup consists of the following main parts:
(1) Photoreactors
(i1) Optics

Reactants
inlet

Cooling water
jackets

Microreactor

Figure 3.9: A photograph of the microreactor setup used in this work. Picture shows
different parts in the setup. The microreactor is connected to a quadrupole mass
spectrometer. Light is focused on the center of the sample using lenses and aperture.
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Photoreactors: We used two different photoreactors to test the activity of the prepared
samples. The first reactor used in the work was the third generation photoreactor which
was designed and built in our lab. The reactor chamber is made of a tiny stainless steel
cylinder of ~880 ul volume. It is closed on both sides by fused silica windows and sealed
with O-rings. The reactor is connected online to a quadrupole mass spectrophotometer
(QMS-VG), via a small capillary tube, for monitoring the reaction products. The reactor
temperature is controlled by an external heater and water-cooling system and monitored
by a thermocouple placed in the reactor in contact with the sample. The photoreactor
setup mostly used during the thesis is shown in Figure 3.9.
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Figure 3.10: Illustration of the microreactor detection system. The QMS traces different
subsequent processes in batch mode. Here the reactants are methanol and oxygen and the
product is carbon dioxide. (a) The QMS signal of background gases and the reactants in the
reactor before the light is turned on. (b) Showing in sifu photocatalytic reaction under
illumination. Note the decrease of the reactants and the corresponding increase of the
product (CO,).

The experiments described here were carried out in batch mode. The pressure inside the
reactor was kept close to the atmospheric pressure, but it can be varied from about 107
mbar to slightly above the atmospheric pressure. The QMS itself is placed in an UHV
chamber and operated at 10”7 to 10" mbar. Due to difference in pressures between the
QMS chamber and the reactor, the gases inside the reactor leak into the QMS chamber.
The reaction products are followed directly with only 3-5 seconds delay. Typical
different subsequent processes in batch mode followed by QMS signals are illustrated in
Figure 3.10. The example shows the signal from an empty reactor. As can be seen in the
figure, there are some background gases always present in the reactor but they are in a
negligible amount. The next step is to let the reactants mixture (methanol and oxygen)
into the reactor from a small container. The corresponding m/z ratio of the reactants
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mixture is followed on the monitor. The reactor valve is closed after the reactants
pressure has reached equilibrium with the container. The reactants are now enclosed in a
small volume of the reactor. The QMS shows distinctly each detection step (Figure 3.10
(a)). After a while, the sample mounted inside the reactor is irradiated by a mercury lamp.
The light initiates a chemical reaction on the surface of the sample. In our case,
photooxidation of methanol produces CO, and H,O as end products. Here the CO, mass
signal is monitored. As soon as the light is turned on, the CO, mass signal gradually starts
to increase at the same time the reactants mixtures start to decrease (see Figure 3.10 (b)).
After the light is turned off, there is neither increase in CO, nor decrease in the reactants
mass signal, implying the reaction is non-thermal.

The second photoreactor used during the thesis work was the gas phase microreactor
made from a silicon chip with a dimension of 16 x 20 mm* and 0.35 mm thick. The
reactor has a large frontal circular illumination area of 0.78 cm” with the chamber volume
of about 240 nl. The reactor has two inlets for gas flow and the reactor products are led to
the QMS through a capillary. Details of the reactor system can be found in references[94,
97]. The test reactions used in the reactor was gas phase carbon monoxide photooxidation
and ethylene photooxidation in flow mode.

Optics: The optics part consists of light sources, different set of filters, and lenses. The
light source plays an important role in photocatalytic experiments. We employed both
xenon (Xe) and mercury (Hg) arc lamp in the photocatalytic experiments. These light
sources offer wide range of spectral wavelength approximately from ~250 nm to ~1100
nm. We used the non-polarized continuous wave 100 W Hg arc lamp (HBO) in the
stainless steel photoreactor. In the silicon microreactor, we used a 1000 W Xe arc lamp.
In addition to them, we also used Hamamatsu UV LED (A =365 to 367 nm). Use of
neutral density filters and apertures allowed regulating the photon flux incident on the
sample. We used Hoyo U-340 short-pass filter (A=250 nm to 380 nm) and Schott GG420
long-pass filter (A=400 nm to 700 nm) to test the samples in the UV and visible region,
respectively. In addition to them, we used Oriel band-pass filter with a bandwidth of 20
nm to irradiate the plasmonically active samples close to their plasmonic resonance
wavelength. A combination of high and short focal length lenses were used to focus light
on the sample. A water filter was mounted in the lamp unit to remove the infrared part of
the light. Typical light intensity used in this work was ranging from 20 to 350 mW/cm’.
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This chapter deals with the effects of incorporating carbon and metals in the form of a
nanometer thick film or as nanosized particles in the TiO, photocatalyst system. It also
presents insights into underlying mechanisms of photocatalytic activity of such
nanocomposites. The chapter is divided into two parts: the fist part outlines the role of
carbonaceous materials and the second part highlights the effects associated with
optically active metallic NPs with emphasis on LSPR-related phenomena.

4.1. Nanocomposites with Carbon and Optically Active Metal NPs

As discussed in the chapter 2, the quantum efficiency of TiO, in solar energy applications
is restricted by light absorption only in the UV and the fast photogenerated electron-hole
recombination. Some of the approaches have already been mentioned in that chapter as to
how to minimize these problems. Here, we concentrate on the approach of designing
nanocomposite functional photocatalysts using either carbonaceous nanomaterials or
metallic NPs in the TiO, matrix. The term nanocomposite refers to the dimension of the
constituting materials (< 100 nm) and their synergy effect.

The thickness of TiO, studied in this thesis has been restricted to be in the nanometer
range (below 100 nm). Two requirements should be generally satisfied for an efficient
transformation of solar energy: (i) higher light absorption and (ii) efficient separation of
photogenerated charge carriers without recombination. The first process requires thicker
films to absorb more light. The second process requires thin films to separate charge
carriers effectively with minimal recombination. There is a trade-off between light
absorption and charge separation in terms of choosing the thickness of materials. This
problem can be alleviated with the help of nanocomposites without compromising the
chosen TiO, thickness[30, 81].

Two model nanocomposites schemes have been investigated in this thesis with the aim of
improving the charge carrier separation and extending the light absorption into the visible
range. The first design is based on nanometer thin of TiO,/carbon films, where the carbon
is in the form of graphite, graphene or amorphous carbon. The second composite scheme
consists of thin TiO, films decorated with metallic NPs. It is designed with the aim of
addressing the role of LSPR effects in TiO, photocatalysts. Attention is paid in both cases
to understanding charge carrier dynamics in TiO, using different spectroscopy methods.
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4.2. TiO,/Carbon Nanocomposites

Carbon materials in different forms and with different properties play important roles in
heterogeneous catalysis processes acting as an adsorbent, catalyst support or even as
catalyst on its own[98]. The attention to carbonaceous nanomaterials is due to their
relatively low cost, relevant physical and electronic structure, and ability to control the
properties of the photocatalysts through composition and fabrication. They have greater
probability and capacity to contribute to the approaches discussed in the chapter 2 for
photocatalytic enhancement of TiO, [70, 99].

One interesting factor about carbon is its ability to form bonds in different manners with
its neighboring carbon atoms, resulting in different allotropes. Graphite and diamond are
the naturally occurring crystalline form of carbon. However, there exist a large number of
other synthetic or natural carbon materials in different forms: carbon nanotubes,
fullerenes, glassy carbon, highly ordered pyrolitic graphite (HOPG), activated carbon,
carbon black, amorphous carbon, etc. Since graphene and graphitic-like carbon have been
used in this thesis, some of their physical and electrical properties relevant for the
photocatalytic applications will be briefly presented in the following sections.

4.2.1. Graphite

Graphite is a naturally occurring mineral with layered and planar structure. It has sp’
hybridization configuration in which one s-orbital and 2-p orbitals are hybridized,
forming three o (sigma) bonds in a trigonal fashion with three neighboring carbon atoms.
The o bond is very strong and rigid forming the layered planar hexagonal or aromatic
rings structure (graphene) along the plane (basal plane). The remaining P, orbitals of the
carbon atoms form the so-called 7 (pi) bond. The m bond is relatively weaker and
delocalized over the entire layer. The planar-layered structure of sp® carbon atoms are
connected either side by these ; bonds, giving rise to 3-dimensional graphite. Due to
these weak st bonds, the sheets can slide with respect to each other. This property makes
graphite as a good lubricant. The C-C distance of the planar double bonds is 1.42 A in
length whereas the distance between the planes (c-axis) is 3.37 A[100].

Optical absorption and electrical conductivity in graphite is mainly arising from the
delocalized 7t orbital electrons. The 7t states are weakly bound and lie closer to the Fermi
energy. The bonding m states form the top of the VB and the anti-bonding st* states form
the bottom of the CB. The energy separation between these two states is spanning from
zero to relatively narrow value. As a consequence, the material has strong absorbance in
the UV-VIS-NIR range. On the other hand, the sigma states also create bonding (o) and
anti-bonding o* states, which are located quite far away from the Fermi level. The energy
separation between them is larger compared to the 7 bands. Hence it is used for high
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frequency applications. Graphite is highly anisotropic due to the strong covalent bonding
between the atoms. As a result, it has much higher electrical conductivity along the basal
plane compared to the perpendicular direction. The semi-metallic nature arises from the
fact that only a low density of states (DOS) is available close to the Fermi energy
compared to metals that have higher DOS [101].

4.2.2. Graphitic-like Carbon

Graphitic-like amorphous carbon represents a type of carbon, which is neither perfect
crystalline nor complete amorphous. It is predominately composed of sp® microstructures
lacking long-range crystalline order. It exhibits short-range order and has smaller
domains of nanocrystallites.

Graphitic-like carbon were used in TiO,/Carbon nanocomposites model studies (papers I,
I1, and III) and prepared in high vacuum (~10° mbar) by electron-beam evaporation using
poly-crystalline graphite as a source in high vacuum. This process results in thin films
with preferentially sp® bonded nanocrystallites (under right process conditions, see
experimental sections). The property of evaporated carbon films can be well
characterized by Raman spectroscopy. The Raman spectra of evaporated films indicate
generally the ratio of sp® and sp’ contents present in the films.

Figure 4.1 shows typical Raman spectra of thin (~20 nm) evaporated carbon films
prepared in this work. The Raman spectrum of annealed (~800° C) films has 2 well-
resolved peaks that are characteristic for graphitic-like carbon[102, 103]. The peak
located around 1380 cm™, called the D-peak, is assigned to a so-called breathing mode of
six-fold carbon rings, and the peak appearing around 1580 cm™, called the G-peak, is
associated with stretching modes in the carbon rings. The D-peak normally appears for
defective graphite and indicates nanocrystallites in the films. At the same time, narrow
and well-resolved D and G peaks represent existence of larger crystallites in the structure.
Note that the D- and G-peaks of as-deposited films merge with each other (and broader),
implying smaller crystallites with more amorphous nature.

Another way of assessing the quality of graphitic-like carbon films is to measure their
electrical resistivity. The standard way of measuring electrical resistivity of thin films is
the four-point probe method. The measured sheet resistivity (R,) of carbon films of
different types and annealing conditions is summarized in Table 4.1. The resistivity was
measured across several different places on the surface. From Table 4.1, it is evident that
the annealed carbon films have improved conductivity and good homogeneity.
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Figure 4.1: Raman spectra of 20 nm thick evaporated carbon films with
and without a thin titanium adhesive layer. Annealed films exhibit two
well-resolved peaks, which are not visible clearly for as-deposited films.

Interesting to note here is that a thin titanium adhesion layer (~3 nm) beneath carbon
promotes graphitization and yields lower resistivity. Annealing temperature also
influences the degree of crystallinity in the films. The increased conductivity of annealed
carbon films is a result of restoring of sp® bonding in the network.

Table 4.1: Effect of annealing temperature on the sheet resistivity of e-
beam evaporated carbon films

Annealing temperature Ti (~3 nm)/carbon Carbon (20 nm)

(S (20 nm) R (K€/0O)
R (K€/O)
Room Temperature 2.29 67.58
224 67.96
225 68.26
500 1.60 1.81
1.58 1.82
800 0.79 1.57
0.78 1.61
0.80 1.58
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4.2.3. Graphene

Graphene is a 2-dimensional, single-atomic plane, and flat honeycomb structure. It is the
basic building block for all other dimensionality carbon materials. The 2-D nature of the
crystal renders unique physical and chemical properties to graphene. These unique
properties are interesting for wide range of applications such as electronics[104],
(photo)catalysis[105, 106], energy storage[107], solar cells, etc. Being one atom thick, it
has good optical transparency in the visible range (~90 %) [108], which makes graphene
a potential candidate in opto-electronics applications[104]. Charge carriers can travel
thousands of interatomic distance before collision in graphene. The charge carrier
mobility can reach up to 15,000 cm*> V' S at ambient conditions and is weakly
dependent on temperature[109]. In addition, graphene possesses high surface area, good
thermal, and mechanical properties. More details about graphene and its related
properties can be found elsewhere[109, 110]. Some of these properties are also of interest
for the TiO, photocatalytic applications. With the advent of different preparation
methods, it is easy to synthesize graphene with low cost and high quality[111-115]. All
these factors make graphene a potential candidate in the TiO, photocatalytic systems.
There are several reviews in the literature focusing on the contributions of graphene to
the TiO, photocatalyst systems[99, 105, 114, 116-118].

4.2.4 Role of Carbonaceous Materials in TiO, Photocatalysis

Carbon in different forms can contribute to improve the photocatalytic governing
parameters such as light absorption, surface area, and charge carrier dynamics. Some of
the proposed effects contributing to better photocatalytic performance is illustrated in
Figure 4.2 and is summarized in Table 4.2.

Surface area modification: Carbon has earlier been mainly used as a support for metal
catalysts to maintain a highly dispersed state of the active phase[119]. Activated carbon
(AC) has been extensively used for this purpose, i.e. to provide high surface area for
Ti0,.AC is a porous amorphous carbon structure with porosity ranging from less than 1
nm (micropores) to greater than 25 nm (macropores) and has high surface area of about
~700 to 1200 m*/g[120]. The support also enhances immobilization of TiO, powders. The
AC material is not merely a support but to some extent its interaction with TiO, can also
influence the photoactivity (a synergy effect)[119]. The origin of this effect arises from
higher adsorption of the reactants on the AC surface followed by transfer of the reactant
molecules to TiO, through the interface between TiO, and AC[121-123].

Bandgap narrowing: Bandgap engineering is aimed intentionally at narrowing the
bandgap of TiO, in order to extend light absorption into the visible region. Though there
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have been attempts of using various metallic dopants, bandgap narrowing demonstrated
with carbon has gained significant attentions[72, 73, 123]. Though the exact mechanism
of carbon doped TiO, is still debatable, it is accepted that the addition of carbon in the
TiO, lattice causes a significant bandgap narrowing[124], resulting in red shift of the
absorption spectrum ranging from about 0.1 eV to 1.05 eV[123]. The difference in red
shift is assigned to how the carbon dopant replaces atoms in the lattice and in general
depends on the preparation methods. The nature of carbon dopant state in the TiO, lattice
has been claimed to form different bonds such as Ti-C, O-Ti-C or states such as C 2p

E(eV E(eV
() 4
Ev

(a) (b)

Carbon

Figure 4.2: (a) Surface area modification of TiO, deposited on activated carbon (b) Energy level
diagram of carbon-dopant induced localized energy levels in the TiO, bandgap (Horizontal broken
solid lines) and bandgap narrowing of TiO, (vertical dotted line). The solid vertical line represents
the bandgap of undoped TiO, (c) Energy level diagram of charge carrier separation at the interface
between conducting carbon and TiO,. Here E, and E; denotes the Fermi and vacuum energy level
positions.

mid-gap states caused by mixing of the O 2p and C 2p states[123]. In other words, carbon
as dopant introduces either different localized energy levels in the bandgap or broadens
the valence band. It is also demonstrated that the concentration of carbon doping in TiO,
is one important factor for observing visible light activity of TiO,. For example, low
carbon content does not lead to any significant visible light activity whereas larger carbon
content leads to visible light activity[75]. Several studies demonstrated photocatalytic
water splitting and organic compound degradation in the visible region for carbon-doped
TiO, [72, 73, 123]. The photocatalytic enhancement achieved in the visible region seems
to correlate with the preparation method. Some studies have pointed out that carbon
dopant states in TiO, are highly undesirable because they promote charge carrier
recombination[125]. It should be noted that visible light absorption in TiO,/carbon
system does not directly imply enhanced photocurrent or photocatalytic activity in the
visible region[126]. Some studies even have pointed out that electronic interactions
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between carbon and TiO, at the interface causes the visible light activity[117, 127, 128].

Charge carrier dynamics: Carbon plays vital roles in suppressing charge carrier
recombination in TiO,. The ability to suppress charge carrier recombination lie in the
conducting properties of carbon as well as in its favorable energy level positions with
respect to the TiO, conduction band. In this regard, fullerene (0-D)[129, 130], carbon
nanotubes (CNTs, 1-D)[128], graphene (2-D)[114], and graphite (3-D)[131] have similar
ability to suppress charge carrier recombination in TiO, composites.

Upon illumination of TiO, with a UV photon, an electron in the VB is excited to the CB,
leaving a hole in the VB. The excited electron is transferred to the adjacent carbon film.
In this way, conducting carbon materials act as sink for photogenerated electrons[132,
133] and thereby improve charge carrier separation in TiO,. The proposed mechanisms
for charge carrier separation is the same for all types of conducting carbon
materials[134]. However, factors such as interfacial area, defects, optical, and electronic
properties differentiate their performance. For example, CNTs have the capacity to store
1 electron per 32 carbon atoms[133]. The electron storage of conducting carbon is
assigned to a large array of carbon double bonds and defects in it[133, 135]. The
conducting nature of carbon improves charge transport in composites, for example, when
it is anchored with dye-sensitized solar cell[136].

Table 4.2: Different forms of carbon used in TiO,/Carbon composites and their contributions to the
photocatalytic performance

Types of carbon Role of carbon in Improved TiO, parameters
TiO, matrix
Activated carbon, carbon Support Surface area
black
Carbon atoms Dopants Visible light absorption
Carbon nanotubes (CNTs) Composites Surface area, light absorption, charge
carrier dynamics
Graphite Composites Charge carrier dynamics, light absorption
Graphene Composites Surface area, light absorption, charge

carrier dynamics
Fullerene Composites Charge carrier dynamics

CNTs and graphene have the capacity not only to prolong the charge carrier lifetime but
also improve the surface area and extend the light absorption into the visible region. In
this way, they contribute to achieve all of three approaches discussed in the chapter 2 for
the photocatalytic enhancement of TiO,. Based on the discussion above and from the
results obtained from the thesis, the contribution of the following three parameters are
suggested for the improved carrier separation in TiO,/Carbon composites:
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1) Band level alignment
2) Maximized physical interface
3) Electrical conductivity

4.3. TiO,/Metal Nanocomposites
4.3.1. Metals as co-catalysts

Addition of metal particles as co-catalysts to the semiconductor-based photocatalytic
systems has several effects on their performance. In such functional co-catalyst systems,
metal particles like Au, Ag, and Pt not only provide active sites for chemical
transformations but also act as charge separation center to accept photogenerated
electrons from TiO,[30]. However, this functional co-catalyst system does not address the
problems of extended light absorption, light penetration depth, minority charge carrier
diffusion, etc., in the semiconductor[30]. These problems can be addressed with the help
of designing TiO,/Metal NP composite systems.

4.3.2. Metals at Nanoscale

Metals at nanoscale (<100 nm) possess some unique properties in comparison to their
bulk counterparts. When approaching materials dimcensions down to the nanoscale, two
interesting physical phenomena become clearly visible in favor of photocatalysis. The
first one is that the surface to volume ratio increases i.e. the number of surface atoms is
higher than the bulk atoms. This phenomenon not only affects the thermodynamic
properties but also dramatically affects the electronic structure and its associated optical
properties of metals. The second phenomenon relevant for catalytic applications is
associated with shorter charge transfer path lengths. New effects are observable when the
particle size is shorter than the mean free path. In the next section, we will discuss the so-
called nanoparticle plasmon resonance phenomenon and their associated effects.

4.3.3. Localized Surface Plasmon Resonance

Localized Surface Plasmon Reosnance (LSPR) is one of the unusual optical phenomena
manifested in metal particles at nanoscale resulting in enhanced light absorption and
scattering in the near UV-VIS-NIR ranges. Excitation of LSPR arises from the resonant
interaction of a metal’s electron cloud with the incident light[29]. This interaction causes
polarization in the metal NPs, i.e. displacement of the free electrons collectively and
coherently with respect to nuclei. The positive nuclei (more correctly the atoms minus
their valence electrons, usually called the ‘“core”) act as a restoring force in
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a similar way as in a simple harmonic oscillator. As a consequence, the electronic cloud
oscillates forth and back with respect to the positive core. At certain frequency, the
oscillation of the electronic cloud is in resonance with the incoming light frequency. This
frequency is called the (localized) surface plasmon frequency and lies in the near UV-
VIS-NIR ranges for metals like Au, Ag, etc. The similar excitation of a plasmon in a
continuous metal thin film is called a propagating surface plasmon resonance, since the
plasmon wave travels along the metal and the dielectric interface. On the other hand, the
excitation in metal NPs is called a localized surface plasmon resonance (non-

propagating).

LSPR is strongly sensitive to the shape, size, and specific material of the NP, and also to
the local dielectric environment. An important feature of LSPR is that the resonance
frequency can be tuned to a desired range by manipulating those parameters. The exact
solution of light extinction (sum of absorption and scattering) by small spherical NPs was
presented analytically by Gustav Mie in 1908 by solving Maxwell’s equation[29]. There
are different numerical models proposed to find an exact solution also for different
shapes of metal NPs. With the help of the electrostatic approximation model, one can
simply explain the physical origin of LSPR. This model assumes the size (R=radius) of
the NP to be much smaller than the wavelength of light (A), i.e. R<< A, so that the electric
field is constant (static) over the particle at a specified time. This results in excitation of a
surface plasmon as a dipolar mode, as shown in Figure 4.3, with polarizability as
expressed by,

Electric field
part of EMS

Electronic cloud

Metal nanoparticles

Figure 4.3: Schematic representation of the excitation of dipolar mode LSPR in
a metal NP. Upon interaction with light, the electronic cloud in the metal NP is
displaced with respect to fixed positive core creating a dipole. The Columbic
interaction acts as a restoring force to bring back the electronic cloud into
equilibrium.
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where P, a, E,, €, R, €., and € are the dipole moment, polarizability, incident electric
field, the vacuum permittivity, radius of the metal particle, the dielectric constant of the
surrounding medium, and the complex dielectric constant of the metal particle,
respectively. The complex dielectric constant of the material is described by the
expression g= g _ (w)+ig, (w), where the real part represents polarization and the
imaginary part represents energy loss such as absorption and scattering[29]. The
resonance condition for LSPR is obtained by setting the denominator of the expression

4.2 to zero, ie. g, (w)=-2¢, (g, ()= 0).

The dielectric function of a metal according to the Drude model can be expressed as
[137],

. 43
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where w,, Y, N, e, and m, are the bulk plasmon frequency, damping constant, electron
density, charge of an electron, and effective mass of the electron, respectively.
Combining expression 4.2 and 4.3, one can obtain the LSPR frequency for Drude type
metal NPs (assuming a negligible damping constant Y),

Wp

w =
LSPR /—2 Em+ 1

4.5)

The absorption and scattering cross-sections of LSPR for the time varying
electromagnetic field with wave vector (k) can be defined as[138],

— _ 3 E~Em )
Cabsorption_k Im(a) = 47kR Im(£+2£m (46)
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scattering_6n, a - 3 S+2€m .

Wave vector k = 27/ 1
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+C (4.8)

CExtinction_ Cscattering absorption

According to the above expressions (4.6 and 4.7), the scattering is proportional to R’
whereas the absorption is proportional to R’ implying that the scattering dominates for
larger particles whereas absorption dominates for smaller particles.

The shifts in plasmon frequency of a metal NP towards the red side of the spectrum due
to a change in the local dielectric environment other than vacuum can be understood as
follows. The polarization field in the NP induces polarization in a nearby dielectric
material at the interface. The induced polarization in the nearby dielectric reduces the
restoring force of the electronic cloud and thereby decreases the frequency of the
oscillation and causes red shift of the plasmonic peak. The red shift of plamson frequency
due to changes in size of NP can be explained as follows: When the particle size becomes
comparable to the wavelength of the incoming light (R~A), the electrostatic
approximation is no longer valid in which case electrodynamics is required to solve the
problem. As the particle size becomes bigger than the wavelength of the incident light,
the incident electric field is not uniform over the particle at any given time. So, the
collective excitation of electronic clouds will not be in phase within the particle. This will
consequently cause a red shift in plasmonic resonance and broadening of the peak. This
phenomenon is referred to as dynamic depolarization[139].

From the experimental plasmonic peak spectrum, one can deduce the following
parameters. The plasmonic peak position corresponds to the resonance frequency of the
given metal NP. The full-width at the half maximum (FWHM) of the peak represents the
lifetime (T,) of plasmon resonance as FWHM = 2h/T, (for a single particle or ensembles
with no spread in size and shape) i.e. the smaller the peak width the longer the lifetime
and vice versa. Inhomogeneous broadening of the peak represents poly-dispersity in the
particle sizes[140]. For particles smaller than the mean free path of the electrons, the
surface will scatter the electronic cloud[141] and dampen the plasmon in addition to the
bulk damping effects, resulting in peak broadening. For bigger particles, as shown in the
expression 4.7, the scattering dominates and as a consequence the lifetime of the plasmon
is reduced, resulting in peak broadening.

4.3.4. Plasmonic Energy/Charge Transfer Mechanisms in TiO,
The lifetime of the plasmon resonance is on the order of femtoseconds[137]. The decay
of the plasmon resonance can be radiative (scattering) or non-radiative (absorption in the

particle itself). The plasmonic energy decay can be effectively coupled or transferred to a
nearby semiconductor, for example TiO,, which in that case is another lifetime reducing
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channel. The transferred energy/charge can be used to enhance the performance of TiO,.
Four different possible plasmonic energy transfer mechanisms have been proposed to
account for enhanced photocatalytic activity in TiO,/metal NPs composites[30] (see,
Figure 4.3).

Near-field enhancement
Far-field scattering
Hot-electron transfer
Plasmonic heating

B W =

The physics behind these mechanisms and how they can be utilized in the TiO,
photocatalyst systems is briefly described in the next paragraphs and summarized in
Table 4.3.

(a)

Figure 4.4: LSPR energy transfer mechanism from the metal NP to TiO, (a) Near-field
enhancement (b) Far-field radiative scattering (c) Hot-electron transfer from the metal NP to TiO,
(d) Plasmonic heating. For the mechanisms (a) and (b), the plasmon energy should be equal to or
greater than the bandgap of TiO, whereas the mechanism (c) and (d) the plasmon energy does not
have to be equal or greater than the bandgap of TiO,.

Near-field enhancement: Excitation of surface plasmon resonance creates polarization
in the particle i.e. displacement of free electrons coherently and collectively with respect
to the positive. These polarizations create an electric field locally around nanoparticles
(both inside and outside). This field is enhanced strongly at resonance due to higher
polarizability according to the equation 4.2. This non-propagating localized field in the
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immediate vicinity of nanoparticles is called the near-field. The distribution of the field
around the particle is not homogeneous implying that the strength of the field is higher at
the edges and sharp points. The field strength has exponential decay dependence from the
surface of the particles, so the field intensity is higher in the vicinity of the particles.
Sometimes this intense field at resonance in the region between two closely placed
particles is called ‘hot spots’.

From the plasmonic resonance spectrum, the lifetime of LSPR can be deduced as T,
=2h/T',,,, [142], where T, and I',, are the lifetime or dephasing time of plasmon
resonance and FWHM, respectively. The dephasing time is directly proportional to the
so-called field enhancement factor[142] and the parameters that affect the lifetime of the
plasmon are local dielectric environment, size, and shape of the particles. The near-field
is reduced for bigger particles because of creation of multipole resonance mode and
dynamic depolarization of plasmon. So, in order to achieve enhanced field, the size of
NPs should be 2R < 0.1\, g (5 to 20 nm in diameter) [81, 143].

The intense near-field can be used to enhance charge carrier generation rate in TiO, or
improve separation of charge carriers generated in the TiO, film. In this way metal NPs
can be viewed as a sub-wavelength optical antennas, which interact with external light in
space and amplify and confine it down to the nanoscale locally in a nearby
semiconductor. The criterion to transfer plasmon energy to the TiO, film through near-
field effect is that the plasmon energy must be equal to or greater than the bandgap or
sub-bandgap energy level of the TiO,. The near-field effect is the basis for
nanoplasmonics-based chemical and biological sensors. It has been demonstrated in
several reports that the near-field effect is also the origin for enhanced photoactivity of
TiO,/metal nanocomposites in the visible region[144-147].

Far-field scattering: One of the decay pathways of surface plasmon resonance is the
dissipation of the plasmon energy radiatively. This plasmon relaxation process is strongly
dependent on the size of the particles as shown in the expression 4.7. According to this
expression, the probability of scattering increases with bigger particle size and is
dominant for particles above 30 nm sizes. The resonant far-field effect is perceived as the
elastic scattering of incident light at resonance. The scattered light is symmetric in the
forward and reverse directions for the particles embedded in a homogenous medium. In
the case of particles placed at a TiO,-air interface, light will then preferentially scatter
into the dielectric with the larger permittivity[81]. The scattered light spreads angularly in
the TiO, film resulting in extending the effective optical path length and thereby
increases the absorption rate. The criterion to improve absorption rate through far-field
scattering in TiO, is that the resonance energy must be equal to or greater than the

55



4. Nanocomposite Photocatalysts

bandgap and sub-bandgap energy levels of TiO,. There is only a very few studies
proposed this pathway for enhanced activity of TiO,/metal composites [148].

Hot-electron transfer: One other decay pathway of LSPR is the dissipation of the
plasmon energy non-radiatively, i.e. absorption of the plasmon energy (Landau damping)
by the NP itself via internal e-h pair excitation. Landau damping is dominant for smaller
particles (R< 5nm) [149]for which the absorption cross-section is higher than the
scattering cross-section. This absorption creates single photon excitation (of an e-h pair)
in the metal particles. The generated hot-electron could be transferred into the TiO,
conduction band when TiO, and the metal particles are in direct contact with each other
and if there exists proper matching of excited hot electron energy levels in the metal with
the conduction band of TiO,. In this case, the hot-electron is transferred from the metal
particles to TiO,. For example, the Schottky barrier between Au and TiO, is about 1 eV,
so the hot-electron should have enough energy to cross over this barrier (near the top of
the barrier, but below it, tunneling many also be effective). It should be also mentioned
that the e-h pair recombination rate in metals is high, so the size of the particles should be
closer to the mean-free path of the electrons in the metal. However, it is not clearly
understood yet as to what extent this hot-electron transfer is feasible and how the size of
the particles influences the transfer rate. There are several studies that quote this
mechanistic pathway for the observed enhanced photoactivity of TiO,/metal
composites[150-153] but ambiguity remains. It has been also proposed that the particle
size and preparation methods play an important role here[154]. For particles smaller than
the mean free path of the electron, there is likely high probability that the electrons can
tunnel into the TiO,. This decay of surface plasmon is called chemical interface
damping[155].

Table 4.3: LSPR related energy/charge transfer mechanism and their
effects in a nearby semiconductor

LSPR-related effects Criteria Possible improvements in TiO,
in the visible region
Near-field enhancement Eispr = Eysc) Increased e-h pairs
and d=0.1A  generation/separation rate
Far-field scattering Eigpr = Eysc) Increased absorption rate
and d = 30-
50 nm
Hot-electron transfer d <30 nm Increased photocurrent
Plasmonic heating d <30 nm Increased catalytic activity

Plasmonic heating: This effect is similar to the third mechanism in which plasmon
relaxation leads to absorption in the particle itself creating single electron-hole pair. The

56



4.3, Ti02/Metal Nanocomposites

plasmons will generally relax through electron-electron (<100 fs), electron-phonon (1-10
ps), phonon-phonon (~100 ps) interactions[150]. The hot-electron transfer mentioned
above should occur before thermalization of particles (lattice vibration). Otherwise the
plasmon relaxation through absorption in the particles leads eventually to heating the
particles. This plasmonic energy transfer mechanism is referred to as plasmonic heating.
The temperature created around metal particles at resonance is high enough with
relatively small optical power and is localized both spatially and temporally[156]. This
effect is believed to increase the reaction rate of catalysts supported or unsupported on a
metal oxide layer [157]. The thermal effect also depends on the size of the particles,
geometry, heat conductivity of the surrounding medium, and the incident light
intensity[137, 157, 158]. Our conclusion is that careful studies are needed to elucidate the
thermal effect in photocatalysis. This mechanism is hardly quoted for TiO,/metal NPs
composites whereas it has been quoted in few studies as the origin of the improved
catalytic activity[159].

4.4. TiO,/Cu Nanocomposites

This model composite has been prepared to photocatalytically reduce CO, to hydrocarbon
fuels using water with the help of solar energy. Since the CO, photoreduction process
involves only water and CO, and it produces useful hydrocarbon fuels, it is one of the
potential routes to create a sustainable carbon cycle. In other words, it is a promising way
to mitigate the monotonic increase of anthropogenic CO, concentration in the atmosphere
and associated global warming. The production of methanol and methane from the CO,
photoreduction process requires 6 and 8 electrons, respectively as shown in the equations
4.9 and 4.10.

6.
2C0O,+4H,0 <------ > 2CH,;0H+ 30, 4.9)

8hv
CO,+2H,0 <------ > CH,+20, (4.10)

Figure 4.5 shows the energy band position of different semiconductors versus CO, redox
potential at pH 5 [160]. According to this diagram, the TiO, conduction band position is
slightly lower than the reduction potential of CO,. The challenge here is to choose
efficient co-catalyst materials to reduce CO,. In the literature, different kinds of metal
catalysts have been tested for the CO, photoreduction system. Among all studied metal
catalysts, copper has the capability to catalyze CO, to hydrocarbons because of its
physical and chemical structure [161-163]. In the first step of photoreduction on the metal
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electrodes, CO,is reduced to CO and is followed by protonation of CO to hydrocarbons.
It is believed that the adsorption ability of CO on the Cu surface is neither too strong (Pt,
Ni) nor too weak (Au) in comparison to other metals[161-163], thus making Cu a suitable
material for the CO, reduction system. Detailed mechanisms of CO, reduction on the Cu
surface can be found elsewhere[164].
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Figure 4.5: Illustration of energy band positions of different semiconductors versus water and CO, redox
systems at pH=5[160].

It has been reported that Cu particles on TiO, exist in different oxidation states such as
Cu’ (metallic), Cu'(Cu,0), and Cu" (CuO). It has been pointed out in several studies that
the Cu' (Cu,0) state is the active site for influencing the CO, photoreduction rate[165-
167], while some other studies have pointed out that the Cu" (CuO) state is the active site
in such systems[168]. It is therefore important to follow the chemical stability of copper
because it might affect the product selectivity. In this respect, TiO,/Cu NPs composites
were prepared to study the nature of Cu NPs in water environment in-situ using LSPR
spectroscopy. Cu NPs were fabricated on TiO, films by hole-mask colloidal lithography.
As a control sample, Cu NPs deposited on fused silica were used.

The chemical nature (oxidation/reduction) of copper is probed in-situ by simply
monitoring the shift of surface plasmon resonance peak. One of the beauties of this
composite system is that here Cu NPs function both as a co-catalyst to perform the
desired catalytic reaction and also as a plasmonic sensor to monitor the chemical status of
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the particle in real-time. In the present study (paper V), we used the Cu NPs for the latter
purpose. One possible mechanism (see Figure 4.6) of the TiO,/Cu photocatalytic system
is assumed to be as follows[165]: First electron-hole pairs are created in TiO, with the
help of UV light irradiation. It is believed that the Cu NPs on the TiO, surface can trap
the photogenerated electrons. The trapped electrons are subsequently used to reduce the
adsorbed CO, on the Cu NPs. The photogenerated holes are used to reduce water to
oxygen. During the electron transfer from TiO, to Cu NPs, the density of electrons in Cu
is increased, which gives rise to a shift in plasmon frequency. If the copper is already in
an oxidized form, the transferred electrons will reduce Cu back to metallic form. Based
on the position of the plasmonic peak shift, the oxidation nature of Cu NPs can be
extracted along with other surface characterization techniques such as XPS.

HC, 0,

Photoreduction

CO,+H*

0,,H*

Photooxidation

H,0

Figure 4.6: Illustration of a conceptual CO, photoreduction scheme on the
TiO,/Cu photocatalytic system. Here HC represents hydrocarbons such as
methane.
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5. Summary of Results

This chapter summarizes the results presented in the appended papers and the results
of some unpublished works. The results of the unpublished works will be found in the
Appendix (Al to A4).

5.1. Summary of Appended Papers

Paper 1

‘Preparation and Characterization of TiO,/Carbon Composite Thin Films with
Enhanced Photocatalytic Activity’

Paper I describes the preparation and characterization of photocatalysts consisting of
TiO,/carbon composite films. The prepared samples have characteristics of anatase
phase for titania films and graphitic-like for carbon films after annealing. The
graphitic-like carbon films restrict the growth of titania crystallites in composite
films. As a result, the crystallite size of titania was slightly smaller in composite films
than in bare titania films, as confirmed by Raman and XRD measurements. It was
observed that the optical absorption spectra of composite films red shifted in
comparison to bare TiO,. The origin of the red shift was believed to be the electronic
effect between graphitic-like carbon and TiO, nanocrystals at the interface. The
reaction performance of the investigated samples was evaluated by photocatalytic
oxidation of methanol as a model reaction. The photoactivity of bare titania films was
compared with composite films of similar thickness. Bare titania films with different
thicknesses show less photocatalytic activity compared to composite films. We also
noticed that the photoactivity of the samples increase as the film thickness increases.
The increased photoactivity, as the film thickness increases, is a result of the
increased optical cross-section of the films. However, if the thickness of the film
reaches an optimum value, the photoactivity showed no further increment.

On the other hand, composite films show an enhanced photoactivity as compared to
bare titania films. The origin of the enhanced activity was ascribed to synergy effects
at the interface between the smaller nanocrystallite titania and graphitic-like carbon.
The observed variation in activity for different thicknesses of composite films was
understood in the same way as described for single titania films. Besides, the smaller
crystalline size of titania in composite films would also contribute to improved
activity via providing more surface area for the reactants.
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Paper 11

‘On the Mechanism of Enhanced Photocatalytic Activity of Composite TiO,/Carbon
Nanofilms’

Paper II is a continuation of paper I explaining the origin of enhanced photocatalytic
activity of composite films in terms of charge carriers dynamics. The latter was
studied by photoluminescence (PL). The observed PL spectra at RT were broad
(extending from 450 to 750 nm) and centered around ~630 nm (1.96 eV) and ~611
nm (2.02 eV) for bare and composite films, respectively. The origin of the broad peak
luminescence was attributed to self-trapped excitons (STEs) due to strong lattice-
electron interaction. The increase in PL intensity for thicker films was attributed to
higher optical cross-section. In comparison to bare TiO, films, lower PL intensity
was observed for composite films. The observed PL quenching in composite film was
believed to be a consequence of the efficient charge carrier leakage due to energy
band alignment at the graphitic-like carbon film and titania nanocrystalline interface.
In order to emphasize the band level effects, we prepared a sample consisting of a 15
nm Si0O, spacer layer in between the carbon and titania films. Our results showed that
the PL intensity for bare samples and those with a SiO, spacer layer are similar in PL
intensity. The result suggested that the spacer layer inhibits the charge carrier transfer
due to the high energy barrier for the electrons. The resistivity of the annealed carbon
films was found to be relatively lower than for the non-annealed films as revealed by
the four-point probe measurement. This result reflects the semi-metallic nature of the
prepared carbon films. The conducting carbon possibly forms a heterojunction at the
interface of titania and facilitates the effective transfer of the electrons from titania to
the carbon film (band bending). The low temperature measurement (T= 10 K)
revealed no trace of carbon doping in composite films. The dynamics of
photogenerated charge carriers were measured by time-resolved PL measurements to
probe the influence of the carbon films in composites. We estimated a shorter lifetime
for composite films in comparison to bare titania films. We assigned the shorter
lifetime mainly to the charge carrier leakage at the interface, in addition to minor
contribution of inferior crystallinity obtained from the Huang-Rhys model.

Paper 111

‘Influence of Synthesizing Techniques on the Photocatalytic Performance of
Graphene/TiO, Nanocomposites’

Paper III focuses on elucidating the influence of different graphene synthesizing
techniques on the photocatalytic performance of TiO,/graphene composite systems.
Graphene was prepared by widely used techniques namely catalyst-assisted chemical
vapor deposition (CVD), catalyst-free CVD, and spin coating from a commercially
available graphene oxide solution. The catalyst-assisted grown graphene is also called
transferred-graphene, since it involves first growth of graphene on a copper catalyst
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foil and then transfer of graphene onto fused silica. The catalyst-free method allows
synthesizing graphene directly on fused silica without the assistance of catalysts, so it
is referred to as transfer-free graphene. The solution processing technique involves
deposition of graphene in solution/suspension by spin coating. Special attention was
given to the electrical conductivity and surface morphology of graphene. The
prepared graphene was characterized by AFM, four-point probe, and PL techniques. It
was observed from AFM that graphene prepared by different methods exhibit
different morphologies. It was determined from the four-probe techniques that the
sheet resistivity of catalyst-assisted graphene was lowest, followed by catalyst-free
and solution processed graphene. The prepared photocatalysts showed enhanced
photoactivity compared to bare TiO, for methanol photooxidation in the UV region.
However, the enhanced photocatalytic activity was different for the different
preparation techniques. The enhanced activity was attributed to improved charge
carrier separation as confirmed by PL measurements. It was also revealed from PL
studies that the charge carrier lifetime of catalyst-assisted graphene was lower
compared to catalyst-free graphene, implying that the former has fewer defects than
the latter. This trend was also observed in the photocatalytic activity as well as in
sheet resistivity measurements. From these results, we confirmed that graphene
prepared by different techniques have great effects on the photocatalytic performance.
Finally, the graphene composites were compared with composite catalysts based on
graphitic carbon and Au thin films, in order to further emphasize the importance of
interface and electrical conductivity on the performance of the photocatalysts.

Paper 1V

‘Effects of Plasmon Excitation on Photocatalytic Activity of Ag/TiO, and Au/TiO,
Nanocomposites’

Paper IV deals with the role of LSPR-related effects of metal NPs such as Au and Ag
on the performance of undoped TiO, photocatalyst systems. Plasmonic near-field, far-
field, hot-electron transfer from NPs to TiO, and thermal effects are generally
considered for photocatalytic enhancement of TiO, composites. The aim of this paper
was to elucidate these different plasmonic related mechanisms in undoped TiO,
photocatalysts by using different irradiation conditions to excite plasmon and
semiconductor separately and simultaneously. We designed three different generic
configurations in order to provide different conditions for the plasmonic excitation
and de-excitation processes. In the designed configuration S1 and S3, NPs were
decorated above and beneath TiO,, respectively and NPs were in direct contact with
Ti0,. In the designed configuration S2, NPs were isolated from TiO, by a thin SiO,
spacer layer. From the SEM and optical characterizations, it was observed that Ag
contained samples of configuration S3 are not stable. The fabricated samples of
different configurations were then evaluated by methanol and ethylene photooxidation
tests in two independent photoreactors system. Irrespective of the oxidation tests, the
samples of all configurations qualitatively exhibited a significant enhanced
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photocatalytic activity compared to bare TiO,. We suggest two possible mechanisms
for the enhanced activity (i) improved charge carrier separation due to interfacial
charge transfer of electrons from TiO, to metal NPs, when they are in direct contact
with each other and (i) plasmonic near-and far-field effects, when there is
overlapping of the plasmonic band with the TiO, absorption band. The interfacial
charge transfer mechanism was demonstrated using the samples with different
configurations of Au in methanol by LSPR spectroscopy. The plasmonic near-and far-
field effects were observed for Ag particles isolated from TiO,. This was confirmed
by varying the SiO, spacer layer thickness, since the near-field intensity has
exponential distance dependence. We observed a decrease in photocatalytic
performance as the thickness of SiO, was increased. The samples irradiated only in
the visible region showed no activity, as the plasmon resonance energy is lower than
the TiO, bandgap energy. Simultaneous irradiation of samples with both visible and
UV showed no enhanced activity compared to UV illumination.

Paper V

‘Oxidation of Copper Nanoparticles in Water Monitored in situ by Localized Surface
Plasmon Resonance Spectroscopy’

Paper V investigates the chemical stability of Cu NPs, deposited on TiO,, in water
under UV illumination. Disc-shaped Cu NPs (80 nm diameter) were prepared by the
HCL method on photocatalytically active TiO, films (50 nm thick). As a control
sample, we prepared Cu NPs on an inert fused silica substrate. The fabricated samples
can be used as model photocatalysts for the CO, photocatalytic reduction system in
aqueous environment. In such systems, Cu NPs act as a co-catalyst to reduce CO, to
hydrocarbon fuels. The aim of this paper was to monitor the dynamics of copper
oxide formation in water in sifu and real time using LSPR spectroscopy. The Cu NPs
here also functioned as a plasmonic sensor to probe the chemical changes. We
monitored plasmonic peak shift (A, pr) and extinction maximum (Mgyy) in dark and
under UV illumination to investigate the oxide formation on the Cu NPs. We
observed a blue shift of the plasmonic peak under UV for Cu NPs on TiO, and
assigned it to formation of Cu oxide, shrinkage of the metallic core and partial
photocorrosion. For comparison, no blue shift was observed for Cu NPs on the inert
fused silica substrate. The Cu oxide formation was confirmed by post-irradiation XPS
measurements. Comparing the findings made by in situ monitoring of the Cu NPs
oxidation in water with the post-irradiation characterization analysis, we conclude that
LSPR spectroscopy enables to monitor the oxide growth on the Cu NPs, even under
reaction conditions.
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5.2. Summary of Unpublished Results

Appendix Al: We found that the carbon nanostructures prepared by the HCL method
have the ability to improve the interfacial area (between carbon and TiO,) and the
optical absorption of TiO,. The lack of photocatalytic activity for the nanostructured
carbon/Ti0, in comparison to the thin carbon films/TiO, was due to the left over of
PMMA residues after the HCL method.

Appendix A2: We found that Au NPs prepared by the HCL method irrespective of
their configurations in the TiO, photocatalytic system showed a negligible
photocatalytic enhancement in comparison to bare TiO,. The result was due to the
presence of PMMA residues after the HCL fabrication method. No visible light
photocatalytic activity was observed for TiO,/Au samples, since the plasmon
resonance energy of the Au NPs is below the bandgap of TiO,. Plasmon mediated
hot-electron transfer from the Au NPs to TiO, was not observed due to bigger size
particles.

Appendix A3: We found that Au/TiO, nanocomposite systems under oxygen lean
conditions yield H, and CO, as the end products in the methanol photooxidation test,
whereas under the oxygen rich conditions, the systems yield only CO,. The
production of H, was assigned to either methanol reforming or water reduction on the
composites. The photochemistry mechanism was the same for Pt/Ti0, nanocomposite
systems irrespective of the oxygen’s partial pressure.

Appendix A4: We found that the role of air, water, and methanol medium on the
charge carrier separation rate in the TiO, photocatalytic system. The charge carrier
separation rate in different media was demonstrated by LSPR spectroscopy. The
result showed that the charge carrier separation was higher in methanol medium,
followed by water and air.
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6.1. Conclusions

The central part of the thesis was to fabricate and characterize model nanocomposite
photocatalysts consisting of TiO,/Carbon films and TiO,/Metal NPs, with emphasis on
understanding their underlying photocatalytic operational mechanisms. Characterization
included both physical methods to characterize the samples, and measurements of
photocatalytic activity. The main preparation aim was to improve charge carrier
dynamics in TiO, and to extend its light absorption into the visible part of the
electromagnetic spectrum.

We succeeded in developing reproducible fabrication methods for making undoped TiO,
thin films with control over the size of the nanocrystallites, morphology of the surface,
and their photocatalytic activity. The prepared photocatalysts were extensively
characterized by a number of analytical methods (SEM, AFM, Optical spectroscopy,
XPS, Raman, and XRD) and their photocatalytic activity was tested with different
experimental setups, environments, and reaction conditions.

In a similar manner, we designed, fabricated, characterized, and tested the activity of a
variety of TiO,/Carbon and TiO,/Metal nanocomposite systems. These composite
photocatalysts were used as models to elucidate the operational mechanisms under
different regimes of irradiation and reaction media.

The following conclusions are drawn from the performed preparation work and
experimental photocatalytic studies.

6.1.1. TiO, Films
(1) The prepared TiO, films after annealing at 500°C yielded polycrystalline anatase
phase and was confirmed by XRD and Raman.
(2) The TiO, films were dense and consisted of smaller nanocrystalline particles.
(3) Optimum thickness of TiO, was found to be around 50 nm for effective charge
carrier transport to the surface.

6.1.2. TiO,/Carbon Nanocomposites
(1) Prepared carbon films after annealing at 800°C featured characteristic
nanocrystalline graphitic peaks in the Raman spectrum.
(2) Composite films exhibited a red shift in the optical absorption spectrum compared
to bare TiO, films. It was assigned to electronic effects at the interface between
carbon and TiO, films.
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(3) Composite films showed a significant photocatalytic enhancement in the
methanol photooxidation test system compared to bare TiO, films. The
enhancement was due to efficient charge carrier separation at the interface.

(4) The charge carrier separation was confirmed by photoluminescence (PL)
measurements. We observed reduced PL intensity and shorter lifetime for the
composites, indicating the leakage of photogenerated electrons from TiO, to the
carbon films.

(5) TiO,/graphene samples prepared by different synthesizing techniques yielded
different physical (surface morphology) and electrical (conductivity) properties,
as revealed by AFM and four-probe measurements.

(6) A significant enhanced photocatalytic activity was observed for TiO,/graphene
composites compared to bare TiO,. The enhancement was assigned to improved
charge carrier separation at the titania-graphene interface and was confirmed by
PL spectroscopy measurements.

(7) The differences in photoactivity among composites were related to the quality of
graphene prepared by different methods.

6.1.3. TiO,/Metal Nanocomposites

(1) Three generically different configurations of TiO,/Metal (Au, Ag) nanoparticles
(NPs) were designed and fabricated to address the role of LSPR-related effects in
undoped TiO, photocatalyst systems.

(2) Composites showed significant photocatalytic enhancement (up to x100 for some
configurations) compared to bare TiO, films.

(3) The observations were statistically confirmed in two independent photoreactor
systems.

(4) The enhanced activity was attributed to (i) interfacial electron transfer from TiO,
to metal NPs for metal NPs in direct contact with TiO, (ii) Plasmonic near-and
far-field effects when there is an overlap of the plasmonic and TiO, absorption
band.

(5) The interfacial charge transfer mechanism was demonstrated using LSPR
spectroscopy.

(6) No visible light activity was observed since the plasmon energy of the prepared
Au and Ag particles was below the bandgap of TiO,.

(7) TiO,/Cu composites were prepared to address the stability of Cu nanoparticles in
water environment.

(8) The real time and in situ observed plasmon peak shifts were interpreted as
evidence for the oxidation and (photo) corrosion of Cu NP.
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6.2. Outlook

It has been tremendous experience to work in a field that is fairly new to me. Although
we have contributed some evidences to the understandings of the photocatalytic
mechanisms of the studied composite photocatalyst systems, there is still many questions
to answer to improve and many aspects to explore and elucidate. We have pointed out
some of these things in the Appendix. One task regarding preparation is how to get rid of
PMMA residues in the HCL fabrication technique. I believe that this issue could be
solved, for instance, using O, plasma etch or annealing the samples in a controlled
environment after nanofabrication. However, it is not clear whether all kinds of
nanostructured materials can be treated with these procedures.

Since methanol photooxidation has been used to evaluate the fabricated photocatalysts, it
would be valuable to better understand the photochemistry mechanism of methanol
reactions on the TiO, surfaces for these composite systems. For instance, systematically
varying the partial pressures of oxygen and methanol would be a good starting point. The
microreactor setup should be improved in order to accommodate different in situ
characterization techniques such as optical UV-VIS spectroscopy and infrared
spectroscopy, so that we can monitor different things in real time while the photoreaction
is ongoing.

In this thesis, we adopted methanol photooxidation as a test system to evaluate the
photocatalytic performance of the prepared photocatalysts. The samples prepared in the
thesis should also be tested photoelectrochemically in the future, in order to learn more
about the operating mechanisms. We have done some preliminary measurements but we
faced stability issue of samples in aqueous environment.

Composite systems were designed to improve charge carrier separation and extend light
absorption in the visible region. We observed improved charge carrier separation for the
prepared composites compared to bare TiO,. We observed extended light absorption in
the visible region but no activity was observed from the visible region. This should be
carefully looked into in the future.

Composites, under UV illumination, improve charge separation by transferring
photogenerated electrons to carbon films or metal NPs. It is not clearly understood yet
what these electrons might do after the charge transfer, because neither the carbon films
nor the metal NPs are exposed to the reactant environment in our systems. Would these
transferred electrons lead to charging effects or somehow be leaked to the surrounding
environment? A careful attention should be paid on this to address the fate of transferred
electrons.
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Interfacial charge transfer mechanism demonstrated by LSPR spectroscopy in methanol
should be extended to other media and different compositions of samples. The system
needs further optimization in terms of creating inert environment and interpreting
observed blue shifts. Plasmonic related effects in TiO, should be further explored and
demonstrated with designing different sizes of metallic particles and reaction
environments.

TiO,/Cu nanocomposite systems need to be optimized further in order to understand the
chemical nature of Cu and its role on product selectivity. More measurements (such as
photocatalytic test) and characterizations (such as XPS) are required to understand the
underlying photocatalytic mechanisms in such systems.
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Additional Results not Presented in the Appended Papers

This section presents the results that are not discussed in the appended papers but are still
within the scope of the thesis. Most of the results discussed in this section involve impact
of NPs prepared by the hole-mask colloidal lithography (HCL) method on the TiO,
photocatalytic performance.

Appendix 1: TiO2/Carbon Nanostructures by HCL

It was demonstrated in paper I that model TiO,/graphitic carbon films enhance the
photocatalytic performance compared to bare TiO, films. The enhancement was
attributed to improved charge separation at the interface between carbon and TiO, films.
The prepared carbon films in paper I were 2-dimensional flat films. We attempted to
further improve the interfacial contact between carbon and TiO, by fabricating
nanostructured films using the HCL method. First, a thin film (~150 nm) of carbon was
deposited on fused silica followed by deposition of gold nanoparticles (Au NPs) of 300
nm and 190 nm diameters by the HCL method. The Au NPs were used as etch masks for
the carbon films. The etch was performed by oxygen plasma to a depth of 100 nm.
Finally, the Au NPs were removed by the wet etching method (iodine-based gold
etchants). The resulting structure has carbon discs of 100 nm height standing on the 50
nm thick carbon films. In addition to this type of sample, one more sample was prepared,
depositing a thin layer of silver (~2 nm thick film) onto the carbon nanostructures in
order to enhance the optical absorption through excitation of LSPR.

Figure A1 (a and b) shows representative SEM images of the carbon nanodiscs (300 nm
diameter) with and without Ag. The discs were distributed homogeneously with short-
range order. In between the discs, the surface of the carbon films appeared rougher with
very smaller nanostructure that is due to oxygen plasma etching. The smaller bright
feature seen on the Ag sample was the formation of smaller Ag islands. In fact, this type
of carbon nanodiscs have the ability to exhibit geometric optical resonances[169]. The
peak around 250 nm observed in the spectra (Figure A2 (a)) is assigned to plasma etch
roughening of the surface[170]. In general, geometric resonance of nanostructures red
shifts with increasing particle size provided that the refractive index of the material
remains unchanged[170]. However, such kind of trends was not observed clearly for the
fabricated nanostructures. There is, however, a small bump in the spectra around 450 nm
that might be excitation of a geometric resonance of the carbon nanostructures. For the
Ag samples, the peak appeared around 360 nm is assigned to excitation of LSPR in
smaller Ag particles.
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Figure Al: SEM images of HCL fabricated samples (a) Carbon nanodiscs (b) Carbon nanodiscs

with Ag NPs (c) and (d) SEM images of (a) and (b) after the deposition of TiO,. The top insets in

all images shows magnified version of single NP. The bottom inset in (c) shows a hexagonal

crystalline feature. The size and height of discs are 300 nm and 100 nm, respectively. The discs are

supported on 50 nm thick carbon films. The scale bar on all images is lum.
Figure A1 (c and d) shows SEM images of carbon nanostructures after the deposition of
a 50 nm thick TiO, films. The prepared TiO, films were very dense and consisted of
smaller grains/particles observed clearly in the top inset of Figure Al (¢ and d). The
bottom inset of Figure A1 (c) shows some layers of hexagonal structure. Such structures
appear randomly across the sample. They are considered to be formation of crystalline
graphitic flakes resulting from smaller nanostructure in between the carbon discs after
thermal annealing. However, they are not visible for the bare carbon nanostructure. The
origin of such crystalline structures is not clearly understood yet. The observed bright
features in the Ag containing samples are agglomeration and protrusion of Ag particles
after thermal annealing of TiO, at 500 °C.

The crystallinity of composites plays a very important role in governing the
photocatalytic performance. Raman spectroscopy is a good tool to assess both TiO, and
carbon crystalline structure. Figure A2 (b) displays Raman spectra of composite
nanostructures with and without Ag nanoparticles. The peaks observed at around 148,
199, 391, 502 and 631 cm’™ are characteristics of the anatase phase of TiO,[131]. The
peaks at around 1341 and 1581 cm™ are typical peaks of nanocrystalline graphitic carbon
films as described in the chapter 4. It is confirmed from Raman studies that the carbon
layers have graphitic-like crystalline structure and TiO, is composed of the poly-
crystalline anatase phase. In addition to that, the peak intensity (148 cm-') of the Ag
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Figure A2: (a) Optical extinction spectra of carbon discs of 190 nm and 300 nm diameter
with (solid line) and without Ag (dotted line) (b) Raman spectra of TiO,/carbon discs with
and without Ag. Inset shows the Raman spectrum of bare carbon discs.

sample is almost one order of magnitude higher than the sample without Ag. This
enhanced peak intensity is attributed to surface enhanced Raman scattering due to LSPR
effect of Ag NPs. It is also noticed that the Raman scattering signal of TiO, (148 cm-') on
carbon nanostructures is slightly higher than the TiO, on flat thin films in paper I,

implying that the carbon nanostructured surface favors improved crystallinity of TiO,.
The inset of Figure A2 (b) shows Raman spectra of bare carbon nanostructure, which

also exhibits characteristic graphitic-like crystalline structure.
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The photocatalysts were tested in a home-built microreactor setup (described in paper I)
using gas phase methanol photooxidation as a model reaction. The general methanol
photooxidation reaction is shown in equation A.l. According to this reaction, the final
products are CO, and H,O. We followed the CO, mass spectrometer signal to estimate
the photocatalytic performance of all the samples in the thesis (the detection of water is
not difficult and it was not used because of complication with the background mass
spectrometer signal of water). It should also be mentioned that we did not observe any
intermediate products such as formaldehyde (CH,0O), formic acid (CH,0,), etc., during
the photoreaction.

hv
2CH,0OH+30, ------ > 2 CO,+ 4H,0 (A.1)

The samples were irradiated with photons in the spectral range between 250 nm to 380
nm using filtered radiation (Hoya-340 filter) from a Hg lamp source. Monitored CO,
mass signal from this photoreaction is plotted versus time in Figure A3. The samples
without Ag showed initially no photocatalytic activity for some hours (not shown). After
that, they became photocatalytically active. On the other hand, samples with Ag showed
considerable photocatalytic activity (not shown). Comparing the photocatalytic activity of
thin flat carbon films and the carbon nanostructures with and without Ag, we were
surprised to observe lower photoactivity for carbon nanostructures than flat carbon films.
We speculate that the deposition of carbon nanostructures by the HCL method introduces
impurities and in particular residues of PMMA polymer during the process. In the final
step of HCL, the sample was immersed in acetone to lift-off the polymer PMMA. During
this lift-off, some residues of polymers would most likely have been left on the
nanostructure. May be this PMMA residues is blocking the charge carrier transfer
between TiO, and carbon films. After a few hours of UV illumination, the PMMA layer
seems to be disappearing partly or converted into some other forms and the sample
started to show significant photocatalytic activity.

To summarize the appendix A1, we found that the carbon nanostructures prepared by the
HCL method have the ability to improve the interfacial area (between carbon and TiO,)
and the optical absorption of TiO,. The lack of photocatalytic activity for the
nanostructured carbon/TiO, in comparison to the thin carbon films/TiO, was due to the
left over of PMMA residues after the HCL method.
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Appendix 2: TiO2/Metal Nanocomposites by HCL

Paper IV discusses the effect of metal NPs in different configurations with respect to the
reaction environment. In Paper IV, the size of the NPs was not varied and deposited by
thermal evaporation. Prior to this work, an attempt was made to manipulate the size of
metal NPs in order to tune the plasmon resonance over different spectral regions. We
chose to prepare Au NPs by the HCL method on a 25 nm thick TiO, films. SEM images
of fabricated Au nanoparticles of different sizes are shown in Figure A4. The prepared
TiO, films were composed of smaller crystallites or grains, as seen clearly on the first 2
images in the first row of figures. These images indicate the polycrystalline nature of the
prepared TiO,. The particles were distributed homogeneously as 2-dimensioal arrays with
short-range order and the variation in particles size is clearly observable. The surface

coverage of the particles was evaluated by the ImageJ software tool and is summarized in
Table Al.

Figure A4: SEM images shows the size and distribution of Au NPs prepared by HCL.
Here NPs are decorated on 25 nm thick TiO, films. The first 2 images in the row 1
represent thin films of TiO,. The scale bar on all images is 1um except the second image
in the first row (10 pm).

Optical characterization was performed by spectrophotometry in transmission mode as
shown in Figure AS. The increased in absorption in the visible to near-infrared range for
all composites is the excitation of LSPR modes in the Au particles. The peak shift is
consistent with increase in particle size since the plasmon resonance is sensitive to size of
the particle. As the particles size becomes bigger, the peak shifts toward the red side of
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the spectrum. The difference in peak intensity is due to difference in surface coverage of
the particles. For bigger particles (250 and 300 nm), the peak broadening is dominant due
to more damping in bigger particles. On the whole, the fabricated composites have well
defined optical extinction across the VIS and NIR ranges. The small steps seen at 800
and/or 900 nm on the spectra are the result of detector change over and/or grating change

over in the instrument.

Table A1: Distribution NPs size and coverage prepared by the HCL

method

Diameter of used

Mean diameter of

polystyrene (PS) NPs after Surface coverage (%)
colloidal beads (nm) fabrication (nm)
35 ~31 ~53
80 ~85 ~10.6
110 ~106 ~9.2
140 ~136 ~11
190 ~178 ~11.5
250 ~260 ~93
300 ~298 ~11.2
70 I I I I I I
60 L 35, 80,110,140,190,250,300 nm

Extinction(%)

400

Figure AS: Optical extinction spectra of Au NPs with different diameters
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prepared on 25 thick TiO, films by the HCL method.

The samples were tested in a microreactor (made from a silicon chip) using
photooxidation of carbon monoxide in flow mode in the UV region (A< 380 nm). The
tested samples showed photoactivity that is more or less closer to that of bare TiO, (not
shown). There was no visible light photoactivity observed while irradiating samples at
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their plasmon frequency. As explained in paper IV, the plasmon energy is not enough to
induce e-h pairs generation/separation in TiO, through near-and far-field effects. The
observed lower photoactivity in the UV region compared to NPs prepared in paper IV can
be explained clearly with Figure A6. As it can be seen from the figure, the sample
composed of Au (140nm) NPs on TiO, films (Figure A6 (a)) showed no photoactivity up
to a few minutes and then started showing a significant activity. The sample composed of
Au (80 nm) placed beneath TiO, (Figure A6 (b)) showed photoactivity comparable to
bare TiO,. The result is really contradictory to what was expected for these types of
composites. We speculate that some PMMA residue is present at the interface between
TiO,/Au NPs resulting in hindering interfacial charge transfer from TiO, to Au NPs.
After a few minutes, the residue is likely removed (oxidized) by TiO, and thus showed
significant photoactivity.
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Figure A6: The mass spectrometer signal of CO, (m/z=44) for the photocatalytic
performance of (a) Au(140 nm) on TiO, (b) Au(80 nm) beneath TiO, prepared by the
HCL method. FS in the schematic denotes fused silica substrate.

To summarize the appendix A2, we found that Au NPs prepared by the HCL method
irrespective of their configurations in the TiO, photocatalytic system showed a negligible
photocatalytic enhancement in comparison to bare TiO,. The result was due to the
presence of PMMA residues after the HCL fabrication method. No visible light
photocatalytic activity was observed for TiO,/Au samples, since the plasmon resonance
energy of the Au NPs is below the bandgap of TiO,. Plasmon mediated hot-electron
transfer from the Au NPs to TiO, was not observed due to bigger size particles.
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Appendix 3: TiO2/Metal Nanocomposites Prepared by Thermal
Evaporation

As mentioned in the appendix 2, the HCL method leaves some PMMA residues after the
final fabrication on the metal NPs. These leftover residues create problems in the overall
(photo)catalytic performance of the prepared model catalysts. In order to avoid this
problem, the NPs were prepared by thermal evaporation of metal thin films followed by
post-deposition annealing. This nanofabrication method is very easy, simple, and does
not involve any polymers in the fabrication process. In this study, both gold (Au) and
platinum (Pt) NPs were prepared and tested with focus on the dynamics of photocatalytic
reaction under oxygen rich and lean conditions. Pt is a good co-catalyst in TiO,
composite systems because of its potential ability to reduce water to hydrogen. The main
interest, however, was about how different placements of the NPs (Figure A9) with
respect to the reaction environment influences the photocatalytic performance.
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Figure A7: SEM images of as-deposited (a) Pt (b) Au thin films (c) Annealed Pt (d) Annealed Au.

Inset in (a) shows a magnified image of as-deposited Pt. The scale bar on all images is 100 nm. (e)
Optical extinction spectra of fabricated Pt NPs and (f) Au NPs.
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Figure A7 (a-d) shows SEM images of as-prepared and annealed Pt and Au systems. The
as-prepared metal thin films (nominal thickness 3 to 5 nm) appear irregular and
discontinuous on fused silica but after thermal treatment they form a quasi-spherical
shape. This fabrication procedure yields very dense and poly-dispersed particles with an
average diameter of 25 nm to 30 nm. In principle, the surface coverage and the size of the
particles can be changed by varying the deposited amount, the deposition rate and the
annealing temperature.

After the thermal treatment, the Au NPs prepared by this method exhibit inhomogeneous
plasmon resonances at around 536 nm (Figure A7 (f)). The inhomogeneity in the
plasmon spectrum arises from difference in size and shape of the particles. The as-
deposited Au particles show a broader and red shifted plasmonic peak at around 570 nm
due to bigger size and may be also different shape particles. Excitation of LSPR in Pt
NPs is different from classical Au and Ag plasmonic systems. The plasmon resonance in
metals is mainly characterized by their complex dielectric function. The real part of this
function represents polarization and the imaginary part represents damping such as
absorption in the material. The complex dielectric function is strongly frequency
dependent. Pt is characterized by a larger imaginary part of the dielectric function due to
its electronic band structure. Interband transitions in Pt are predominant due to the fact
that its d-band is much closer to the Fermi level compared to the case of Au where d-
band is located ~2.3 eV below the Fermi level. This interband transition in Pt dampens
the plasmon resonance in the investigated ranges (visible to near infrared) in this
material. Nevertheless, an asymmetric nanoparticle plasmon resonance is observed for
annealed Pt sample around 285 nm (Figure A7 (e)). The as-deposited Pt sample shows
no peak due to more damping and lack of distinct nanostructures, as seen from the SEM
images.
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The optical extinction of the composite samples shows distinct plasmon resonance for the
investigated size and shape of the particles. The red shift of the peak compared to bare
Au NPs is attributed to changes in the dielectric environment of the Au particles.
However, no plasmon resonance is observable for Pt/TiO, samples after deposition of
TiO, films due to oxidation of Pt sample and/or overlapping of the plasmon resonance
with the TiO, absorption band.
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Photooxidation of methanol was used as a model reaction to test the performance of these
photocatalysts. The test was performed in oxygen-rich and oxygen-lean conditions and
under UV illumination. At oxygen-lean conditions, the reactant container was
evacuated/filled with nitrogen gas prior to methanol filling whereas at oxygen-rich
conditions, the container was evacuated and filled with air prior to methanol filling. The
results of these reactions experiment are shown in Figure A9. The bar chart shows the
integrated CO, mass spectrometer signal under illumination. The Au-TiO, composites,
under oxygen rich conditions, produce only CO, (Figure A9 (a)) as the product. The
difference in CO, mass signals for the fabricated Au samples is related to the difference
in composition and configuration of the systems. Au particles placed beneath TiO,
showed higher activity than particles placed on top of TiO,. The Au NPs on the TiO,
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films shadow the active layer of the photocatalyst, which explains the observed lower
photoactivity. The increase in photoactivity for 50 nm compared to the 25 nm thick films
is assigned to an increase in optical absorption.

Under oxygen lean conditions, the Au-TiO, composites produce both hydrogen (H,) and
CO, as the final products (Figure A9 (b)). The production of H, is higher than the
production of CO,. The trend in activity is the same as observed for oxygen rich
conditions for different configurations. The result suggests that methanol photochemistry
is different under different oxygen concentrations. The details of methanol
photochemistry on the TiO, surface are rather complex and beyond the scope of the
thesis; interested readers are referred to articles in the literature[171-173]. The brief
account of methanol photochemistry, which is given here, is to support the discussion of
our observations. There are two possible mechanisms proposed in the literature for
photooxidation of methanol[174].

1) Direct oxidation by photogenerated holes

2) Indirect oxidation via OH radicals resulting from trapping of photogenerated

holes by adsorbed water or surface OH group

It should be mentioned that there is a significant amount of water vapor always present in
the reactor irrespective of the experimental conditions. Considering the amount of water
vapor present, the second possible mechanism is most likely to occur in our case. The
observed hydrogen in our case could be the result of any of the following reactions.

) Methanol reforming reaction
(i1) Partial reduction of water into hydrogen

The methanol reforming reaction is given by the equation A.2. This reaction yields H,
and CO, as final products. The reaction is highly endothermic in nature so energy must
be supplied in order to initiate it. This energy can be alternatively supplied by solar
energy and the reaction can be boosted with the help of composite photocatalysts[175,
176].

hv
CH,0H+H,0 ------ > CO,+ 3H, (A2)

The second possible reaction mechanism could be partial reduction of water into
hydrogen by photogenerated electrons[177, 178]. The water reduction reaction on bare
TiO, is not efficient due to the high recombination rate of e-h pairs. The reaction is more
efficient when metal NPs are loaded on the TiO, matrix. In (almost) all of the
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demonstrated studies in the literature, the metal NPs are placed on top of TiO, and
exposed to the reactants. Under bandgap illumination of TiO,, the photogenerated
electrons in the CB are transferred to, for example, Au NPs due to favorable energy level
position and the transferred electrons subsequently reduce protons in water to hydrogen.
At the same time, the photogenerated holes can be effectively scavenged by methanol. In
our study, the Au NPs have been placed both on top of and beneath TiO,. The highest
activity was observed for samples with NPs beneath TiO,. So, the operational
photocatalytic mechanism for this type of composites should involve the transfer of
photogenerated electrons to Au and subsequent reduction of water. It is possible only if
the water molecules have the possibility to reach the Au NPs beneath TiO,. It is
speculated that the prepared composites might have some nanoporosity in the structure
and as a consequence, part of the NPs likely get exposed to the reactants and thereby
results in producing hydrogen. Alternatively, the electrons might tunnel through TiO, to
reach the reactants considering the reduced nature and thickness of TiO, films.

Figure A9 (c) shows photocatalytic measurement of Pt-TiO, composites under oxygen
rich conditions. Here both the H, and CO, mass signals are observed even for oxygen rich
conditions. The result suggests that the methanol photochemistry on Pt-TiO, is different
from the Au-TiO, composite system. Pt has the capability to reduce water more
efficiently than Au because the Schottky barrier is higher for Pt than Au as reported in the
literature apart from being a good catalyst for water reduction[175]. It is likely that the
second possible reaction mechanism proposed for the Au-TiO, composite system under
oxygen lean conditions is a probable explanation for the observed H, and CO, production
under oxygen rich conditions. The same products were observed for oxygen lean
conditions for this composite system (not shown).

It should be mentioned that the results presented in this chapter are tentatively explained
and discussed. These composite systems need to be further analyzed in order to get
insights into the underlying mechanisms.

To summarize the appendix A3, we found that Au/TiO, nanocomposite systems under
oxygen lean conditions yield H, and CO, as the end products in the methanol
photooxidation test, whereas under the oxygen rich conditions, the systems yield only
CO,. The production of H, was assigned to either methanol reforming or water reduction
on the composites. The photochemistry mechanism was the same for Pt/TiO,
nanocomposite systems irrespective of the oxygen’s partial pressure.
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Appendix 4: Effects of Hole Scavenger on Charge Transfer

One of the photocatalytic enhanced mechanisms discussed in paper IV was the interfacial
charge transfer from TiO, to metal NPs under UV illumination when the NPs and TiO,
are in direct contact with each other. This charge transfer mechanism was demonstrated
in situ using LSPR spectroscopy. The measurement carried out in Paper IV was in pure
methanol medium. We tested the samples of configuration S3(Au), where Au NPs are
decorated beneath TiO,, in different media to understand the effect of the hole scavenger
on the kinetics of charge transfer. The measurement setup and conditions are the same as
in paper IV except that the sample of configuration S3(Au) is tested in air, water (milli-
Q), and pure methanol.
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Figure A10: In-situ LSPR spectroscopy monitoring of S3(Au) in different
media: air, water, methanol. The solid line represents LSPR peak under
immersion and the dotted line represents LSPR peak position during UV
illumination.

The result of the measurements from different reactant environments is compiled in
Figure A10. Under UV illumination, the plasmon peak position is shifted towards the
blue side of the spectrum irrespective of the medium (See Table A2). However, the shift
is larger for methanol, followed by that for water and air. The magnitude of the shift
reflects the influence of hole scavengers on charge carrier separation. The reason why
larger blue shift is observed for methanol is that the photogenerated holes are more
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quickly trapped by methanol, since it is a better hole scavenger. As a consequence, the
charge carrier recombination is greatly reduced in this medium. Water is not as good hole
scavenger as methanol, resulting in slightly smaller blue shift than in methanol. The even
smaller, but not zero, blue shift observed in air is due to the presence of humidity in air,
which probably acts as a hole scavenger.

Table A2: Plasmonic peak shift for S3(Au) under UV illumination in
different mediums

Medium Peak shift (nm)
Methanol ~14
Water ~8
Air ~3

The LSPR spectroscopy offers great advantage of monitoring the charge transfer in real-
time and in sifu in different media. Another advantage of the plasmonic particle systems
is that they can be used as a probe and co-catalysts simultaneously in these types of
studies. In paper V, we have discussed this capability of using LSPR spectroscopy to
monitor supported Cu NPs on TiO, in water in which Cu acted as a plasmonic sensor as
well as a co-catalyst.

To summarize the appendix A4, we found that the role of air, water, and methanol
medium on the charge carrier separation rate in the TiO, photocatalytic system. The
charge carrier separation rate in different media was demonstrated by LSPR
spectroscopy. The result showed that the charge carrier separation rate was higher in
methanol medium, followed by water and air.
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