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Chapter I: General introduction

This thesis focuses on the use of TiO2 nanoparticles (NPs) modified with a [Ru(bpy)s]*
(bpy = 2,2’-bipyridine) photosensitizer (PS) and a functional complex / organic entity for
applications in photocatalysis and photocurrent generation. TiOz is a semiconductor which
has been extensively investigated in photocatalysis and photodegradation of organic
pollutants in water. Here we propose to use TiO2 NPs (i) as a platform to immobilize different
entities proximally, and (ii) as an electron relay between immobilized redox PS and an
electron acceptor (A) to obtain a PS/TiO2/A hybrid triad. In this thesis, [Ru(bpy)s]** is
employed as the visible PS and a metal complex is used as the electron acceptor. [Ru(bpy)s]**
is one of the most investigated redox PS, notably because of its good absorption in the visible
domain, long-lived excited state and reversible redox properties in both oxidation and
reduction. In this chapter we will first highlight some important properties of TiO:
semiconductor and [Ru(bpy)s]>* PS that are relevant to our studies. Afterwards, some
examples of hybrid systems containing TiO2, [Ru(bpy)s]?* and a functional entity for

photocatalytic applications will be presented.
1.1.  Semiconducting TiO2 nanoparticles

TiO2 is probably the most studied semiconductor, particularly in the field of
photocatalysis. One of the earliest works on TiO> as a photocatalyst was dated back in 1921
by Renz!. The author observed a color change of TiO, powder from white to a darker color
when TiO2 was irradiated with sunlight in the presence of glycerol. In this section we will
highlight some of the most important properties of TiO> semiconductor, together with a few
relevant works using TiO> as a photocatalyst. We will not discuss the quantum confinement
effect of TiO> as the NPs mentioned in this section are sufficiently large. For more
information on the properties and applications of TiO2 NPs, the reader is kindly referred to

recent reviews by Burda?, Henderson® and Fujishima®.
1.1.1. Crystal phases

Three main types of TiO2 crystal phases are often mentioned in literature namely
anatase, rutile and brookite. They can be described as distorted TiOs octahedra with different
symmetries or arrangements (Figure I-1). In the anatase structure, two TiOs octahedra are
connected via a common edge, whereas in rutile and brookite structures both corner and edge
are shared between two TiOe units. As a result, the three structures differ in Ti-O bond length

which plays a critical role in their electronic properties.
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(a) (b) (c)

Figure I-1. Representation of TiO; crystal phases: (a) anatase: tetragonal, a = 3.785 A, ¢ = 9.513 A; (b) rutile:
tetragonal, a = 4.593 A, ¢ = 2.959 A); (c) brookite: orthorhombic, a = 9.181 A, b = 5.455 A, ¢ = 5.142 A
Adapted from reference 2

The phase transformation in the bulk TiO» has been extensively studied by Diebold.
The author concluded that rutile is the only thermodynamically stable phase, while anatase
and brookite are metastable and can be transformed to rutile when heated. However, the phase
stability of TiO2 NPs heavily depends on the particle size. For example, in the range of 325-
750 °C, anatase is the most stable phase for particles smaller than 11 nm, brookite is the most
stable phase for particles with diameter from 11 nm to 35 nm, and rutile is the most stable

phase for particles larger than 35 nm.®
1.1.2.  Photophysical properties of TiO2 particles

The electronic structure of a semiconductor consists of a valence band (VB) and a
conduction band (CB). They are separated by a bandgap where there are no electron states.
The bandgap thus corresponds to the energy difference between the upper edge of the VB and
the lower edge of the CB. In the ground state, all the electrons are located in the VB. Upon
absorption of a photon with energy higher than the bandgap, an electron can be promoted to
the CB, leaving a positively charged hole in the VB. Consequently, the material becomes
conductive due to the electrons in the CB.* When the electron and hole recombine, a photon
can be emitted. The positions of the CB and VB of several semiconductors are shown in

Figure 1-2.

10
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Figure 1-2. Positions of the upper edge of the valence band (green) and the lower edge of the conduction band
(red) of several semiconductors in contact with aqueous electrolyte at pH 1. Adapted from reference 7

The bandgap of bulk TiO2 depends on the crystal phase. Anatase and rutile phases show
a bandgap Eq = 3.2 eV and 3.0 eV, respectively.® The bandgap in anatase and rutile phases is
also indirect and direct, respectively. The bandgap in brookite is reported in the range of 3.1-
3.4 eV® and is indirect?. A direct bandgap corresponds to the promotion of an electron from
the VB to the CB without changing its momentum, whereas an indirect bandgap requires a
change in the electron momentum. Consequently, when the electron and hole recombine, a
photon is directly emitted in the rutile phase, while in the anatase phase the electron needs to
pass through an intermediate state to transfer the momentum to the crystal lattice. The
intermediate state is also referred as “electron trap” or “hole trap”, which is located inside the
bandgap at energy levels higher or lower than the Fermi level Er = (Ecs + Evg)/2,
respectively. The traps are induced by crystal defects, which create extra states inside the
bandgap.? In the anatase phase, the recombination between CB electrons and trapped holes to
emit photons is conventionally referred as “type 1” emission, while the recombination
between trapped electrons and VB holes is called “type 2” emission. Both type 1 and type 2
emissions depend strongly on the energy of the defect sites, meaning the way to synthesize
TiO2 particles. Usually the emission wavelength maximum is observed at ~ 550 nm for

anatase phase and ~ 840 nm for rutile phase.? Figure 1-3 schematically describes the photon

11
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absorption and emission processes in anatase and rutile phases. It is noted that the two phases
only differ in the position of the CB and not the VB.®

CB
1 _See "
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w <
\ 4
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Rutile

Figure 1-3. Representation of the photon absorption and emission of TiO; in anatase and rutile phases. Straight
and wavy lines indicate radiative and non-radiative decays, respectively. Adapted from reference 2

Direct observations of CB electrons, trapped electrons and trapped holes can be
achieved with a variety of spectroscopic techniques. For example, infrared (IR) spectroscopy
can detect the CB electrons, and electron paramagnetic resonance (EPR) spectroscopy can be
used to observed trapped holes in oxygen atoms (denoted as O*) and trapped electrons in Ti

atoms (denoted as Ti®").2

Dynamics of these charge carriers has also been studied with transient absorption
spectroscopy (TAS). Tamaki et al.*° reported that upon the bandgap excitation, photo-induced
holes are trapped within 100 fs at sites near the surface of anatase TiO> NPs, while photo-
induced electrons are first trapped at shallow sites near the surface before relaxing into deeper
trapping sites in the bulk within ~ 500 ps. Kinetics of the charge recombination is
complicated. An early work by Gratzel et al.}' in 1987 showed that the radiative
recombination occurs within 30 ns for anatase TiO> colloid with diameter smaller than 12 nm.
Recombination rate also depends on the size of TiO2 NPs and the number of e’/h* pairs that
have been generated, meaning the power of the excitation light. For example, the
recombination rate was estimated at 1 x 10* cm®.s? for 2 nm anatase NPs and 3 x 107 cm®.s?
for 27 nm NPs.? Another approach to study the charge recombination process was reported by
Colbeau-Justin et al.'? using time-resolved microwave photoconductivity method. The authors
concluded that there is a competition between a fast recombination process and a fast trapping
process of a part of the charge carriers in anatase. The trapping process reduces the number of

holes, thus increases the lifetime of the electrons on the CB. All of these information are

12
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important for the applications of TiO> as a photocatalyst. Generally, a fast excitation rate and
a slow charge recombination rate are required so that the electrons and holes will have enough

time to react with substrates in solution.
.1.3. TiO:2 as a photocatalyst

As mentioned above, the photoexcitation of TiO; results in the free electrons and holes
as well as O* radicals, which are all reactive. They offer TiO2 capability to reduce or oxidize
a variety of organic and inorganic species on the surface of the NPs. We choose three types of
reactions, namely water oxidation, CO, reduction and decomposition of aqueous pollutants,

where TiO2 NPs have been tested as a photocatalyst.
%+ Water oxidation reaction

Light-induced water splitting reaction consists of two half-reactions: oxidation of water
to O at the photoanode and reduction of water to H. at the photocathode. As shown in Figure
I-2, it is thermodynamically more favorable for the positively charged holes on the TiO, CB
to oxidize water than for the CB electrons to reduce water. The water (or OH") oxidation by

VB holes can occur as follows:
4ht + 2H,0 > O, + 4H"

The first attempt to construct a photoelectrochemical cell for water splitting was
proposed in 1972 by Fujishima and Honda using a n-type TiO- electrode as photoanode and a
Pt counter electrode.’® Under UV light, the holes generated on the VB of TiO; are used to
oxidize water whereas the electrons on the CB are collected through an external circuit to the
Pt electrode where protons are reduced to form H». Despite the fact that the process is highly
thermodynamically favorable, no publication has shown direct experimental evidence for the
water oxidation reaction on TiOz. It has been proposed that the required nucleophilic attack of
water to a trapped surface hole is not achieved.® The mechanism of the water oxidation
reaction by TiO2 photocatalyst was investigated by Kavan, Gratzel et al.® using anatase
TiO2(101) and rutile TiO2(001) single crystal deposited onto an electrode. An anodic current
was observed when the electrodes were irradiated with UV light at zero bias. Cyclic
voltammograms were taken in the dark for the electrodes before and after they were exposed
to UV irradiation. The authors observed an irreversible cathodic peak in the CVs of both
anatase and rutile electrodes after UV light exposure, which was attributed to the reduction of
a surface-bound peroxide intermediate. However, no exhaustive water oxidation experiment

was mentioned.

13
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s+ CO; photoreduction

Although many works on the photoreduction of CO, have been made based on TiOg,
they require a co-catalyst or thermal activation of TiO2 and not the direct photoexcitation of
TiO2.3 The only publication using TiO as a photocatalyst to reduce CO, was conducted by
Anpo et al.* The authors studied anatase TiO2 NPs and rutile NPs in the presence of CO; +
H20 gas mixture. UV irradiation of the solid TiO2 NPs at 275 K resulted in the formation of
CHa as the main product together with traces of CoHs and CzHs in the gas phase. These gas
products were not present without the UV light. The photocatalytic activity of TiO2 was found
to depend on the crystal phase and particle size of TiO> NPs, as well as the ratio of CO2/H.O
in the gas phase. Table I-1 summarizes the amount of CH4 produced and some relevant
characteristic parameters of these TiO. photocatalysts. The anatase phase was found to be
more catalytically active than the rutile phase for small NPs. Increasing the particle size to
several hundred nanometers lead to the decrease in the amount of CHa, probably due to the
reduced surface area and, consequently, reduced number of available sites for CO> molecules

to be adsorbed.

Table 1-1. Summary of the photocatalytic reduction of CO- using TiO, NPs mentioned in reference 14

Catalyst” Crystal Particle Surface CO:2 Bandgap Amount of CH4
phase size area adsorbed  (eV) (umol.ht.g?)
(nm)  (mxg?) (umol.g™)
JRC-TIO-2  Anatase 400 16 1 3.47 0.03
JRC-TIO-3  Rutile 30-50 51 17 3.32 0.02
JRC-TIO-4  Anatase 21 49 10 3.50 0.17
JRC-TIO-5  Rutile 640 3 0.4 3.09 0.04

* Japan TiO; reference catalyst
+» Decomposition of aqueous pollutants

A wide variety of aqueous pollutants can be decomposed by TiO particles under UV
irradiation, such as alkanes, aliphatic alcohols, carboxylic acids, alkenes, aromatics, polymers,
surfactants, herbicides, pesticides and dyes.* The decomposition of pollutants occurs via the
formation of highly oxidative hydroxyl (OH®) and hydroperoxyl (HO2*) radicals in water
following the UV irradiation of TiO> (Scheme 1-1). These radicals can oxidize organic

compounds to CO2 and H20.
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TiO, (Ti*-OH") + hyv —— Ti** + OH*
Ti3Jr + 02 -_— Ti4+'02'-

Ti4+'02._ + H2O > Ti4+'OH- + Hoz'

Scheme I-1. Generation of OH* and HO,* radicals in water by photoinduced e” and h* on TiO;

Only UV light and O are required for this type of photocatalysis; the reactions can
occur at room temperature. However, the quantum vyield and efficiency depend on many
factors such as the crystal phase and size of TiO2 photocatalyst, concentration, pH, light
intensity, etc.* For example, when studying the quantum yields of liquid-solid photocatalytic
reactions using TiO: slurry catalysts, Serpone et al.*® found that the maximum quantum yield
was obtained with low light intensity and high substrate concentration. The maximum
qguantum vyield of 14 % was reached at 365 nm for phenol degradation using Degussa P25
TiO2 NPs (rutile/anatase = 3/1, d = 25 nm) at pH 3.

To summarize, although TiO2 shows some photocatalytic activities, it only works under
UV light and the selectivity is low. The visible domain of the solar spectrum is not efficiently
utilized. To address the former issue, an additional PS capable of absorbing visible light can
be anchored on TiO2 NPs to better harvest the solar light. A suitable PS is [Ru(bpy)s]?*, which
will be described in Section 1.2. Meanwhile the selective issue can be solved by incorporating
a more efficient and selective catalyst onto the surface of TiO2 NPs. This TiO2/catalyst system

will be mentioned in Section 1.3.

15



Chapter I: General introduction

1.2.  Ru(ll) tris-bipyridine: a prototypical photosensitizer

A PS is a molecule capable of absorbing photons, leading to an excited state which is
able to interact with its surrounding media. The [Ru(bpy)s]** (Figure 1-4) has been one of the
most studied PS in the last decades due to its excellent properties such as chemical stability,
redox reversibility, long-lived excited state and strong luminescence. In this section we will
discuss in detail about these properties, which are fundamental for further studies in this

thesis.
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Figure 1-4. Molecular structure of [Ru(bpy)s]?* photosensitizer
1.2.1.  Electrochemical properties

The redox properties of [Ru(bpy)s]>* complex was first studied with cyclic voltammetry
by Matsumoto et al.*® in MeCN solution containing tetraethylammonium perchlorate (TEAP)
as electrolyte (Figure 1-5). In the anodic part, a reversible one-electron oxidation wave is
observed at E1, = 1.25 V vs NHE which is attributed to the metal oxidation to Ru'" species
with a low spin 4d° configuration.'” In the cathodic part, three successive one-electron
reduction processes are observed, with the first one centered at around -1.40 V vs NHE. All
the added electrons are localized on the bpy ligands.!” No ligand dissociation has been

reported. Therefore, the [Ru(bpy)s]?* PS exhibits rich and reversible redox properties.

<68 o o8 -8
E (V) vs NHE

Figure 1-5. Cyclic voltammogram (CV) of [Ru(bpy)s]?* in MeCN + 0.2 M TEAP (tetraethylammonium

perchlorate) solution. Adapted from references 16,17
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1.2.2.  Photophysical properties

As described by Balzani et al.'®, Ru?** has the d® electronic configuration, while the
polypyridine ligands are usually colorless molecules possessing o donor orbitals localized on
the nitrogen atoms and = donor and =~ acceptor orbitals more or less delocalized on aromatic
rings. In the [Ru(bpy)s]?* complex, the bpy ligands are high field, thus inducing the
configuration shown in Figure I-6a, where the valence electrons are distributed on the tog(M)
orbitals. Upon photon absorption in the visible region of the spectrum, a singlet metal to
ligand charge transfer (*MLCT) state is populated which corresponds to the transfer of an
electron from the metal-centered (MC) tog(M) orbital (HOMO) to the ligand-centered (LC)
7 (L) orbital (LUMO). This electron transfer is accompanied by a fast intersystem crossing to
change the spin state, resulting in the first triplet state MLCT with a quantum efficiency of 1
(Figure 1-6b). This new excited state can be deactivated via either photon emission (called
phosphorescence), or non-radiative decay (loss of heat), or through the population of a triplet

metal-centered (3MC) state. The latter state is non-emissive and can give rise to the loss of a

bpy ligand.®
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Figure 1-6. (a) Simplified molecular orbital diagram of octahedral Ru(ll) polypyridine complexes with arrows
indicating electronic transitions occuring in the UV-vis region.'® (b) Simplified Jablonski diagram indicating
r