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Abstract 
This thesis is about nanostructured metal oxides, their properties, and 

some of their applications. Semiconducting metal oxides like TiO2, ZnO, 

and SnO2 have a wide band gap, which means they absorb UV light and 

generate electron-hole pairs. These charge carriers can be harnessed and 

used for a variety of purposes, such as electricity generation in solar cells, 

hydrogen production by means of photolysis and electrolysis, and 

environmental remediation by mineralizing pollutants in photocatalytic 

reactions. However, they are typically not very efficient when compared 

with e.g. noble metals in catalysis or silicon in solar cells , and so a wide 

variety of strategies have been employed to remedy their weaknesses. 

Such strategies include structuring the materials at the nanoscale, and the 

fabrication of composite materials and heterostructures. 

In this work, some advanced hybrid materials have been studied, 

composed of metal oxide and various additives, such as reduced graphene 

oxide (rGO), other metal oxides, and flavonoids. The materials have been 

extensively characterized in order to determine how these additives affect 

the processes going on in some of the mentioned applications. The 

studied systems include rGO-ZnO, SnO2-ZnO, Rh-TiO2, MoO2, SiO2 

coupled to 3-hydroxyflavone and 7-hydroxyflavone, and 3-

hydroxyflavone-TiO2. 

Particles of ZnO-encapsulated rGO exhibited a good photocatalytic 

activity towards the degradation of rhodamine B and phenol, but it was 

found that the main determinant of the performance was the quality of 

the semiconductor component as opposed to any favorable interactions 

between ZnO and rGO. However, the incorporation of rGO could still 

almost double the observed performance, which was attributed to a 

passivation of the defects in the metal oxide host, as well as a beneficial 

impact of electrochemical properties such as charge transfer resistance and 

double-layer capacitance of the resulting material. 

Core-shell nanoparticles consisting of a SnO2 core and a ZnO shell were 

successfully synthesized and employed as photocatalyst and as photoanode 

in dye-sensitized solar cells (DSSCs). The ZnO shell improved the 

performance in both photocatalysis and DSSCs by nearly a factor of two, 
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due to a combination of the favorable properties of the two metal oxides, 

and the formation of a heterojunction in the interface between them. 

Rhodium as an additive to TiO2 nanocrystals proved to effectively 

improve the response in gas sensing experiments. The rhodium exhibited 

complex speciation, however, being distributed as a homogeneous 

coating of Rh(III) as well as nanocrystals of elemental rhodium, 

highlighting the need for deep characterization in this class of materials. 

Metallic MoO2 nanocrystals were synthesized and tested in photocatalysis. 

Due to their electronic nature, they cannot support photocatalysis 

according to the traditional reaction scheme, because metals cannot 

generate electron-hole pairs. However, they still exhibited significant 

photocatalytic activity towards methylene blue, rhodamine B, and 

paracetamol. This was attributed to a direct sensitization mechanism 

where the dye is photoexcited and undergoes electron transfer, made 

possible due to the comparatively low work function in MoO2. This also 

enables it to assist in the degradation of non-absorbing molecules in the 

solution. 

3-hydroxyflavone (3HF) and 7-hydroxyflavone (7HF) were combined 

with MCM-41 silica nanoparticles via a post-doping procedure, and their 

photophysics characterized by steady-state and time-resolved 

spectroscopic techniques. Both flavonoid-coated nanoparticles turned out 

to be highly fluorescent and stable when exposed to air at room 

temperature, showing that organic fluorophore-based solid-state emitters 

can be obtained by simple methods. Furthermore, 3HF was coupled to 

TiO2 nanoparticles with a similarly simple adsorption procedure. In this 

case the result was a chemisorption of the flavonoid, which appears to be 

very similar to a chelation of the metal ions in the metal oxide substrate. 

The fluorescence in the resulting materials is nearly completely quenched, 

but when a nanometer-thin layer of Al2O3 is applied on the TiO2, it is 

instead strongly enhanced. This work therefore represents a rather novel 

and facile way to produce flavonoid-metal complexes. 
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Chapter 1: Introduction 

Nanomaterials have always occurred naturally and has been in use by 

humans (though unknowingly) since antiquity, but the tools for isolating 

and characterizing them have only been available for a few decades. Since 

then, nanomaterials research has grown to become a large and active field. 

Nanomaterials are interesting because they possess unique properties as a 

consequence of their size; this includes simple effects such as a large 

surface-to-volume ratio, as well as quantum mechanical effects that give 

rise to new optical, magnetic, and electric properties. Metal oxides are 

particularly interesting in this context – a wide variety of metal oxide 

nanomaterials have been synthesized in various shapes and morphologies, 

with many applications in fields like catalysis and opto-electronics. This 

thesis focuses on the use of nanostructured metal oxides (MOx) as 

scaffolds for graphene derivatives (GDs) and flavonoids, aiming to tailor 

specific optoelectronic properties of the obtained hybrid materials to 

enhance certain functionalities. In particular, I have investigated: 

I. The formation of hybrid composites of the types GD-MOx and 

MOx-MOx (i.e. bi-oxide composites) and the effect on their 

optoelectronic properties, as well as consequent changes in their 

functional performance in light harvesting applications. 

II. The solid-state photophysics of the flavonols 3-hydroxyflavone 

and 7-hydroxyflavone anchored to mesoporous silica and semi-

conducting metal oxides. 

Transition and Post-Transition Metal Oxides 
The transition metals are the elements found in the transition series in the 

periodic table, consisting of groups 4-11, with some additional elements 

depending on the precise definition. According to the IUPAC definition,1 

they are “elements whose atom has a partially filled d sub-shell, or which 

can give rise to cations with an incomplete d sub-shell”. This definition 

excludes the group 12 elements, since they have the electronic 

configuration […]s2d10, or […]d10 as cations, but they are often useful to 
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include in a discussion about the transition metals. For this reason, they, 

and some elements in higher groups, such as gallium, indium, and tin, are 

known as post-transition metals. The partially filled d sub-shell gives rise 

to some unique properties. Transition metals form compounds with 

several oxidation states and colors, and can bind to ligands to form a wide 

variety of transition metal complexes. 

To describe a metal oxide compound, one naturally starts with describing 

its composition and stoichiometry. While most metal oxides are 

commonly described as metals and oxygens in integral proportions, such 

as TiO2 or Fe2O3, many transition metal oxides show non-stoichiometry; 

for example, sodium tungsten bronze has the chemical formula NaxWO3, 

where x is a continuous variable with values between 0.3-0.9. The 

oxygen content of a metal oxide can be especially problematic, as 

vacancies and interstitials are often present. Obviously, to accommodate 

this phenomenon there needs to be an interruption in the perfectly regular 

arrangement of atoms in an ideal crystal, i.e. defects. Although all real 

crystals have defects, metal oxides can contain very large concentrations, 

which has several important consequences for their physical properties. 

The simplest types of defects are point defects: these include the lattice 

vacancy, where a lattice site is missing an atom, and interstitial atoms, 

where there is an atom where there should not be. Of course, missing or 

extra atoms must necessarily result in non-stoichiometry, but in binary 

compounds the two types of defects can balance each other, resulting in 

an apparently stoichiometric compound. Techniques for elemental 

analysis such as EDXS are therefore often not useful for determining 

defect concentrations or distinguishing their type. While diffraction 

techniques and high-resolution TEM can in principle be applied to this 

problem, in practice they are only useful at concentrations where the 

model of isolated point defects break down. 

The simplicity of a point-defect model is appealing and has been widely 

applied in research (of particular interest for this thesis is the literature on 

zinc oxide defects), but there is substantial evidence that it does not apply 

in most cases except for near-perfect crystals.2 Even elementary 

considerations begin to reveal some problems: defect sites are charged, 

and they therefore interact with each other through long-range 
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Coulombic potentials, as well as elastic interactions due to the distorted 

lattice around the defect sites. This results in ordering or clustering of 

defects whenever the concentration is high enough to have significant 

influence on the properties of the material. 

Non-transition metal oxides such as MgO or Al2O3 are typically 

diamagnetic insulators. They have a filled valence band of mostly oxygen 

2p-character and a large band gap. Among the transition metal oxides, the 

d orbital of the metal ion can be empty (and the compound will likewise 

have a filled 2p valence band) or partially filled. The former case results in 

band gaps around 3-5 eV, while a d n configuration might result in metallic 

or insulating behavior. Transition metal oxides, as well as post-transition 

metal oxides like ZnO and SnO2, with band gaps >3 eV would 

traditionally be considered insulators, but they feature several properties 

that have instead given rise to the term wide-bandgap semiconductors. 

While these compounds in their pure form do not exhibit intrinsic 

electronic conduction in ordinary conditions, in the common case of 

non-stoichiometry, new electronic states emerge from the crystalline 

defects, which results in n- or p-type semiconductivity. In electronic 

devices, they permit operation at higher voltages, temperatures, and 

frequencies than conventional semiconductors such as silicon or gallium 

arsenide. 

Nanosized metal oxides possess additional interesting properties. A 

characteristic property of nanostructures is a large surface-to-volume ratio, 

implying that a large fraction of atoms is located on surfaces or grain 

boundaries. This results in a radically altered surface chemistry as well as 

an enormously increased specific surface area compared to bulk materials, 

which in turn has a deep beneficial impact on applications such as catalysis. 

When the size of a nanocrystal is lower than the de Broglie wavelength, 

charge carriers become spatially confined and the electronic properties 

become size dependent. The confinement results in the formation of 

discrete energy levels; when the level spacing exceeds the thermal energy 

the localization typically becomes observable in semiconductors as shifting 

absorption and emission wavelengths depending on crystal size. Such 

quantum size effects are observed in metallic nanocrystals3 and 

semiconducting quantum dots.4 This can also be achieved in 
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semiconductor heterostructures, i.e. materials composed of two or more 

semiconductors with different properties. Probably the most well-known 

example is a layer of GaAs sandwiched between AlxGa1-xAs: the difference 

in the positions of the electron energy bands of the materials turns the 

GaAs layer into a quantum well which is close to ideal.5 Once again the 

energy of the electrons is quantized and the spacing depends on the 

thickness of the layers – it has to be on the order of the de Broglie 

wavelength of the electrons; 1-10 nm for typical solids. The directions 

parallel to the layers are not affected by this, and the result is a two-

dimensional electron gas. By using different materials, doping, and 

geometries it is possible to engineer a wide variety of band structures 

which are not only interesting to study from a fundamental point of view, 

but also enabling control of charge dynamics in many useful applications. 

A good example in the field of light-harvesting materials is the use of a 

straddling band gap alignment to prevent recombination of 

photogenerated charges. A schematic view is shown in Figure 1.1. 

Electrons in the left layer of the figure will have a higher energy compared 

to the electrons in the corresponding band of the right layer; to minimize 

the energy of the system negative charge will therefore accumulate in the 

conduction band of the right layer, while positive charge will accumulate 

in the valence band of the left layer. This continues until an equilibrium 

is reached with the induced electric field, analogous to the formation of a 

depletion layer in a P-N junction. In this way photogenerated charges are 

effectively separated and prevented from recombining. 
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Figure 1.1: Straddling band gap alignment for two semiconductors. The shaded 

areas represent allowed electron energy bands. 

It should be emphasized that while predicting the band alignment based 

on the vacuum electron affinity and the band gaps of the materials is 

simple (this is known as Anderson’s rule), resolving the discontinuity in 

the interface of the materials is not. The electron energies at the interface 

are affected by, for example, strain due to lattice mismatch of the two 

materials, and chemical bonding. 

Graphene and Its Derivatives 
Graphene is a carbon allotrope consisting of a sheet of carbon atoms 

arranged in a hexagonal pattern, i.e. an sp2-bonded network. It was the 

first true 2D structure that was isolated, and can be considered a building 

block of several other carbon allotropes, such as graphite and carbon 

nanotubes. A related structure is graphite oxide, obtained by treating 

graphite with strong oxidizers, which can be dispersed in solution to 

obtain oxidized sheets of graphene, or graphene oxide (GO). By reducing 

GO, something approaching the structure of graphene is obtained. 

However, the resulting product typically still has significant quantities of 

hydrogen, nitrogen and oxygen present as functional groups, so it is 

usually referred to as reduced graphene oxide (rGO) rather than graphene. 

These structurally related materials will be referred to as graphene 

derivatives (GDs). Graphene and some of its derivatives exhibit 

remarkable material properties, such as high thermal and electrical 

conductivity, tensile strength, and Young’s modulus. While graphene in 
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particular has been a very interesting system of study in condensed matter 

research, it also promises to revolutionize several fields of applications. In 

the fields of functional materials and energy harvesting, the coupling of 

graphene and GDs with semiconductors for processes such as 

photocatalysis, water splitting, photovoltaics, and energy storage, is an area 

of intense study. Insofar as these processes rely on optical irradiation to 

drive reactions, graphene has been theorized to enhance performance by 

acting as an electron reservoir and transport material, promoting the 

separation of electrons and holes and shuttling charges around, thus 

remediating the detrimental process of charge recombination. Other 

potential benefits of this type of hybrid system include using graphene as 

a scaffold for semiconducting nanoparticles, improved light absorption 

and adsorption of target molecules in a catalytic setting. Thus far, this 

effort can be said to have had mixed success – initial pioneering studies 

showed promise,6–8 and since then there have been many reports of 

successful integration of graphene with semiconductors,9,10 but further 

research has highlighted the complexity of this type of system and 

important limitations. In particular, the exceptional electronic properties 

of graphene has been shown to not be the only important parameter,11 

and in some cases perhaps not even the primary one. Likewise, the use of 

different carbon allotropes have been shown to result in similar or even 

superior improvements,12,13 even though they differ significantly in their 

electronic properties. 

Flavones and Flavonols 
Flavones and flavonols belong to the flavonoid family, naturally occurring 

molecules with many interesting biological, chemical and photophysical 

properties. They are found in plants, where they play a key role as 

pigments, photoprotective agents, and antioxidants, as well as in 

physiological functions.14 The general structure of flavonoids consists of 

two phenyl rings connected by a heterocyclic ring; the backbones of 

flavone and flavonol are shown in Figure 1.2. 
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Figure 1.2: Structure of flavone (left) and flavonol (right) with numbering scheme 

of flavonoids. 

3-hydroxyflavone (3HF), the flavonol backbone, is of particular interest. 

It is highly fluorescent, through an excited-state intramolecular proton 

transfer (ESIPT) mechanism: absorption of a UV photon leads to the 

singlet excited N* state, which is followed by proton transfer from the 

hydroxyl group to the carbonyl group to form the excited tautomer T* 

which emits a photon in the 500-540 nm region, a large Stokes shift 

compared to the absorption maxima at ~340 nm. In polar or protic 

solvents, the proton transfer is suppressed, and the tautomer emission 

competes with the N*→N emission at ~400 nm; therefore, a dual 

fluorescence is typically observed. For this reason, 3HF has been widely 

used as a model system and as a fluorescent probe, since, for example, the 

intensity ratio and wavelengths of the two emissions are sensitive to the 

microenvironment. 
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Figure 1.3: Fluorescence emission (red) and excitation (black) spectra of 3-

hydroxyflavone adsorbed on silica nanoparticles. 

The coupling of flavonoids with metal oxides has hardly been studied, 

although a few investigations appear in the literature: they have been used 

as photosensitizers in photocatalysts15 and photovoltaics16,17 and some of 

the interactions occurring with titania nanoparticles have been studied,18–

20 but the photophysics in such a system are largely unexplored. 

Applications 
Transition and post-transition metal oxides have to date been used for 

many applications, including catalysis, photovoltaics, energy storage 

(batteries and capacitors), and water splitting. Since photocatalytic 

reactions have been extensively employed in this thesis as a model system 

to evaluate material performance, it is worth covering the basic principles 

and mechanisms here. 

Photocatalysis – the acceleration of chemical reactions by harnessing light 

– has been an active research field since the discovery of electrochemical 

photolysis of water using TiO2.
21

 It is attractive for several reasons; metal 

oxide-based catalyst materials can often be non-toxic, cheap and simple 

to produce, and the reactions typically do not require complicated 

infrastructure or expensive equipment. Reactions can in general be driven 

by sunlight, especially in the case of catalysts that are photoactive with 

visible light. This thesis will mainly be concerned with heterogeneous 

photocatalysis, where the catalyst and the target molecules are in different 



Doctoral Thesis | Anton Landström   9 

phases (solid/gas or solid/liquid), using semiconducting metal oxides. 

This type of reaction proceeds in the following steps: 

I. A target molecule is adsorbed on a catalyst surface. 

II. The molecule undergoes a redox reaction, either via direct charge 

transfer between the catalyst and the molecule or through the 

formation of intermediary radicals. 

III. Reaction products are desorbed from the catalyst surface. 

The second step occurs by way of exciton generation under illumination, 

where photons impinging on the catalyst promotes electrons to the 

conduction band, thus creating an electron-hole pair, or exciton. The fate 

of the resultant electron-hole pairs has been the primary focus of 

photocatalysis research, and the processes and mechanisms can be broadly 

summarized as follows22 (see also Figure 1.4): 

 Exciton generation: 

SC + hν→ h+ + e- 

 Interfacial charge transfer: 

h+ + Re→ Re•+ 

e- + Ox→ Ox•- 

 Exciton recombination 

 Charge-carrier trapping, e.g. by a defect site 
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Figure 1.4: Primary processes in a photocatalytic reaction sustained by a 
semiconductor. 1: absorption of a photon generates electron-hole pair. 2: 

reduction of adsorbed species by photogenerated electron. 3: oxidation of 

adsorbed species by valence band hole. 4: recombination of electron-hole pair. 

Here SC is the semiconducting catalyst, hν is an incident photon, h+ and 

e- are holes and electrons, respectively, and Re and Ox are electron 

donors and acceptors, i.e. reducing and oxidizing agents. Assuming that 

there are no issues with the adsorption/desorption process, e.g. saturation 

of the catalyst particles or chemisorption, the exciton recombination and 

charge-carrier trapping will be the limiting factors in a photocatalytic 

reaction. Thus a few strategies for improving the performance of such a 

catalyst become evident; increasing the optical absorbance 

(photosensitization) to generate more excitons, preventing charge-carrier 

recombination, and optimizing the material structure, either to remove 

trapping sites or to preferentially create them on the catalyst surface, 

where trapped charges can still potentially participate in redox reactions. 

Photosensitization is a promising strategy; since most metal oxide 

photocatalysts are wide band gap semiconductors, they can only utilize 

ultraviolet light. For light harvesting materials intended to use natural 

sunlight, that means they are limited to using about 5% of the total 

irradiated energy. By depositing a sensitizer, such as plasmonic noble 

metal nanoparticles23 on the catalyst, optical absorbance can be extended 
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into the visible range. Preventing recombination by separating the 

electrons from the holes has been tried, generally by creating various 

heterostructures and composite systems, such as metal oxide-graphene10 

or bioxide24 composites, and forms a large part of this thesis.
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Chapter 2: Methods and Materials 

Materials Synthesis 
ZnO-rGO composite particles were synthesized using a wet chemistry 

co-precipitation process. 0.1 M zinc acetate dihydrate was dissolved in 

distilled water, to which a dispersion of rGO was added. The mixture was 

left stirring for 2 hours, then hexamethylenetetramine was added in an 

equimolar ratio to zinc acetate. Ethanol was then added with a 9:1 

EtOH:H2O volume ratio, and the mixture was refluxed in a microwave 

synthesis platform (Milestone flexiWAVE) for 30 minutes. After cooling, 

a white powder was recovered by centrifugation, dried and heat treated 

in a muffle furnace (normally at 300 °C). 

SnO2-ZnO core-shell nanoparticles were synthesized in two steps. First, 

SnCl4 was dissolved in methanol, followed by dropwise addition of 

NH4OH. After letting the mixture react for 20 minutes, it was evaporated 

at 80 °C. The dry material was then heat treated at 450 °C in air to yield 

SnO2 nanoparticles. To deposit a ZnO shell, SnO2 nanoparticles were 

dispersed in oleylamine, in which zinc 2-ethylhexanoate was dissolved, 

and the mixture was treated solvothermally at 250 °C for 2 hours. 

Flavonoid-doped MCM-41 particles were prepared by dispersing 

commercial MCM-41 in a 10-3 M flavonoid (3-hydroxyflavone or 7—

hydroxyflavone) solution. After stirring for 5 minutes, the particles were 

recovered by centrifugation followed by drying overnight. 

3HF-TiO2 films were prepared as follows: TiO2 paste (Dyesol 18NR-

T/AO) containing either 20 nm particles or a blend of 20-450 nm 

particles was screen printed on FTO glass substrates using a 100 µm plastic 

screen. The films were then fired at 500 °C for 1 hour. On some films a 

thin layer of Al2O3 was then deposited using atomic layer deposition 

(Savannah 200). The films were then immersed in a 10-3 M solution of 3-

hydroxyflavone in ethanol, followed by rinsing and drying in air. 
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Rh-TiO2 nanocrystals were prepared by first preparing a TiO2 sol by 

solvolysis of 1.5 g TiCl4 in 10 ml of methanol, followed by addition of 

2.4 ml H2O. 4 ml of the sol was precipitated in 10 ml n-dodecylamine, 

which was then heated at 100 °C for 1 h. After extracting and washing 

the precipitate, it was redispersed in 12 ml oleic acid and solvothermally 

treated at 250 °C for 2 h. Rh(acac)3 dissolved in chloroform was then 

added, followed by another solvothermal step for 1 h at the same 

temperature. Samples were prepared with nominal atomic ratio Rh:Ti of 

0.01 and 0.05. The final product was extracted, washed, and dried at 90 

°C in air, resulting in a black powder. The powder was heat treated in a 

muffle furnace at 400 °C for 1 h. 

MoO2 nanocrystals were prepared as follows: 2 ml molybdenum 

chloromethoxide was dispersed in 10 ml oleic acid. The suspension was 

treated solvothermally in an autoclave, heated at a rate of 5 °C/min up to 

temperatures of 175-250 °C. The product was recovered by addition of 

methanol and centrifugation, washed in acetone and dried at 90 °C. 

Characterization Methods 
X-ray diffraction patterns were recorded on a PanAlytical Empyrean 

diffractometer with a graphite monochromator, in Bragg-Brentano 

geometry, using the kα-line from a Cu anode operated at 45 kV/40 mA. 

Scherrer and Rietveld analysis has been carried out in the HighScore Plus 

software. Scanning electron microscopy and energy-dispersive x-ray 

spectroscopy was performed using a FEI Magellan FEG-SEM. 

Fluorescence spectra were collected on an FLS980 spectrofluorimeter 

from Edinburgh Instruments. UV-Vis absorption and diffuse reflectance 

spectroscopy was performed using a Cary 5000 spectrophotometer from 

Agilent. Micro-Raman spectroscopy was carried out on a WITec CRM-

200 Raman/fluorescence microscope/imaging system with excitation 

lasers of 532 and 633 nm wavelengths. FTIR spectra were collected with 

a Hyperion 2000 microscope equipped with a liquid nitrogen cooled 

MCT detector, coupled to a Vertex 70v spectrometer from Bruker. 

Electrochemical experiments were performed using a Solartron Modulab 

XM materials test system, typically in a standard three-electrode 

configuration using a platinum plate counter electrode and an Ag/AgCl 
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reference electrode. Kelvin Probe Force Microscopy (KPFM) was 

conducted on a NTEGRA NT-MDT in semicontact mode with a 

platinum tip (NSG01/Pt). Work functions for the photoanodes were 

estimated using highly oriented pyrolytic graphite (4.475 eV) as a 

reference. 

Quantum Yield 
The fluorescence quantum yield is defined as: 

Typically it is determined by measuring the emission of a fluorophore and 

comparing it to the emission of a standard sample with a known quantum 

yield. However, this assumes that the emission is isotropic, and is therefore 

not suitable for diffusely scattering samples, such as powders and films. 

Most samples in this thesis are in this form, and therefore another method 

has been employed to determine the absolute quantum yield.25 This 

requires the use of an integrating sphere, and good knowledge of the 

characteristics of the instrument, such as detector sensitivity curves and 

measurements of the spectral irradiance of the excitation source. Consider 

the spectra in Figure 2.1. The black line is the spectrum of rhodamine 

6G, which has a very high quantum yield, excited at 488 nm; the 

excitation line is included in the spectrum. The red line is a spectrum of 

only the solvent. The idea is to account for the number of absorbed 

photons by considering the difference in the excitation line with and 

without the fluorophore present, whereas the number of emitted photons 

is obtained by taking the difference in the emission spectrum, thus 

accounting for any fluorescence from the solvent or substrate, as well as 

any background emissions from the sphere. By integrating the excitation 

line and the emission bands the quantum yield is obtained as: 

Here E and S are the intensities of the emission bands and excitation lines, 

while a and b refer to the sample and the solvent, respectively. 

 ϕ =  
Number of photons emitted

Number of photons absorbed
 (2.1) 

 ϕ =  
∫ 𝐸𝑎𝑑𝜆 − ∫ 𝐸𝑏𝑑𝜆

∫ 𝑆𝑏𝑑𝜆 − ∫ 𝑆𝑎𝑑𝜆
 (2.2) 
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Figure 2.1: Quantum yield determination of rhodamine 6G. 

Time-Correlated Single Photon Counting 
In the context of this thesis, time-resolved fluorescence measurements are 

primarily used as a tool to monitor recombination kinetics and charge 

transfer processes. The principle of time domain measurements is that an 

excited fluorophore has a constant probability to relax by emitting a 

photon or by undergoing various non-radiative processes at any time. 

Given a population of n excited fluorophores, a constant fraction of them 

will therefore undergo relaxation in a given time interval, and the decay 

rate can then be formulated as: 

Here Γ is the radiative decay rate and knr is the non-radiative decay rate 

(including processes like internal conversion and inter-system crossing). 

This results in an exponential decay function, 

However, in a fluorescence measurement, the emission intensity is 

measured rather than the excited population number. The intensity is 

proportional to n(t), giving the following relationship: 

 𝑑𝑛

𝑑𝑡
= (Γ + 𝑘𝑛𝑟 )𝑛(𝑡). (2.3) 

 𝑛(𝑡) = 𝑛0exp[−(Γ + 𝑘𝑛𝑟)𝑡]. (2.4) 
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where τ is the inverse of the total decay rate, (Γ + 𝑘𝑛𝑟 )−1. This parameter 

is the lifetime, and for a single exponential decay (i.e. no sub-populations 

of excited fluorophores with different decay rates or multiple decay paths) 

it is equal to the average time a fluorophore spends in the excited state. 

For the general case of several decay paths or fluorophore populations in 

one measurement, the intensity is typically formulated as: 

and the average lifetime is: 

Time-correlated single photon counting (TCSPC) measurements consist 

of a pulsed laser, laser diode, or LED, with pulse periods typically in the 

range of femto- or picoseconds, and a fast photomultiplier tube. When 

the sample is excited by a pulse, a number of fluorophores will be excited 

and then decay according to the dynamics discussed above. The time 

delay between the excitation pulse and emitted photons from the 

fluorophore is measured, usually through a constant fraction discriminator 

circuit combined with a time-to-amplitude converter, and plotted as a 

histogram.26 An example of a TCSPC measurement on rhodamine 6G, 

with a fluorescence lifetime of 4.08 ns, is displayed in Figure 2.2. 

 𝐼(𝑡) = 𝐼0exp[−𝑡/𝜏], (2.5) 

 𝐼(𝑡) = ∑ 𝐵𝑖 𝑒𝑥𝑝(−𝑡/𝜏𝑖 )
𝑖

 (2.6) 

 < 𝜏 >= ∑
𝐵𝑖 𝜏𝑖

2

𝐵𝑖 𝜏𝑖𝑖

 (2.7) 



18 Chapter 2: Methods and Materials 

 

Figure 2.2: TCSPC measurement of rhodamine 6G. Black dots are data points, 
the black line is the instrument response function, and the red line is an 

exponential function fitted to the data. 

The measured data is a convolution of the true data and the instrument 

response function, i.e. what the instrument would measure on a zero-

lifetime sample; the shape of this function is a result of the characteristics 

of the detector and timing electronics,27 as well as the pulse shape from 

the excitation laser. The measured data is deconvolved from the 

instrument response function and fitted to an appropriate mathematical 

function, usually according to (2.6, to obtain the fluorescence lifetime. 

Functional Evaluation 

Photocatalysis 
The photocatalytic performance of the synthesized materials was 

evaluated by dispersing 0.5 g/l of catalyst in an aqueous solution of a 

model pollutant, rhodamine B or phenol, typically at a concentration of 

10-4-10-6 M. The dispersions were left stirring in darkness to allow them 

to reach adsorption-desorption equilibrium, then they were illuminated 

by simulated solar light (LOT-QD, calibrated with a Si cell to output 

1000 W/m2) or a UV-lamp (6 W, 365 nm). The concentration of the 

model pollutants was monitored during the experiments by 

spectrophotometry, measuring the intensity of the 554 nm absorption 

peak in rhodamine B or the 270 nm absorption peak of phenol. The 

absorbance is then related to the concentration by the Beer-Lambert law: 
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where ε is the molar extinction coefficient, l is the optical path length, 

and c is the concentration. The extinction coefficient was determined by 

preparing solutions of known concentration, measuring their absorbance 

and fitting the results to (2.8 to obtain εl; see Figure 2.3 for an example 

with rhodamine B. In this example the value of εl coincides with the 

value of the molar extinction coefficient in units of M-1cm-1 because the 

path length of the cuvette was 1 cm. 

 

Figure 2.3: Measurement of molar attenuation coefficient of rhodamine B in 

H2O. 

A photocatalytic reaction will typically follow pseudo-first order reaction 

kinetics, meaning that the reaction rate is proportional to the 

concentration of the reactants. Since the catalyst is not consumed in the 

reaction (although in principle it could be deactivated if, for example, 

chemisorption of the target molecule or its reaction products occur) it 

need not be considered, and the concentration over time will follow an 

exponential curve, i.e. 𝐶 = 𝐶0exp(−𝑘𝑡), where k is the (effective) rate 

constant. An example with ZnO as a catalyst and rhodamine B as target 

molecule is shown in Figure 2.4. 

 𝐴 = 𝜀𝑙𝑐, (2.8) 
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Figure 2.4: Negative logarithm of rhodamine B concentration during a 

photocatalytic reaction. 

Dye-Sensitized Solar Cells 
Dye-sensitized solar cells (DSSCs) were assembled according to the design 

by Grätzel,28 with photoanodes composed of SnO2/SnO2-ZnO 

nanoparticles, platinum cathodes and N-719 dye. The photoanodes were 

prepared by making a paste of the metal oxide, ethyl cellulose, α-

terpineol, water and ethanol, which was then screen printed on FTO 

glass. Electrical characterization was then carried out with a Keithley 

multimeter under illumination from a solar simulator (same as for 

photocatalysis).
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Chapter 3: Results and Discussion 

 

rGO-ZnO Nanocomposite (paper I and IV) 
This material consists of disc-shaped particles with a rather wide range of 

diameters, from hundreds of nanometers up to 1-2 micrometers (Figure 

3.1). After heat treatment at 300 °C their surface is covered in small pores. 

On one of the faces a hint of the hexagonal symmetry in the wurtzite 

structure of zinc oxide is visible. 

 

Figure 3.1: Scanning electron micrographs of synthesized rGO-ZnO particles, 

(a) face and (b) side view. Scale bars: 500 nm. 

The wurtzite structure is confirmed with x-ray diffraction (Figure 3.2). 

Scherrer and Rietveld analysis on the recorded patterns, though made 

more complicated by the inhomogeneous size and shape of the particles, 

suggest that the particles are polycrystalline, with domain sizes <100 nm 

in the directions orthogonal to the basal plane normal. Embedding rGO 

inside the structures appears to have little effect on the morphology and 

structure; the crystallite size is largely unchanged, though there are some 

signs that the particle size is modified. This is an expected consequence of 

the synthesis path, where zinc ions are adsorbed on the rGO sheets prior 

to the oxide formation, thus creating a conformal coverage. 
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Figure 3.2: X-ray diffraction pattern of synthesized ZnO. The lower columns 

indicate diffraction lines from a zincite reference pattern (COD ID: 9004179). 

Testing this material with different amounts of rGO in a photocatalytic 

reaction with rhodamine B as a model pollutant, using a solar simulator 

for illumination, indeed results in an improvement which increases with 

rGO loading. Thus one is tempted to conclude that the hypothesis of 

charge carrier separation is correct and not pursue further investigation. 

However, when running the same experiment using phenol and a UV-

lamp, the trend is the opposite (see Figure 3.3). 

 

Figure 3.3: Rate constants in degradation of model pollutants in a suspension of 

rGO-ZnO particles as a function of rGO loading, normalized to the rate 

constants of bare ZnO. 
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These findings do not comport with the idea that the photogenerated 

holes and conduction electrons are more efficiently utilized – in that case, 

a non-selective improvement would be expected. A crucial distinction 

between the two experiments is that a; rhodamine B strongly absorbs 

visible and UV-light, where phenol is non-absorbing in the wavelength 

range of the illumination source, and b; the phenol is illuminated only by 

UV-light, whereas the solar simulator outputs a broad spectrum. One 

must therefore consider a sort of reverse reaction, where rhodamine B is 

excited rather than the ZnO; a related reaction scheme is discussed in the 

section about metallic MoO2 nanocrystals. Another possibility is that the 

ZnO is photoactive with visible light – usually this does not happen 

because of the wide band gap, but the native defects present in the 

material alter its band structure and has been reported to affect its visible 

light photoactivity.29 

To investigate such defects, fluorescence spectroscopy is a suitable tool. 

Zinc oxide is remarkably luminescent compared to other metal oxides 

due to its high exciton binding energy. Looking at the steady state 

fluorescence spectrum of the synthesized material (without rGO, Figure 

3.4), the strong peak corresponding to direct exciton recombination at 

~380 nm is seen along with a very broad emission band covering the 

whole visible range. These visible emissions correspond to electrons and 

holes that recombine via interaction with a defect site in the ZnO lattice. 

 

Figure 3.4: Steady-state photoluminescence emission spectrum of synthesized 

ZnO. 
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The precise origin of these visible emissions is a matter of considerable 

discussion in the literature.30 The most common green emission has been 

widely attributed to oxygen vacancies,31 but this has been shown to be 

incorrect.32 There is no consensus about the origin of the red emission 

observed in Figure 3.4,33 though it is worth mentioning that the calculated 

point defect energies in ZnO do not produce any emission of this 

wavelength, therefore suggesting that the point defect model is not valid 

for this material. Unfortunately, the literature on the energetics of 

different types of defect complexes in ZnO is sparse, and as of now there 

is no way to conclusively identify how these emissions arise. The 

relevance of the defect emissions to photocatalytic performance is 

similarly ambiguous, with several reports showing differing, even 

seemingly contradictory, results. It is not difficult to imagine how such a 

situation can occur due to the complex nature of this problem; the 

interaction of defects and charge carriers depend not only on 

concentration but also on location and presumably type of defect. For 

example, defects located on the surface of a catalyst can simultaneously act 

as an adsorption site and a charge carrier trap, thus bringing charge carriers 

into contact with target molecules and thereby providing an efficient 

pathway for increased catalytic performance. The same defect placed in 

the bulk of the material would uselessly trap charge carriers where they 

are not able to participate in reactions. Another concern is the 

recombination kinetics. Photogenerated charge carriers undergo 

transitions that can be broadly categorized as radiative and non-radiative, 

at different rates. Obviously, to maximize the availability of excited 

charges the relaxation time should be as long as possible, equivalent to 

minimization of the total recombination rate. 

Applying time-correlated single photon counting (TCSPC) allows direct 

measurement of the fluorescence lifetime (Figure 3.5). What is 

immediately obvious is that there is a large difference, nearly three orders 

of magnitude, between the lifetime recorded at UV and visible 

wavelengths. The mean lifetimes are 57.5 ps (NBE) and 27.2 ns (Vis 

emissions) This implies the existence of long-lived trap states associated 

with the visible emissions. 
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Figure 3.5: TCSPC measurements of ZnO nanoparticles. Left: emission 

wavelength 375 nm; Right: 650 nm. 

Performing TCSPC measurements at many wavelengths allow the 

construction of time-resolved emission spectra (Figure 3.6), which 

enables us to investigate the structure of the visible emissions more closely.  

Plainly, there is an emission at 500 nm that is barely visible in the steady 

state measurement. This emission decays much quicker than the emission 

centered around 650 nm, clearly illustrated by plotting the chromaticity 

of the emission as it goes from green to orange in the space of 2 

microseconds. These differential relaxation times ought to have a 

significant impact on the catalytic performance of the material; while one 

might conclude that the overall recombination time is rather long – at 

least tens of nanoseconds – the “slow” electrons are lower in energy with 

respect to the valence band, and therefore have a lower reduction 

potential.  
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Figure 3.6: Left: Waterfall plot of ZnO fluorescence emission spectra at different 
points of time after excitation. Right: chromaticity of the visible emission in the 

CIE1931 color space from 0 to 2 microseconds after excitation. 

Direct investigation of the relationship between the intensity of the visible 

emissions, their lifetime, and the photocatalytic activity in a rGO-ZnO 

composite material (Figure 3.7), modulating the concentration of defects 

via heat treatment in air, suggest that it does not have a clear positive 

contribution to the performance. In fact, the smallest degradation (defined 

as the fraction of removed rhodamine B) are obtained with significant 

intensities of either green or red emissions, while a very small defect 

content results in a higher performance (the highest activity from the 

sample heat treated at 450 °C is a result of direct exposure of the internal 

graphene that occurs at this temperature, leading to a more efficient 

adsorption34). This appears to be essentially unrelated to the very large 

increase in the fluorescence lifetime in heat treated samples (the NBE 

lifetime is almost unchanged), further indicating that the defects 

corresponding to the visible emissions probably do not participate 

significantly in the catalytic process, though to the extent that they do, 

the green emission appears to be preferable. 
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Figure 3.7: (a) steady state and (b) TCSPC measurement of the visible emissions, 

and (c) rate constant of rhodamine B degradation in photocatalytic reaction of 

heat treated rGO-ZnO nanocomposite (1 wt% rGO). 

Turning instead to the effect of different graphene loadings on the defect 

emissions (Figure 3.8), a clear reduction in their intensities can be 

observed in the graphene-containing material. This suggests that the 

reduction or passivation of defects are a driver of increased photocatalytic 

performance. A trend can also be seen in the fluorescence lifetimes, which 

would indicate a reduced recombination rate. The lifetime is not strongly 

correlated to the rGO content, however, and the sharp difference 

between the 0.01% sample and its “neighbors” nonetheless has a 

negligible effect on the measured photocatalytic activity. Note however 

that the NBE and visible lifetimes as functions of rGO almost perfectly 

mirror each other; this clearly indicates that they are competing processes 

and is likely the reason there is a much stronger correlation with the 

(a) (b) 

(c) 
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observed photocatalytic activity and the relative intensity of these 

emissions, rather than their individual lifetimes.  

 

Figure 3.8: Left: normalized fluorescence emission spectra; right: mean 

fluorescence lifetime of NBE and visible emissions (note the different time scales 

in the legend) in rGO-ZnO composites at different rGO concentrations. 

Electrochemical measurements (Figure 3.9) provide some further insight 

on the charge transfer processes in the material. Firstly, the current density 

is not significantly increased in the composite materials when compared 

to bare ZnO, thus implying that the electrical conductivity of rGO is not 

supporting the flow of current through the material, and the enhanced 

photocatalytic performance is not due to better charge transport. 

 

Figure 3.9: Cyclic voltammograms obtained at 50 mV/s (left) and Bode plots 

(right) of rGO-ZnO composites. 
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Instead, the main difference in the rGO-containing samples appear to be 

a somewhat reduced charge transfer resistance and an increased double-

layer capacitance. The latter in particular is significant for a catalyst, since 

it is directly related to the charge management at the surface of the 

particles, where the photocatalytic reactions occur. 

Core-Shell SnO2-ZnO Nanoparticles 
The synthesized material consists of SnO2 nanoparticles with a diameter 

of ~5 nm, as obtained from Rietveld refinement, with a thin coating of 

ZnO (probably only a few atomic layers, an illustration is shown in Figure 

3.11, right). SEM images (Figure 3.10) shows roughly spherical particles 

with some size dispersion, though the agglomeration makes it difficult to 

ascertain. However, no segregated phase of ZnO can be seen, showing 

that it has successfully formed a shell around the SnO2 nanoparticles. This 

results in the formation of a heterojunction between the two materials. 

The type of this heterojunction, which is largely determined by the 

alignment of the energy bands in the semiconductors, is of major 

importance for the electronic properties of the composite material. 

 

Figure 3.10: Scanning electron micrographs of SnO2-ZnO nanoparticles. Scale 

bars: left: 500 nm; right: 100 nm. 

When considering the band structure of the bulk materials based on the 

vacuum electron affinities, the combination of ZnO and SnO2 should 

result in a staggered band gap alignment, where the valence and 

conduction bands of SnO2 are lower in energy than the respective bands 
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of ZnO. Such a band alignment allows for a spontaneous transfer of 

electrons from SnO2 to ZnO, such that holes accumulate in ZnO and 

conduction electrons in SnO2. Four samples were prepared with different 

concentrations of the Zn precursor. The X-ray diffraction patterns of 

these (Figure 3.11, left) show that the two samples with the highest Zn 

concentrations contain crystalline ZnO, while the two lower 

concentration samples only contain crystalline SnO2. Based on the 

synthesis mechanism, it can be reasoned that at sufficiently high 

concentrations, crystalline ZnO forms as a segregated phase, as opposed 

to a crystalline shell on the nanoparticles. 

      

Figure 3.11: Left: X-ray diffraction patterns (Zn concentration increasing from 

bottom to top) of SnO2-ZnO nanoparticles. Asterisks indicate peaks belonging 
to ZnO wurtzite phase. The lower columns indicate diffraction lines from a 

reference pattern of cassiterite, COD ID: 1000062 Right: graphic representation 

of a core-shell nanoparticle. 

Starting by looking at the optical properties, signs of electronic interaction 

between ZnO and SnO2 can be seen. The UV-Vis absorbance (Figure 

3.12) indicate clearly that the apparent band gap of the material decreases 

upon addition of ZnO. The band gap of ZnO is smaller than SnO2, so 

even a mixture of the two with no chemical interaction would exhibit a 

similar effect, however, as the ZnO concentration increases, the 

absorption tail extends well into the visible range, which is not 

characteristic of either material. There are two possible explanations for 

this; either the very thin layer of ZnO results in distorted electronic 

orbitals, similar to the example of defects in bulk ZnO creating visible 
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emissions, or the combination of the two materials permit excitation of 

electrons in the interface, effectively injecting them from one material to 

the other. 

 

Figure 3.12: Normalized Kubelka-Munk transforms of diffuse reflectance UV-

Vis spectra of SnO2 nanoparticles (black trace) and SnO2-ZnO core-shell 
nanoparticles with lower and higher Zn concentration (green and red traces, 

respectively) 

The difference between the SnO2 conduction band and the ZnO valence 

band, based on the vacuum electron affinities, is about 2.9 eV, 

corresponding to a wavelength of 430 nm, which appears to coincide 

rather well with the observed absorption tail. There is even a significant 

fluorescence band around this wavelength (Figure 3.13), a rather 

remarkable result, seeing as the ZnO shell can hardly be considered to be 

crystalline. There is also a small peak corresponding to direct band gap 

recombination in ZnO. This has some interesting implications both in 

terms of photosensitization and more efficient separation of charge carriers 

(hence reduction of the recombination rate) in the material. 
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Figure 3.13: Fluorescence spectrum of SnO2-ZnO nanoparticles. 

Testing these materials in photocatalysis, again with a solution of 

rhodamine B in simulated sunlight (Figure 3.14), reveals a significant 

improvement of the rather low activity obtained with pure SnO2 

nanoparticles. The enhanced activity is not fully sustained with higher 

ZnO content, which indicates that the visible absorbance in this sample 

is not an important factor – indeed the total absorbance seems to be 

smaller due to increased scattering in the UV region. These results 

therefore seem to indicate that the somewhat naïve approach in estimating 

the band alignment is in this case effective, and that the improved 

photocatalytic activity may be ascribed to a reduced recombination rate. 

 

Figure 3.14: degradation of rhodamine B in a dispersion of SnO2/SnO2-ZnO 

(low and high ZnO content) nanoparticles after 180 min of simulated sunlight 

illumination. 
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To further investigate the electronic properties of the material, it is useful 

to employ it as anode material in a dye-sensitized solar cell (DSSC). In 

this way, the performance parameters of the assembled device,35 namely 

the short circuit current Jsc, the open circuit voltage Voc, efficiency (η), 

and fill factor (FF), can be related to the properties of the anode material. 

Figure 3.15 summarizes the measurements of these parameters for DSSCs 

manufactured with anodes of the synthesized SnO2-ZnO nanoparticles. It 

can be seen that despite a significant spread in some parameters, the 

general trend is that they all improve with increasing ZnO concentration. 

These metrics are mathematically related as follows:36 

where P is the maximum output power and Pin is the power of the 

incident radiation. It is therefore apparent that Jsc and Voc are the important 

factors determining the cell efficiency. A straightforward approach to 

improving Jsc is to increase the number of absorbed photons, e.g. by 

broadening the absorption band or increasing the absorption coefficient. 

However, it has been found that this will generally decrease the open-

circuit voltage, limiting and in some case reducing the efficiency.37 There 

is a small effect on Jsc, which is mainly due to an increased dye uptake 

with a ZnO shell,38 with increased absorption range in the nanoparticles 

(see Figure 3.12) possibly playing a minor part. Voc, on the other hand, is 

a function of the quasi-Fermi level of the anode semiconductor, and 

therefore depends on the conduction band energy and conduction 

electron concentration. 

 𝐹𝐹 =
𝑃

𝑉𝑜𝑐𝐽𝑠𝑐
, (3.1) 

 𝜂 =
𝐽𝑠𝑐𝑉𝑜𝑐FF

𝑃𝑖𝑛
, (3.2) 
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Figure 3.15: Performance parameters of DSSCs fabricated with anodes composed 

of SnO2 nanoparticles with low (SZ1) and high (SZ2) ZnO concentration. 

This, then, is the main reason behind the increased performance of the 

zinc-coated nanoparticles; the conduction band energy is increased due 

to the higher conduction band in zinc oxide, and due to inhibited charge 

recombination, the concentration of charge carriers is increased, since the 

concentration depends on the equilibrium between recombination and 

electron injection from the dye. Further confirmation of this is given by 

measurements of the work function of the anodes (as measured by Kelvin 

probe force microscopy), reported in Table 3.1. 
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Table 3.1: Work functions of SnO2-ZnO anodes as measured by KPFM. 

Anode Work function (eV) 

SnO2 4.84 

SnO2-ZnO (low) 4.55 

SnO2-ZnO (high) 4.53 

 

Rh-TiO2 Nanocrystals (paper V) 
X-ray diffraction patterns (Figure 3.16) of the synthesized materials show 

the presence of elemental rhodium in the sample with higher Rh 

concentration in the synthesis. Rietveld refinement gives the Rh weight 

fraction as 0.16% after heat treatment. This corresponds to an atomic ratio 

of 0.12%; much lower than the nominal 5%. However, XPS analysis gives 

a higher number of 0.77%, which is moreover predominantly in the form 

of Rh(III), indicating bonding with oxygen as Rh2O3. 

 

Figure 3.16: XRD patterns of TiO2-Rh nanocrystals. The (111) reflection of 

elemental Rh is indicated. 

In addition, chemical composition maps obtained by electron energy loss 

spectroscopy (EELS, Figure 3.17) reveal a homogeneous coverage of 

rhodium, whereas rhodium nanocrystals were not consistently detected. 
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Figure 3.17: EELS chemical composition maps obtained from the area within the 

red square of the STEM micrograph for the 400 C TiO2-5Rh sample. 

These results indicate that oxidized rhodium has been incorporated into 

the TiO2 matrix as clusters of a few atoms or as individual cations, possibly 

substituting into the TiO2 lattice, while a small amount of elemental 

rhodium has instead formed small nanocrystals, which are possibly 

oxidized on the surface. 

Testing the materials as gas sensors with acetone (Figure 3.18) shows that 

the response of TiO2-5Rh is enhanced by approximately an order of 

magnitude compared to the TiO2 without any rhodium added. Thus far, 

the results are in agreement with the established literature on the effect of 

noble metals in gas sensing devices.39 However, the presence of different 

rhodium species raises the question of how they improve the 

performance; in particular, oxidized rhodium has been reported to lower 

the response to acetone.40 

  



Doctoral Thesis | Anton Landström   37 

 

Figure 3.18: Acetone calibration curves of TiO2 and TiO2-5Rh-based devices 

at an operating temperature of 300 C. 

Conductance measurements (Figure 3.19) show that the overall 

conductance is much lower in the TiO2-5Rh device; this was attributed 

to charge extraction from the TiO2 host. However, it is also much less 

sensitive to changes in oxygen concentrations compared to the bare TiO2 

device, particularly in the higher temperatures where oxygen 

ionosorption is significant. This suggests that acetone sensing is favored 

by charge restoration from the rhodium species to the TiO2 lattice in 

conjunction with the acetone-TiO2 interactions. 

 

Figure 3.19: Conductance measurements of TiO2 and TiO2-5Rh-based 

devices at different oxygen concentrations and temperatures. 
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MoO2 Nanocrystals (paper VI) 
Molybdenum oxide, unlike most transition metal oxides, is a metallic 

conductor, which makes it somewhat different to the other materials 

discussed here – a metal cannot support a photocatalytic reaction in the 

same way as a semiconductor, i.e. by the generation of electron-hole pairs 

that act as oxidizing and reducing agents. However, when running a 

photocatalytic experiment with methylene blue (MB, Figure 3.20), the 

material shows a respectable performance. In order to investigate this 

process further, the material was tested also with rhodamine B (RhB) and 

paracetamol (Figure 3.21).  

 

Figure 3.20: Methylene blue degradation in photocatalytic experiment with 

MoO2 nanocrystals. 

Paracetamol absorbs at 246 nm, while rhodamine B has its main 

absorption peak at 554 nm. Using visible light, both rhodamine B and 

paracetamol clearly degrades, but when the 500-600 nm region (covering 

the RhB absorption band) is filtered out, no degradation is observed. 
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Figure 3.21: (A) Degradation of rhodamine B and paracetamol in a mixed 

solution using visible light. (B) The same experiment using filtered light (500-
600 nm filtered out). The shaded areas show the time interval where the 

illumination is turned off. 

Since MoO2 cannot directly generate radicals to break down molecules, 

and paracetamol does not absorb in the visible range, and in any case no 

degradation is observed when the light is filtered, rhodamine B must be 

the main driver in this reaction. A likely reaction scheme is that, upon 

absorption of a photon, rhodamine B is excited to the triplet state, after 

which electron transfer occurs either to MoO2 or to paracetamol. The 

former is possible due to the relatively low Fermi level of the MoO2, and 

results in a charged catalyst particle which can then go on to generate 

radicals for further degradation. Moreover, DFT calculations show that 

hole transfer from paracetamol to photoexcited rhodamine B can occur, 

also generating radicals and driving the degradation. 

3HF & 7HF Adsorbed On MCM-41 (paper II and 

III) 
This section concerns the photophysics of flavonoids when they are 

coupled to MCM-41, a commercial mesoporous, insulating SiO2 

nanoparticle. The absorbance and fluorescence spectra of the flavonoids 

dissolved in acetonitrile are shown for reference in Figure 3.22. 

Absorption and fluorescence spectroscopy of 3HF/7HF-doped MCM-41 

(Figure 3.23) establish that the flavonoids have successfully been 

incorporated into the silica nanoparticles.  
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Figure 3.22: Absorbance and fluorescence emission spectra of 3HF (a,b) and 7HF 

(c,d) in acetonitrile. 

The main absorption bands are essentially unchanged compared to the 

spectra in MeCN solution, so in large part the optical properties appear 

to be preserved after the encapsulation. The emission spectra, however, 

show that the interactions between the emitting species and their 

surroundings are different – most notably with 3HF the main emission 

band is blue-shifted and a new emission band has appeared around 400 

nm, closely corresponding to the N* emission expected in a hydrogen 

bonding donating (HBD) environment, while for 7HF an emission at 390 

nm (compared to 550 in MeCN) is accompanied by a large increase in 

fluorescent intensity; the quantum yield in MeCN is ~0.001, while in 

7HF-MCM41 particles it is 0.033. The origin of this emission is not 

entirely clear, but it is likely to arise from the cationic or phototautomeric 

form of 7HF, based on TD-DFT calculations.  

(a) (b) 

(c) (d) 
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Figure 3.23: Kubelka-Munk transforms and fluorescence emission spectra of 

3HF-MCM41 (a,b) and 7HF-MCM41 (c,d). 

Measurements of the fluorescence lifetime (Figure 3.24) reveal that there 

are a number of sub-populations of both 3HF and 7HF emitting. The 

lifetime is overall longer in the encapsulated flavonoids (3HF: from 0.857 

ns in MeCN to 1.558 ns in MCM-41, 7HF: 1.472 ns to 1.889 ns), an 

expected result from the restricted rotational movement of adsorbed 

molecules, which reduces the rate of nonradiative relaxations. 

(a) (b)

? 

(c) (d) 
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Figure 3.24: TCSPC measurements of flavonoid-doped MCM41 nanoparticles 

and flavonoids in MeCN solution. Upper traces: left: 3HF-MCM41; right: 3HF 
in MeCN. Lower traces: left: 7HF-MCM41; right: 7HF in MeCN. Excitation 

wavelength: 372 nm. 

The MCM-41 encapsulated flavonoids remain fluorescent with almost 

the same quantum yield when exposed to air over a period of months, in 

contrast to isolated molecules which normally exhibit rather poor stability 

in the same conditions. 
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3-Hydroxyflavone Adsorbed on TiO2 (paper VIII) 
These samples consist of TiO2 films screen-printed onto conducting 

substrates, coated with 3HF. Before uploading 3HF onto the TiO2 films, 

they were characterized to obtain basic morphological information. The 

thickness can be evaluated rather precisely by measuring their IR 

absorption; because the thickness is comparable to the wavelength of IR 

radiation – on the order of 1-10 µm – measuring their reflectance 

produces a clear fringing effect due to thin-film interference. The 

interference produces a modulation of the reflectance according to: 

where d is the film thickness and ν is the spectroscopic wavenumber. The 

spacing between the fringes is then equal to (2d)-1. Using this method, the 

film thickness was determined to be 6-7 µm. For the alumina coated films, 

the distribution of Al2O3 was evaluated using EDXS mapping. The 

distribution of oxygen, titanium and aluminium on a film with a ~3 nm 

layer of alumina is shown in Figure 3.25; no signs of clustering or phase 

segregation is seen. The atomic content of Al is also increased in the 

sample with thicker alumina layer in good agreement with the number of 

ALD cycles applied; the elemental atomic percentage is shown in Table 

3.2. 

Table 3.2: atomic percentages of selected elements in TiO2-Al2O3 films. 

Sample Element Atomic % 

 
30 cycles 

O 70.2 
Ti 24.8 

Al 3.4 

   

 

100 cycles 

O 68.0 

Ti 16.3 

Al 13.5 

 

  

 𝑅 ~ 𝑠𝑖𝑛(4𝜋𝑑𝜈), (3.3) 
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Figure 3.25: EDXS maps of selected elements in the TiO2-Al2O3 films. 

From XPS results, the alumina layer thickness could be evaluated directly 

from the ratio of the Al 2p and Ti 2p signals; in the sample with 100 ALD 

cycles it was calculated to be approximately 13 nm, in good agreement 

with the nominal value of 10 nm. 

Proceeding to the uptake of 3HF, the kinetics of the adsorption process 

was first investigated by soaking the films in 3HF solution and measuring 

the transmittance or diffuse reflectance at certain time intervals. The 

process is rapid, with the TiO2 visibly changing color immediately after 

immersion. Monitoring the absorption (Figure 3.26), it is easily 

determined that the 3HF uptake results in a new absorbance signal 

centered around 400 nm (consistent with the visible change of color), 

which quickly stabilizes, indicating that the surface is saturated. The new 

absorbance signal is notably different from that of free 3HF in solution 

(see Figure 3.22a), probably indicating charge transfer from 3HF to 

titanium ions on the surface. It is also worth remarking that a similar 

absorption band appears when 3HF is complexed with metals such as 

titanium, zirconium,41 aluminium, zinc, and lead.42 
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Figure 3.26: Left: Absorption spectra of TiO2 substrate after immersion in 3HF 

solution. Right: absorbance signal at 400 nm over time. 

By subtracting the absorbance spectrum of the substrate before the uptake 

from the same after uptake to obtain a difference spectrum, the shape and 

position of the new absorption band is revealed (Figure 3.27). Binding to 

alumina instead of titania appears to have a substantial effect on the 3HF 

molecular orbitals, inducing a redshift which gradually increases with the 

thickness of the alumina layer. With a 10 nm layer, the red shift is 

approximately 22 nm. 

 

Figure 3.27: difference spectra of 3HF-TiO2 and 3HF-Al2O3-TiO2, with two 

thicknesses of Al2O3, after 3HF uptake. 

FTIR spectroscopy was performed to try to determine the anchoring 

mode. In Figure 3.28 it is clear that most vibrational peaks weaken or 
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disappear after adsorption, though in particular the peak at 1616 cm-1, 

associated with the vibration of the C=O group, is absent, indicating the 

involvement of this functional group in the bonding. Indeed this is also 

one of the main binding sites in 3HF metal complexes, the other being 

the 3-hydroxy group. However, the in-plane OH vibration 

corresponding to this group is still present, though it has shifted to a lower 

frequency (1338 cm-1), indicating a weakening of this bond. It therefore 

does not appear to be strongly involved in the bonding, though it is 

affected by the change in its environment. 

 

Figure 3.28: Left: FTIR spectra of TiO2 substrate (black trace) and 3HF adsorbed 

on TiO2 (red trace). Right: FTIR spectrum of uncoordinated 3HF. 

Looking at the fluorescence spectrum (Figure 3.29), the emission is almost 

completely quenched in the 3HF adsorbed on TiO2; only an extremely 

weak signal remains, with a peak at about 460 nm. This is to be expected, 

since the hydroxyl and/or the carbonyl groups involved in the ESIPT are 

now bound to titania, and the tautomer emission is therefore absent. What 

remains appears to be the neutral or anion emission. Depositing a layer of 

insulating alumina onto the TiO2 before the 3HF uptake results in an 

enormously enhanced intensity of the same emission, depending on the 

thickness. When increasing the thickness the quantum yield increases 

from 0.045 at 1.5 nm to 0.093 at 10 nm. This compares favorably with 

the yield of the molecule in acetonitrile, which is 0.081, though much 

lower than the reported quantum yields of the Al(3HF)2 complex in 

methanol (up to 0.58)42. The quenched emission when 3HF is adsorbed 
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on bare TiO2 probably indicates an electronic interaction with the 

underlying metal oxide, where relaxation occurs via a charge transfer 

process, as was pointed out in a study with morin, another flavonoid, in 

a TiO2 colloid.18 

 

Figure 3.29: fluorescence emission spectra of 3HF-TiO2 (left) and 3HF-Al2O3-

TiO2 (right).
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Chapter 4: Conclusions and 

Outlook 

Hybrid Nanocomposites 
The results obtained from the synthesis and characterization of the ZnO-

rGO nanocomposites illustrate quite clearly that the main driver of 

increased photocatalytic activity in this type of system is not a reduction 

in the charge recombination rate, as is frequently claimed in the literature. 

Rather, they highlight that these systems are very complex, and several 

secondary mechanisms are present that have a significant, if not stronger, 

impact. The most important one in the case of ZnO seems to be the 

defect content in the semiconductor matrix; simply reducing the defect 

content by heat treatment at relatively low temperature increased the 

photocatalytic rate constant by 500%, whereas modulating the rGO 

concentration was only able to further increase the degradation rate by 

about 170%, and actually lowered the performance in the case of a non-

absorbing substrate. While there are several reports of greater 

enhancement in similar systems, the crucial difference seems to be that 

most morphologies that have been tried contain exposed graphene, rather 

than the complete encapsulation observed here. Reduced graphene oxide 

has a very high specific surface area, and the consequent high adsorption 

capability effectively increases the reaction rate. Time-resolved 

fluorescence measurements do suggest some effect on the recombination 

rate from the addition of graphene, but it does not appear to account for 

the observed performance enhancement. To establish that definitively is 

a complex problem though; it would require very accurate quantum yield 

measurements to clarify the process. Until now it is not possible to do so 

due to the very low quantum yield of ZnO; on the order of 0.1%. Overall, 

it can be said that there are several parameters that can be leveraged to 

significantly improve the performance in this type of composite system, 

including the crystalline quality of the semiconductor host and its 
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adsorption characteristics, and that a comprehensive study of these is 

necessary to optimize it. 

As for bi-oxide composites, the SnO2-ZnO core-shell nanoparticles do 

show signs of recombination inhibition, though, again, this is difficult to 

conclusively establish. The performance of DSSCs fabricated using these 

as anode material, together with a significant photocatalytic activity, hint 

at the possibility to use them as a truly multi-functional material. Although 

the performance is not especially impressive in absolute terms, it should 

be pointed out that both the catalytic degradation and the solar cell 

efficiency is approximately doubled by the simple addition of a ZnO shell 

to an otherwise unremarkable material, and there is likely to be room for 

further optimization. These benefits can be attributed to the combination 

of useful properties in SnO2 and ZnO. While SnO2 has a very wide band 

gap, the positions of the bands are not energetically favorable – this is 

remedied with the addition of ZnO, which also helps reduce charge 

recombination and widen the absorbance band, as well as leading to an 

increased dye uptake in the case of DSSCs. 

The titanium nanocrystals modified with the addition of rhodium show 

very well the importance of an in-depth characterization in this class of 

materials. There is an obvious potential in improving material 

performance, but a clear understanding of the speciation of the additives 

is necessary to draw the proper conclusions about the mechanisms 

involved. In this case, it was established that it is possible to 

homogeneously cover TiO2 in rhodium, resulting in a complex 

distribution of Rh species depending on the heat treatment temperature, 

which ends up in a significant performance enhancement in gas sensing. 

Metallic MoO2 Nanocrystals 
A metallic photocatalyst is rather remarkable, since it obviously cannot 

function according to the principles of traditional semiconductor 

photocatalysis. Instead, it works by a direct sensitization mechanism, 

where a target molecule is photoexcited, and it not only breaks down, 

but assists in the degradation of other molecules in the environment. This 

paves the way for potentially developing metallic photocatalysts. 
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Flavonols Coupled to Nanoparticles 
The study with 3HF-MCM-41 shows that the flavonol is readily adsorbed 

by the nanoparticles without drastically inhibiting the fluorescence signal. 

Furthermore, the nanoparticles seem to provide some protection from 

photodissociation and extra stability, such that the compound is still 

fluorescent after long periods of exposure to air and room temperature. 

This opens up some interesting perspectives since silica nanoparticles can 

be used as a carrier particle, while 3HF is commonly employed as a 

fluorescent probe. As for 7HF-MCM-41, the encapsulation has in fact 

resulted in a very strong increase in luminescent intensity – the 

fluorescence of 7HF in MeCN is so weak that it is commonly thought to 

be non-fluorescent – in addition to the other benefits. 

3HF coupled to TiO2 is perhaps even more interesting; while the 

formation of 3HF-metal complexes is well known in solution, to my 

knowledge it is unheard of in solid state, and the quantum yield of 

nearly 10% is even higher than that of the same molecule in MeCN 

solution. Moreover, the results seem to clearly indicate that even with 

an interlayer of alumina between 3HF and titania, excited 3HF can still 

relax via the tunneling of electrons through the alumina layer. These 

systems open up interesting new perspectives in the field of solid-state 

fluorophores, being easy to produce and giving strong fluorescence 

emissions. Flavonoids, being a large group of structurally related 

molecules that can be expected to interact similarly with metal oxide 

nanoparticles, therefore offer a large potential for  developing systems 

with tailored properties for specific applications such as bio-imaging and 

fluorescent probes.
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