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Abstract 

Titanium dioxide is the most widely used and studied photocatalyst for a variety of 

applications. However, its performance as a photocatalyst is limited by two main drawbacks: i) the 

fast recombination of photogenerated charge carriers and ii) a high band gap energy, requiring UV 

light irradiation to promote its electronic excitation.  

Several strategies have been investigated to overcome 

these limitations, such as surface modification with noble 

metal (NM) nanoparticles (NPs), Au, Pt, Pd, and doping 

with transition metals or p-block elements. The fine tuning 

of TiO2 crystal morphology represents another 

modification strategy that recently gained a lot of attention. By using suitable shape-controlling 

agents it is possible to modify the crystal habit of anatase, favoring the transition from its typical 

truncated bipyramidal structure, characterized by approximately 90% surface exposure of {101} 

facets, to the nanosheet-like morphology, mainly exposing the thermodynamically less stable (but 

potentially more reactive) {001} surfaces. At the same time, recent studies demonstrated that in-

situ adsorption of fluoride ions has specific effects on the photocatalytic activity of TiO2, 

depending on the TiO2 crystal phase composition and on the mechanism of the photocatalytic 

reaction. A systematic evaluation of the combined effects produced on photoactivity by NM NPs 

deposition and in-situ TiO2 fluorination, as a function of the adopted deposition technique, the 

chosen NM and/or the semiconductor morphology, was still lacking. 

In the present PhD thesis, the photocatalytic properties of doped and/or morphology-

controlled anatase TiO2 samples modified by surface deposition of Au NPs was firstly investigated 

in both photocatalytic oxidation and reduction reactions. In particular, the effects induced by Au 

NPs deposited on the TiO2 surface by different techniques were investigated, as well as those of 

the in-situ addition of fluoride ions, to highlight possible synergistic effects on TiO2 photoactivity 

induced by coupling surface fluorination, specific morphology, and deposited NM NPs. 

A systematic study was thus undertaken by studying at first the effects deriving from the use 

of two different Au NPs deposition methods, i.e., deposition-precipitation (DP) and 

photoreduction (P), on the photocatalytic activity of sol-gel prepared titanium dioxide samples 

bulk co-doped with different amounts of N and F. The photoactivity of the prepared composite 

Au/TiO2 materials was monitored in two different photocatalytic test reactions, i.e., formic acid 

oxidation and Cr(VI) reduction, each proceeding through completely different reaction paths. In 

{101}-facets
{001}-facets



 

 
 

particular, whereas in the case of formic acid oxidation no significant differences in the materials 

photoactivity was induced by the use of different Au NPs deposition techniques, regardless of the 

dopant content introduced in the TiO2 bulk structure, an outstanding photoactivity was instead 

attained in Cr(VI) to Cr(III) photoreduction upon coupling an optimal amount of bulk dopant in 

TiO2 with the photodeposition of NM NPS. The origin of such synergy between the use of a 

selective Au NPs deposition method (i.e., photodeposition) and the use of an optimal amount of 

dopant was then studied via Time-Resolved Photoluminescence Spectroscopy. 

Next, the effects induced upon using the above-mentioned Au NPs deposition techniques on 

the photocatalytic activity of differently shaped anatase powders, eventually also coupled with in-

situ surface fluorination, were evaluated mainly in three different photocatalytic test reactions, i.e., 

formic acid (FA) oxidation, rhodamine B (RhB) bleaching and Cr(VI) to Cr(III) reduction. In 

particular, the deposition of Au NPs on TiO2 was beneficial in FA degradation only in the case of 

{101} facet-dominated materials, whereas coupling Au NPs photodeposition with a nanosheet-

like morphology of TiO2 did not lead to better performing photocatalytic materials. 

Similar results were also obtained in the case of rhodamine B photobleaching. In particular, 

whereas in the case of metal-free titanium dioxide a positive synergy was observed upon coupling 

a nanosheet morphology (i.e., materials mainly exposing {001} facets) with in-situ surface 

fluorination, a positive effect on photoactivity induced by coupling the deposition of Au NPs and 

in-situ surface fluorination was obtained only when the materials were mainly dominated by the 

exposure of {101} facets (thus bearing a pseudo-spherical shape).  

Differently, the photoactivity of morphology controlled Au/TiO2 materials in Cr(VI) 

photoreduction was found to be only slightly affected by the deposition of NM NPs. Instead, the 

photoefficiency of anatase was largely improved upon shifting from a pseudo-spherical 

morphology towards nanosheet-shaped crystallites, producing materials which also significantly 

outperformed reference benchmark P25 TiO2. This is possibly due to an improved oxidative 

power of {001} facets which help to overcome the kinetically rate-determining anodic half-

reaction in Cr(VI) reduction, i.e., water oxidation. Furthermore, an enhanced oxidative power of 

{001} surfaces in comparison to {101} facets was demonstrated by a higher production of HO• 

radicals in solution during the hydroxylation of terephthalic acid in the aqueous media. This effect 

was observed when the morphology of TiO2 was shifted from a pseudo-spherical shape to a 

nanosheet-like structure, providing further confirmation of the mentioned findings. 

Lastly, the performance of the materials was assessed in hydrogen production via methanol 

photo steam reforming. Our results revealed significant enhancements in the photoactivity of the 



 

 
 

powders upon deposition of NM NPs and, notably, the utilization of pseudo-spherically shaped 

TiO2 materials. It is possible that the increased exposure of {101} facets, which act as reduction 

sites, facilitates a greater availability of reduction centres, thereby promoting H2 evolution.  

The obtained photoactivity results in the investigated test reactions allowed us to hypothesize 

a reaction mechanism based on charge migration in differently shaped Au/TiO2 composite 

materials able to rationalize the effects on photoactivity induced upon coupling Au deposition with 

differently shaped TiO2 materials, also under in-situ fluorinated conditions.
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List of Abbreviations 

The following table describes the significance of various abbreviations and acronyms used 

throughout the thesis.  

Abbreviation Definition 

2-TaOH 2-hydroxyterephthalic acid 

AOP Advanced oxidation process 

BET Brunauer-Emmett-Teller 

CB Conduction band 

CCD Charge-coupled device 

CEM Controlled evaporation and mixing unit 

COUM Coumarin 

DFT Density functional theory 

DOS Density of states 

DP Deposition-precipitation 

DR Diffuse reflectance 

DRS Diffuse reflectance spectroscopy 

DSC Differential scanning calorimetry 

DSSC Dye-sensitized solar cell 

EF Fermi energy 

Eg Energy gap 

EPR Electron paramagnetic resonance spectroscopy 

FT-IR Fourier transform – infrared spectroscopy 

FWHM Full width at half maximum 

GGA Generalized gradient approximation 

HR-TEM High resolution transmission electron microscopy 

HT Hydrothermal 

ICP-OES Inductively coupled plasma – optical emission spectroscopy 

IUPAC International Union of Pure and Applied Chemistry 

LSPR Localized surface plasmon resonance 

MFC Mass flow meter and controller 

NM Noble metal 



 

 
 

Abbreviation Definition 

NP Nanoparticle 

P Photodeposition 

PID Proportional-integral-derivative controller 

PL Photoluminescence 

PTFE Polytetrafluoroethylene 

QD Quenching degree 

RhB Rhodamine B 

ROS Reactive oxygen species 

SPR Surface plasmon resonance 

SSA Specific surface area 

TA Terephthalic acid 

TC Temperature controlling unit 

TCSPC Time-correlated single photon counting 

TEM Transmission Electron Microscopy 

TEOS Tetraethylorthosilicate 

TGA Thermogravimetric analysis 

Tl Thermocouple 

TRPL Time-resolved photoluminescence 

UHV Ultra-high vacuum 

VB Valence band 

XPS X-Ray photoelectron spectroscopy 

 

 



 
 

 

Chapter 1:  Backgrounds 

1.1 Introduction 

The transition towards a sustainable and environmentally friendly economy and society 

represents one of the main challenges of the 21st century worldwide. In fact, environmental 

pollution has been poisoning the earth because of anthropogenic activities since the earliest 

civilization up to the present days,1 threatening the health of human beings with a number of 

seriously harmful effects such as, for example, malignancies, cardiovascular disorders, mental 

health disorders, and many others.2 Consequently, the preservation of the environment and human 

health has led to the current socio-political scenario in which the increased awareness and need 

for a sustainable way of life for humanity paved the way for several governmental and 

intergovernmental associations to take act with a number of plans and policies aimed at setting 

goals and initiatives, with the purpose of establishing an environmentally respectful and sustainable 

society. Among these, the two most relevant are represented by the 2030 Agenda for Sustainable 

Development adopted by all United Nations Member States in 2015 and the European Green 

Deal approved in 2020 by the European Union. 

Among the various points discussed in such regulations, a lot of focus is posed on water 

remediation, prevention of its pollution, and increasing the availability of clean, safe water 

worldwide. As a matter of fact, water pollution, occurring when an unwanted substance results in 

severely degrading its quality, represents a widespread issue jeopardizing the health of millions of 

people around the world, killing more humans each year than any form of violence combined.3 

More worrying, only the 3% out of the billion and a half cube meters of water present on earth is 

constituted of fresh, ready to be consumed water. With the demand for human-consumable water 

expected to be increased by one-third by 2050,4 prevention of water pollution and remediation of 

wastewaters from agricultural and industrial activities represent points of primary importance in 

achieving the goals of sustainability and safety at the centre of modern-day society.  

In this scenario, a contribution from the scientific community in developing newly efficient 

and environmentally friendly wastewater treatment technologies becomes mandatory. Among 

these, heterogeneous photocatalysis represents an emerging advanced oxidation process (AOP) 

with the very advantageous characteristics of potentially completely mineralize pollutants into 

innocuous substances (ideally CO2), requiring only mild reaction conditions and oxygen as a 
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reactant, no production of sludge, relatively rapid degradation and very high efficiency at degrading 

recalcitrant compounds such as drugs or dyes, with the only requirement being the activation of a 

catalyst material with light of appropriate wavelength.5 Considering that photons can be provided 

with radiation coming from sunlight, the potential applications of heterogeneous photocatalysis as 

an environmentally friendly and energetically efficient wastewater remediation technology appears 

clear. 

Potential heterogeneous photocatalysis-based environmental applications, however, are far 

from limited to wastewater treatment (Figure 1.1.1), with some of the most notable ones 

represented by air remediation and production of clean solar fuels such as hydrogen.6 In fact, 

through the use of a suitable semiconductor photocatalyst, irradiation of an aqueous solution 

(more commonly in the presence of a hole scavenging species) in contact with a 

photo(electro)catalyst results in the evolution of H2, a clean energy vector which can be burnt as a 

fuel without releasing any noxious chemical. Therefore, semiconductor photocatalysis also poses 

as a potential technology able to help in the ecological transition from the present day commonly 

used fossil fuels towards environmentally clean solar fuels, representing one of the pillars of the 

2020 European Green Deal. 

 

Figure 1.1.1: Graphic representation illustrating some potential applications of photocatalysis.7 

Within this general framework, this PhD thesis aims at investigating some possible strategies 

focused at improving the performances in photocatalysis of the most widely employed and studied 

heterogeneous semiconductor photocatalyst, i.e., titanium dioxide, exploring the effects deriving 

from different modification strategies, such as metal nanoparticles surface deposition, bulk doping, 

and crystal facets engineering. Final purpose is shedding light on the effects of the combination of 
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the mentioned modification strategies on the photocatalytic properties of the metal oxide material 

in a plethora of environmentally relevant photocatalytic applications, occurring through both 

oxidative and reductive processes.  

1.2 Fundamental Aspects of Semiconductor Photocatalysis 

According to IUPAC, photocatalysis is defined as “a change in the rate of a chemical reaction 

or its initiation under the action of ultraviolet, visible or infrared radiation in the presence of a 

substance – the photocatalyst – that absorbs light and is involved in the chemical transformation 

of the reaction partners”. Thus, oppositely to a photochemical reaction, in a photocatalytic process 

the substance being transformed is not directly involved in the absorption of photons, whereas 

instead the light-photocatalyst interaction is responsible for photocatalysis. If a semiconductor 

solid material is used as a photocatalyst, as it happens most frequently, the terminology 

heterogeneous or semiconductor photocatalysis is preferred. On a basic principle, semiconductor 

photocatalysis can be summarized through a simple system in which a semiconductor material, 

named photocatalyst, is in contact with species that are either oxidized or reduced once an 

electronic excitation of the semiconductor via light absorption is provided. More realistically, 

semiconductor photocatalysis represents a wide field of science and technology characterized by a 

huge complexity of the physico-chemical processes occurring underneath an only apparently 

simple light-induced redox process. 

To understand the basic principles of heterogeneous photocatalysis, a description of the 

structure of semiconductor materials is necessary. A semiconductor is a material whose electronic 

structure is characterized by a void energy region in between its valence and conduction band, 

named band gap. The mobility of the charge carriers in a semiconductor material is thus much 

more limited compared to metals, in which the absence of the void energy region allows the 

valence band and conduction band to overlap within each other, allowing electrons to freely move 

from one to the other, leading to the characteristic highly efficient transport properties in metals. 

However, in semiconductors, unlike insulators, the energy gap (Eg) is narrow enough (2-3 eV, 

Figure 1.2.1a) so that by providing enough energy it is possible to promote an electron from the 

conduction band to the valence band, with the parallel generation of a hole in the valence band. 

By this way the number of free charge carriers available within the semiconductor increases. 

Semiconductors, in fact, represent a class of materials of huge interest in many fields of science, 

because they allow to modulate the availability of their charge carriers. 
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In semiconductor photocatalysis, the energy required to induce the promotion of an electron 

from the valence band to the conduction band is provided by irradiation with light source whose 

photons are more energetic than the band gap energy, leading to electronic excitation of the 

semiconductor material. The produced species, i.e., electrons and holes, can be exploited to 

perform some sort of redox chemistry by transferring them from the photocatalyst surface to the 

species adsorbed there (Figure 1.2.1b).  

 

Figure 1.2.1: A band diagram showing the different sizes of band gaps for conductors, semiconductors, and insulators 
(a); schematic diagram illustrating the photo-induced semiconductor activation in photocatalysis (b). 

A fundamental entity in describing the properties of semiconductor materials is the Fermi level 

and the corresponding Fermi energy (EF), which represents a measure of the free energy of the 

electrons in the semiconductor and is defined as the energy level at which the probability of 

occupation of that state by an electron at the absolute zero temperature is equal to 50%. In the 

case of an intrinsic semiconductor, i.e., one free of impurities and defects, the Fermi level is 

positioned in the middle of the energy gap. However, as intrinsic semiconductors are unlikely to 

exist (and very little of interest to photocatalysis), the presence of specific defects or impurities can 

alter the position of the Fermi level from that of an intrinsic semiconductor. In particular, if the 

structure of the semiconductor is altered with oxygen vacancies or impurities of atoms carrying a 

higher number of electrons than those of semiconductor lattice (e.g., substitution of Si with P), a 

so-called n-type (negative) semiconductor is obtained, whereas if an atom with a lower number of 

electrons is introduced (e.g., substitution of Si with B), a so-called p-type (positive) semiconductor 

is obtained. The electronic structure of an n-type semiconductor differs from that of an intrinsic 

semiconductor since, as a consequence of the presence of impurities, an occupied intra-band gap 

energy level, located close to the valence band redox potential, is now introduced in the band 

structure. Such energy state favors the promotion of electrons to the conduction band, resulting 

in a shift of the semiconductor Fermi level towards more negative potentials. In a n-type 

semiconductor, thus, electrons represent the majority carriers, whereas holes are the minority carriers. 

Analogue considerations can be made for p-type semiconductors, although an empty state closer 

eConduction Band

h
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Red

Ox

Ox

Red

+

-

Energy gap

hν≥Eg
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to the valence band and a shift of the Fermi energy towards more positive potentials is rather 

obtained (Figure 1.2.2).  

 

Figure 1.2.2: Diagram illustrating the changes in the electronic structure and positioning of the Fermi level of n-type and 
p-type semiconductors compared to the intrinsic case. 

Semiconductor photocatalysis occurs in a heterogeneous medium, i.e., for a photocatalytic 

process to occur contact between the semiconductor and another phase, for example an electrolyte 

solution, is required. The contact of the semiconductor surface with a different phase induces 

charge reorganization and transfer phenomena between the semiconductor and the electrolyte. In 

fact, under equilibrium conditions, the electrochemical potential of the electrons in the two phases 

must be the same. Within the solution, the electrochemical potential is represented by the redox 

potential of the electrolyte solution, whereas for the semiconductor by its Fermi energy. The 

relative position of the Fermi level of the semiconductor and the potential of the redox couple 

determines what happens when the two phases are brought in contact under equilibrium 

conditions. If the Fermi level is more negative than the redox couple potential in solution, electrons 

will be transferred from the semiconductor to the electrolyte until an equilibrium of the 

electrochemical potential of electrons is established. In an n-type semiconductor, this charge 

transfer process results in the formation of a positively charged region within the semiconductor 

structure known as depletion layer, facing a layer of negatively charged ions at the electrolyte side. 

The whole interfacial region is also known as space charge region, whose width 𝑤𝑠𝑐 can be 

mathematically expressed as: 

𝑤𝑠𝑐 = (
2Δ𝜙𝑠𝑐𝜀𝜀0
𝑞𝑁𝑑

)

1
2
 (1.2. 1) 

where 𝑁𝑑 is the doping density, Δ𝜙𝑠𝑐 is the potential drop across the space charge region, 𝜀 is the 

absolute permittivity, 𝜀0 is the vacuum permittivity and 𝑞 is the electron charge. In fact, the 

presence of a positively charged layer results in the generation of a quadratic electric potential 
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across the semiconductor surface extending from 𝑤𝑠𝑐 to the semiconductor-electrolyte interface, 

causing an upward bending of the band structure of the material as we approach the electrolyte 

solution from the bulk of the material (Figure 1.2.3). 

 

Figure 1.2.3:  Energy levels of the semiconductor/electrolyte interface before (a) and after (b) contact of the two phases 
for an n-type semiconductor. After contact, equilibrium of the electrochemical potential of the electrons among the two 
phases is established, and as a result a space charge region and upward bending of the bands of the semiconductor is 
formed. Under Creative Common License CC BY 3.0. 

The band bending at the semiconductor-electrolyte interface has a profound impact on the 

physical chemistry of a semiconductor photocatalyst, and its presence is of fundamental 

importance in photocatalysis. In fact, photogenerated holes in an n-type semiconductor are 

metastable species which tend to recombine at very high rates with conduction band electrons. 

Therefore, photogenerated and photopromoted charge carriers are characterized by a finite 

lifetime 𝜏, which is generally in the order of nanoseconds for commonly employed semiconductor 

photocatalysts. The finite lifetime of the minority charge carriers in a semiconductor represents 

the main factor limiting the efficiency of photocatalysts in promoting redox processes and 

constitutes their major deactivation path, since recombination of the charge carriers competes with 

the desired transfer of the charged species towards adsorbed substrates, resulting in a net energy 

loss in the form of heat. The faster is the recombination rate compared to the charge transfer 

kinetics, the lower is the efficiency of the photocatalyst. In the bulk of the material, recombination 

processes are very efficient and occur at a very high rate. However, due to the presence of the 

electric field causing band bending, the majority charge carrier concentration 𝑛(𝑥) at the 

photocatalyst surface exponentially falls with increasing band bending 𝑞Δ𝜙𝑠𝑐: 

𝑛(𝑥) =  𝑛𝑏𝑢𝑙𝑘 exp−(
𝑞𝛥𝜙𝑠𝑐
𝑘𝐵𝑇 

) (1.2. 2) 

where 𝑛𝑏𝑢𝑙𝑘 is the bulk charge carrier concentration, 𝑘𝐵 is the Boltzmann constant and 𝑇 is the 

temperature. Thus, in the space charge region, the separation between the charge carriers is much 

a) b)
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more efficient than in the bulk, allowing the lifetime of the minority carriers at the semiconductor 

surface to be increased enough so that they can be efficiently transferred towards adsorbed species. 

However, if the charge transfer from the photocatalyst surface towards the substrates is slow, 

under illumination the majority charge carriers will accumulate in the space charge region changing 

the profile of the potential at the interface, i.e., band bending will be reduced, and recombination 

processes will be efficient also at the semiconductor surface. It is important to note, moreover, 

that in the case the photocatalyst material is in the form of small nanoparticles, to obtain a 

sufficient band bending it is necessary that the size of the particles is larger than the Debye length 

(𝐿𝐷), defined as: 

𝐿𝐷 = (
𝜀𝜀0𝑘𝐵𝑇

2𝑞2𝑁
)

1
2
 (1.2. 3) 

where 𝑁 is the dopant concentration. If the nanoparticles are smaller than the characteristic Debye 

length, a sufficient band bending cannot be established. 

The absolute position of the valence (VB) and conduction band (CB) redox potentials 

determine the thermodynamic constraints for the range of attainable reduction and oxidation half 

reactions which can be promoted at the surface of a given semiconductor photocatalyst. In this 

respect, since different semiconductor materials are characterized by a different electronic 

structure, and consequently a different positioning of the VB and CB redox potentials, for a given 

photocatalyst to be able to promote a redox reaction it is essential that the oxidation potential of 

the electron donor couple (i.e., the one being oxidized) and the reduction potential of the electron 

donor couple are more positive (lower in the graph, Figure 1.2.4) and more negative (upper in the 

graph, Figure 1.2.4) than the valence and conduction band redox potentials, respectively, under 

the given experimental conditions. If the thermodynamic requirements are not met for both half-

reactions, the reaction cannot be promoted by the photocatalyst. Consequently, materials 

characterized by a wider band gap are also capable of promoting a wider range of photocatalytic 

processes. However, this increased versatility comes at the expense of requiring irradiation with 

more energetic photons, thus limiting the possibility of exploiting visible light (and, therefore, to 

utilize sunlight) to perform photocatalysis. 

It is important to note that the experimental conditions, especially regarding pH, play a 

fundamental role in photocatalysis, and can profoundly also impact the thermodynamic feasibility 

of a photocatalytic half reaction, as the potential of a lot of redox couples heavily depend on pH. 

Moreover, the absolute position of the band edges of metal oxide photocatalysts also exhibit a 
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Nernstian shift with the pH change. A change in pH, thus, can alter the relative position of a redox 

couple with respect to the position of a band edge potential, possibly completely changing the 

thermodynamic feasibility of the whole photocatalytic process.  

 

Figure 1.2.4: Position of the band edges of some commonly used semiconductor photocatalyst vs NHE at pH = 7.7 

1.3 Titanium dioxide in photocatalysis 

Titanium dioxide represents the prototypical semiconductor photocatalyst material since the 

earliest days of photocatalysis. By these means, the physical phenomenon of photocatalysis was 

first discovered in 1972 by Fujishima and Honda, when they observed that water could be split in 

gaseous H2 and O2 using titanium dioxide electrodes under UV-light irradiation.8 Since then, 

titanium dioxide posed himself as a very powerful semiconductor for photocatalytic applications 

due to its many advantageous properties, some of the most notable of which being its chemical 

stability (i.e., the material does not undergo photoanodic corrosion under a huge range of 

experimental conditions such as strong alkaline and acidic solutions), cheapness, non-toxicity, and 

environmental friendliness. Moreover, titanium dioxide still represents nowadays the centrepiece 

semiconductor photocatalyst due to its most appealing characteristic, i.e., the extremely favourable 

positioning of its valence and conduction band potentials, allowing to efficiently promote a wide 

range of photocatalytic processes. Indeed, photogenerated holes in the VB of titanium dioxide, 

lying at E0 = 3.0 V vs NHE at pH = 0 (thus characterized by a high oxidative power, superior to 

most photocatalysts), are capable of easily oxidize most organic compounds of environmental 

interest. On top of that, the bottom of the conduction band electrons is always located at negative 

potentials, thus making titanium dioxide also suitable to photocatalyse technologically relevant 

reduction reactions such as H2 evolution, thus extending the TiO2 application range also to the 

solar fuel production field. 
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The exact positioning of the VB reduction potential in titanium dioxide, as well as many other 

properties influencing its efficiency as a photocatalyst, is strictly dependent on its specific crystal 

phase. Titanium dioxide, in fact, is a solid inorganic compound present in nature mainly in three 

different crystalline forms, i.e., rutile, anatase, and brookite. Rutile is of relatively high abundance 

in nature, whereas both anatase and brookite are extremely rare. Moreover, oppositely to anatase, 

brookite is also quite difficult to synthesize even at laboratory scale, and thus represents a much 

less interesting phase for applications in photocatalysis and material sciences more in general. For 

such reason, the properties of brookite will be only briefly discussed herein. 

As illustrated by the phase diagram of titanium dioxide, anatase represents a metastable phase 

formed at lower temperatures than rutile (Figure 1.3.1). Application of a thermal treatment to 

anatase induces an anatase to rutile phase transition, for which the specific transition temperature 

has been found to dependent on several parameters. However, for fine powder materials of 

relatively high purity, it can be stated that the phase transition in air is generally located in the 600-

700 °C range. The rutile phase is more stable than anatase at all temperatures and pressures: once 

performed, the phase transition is irreversible.9 

 

Figure 1.3.1: Phase diagram of titanium dioxide, illustrating that anatase represents a metastable phase formed at lower 
temperatures than rutile. The diagram also shows the domain in which the α-PbO2 structured TiO2 II polymorph is 
formed, although such polymorph is very rarely formed and has very low interest in photocatalytic applications.9 

Anatase and rutile crystallise in a tetragonal unit cell, whereas the brookite structure is 

represented through an orthorhombic cell. The lattice parameters and space groups for the three 

crystalline phases are reported in Table 1.3.1.  
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The basic building block composing the structures of anatase and rutile is constituted by a 

titanium atom coordinated by six oxygens in a distorted octahedron configuration, although the 

distortion is much more pronounced in anatase. In each structure, the two titanium-oxygen bonds 

orthogonal to the octahedron plane are slightly longer than those in-plane, and in anatase a strong 

deviation from the theoretical 90° angle of the bonds is observed because of distortion. The main 

difference between the structure of anatase and that of rutile consists in how these building blocks 

are chained together. In rutile, each building block is linked with his neighbouring ones by sharing 

oxygen ions with other adjacent titanium atoms. Polyhedron constructed at the vertices of the 

elementary cell, moreover, also share one edge of the polyhedron (Figure 1.3.2 c). Instead, in the 

case of anatase, every polyhedron is linked with its neighbouring by sharing four edges. The unit 

cells of anatase and rutile also differs in the number of building block included within the 

elementary cell, equal to four and two, respectively. In both cases, oxygen ions are always 

coordinated with three neighbouring titanium ions (Figure 1.3.2).  

 

Figure 1.3.2: Balls & sticks and polyhedron representation of the unit cell of anatase (a) and rutile (b). Orienting the crystal 
structure of rutile along the b axis allows to observe that each octahedron located at the vertices of the unit cell also 
share one common edge (c).  

Indeed, the structural differences in anatase and rutile are reflected in both their mass density 

and, more importantly, their electronic structure. The electronic band structures and density of 

states (DOS) of the different titanium dioxide crystal phases, calculated at the DFT GGA level of 

theory, are reported in Figure 1.3.3. In all three cases the DOS is quite similar, with the valence 

band DOS being mainly composed of O 2p states and few Ti 3d states, whose hybridization 

contributes to the formation of bonding states in the VB. The hybridization between the O 2p 
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and Ti 3d, moreover, broadens the valence band and promotes photogenerated hole transfer.10 

Instead, the conduction bands are mainly composed of Ti 3d states and few O 2p states, where 

hybridization leads this time to the formation of anti-bonding states. Most importantly, from the 

electronic band structure, we note that whereas rutile and brookite are direct band gap 

semiconductors, i.e., the top of the valence band and the bottom of the conduction band are 

vertically aligned in wave momentum in the first Brillouin zone, anatase is an indirect band gap 

semiconductor. Since electronic transitions in semiconductors must respect the selection rule of 

momentum conservation, electronic excitations from the top of the valence band to the bottom 

of the conduction band in anatase must be assisted by a phonon, differently from the other two 

phases. The requirement of the assistance of a phonon becomes particularly interesting when 

considering that, differently from the other two phases, also the recombination of electrons 

photopromoted to the conduction band with photogenerated holes at the top of the valence band 

requires the assistance of a phonon, and since phonon-assisted transitions are much slower that 

direct electronic transitions, this results in a net increase of the photogenerated electron-hole 

lifetime with respect to that of rutile and brookite.11 The better charge separation in anatase 

improves its performance in photocatalysis compared to rutile and brookite, making anatase the 

most photocatalitically active and appealing titanium dioxide crystal phase in photocatalysis 

regardless of its more limited solar light absorption ability or possibly lower crystallinity due to the 

limited range of thermic stability not allowing calcination at temperatures as high as those of rutile 

(Table 1.3.1). 

 

Figure 1.3.3: Electronic band structure and density of states of anatase (a), rutile (b) and brookite (c) calculated at the 
DFT GGA level of theory.11 
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Table 1.3.1: Structural parameters, density, and band-gap energy of different TiO2 polymorphs.12,13 

Phase 
Crystal 

Structure 

Space 

Group 
a (Å) b (Å) c (Å) 

Density 

(g cm-3) 

Band 

Gap 

(eV) 

Rutile Tetragonal I41/amd 4.584 4.584 2.953 4.24 3.00 

Anatase Tetragonal P42/mnm 3.782 3.782 9.502 3.83 3.20 

Brookite Orthorhombic Pbca 5.436 9.166 5.135 3.17 3.26 

 

As for most metal oxide semiconductors used as photocatalyst, titania is thermodynamically 

stable as a non-stoichiometric compound characterized by the presence of anionic defects in the 

form of oxygen deficiencies, and it is thus better represented through the formula TiO2-x. In 

titanium dioxide, the presence of oxygen vacancies is reflected in the formation of localized 

paramagnetic Ti3+ centres, in the same amount as oxygen vacancies. These Ti3+ ions can operate 

as electron donor species by forming an intra-band gap energy level localized close to the 

conduction band, effectively acting as a dopant specie intrinsic to the titanium dioxide structure 

itself. This phenomenon is at the basis of the observed n-type character of titanium dioxide even 

in its pristine, undoped form. 

Titanium dioxide, however, is also affected by a number of shortcomings, the most notable 

being the poor visible light absorption due to the wide band gap, with the consequent need of 

exciting titanium dioxide with highly energetic UV radiation, the high recombination rate of the 

photoproduced charge carriers (which is a problem affecting all semiconductor materials employed 

in photocatalysis) and the difficulty of anchoring titanium dioxide over a supporting material 

making its recovery quite difficult, since titanium dioxide is commonly used in the form of 

suspended powders. 

1.3.1 Crystal Facets Engineered Anatase 

As heterogeneous photocatalysis consists of a physico-chemical process occurring at the 

interface between a semiconductor solid material and a different phase, the surface composition 

and structure of the semiconductor photocatalyst primarily affects the properties and the 

performance of the material in each reaction. More generally, the surface of titanium dioxide is 

involved as a protagonist in nearly all applications of the metal oxide material in science, from 

photocatalysis,14–16 to DSSCs,17,18 to lithium-ion batteries,19,20 in which an interaction between 

molecules and/or ions is essentially required. In photocatalysis, particularly, the adsorption of the 
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reactants on the surface of the photocatalyst is a necessary requirement for photogenerated charge 

carriers to be transferred from the surface of the photocatalyst to the substrates. 

The specific crystal habit of anatase, the most active TiO2 polymorph in photocatalysis, is of 

particular interest when designing titanium dioxide-based materials for photocatalytic applications 

since different facets exposure in its crystallites has been found to deeply affect both the adsorption 

of substrates and the charge carrier dynamics of the metal oxide. The importance of the adsorption 

modes on different titanium dioxide crystal facets can be appreciated by comparing the adsorption 

of dyes or water molecules on anatase (001) and (101) surfaces. For instance, whereas anatase (101) 

facets allow only the adsorption of water in its molecular form, (001) facets predominantly adsorb 

water in a dissociative manner.21–23 Moreover, several studies evidenced that different titanium 

dioxide crystal facets adsorb dyes and organics (such as, for example, the important model 

molecule formic acid) differently on different crystal facets, affecting both the electron injection 

and transfer dynamics at the semiconductor-substrate interface.24–28 

In this sense, rarer (001) facets in anatase are generally considered as more reactive than the 

thermodynamically more stable (101) surfaces. In fact, according to the Wulff construction, which 

allows to predict the equilibrium habit of a crystal based on the minimization of the surface tension 

of exposed facets (and confirmed by the habit showcased by natural anatase minerals),29 the 

equilibrium anatase shape of minimum Gibbs energy is obtained in the form of a slightly truncated 

tetragonal bipyramid, exposing eight trapezoidal isosceles (101) facets as well as two top squared 

(001) facets (Figure 1.3.4 a). In the predicted construction in vacuo, 94% of the surface exposure 

is composed of (101) surfaces, whereas (001) account only for the 6% of the total exposure. The 

strikingly marked difference in exposure represents a direct reflection of the different surface 

tension between the two crystal facets, being equal to 0.43 J m-2 and 0.90 J m-2 for (101) and (001), 

respectively.30 This wide discrepancy in surface tension originates from the different composition 

and arrangement of atoms in the two crystal facets. In fact, anatase (001) surfaces, differently from 

(101), are exclusively composed of fivefold undercoordinated Ti centres, in which surface atoms 

are configured in such a way so that very large Ti-O-Ti bond angles are formed, generating very 

destabilized 2p states on surface oxygen atoms.31 The peculiar structure and thermodynamic 

instability of (001) surfaces are at the basis of their higher reactivity compared to (101) surfaces, 

which is evidenced by their tendency to reconstruct under UHV conditions or by their ability to 

dissociatively adsorb water, methanol, or formic acid, contrarily to (101) surfaces, for which the 

opposite behaviour is observed.32 
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Figure 1.3.4: Equilibrium shape of anatase according to the Wulff construction (a); atomic arrangement on anatase (101) 
and (001) surfaces (b and c).31  

The expected higher reactivity of (001) facets has attracted a lot of attention in the field of 

photocatalysis as a possible way to improve the photocatalytic activity of titanium dioxide by 

preparing materials with increased (001) facets exposure with respect to the equilibrium Wulff 

construction. Despite the reactivity of (001)-anatase had been predicted and theorized many years 

ago,33 the outbreak in synthesizing anatase crystals with high exposed (001) facets had only started 

in 2008 after the pioneer work of Yang et al.,34 who firstly successfully synthesized anatase crystals 

enclosed by 47% (001) and 53% (101) facets. In fact, starting from theoretical studies which proved 

that the shape of titanium dioxide crystals could be controlled by using different species adsorbed 

at surface terminations,35 Yang and his co-workers found, through theoretically screening a series 

of 12 non-metallic atoms as adsorbates that fluorine atoms adsorbed at the anatase surface could 

invert the relative stability of (101) and (001) facets compared to clean ones, possibly allowing to 

synthesize titanium dioxide crystals with high exposed (001) facets. Their theoretical calculation 

was confirmed by the experimental preparation of highly truncated anatase crystals through a 

hydrothermal route using TiF4 as Ti source and hydrofluoric acid as selective capping agent (Figure 

1.3.5). Since then, the hydrothermal route using fluorine as selective capping agent has become the 

gold standard for preparing highly truncated anatase materials.  

Indeed, materials bearing a higher percentage of exposed (001) facets generally confirmed the 

hypothesized improved photoactivity compared to materials mainly exposing (101) facets.  

However, as the number of studies on the subject started increasing, the correlation between 

photoactivity and increased exposure of (001) facets became more and more complex.30 In 

particular, many researchers figured out that the photoactivity of crystal facets engineered (001)-

anatase did not scale linearly with increasing (001) percentage facets exposure, but rather materials 

benefitted from an optimal (001)/(101) facets ratio range whose specific value depended on both 

the chosen test reaction and the synthetic conditions, indicating that the higher reactivity of (001) 

a) b) c)
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facets was not the only factor contributing to the improved photoactivity of crystal facets 

engineered (001)-anatase, but others were also contributing.36–38 Light on such effects was shed by 

the studies of Ohno et al., who observed that Pt and PbO2 nanoparticles deposited through 

photodeposition (a metal nanoparticles deposition method based on the oxidation or reduction of 

precursors in solution by means of electron or holes photogenerated through the electronic 

excitation of the semiconductor, in-depth discussion provided at page 54), were selectively 

deposited on (101) and (001) facets, respectively.39,40 Thus, in the case of crystal facets engineered 

anatase (101) facets acted as reductive sites, whereas (001) acted as oxidation sites. More 

importantly, this implied that electrons were preferentially migrating towards (101) facets, whereas 

holes preferentially migrated towards (001) surfaces, in a synergistic mechanism which resulted in 

a spatial separation of the photogenerated charge carriers with a consequently hindered 

recombination and improved photocatalytic activity. This behaviour, observed and confirmed in 

a plethora of subsequent studies,41,42 has been rationalized in terms of a so called “surface 

heterojunction” originating from the different alignment of the redox potentials of (001) and (101) 

surfaces, causing the preferential migration of holes and electrons towards such facets (Figure 

1.3.6b).43,44 

 

Figure 1.3.5: Highly truncated titanium dioxide crystals synthesized by Yang et al. in 2008 (a); Theoretical screening of 
the surface capping agent illustrating that fluorine could promote the growth of titanium dioxide with high exposed (001) 
facets (b).34 

Since then, crystal facets engineering titanium dioxide anatase with increasing amounts of 

exposed (001) facets has attracted a lot of attention in the field of science and technology due to 

the possibly increased reactivity of highly-strained (001) surfaces and improved charge separation 

offered by an optimized (001)/(101) ratio, allowing to exploit the surface heterojunction formed 

between (001) and (101) surfaces and improving the charge separation within the metal oxide 

semiconductor material.  

 

a) b)
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Figure 1.3.6: Scheme of a highly truncated titanium dioxide "nanosheet" with high exposed (001) facets (a); band 
diagram of the surface heterojunction causing the preferential migration of electrons towards (101) facets and holes 
towards (001) facets (b). 

Nanosheet-shaped titanium dioxide is typically synthesized in environments containing 

concentrated F− anions. This synthesis results in producing materials with surfaces covered by 

chemisorbed fluoride anions (≡Ti-F surface moieties).32 However, several literature studies have 

shown that these F species may significantly alter the interfacial properties of titanium dioxide 

(section 1.3.3), leading to modifications in the photoactivity of the metal oxide semiconductor. 

The effects of surface fluorination on photoactivity are not yet fully understood, and the literature 

reports both beneficial and detrimental effects.45-50 Furthermore, the presence of different amounts 

of surface fluorine among differently shaped titanium dioxide materials makes it challenging to 

determine whether photoactivity differences are induced by morphological variations or the extent 

of surface fluorination.45,51 As a result, removing surface F impurities through post-synthetic 

treatments has become a standard procedure in literature studies investigating the properties of 

(001)-facets enriched anatase in photocatalysis. 

Typically, residual surface F species are removed either through milder treatment involving 

washing cycles with aqueous alkali hydroxide solutions (often NaOH) or through harsher 

annealing at high temperatures (400-500 °C). Both methods have been reported to be 

effective.48,52,53 However, it is important to note that thermal treatments can cause significant 

changes in the structure of anatase, such as surface reconstructions48,54 and/or nanoparticles 

sintering,55,56 which are not observed (or are greatly limited) when surface F species are removed 

via washing procedures.57,58 
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Due to their high surface energy, in fact, clean anatase (1 × 1)-(001) surfaces usually restructure 

to a (1 × 4)-(001) surface,59 representing the surface reconstruction allowing to best minimize the 

surface stress of clean anatase (001) surfaces.60 The structure of the reconstructed anatase (1 × 4)-

(001) surface has been object of a conspicuous number of investigations throughout the years 

involving the combination of DFT calculations with experimental surface characterization 

techniques including low-energy electron diffraction (LEED), XPS and STM.59 Nowadays, the 

structural model most widely accepted to describe the structure of (1 × 4)-(001) facets of anatase 

consists of the “ad-molecule” (ADM) model, originally theorized and reported by Lazzeri and 

Selloni.60 In their DFT-based model, they proposed that surface bridging oxygens of (1 × 1)-(001) 

surfaces were replaced by TiO3 rows periodically with a (1 × 4) periodicity, such model allowing 

to describe both the surface stress relief upon reconstruction while being highly consistent with 

experimental images (Figure 1.3.7 c,d). The most convincing evidence of the ADM model, 

however, was provided by Yuan et al. in 2017,58 where they performed an in-situ atomic-scale side-

view observation of the reconstruction using an aberration-corrected STEM and a heating holder 

system (Figure 1.3.7 a,b). Through their study, moreover, they confirmed that the reconstruction 

was triggered by the thermal treatment, as the surface of anatase (001) showed the typical (1 × 1)-

(001) structure obtainable through terminating the bulk structure of anatase (001) until the sample 

was heated up to 750 °C. The unreconstructed (1 × 1)-(001) surface, moreover, was reported to 

have been observed in F-free nanosheet-shaped titanium dioxide whose surface was cleaned via 

NaOH washing by the same research group, its (1 × 4)-(001) reconstruction being observed only 

upon thermally annealing the sample, further confirming the thermal treatment as the trigger for 

the reconstruction.57 

The effects of the (1 × 4)-(001) reconstruction on the physico-chemical properties of the 

resulting materials should be carefully considered when choosing the most appropriate F-species 

removal post-synthesis treatment for fluorine-free titanium dioxide materials, especially for 

nanosheet-shaped anatase that mainly exposes (001) facets. In fact, a recent study by Mino et al.61 

highlighted significant differences in surface/interfacial features of F-free nanosheet-shaped 

anatase, such as hydroxylation and hydrophilicity, depending on whether surface F species were 

removed via washing procedures or thermal annealing. In particular, thermal annealing resulted in 

a more complete removal of F species but led to a significant decrease in surface hydroxylation 

and hydration induced by the (1 × 4)-(001) surface reconstruction, negatively affecting the 

performance of nanosheet-shaped anatase in phenol photodegradation, even compared to the 

starting F-containing anatase nanosheets. Conversely, platelet-like anatase cleaned via NaOH 

washing showed significantly improved photoactivity compared to the starting F-containing 
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nanosheets, as the surface hydroxylation and hydration properties of (1 × 1)-(001) anatase were 

improved upon washing. These results are consistent with the theoretical prediction of Selloni et 

al.54 that (1 × 4) reconstructed surfaces exhibit depressed reactivity compared to anatase (1 × 1)-

(001) facets. Therefore, to avoid undesired (1 × 4)-(001) reconstructed surfaces, all the materials 

prepared in this PhD thesis were cleaned from surface residual F species by applying washing 

cycles with NaOH aqueous solutions rather than thermal annealing treatments. 

 

Figure 1.3.7: Atomic resolution HAADF-STEM and the corresponding BF-STEM images of the (1 × 4) reconstructed (001) 
surface viewed along the [010] axis (a,b);58 ad-molecule model (ADM) (c) and its corresponding view along the [100] axis 
(d).60 

1.3.2 F-doped Titanium Dioxide 

Despite its wide range of advantageous properties, two main drawbacks limit the performance 

of titanium dioxide in photocatalysis, i.e., the fast recombination of the photoexcited charge 

carriers and its wide band gap (~2.9-3.2 eV depending on the polymorph), which demands the use 

of highly energetic UV radiation to promote its electronic activation, making it poorly capable of 

harvesting the solar spectrum. Various methods of titania modification have been proposed to 

improve its photocatalytic performance, including (but not limited to) doping with metal and/or 

non-metal (p-block or transition metal) elements and coupling with different metal oxides.62–68  

For this purpose, bulk doping has attracted a lot of interest as a strategy to possibly overcome 

the main limits of titanium dioxide due to its capability of delaying the recombination of 

photogenerated charge carriers, as well as extending the absorption spectrum of TiO2 towards 

visible light.69 In fact, doping the bulk structure of a semiconductor with impurities results in the 
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insertion of intra-band gap states close to the valence or the conduction band of titanium dioxide 

(a more detailed description of n and p-type doping is provided at page 17). Such states, in fact, are 

capable of both trapping photopromoted CB electrons, thus delaying their recombination with VB 

holes, and allow new electronic transitions requiring the absorption of lower energetic photons, 

thus effectively extending the absorption spectra of titanium dioxide towards visible light.70 

The bulk structure of titanium dioxide can be doped either with cations, especially transition 

metal ions, as well as p-block anions. The effects on photoactivity of cation doping has been widely 

investigated in the past years. Among these, the ability of trapping both types of charge carriers 

proved Fe, Cu and Mn to be better dopants compared to Cr, Ni and Co, which are only capable 

of trapping either holes or electrons.71,72 More generally, a trend for which cations with higher 

valence (e.g., Nb6+ or Ta5+) resulted to be beneficial dopants for the photocatalytic activity of 

titanium dioxide has been reported, whereas an opposite behavior was instead observed for lower 

valence cations.73 A very in-depth investigation on the effect of cation doping has been performed 

by Choi et al., who systematically studied the doping of TiO2 with 21 different metal ions.74 In 

their study, they discovered that the photocatalytic activity of metal oxide semiconductors was 

significantly improved in both oxidation and reduction processes by doping with Fe3+, Mo5+, Os3+, 

Ru3+, V4+ and Rh3+. However, these materials absorbed visible light only in rare cases and, 

moreover, were characterized by high thermal instability.  

A second generation of doped TiO2 photocatalysts, characterized by the introduction of p-

block elements such as sulfur, carbon or nitrogen in the structure of the metal oxide semiconductor 

in lieu of transition metal ions, was then explored.75 With anion doping, the DOS structure of the 

valence band of the semiconductor is modified, since anion doping usually results in the 

substitution of oxygen ions with dopant atoms. Due to this modification, a general upwards shift 

of the valence band potential is obtained, with a consequent narrowing of the band gap of the 

semiconductor material, thus also extending the absorption of the semiconductor towards visible 

light. Possible anions commonly employed to dope TiO2 include C, N, F, P, O, S.69 

Among these, fluorine represents a particularly interesting anionic p-block dopant.76–78 In fact, 

the introduction of F− anions in the bulk structure of titania results in highly improving its 

photocatalytic activity in the mineralization of various organic compounds, also under visible 

irradiation.78 In fact, bulk doping the lattice of titanium dioxide with fluorine results in the 

substitution of oxygen atoms with F− anions, causing the generation of Ti3+ centers, since the 

substitution of O2- with fluoride results in the introduction of an additional electron in the structure 

because of charge compensation. Therefore, F-doped TiO2 can be considered as a non-
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stoichiometric oxide of general formula Ti(1−𝑥)
4+ Ti𝑥

3+O(2−x)
2− Fx

−, in which fluorine and Ti3+ centers 

are located far from each other, as evidenced by EPR measurements (Figure 1.3.8).79 The 

formation of such Ti3+ states in the bulk of titania has been widely reported as one of the main 

factors at the origin of the improved photoactivity of F-doped TiO2.
78,80 In fact, the high 

localization of electrons in Ti 3d orbitals causes the formation of an acceptor level whose 

localization energy localization is close to that of the CB of titania: as photoexcited electrons can 

be captured by these states, they promote the separation of photogenerated charge carriers, thus 

resulting in an improved photoactivity of the materials. Moreover, fluorine doping increases the 

thermal stability range of the anatase phase, shifting the anatase to rutile phase transition to higher 

temperatures. Thus, F-doped anatase can be calcined at higher temperatures with respect to 

pristine anatase, allowing to obtain materials with improved bulk charge transport properties due 

to their higher crystallinity.32,76–78,81–83 

 

Figure 1.3.8: Ball and stick models for F-doped anatase TiO2 reporting the spin density of the Ti3+ excess electron (a); 
Bond lengths in angstrom (b).79 

1.3.3 Titanium dioxide surface fluorination 

Parallelly to its use as a bulk dopant specie, fluorine can be also employed as a capping agent 

at the surface of titanium dioxide in a possible strategy aimed at improving its performances as a 

photocatalyst, especially in radical-mediated oxidation paths.51,84,85 In fact, the presence of fluorine 

at the surface of titanium dioxide results in strongly modifying its overall surface chemistry.86–88 

Fluorination of the surface of titanium dioxide occurs as a consequence of a fast adsorption 

of fluoride anions on the semiconductor surface, decreasing the amount of surface hydroxyl 

groups, i.e., the typical termination of TiO2, in favor of ≡Ti-F species.89 This process occurs via a 

ligand exchange reaction which is very favored at acidic pH: in fact, an almost complete 

displacement of surface -OH groups is observed at pH 3.7.90,91 
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This modification strongly impacts the adsorption properties at the water-semiconductor 

interface, especially that of organic species, and significantly modifies the photocatalytic behavior 

of the semiconductor metal oxide. In particular, ≡Ti-F groups prevent the trapping of holes at 

the semiconductor surface in the form of surface titanium hydroxy-radical groups ≡Ti-O•, 

formed via direct oxidation of surface -OH groups by means of valence band holes, ℎ𝑉𝐵
+ . In fact, 

contrarily to hydroxyl groups, the reduction potential of photogenerated holes at the 

semiconductor surface is not positive enough (c.ca +3.0 V) to oxidize surface F− anions to their 

corresponding radical anion (𝐸F•/F− 
0 = +3.6 V). Instead, photogenerated holes at the F-TiO2 

surface can only directly react with water molecules there adsorbed or recombine, resulting in an 

increased net production of •OH radicals in solution, one of the main oxygen reactive specie 

responsible for many photocatalytic processes in aqueous media, by means of the here reported 

mechanism:83,84,92,93 

≡ Ti − OH + hVB
+  → ≡ Ti − O•  +  H+ (1.3. 1) 

≡ Ti − F + hVB
+  +  H2O → ≡ Ti − F +  HO

•  + H+ (1.3. 2) 

Due to their protagonist role in oxidative photocatalytic chemistry in the aqueous media, an 

improved production of hydroxy-radicals on the surface of F-TiO2 may definitely improve the 

overall performance of titanium dioxide, especially in the photocatalytic oxidation of organic 

molecules. 

Crystal facets engineered anatase with high exposed (001) surfaces, moreover, can interact with 

surface fluoride anions in a very peculiar and interesting way. In fact, as shown in the brilliant work 

of Chen et al. on the photocatalytic oxidation of ammonia in the gas phase,94 the presence of 

fluorine on the surface of crystal facets engineered titanium dioxide can deeply influence the charge 

carrier migration over different crystal facets due to the interaction of fluorination with the surface 

heterojunction present in the metal oxide support. In their work, in particular, they showed that 

F− ions, due to their high electronegativity, generate a negative electric field on the surface of 

titanium dioxide,95 promoting a more marked drawing of the photogenerated holes towards 

fluorinated surfaces due to electrostatic effects.  

In particular, as (001) facets tend to intrinsically act as effective hole-trapping sites, the 

presence of F− ions adsorbed on such facets further promote the diffusion of positively charged 

holes towards (001) facets, resulting in a synergistic beneficial effect on the overall electron-hole 

separation. In contrast, when surface F− ions are present on (101) facets, the interaction between 

the preferential migration of electrons towards such crystalline facets and fluoride anions there 
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adsorbed work rather in opposite directions. In fact, while photogenerated electrons tend to 

migrate on (101) facets, the surface F− anion electrostatic effect may simultaneously promote the 

attraction of the photogenerated holes on the same facets, with a consequent enhancement of the 

undesired electron-hole recombination process. Therefore, crystal facets engineered anatase with 

high exposed (001) facets may be used not only to improve the charge separation in titanium 

dioxide due to an optimized (001)/(101) ratio, which favors charge separation, but also as a support 

to further exploit the possible beneficial effects on photoactivity induced by surface fluorination.83 

 

Figure 1.3.9: Schematic illustration of the likelihood of charges migration on fluorinated (101) facets (a) and (001) facets 
(b). 

1.3.4 Noble metal nanoparticles deposition 

One of the most widely employed strategies to overcome the limitations of TiO2 is represented 

by its surface modification with noble metal nanoparticles which, by virtue of their high work 

function (i.e., the energy required to remove an electron from a solid, calculated with respect to 

the vacuum level), are capable to efficiently promote the separation of photogenerated charge 

carriers in a semiconductor material. The enhancement in reactivity was first observed by Sato et 

al. in 1980 for the photoconversion of water to H2 and O2 using Pt/TiO2. 
96 

The surface properties of a semiconductor drastically change whether they are isolated or in 

contact with another phase such as a noble metal or an electrolyte solution. In fact, when a 

semiconductor comes in contact with a metal, a spontaneous electron transfer between the metal 

and the semiconductor occurs due to the equilibration of the electrochemical potential of the 

electron in the two different phases at thermodynamic equilibrium. In particular, if the work 

function of the metal (Φ𝑚) is higher than that of the semiconductor (Φ𝑠), the electrons flow from 

the latter to the former until equilibration of their Fermi levels is attained (Figure 1.3.10). 

Due to the low concentration of free charge carriers in the semiconductor, the electric field 

between the metal and semiconductor interfaces cannot be effectively screened. This results in the 

semiconductor surface to be positively charged forming the so-called depletion layer, while the 
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metal surface acquires a net negative charge. By this way, a space charge region is formed. Due to 

the generation of an electrostatic potential, the bands of the semiconductor bend upward toward 

the surface. This results in the formation of an energy barrier named Schottky barrier. The height 

of the barrier is Φb given by: 

Φ𝑏 = Φ𝑚 − 𝐸𝑥 (1.3. 1) 

where 𝐸𝑥 is the electron affinity, measured from the conduction band edge to the vacuum level of 

the semiconductor. 

 

Figure 1.3.10: Schematic representation of a metal-semiconductor interphase. 

Figure 1.3.11 illustrates the dynamics of photoexcited electrons in metal-modified TiO2 powders.  

 

Figure 1.3.11: Fermi level re-equilibration upon photoexcitation in noble-metal surface modified TiO2 nanoparticles.97 

Under illumination conditions, when a photon of ultra-band gap energy is absorbed by the 

metal oxide, photopromoted electrons tend to be distributed between TiO2 and the noble metal 

nanoparticles, until the two systems attain equilibration. This storage of photogenerated carriers 

within the noble metal nanoparticles results in greatly suppressing the recombination rate of the 

charge carriers due to the spatial separation of the photogenerated electrons. Moreover, since the 

accumulation of electrons increases the Fermi level of the metal towards more negative potentials, 

the overall reductive power of the composite materials is increased with respect of the bare TiO2.
97 

Therefore, the effect of the Schottky barrier generation is that of creating an efficient electron trap 

preventing electron – hole recombination. This results in a greater probability of electron transfers 

Semiconductor Metal

x

CB

VB

EF

ΦB



 
 

36 
 

from the photocatalyst surface to the reactants, thus possibly improving the photocatalytic activity 

of the materials.98  

 

Figure 1.3.12: Scheme of electron transfers in metal modified TiO2. 
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Chapter 2:  Material Synthesis and 

Characterization Techniques 

2.1 Sol-Gel Synthesis 

In the wide field of techniques for nanomaterials preparation, sol-gel synthesis represents one 

of the mainstay synthetic methods for preparing high quality, highly crystalline titanium dioxide 

nanoparticles.1 In fact, several different methods have been proposed for the preparation of TiO2-

based materials over the course of the years, including (but not limited to) hydrothermal, 

solvothermal, direct oxidation, chemical vapor deposition, flame spray pyrolysis, and many others.2 

The aforementioned sol-gel methods have retained their primary role as metal oxide nanoparticles 

preparation techniques due to their simplicity, robustness, low cost and great flexibility, allowing 

to easily prepare metal oxide nanomaterials with different properties by simply adjusting easily 

tunable experimental parameters.3–7 

The sol-gel method is a wet chemistry preparation technique based on the transformation of 

a liquid precursor solution into a sol, a colloidal suspension formed by very fine solid particles 

dispersed in a fluid (some examples of sols are commonly found in everyday life such as blood, 

milk, or pigmented inks) that evolves in a gel, an extended network structure including both a 

liquid and a solid phase, formed as a consequence of a manifold of condensation reactions. 

The first reports of the sol-gel process appeared in the mid-1800s with the pioneering studies 

of Ebelman and Graham, which discovered the formation of silica (SiO2) gels upon hydrolysis and 

condensation of tetraethylorthosilicate (TEOS) under acidic conditions.8,9 Since then, the interest 

towards this type of synthetic process has started to increasingly grow with a number of scientific 

contributions, up to the first real showcase of the potency of the synthetic technique, highlighted 

by glass scientist Dislich in 1971 who, while working for the Schott glass company, showed the 

possibility of synthesizing Pyrex glass starting from a homogeneous solution containing a mixture 

of sodium alkoxides, boron, aluminum, and silicon on hot pressing at 630 °C, i.e., lower than the 

temperature above 1500 °C normally required to produce Pyrex glass via traditional glass-making 

techniques.10 From the early 70s onwards, the sol-gel technique has been studied in depth and used 

to prepare a wide variety of materials such as nano powders11–13 or coating films.14,15 
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A typical sol-gel process can be divided in four/five sequential elementary steps: hydrolysis, 

condensation, aging, drying and crystallization.16 In the first step, a metal precursor, usually in the 

form of inorganic metal salts or metal-organic compounds such as metal alkoxides or 

oxoalkoxides, is added to a suitable solvent, necessary to guarantee the reaction between water and 

the precursor since water and metal alkoxides are usually immiscible, thus making mandatory the 

use of a mutual solvent.17 In the case of titanium dioxide, the material prepared during this PhD 

thesis work, the most commonly used titanium precursors are titanium tetraisopropoxide or 

titanium tetraisobutoxide, whereas typical solvents are aliphatic alcohols such as ethanol or 

isopropanol.18 Addition of water to the dissolved homogeneous solution results in the rapid 

nucleophilic attack of the water molecules to the positively charged metallic center of the metal 

alkoxide precursor, causing the rapid hydrolysis of the precursor with the consequent substitution 

of the metal alkoxide functional group with metal hydroxide functionalities: 

M(OR)n + H2O → HO −M(OR)n−1 + ROH (2.1. 1) 

Depending on the metal/water ratio and/or the presence of a catalyst, hydrolysis can go to 

completion to give metal hydroxides M(OH)n or stop to give partially hydrolyzed alkoxides 

M(OH)m(OR)n−m. Then, formed hydrolized species in solution can be linked together by means 

of condensation reactions 

(OR)n−1M− OH + HO −M(OR)n−1 → (OR)n−1M− O−M(OR)n−1 + H2O (2.1. 2) 

(OR)n−1M− OR + HO −M(OR)n−1 → (OR)n−1M− O −M(OR)n−1 + ROH (2.1. 3) 

The condensation step results in the polymerization of the metal-hydroxide species via metal-

oxide linkages, allowing to build larger metal-containing molecular blocks which, once grown to a 

sufficient size, end up forming a sol. The solubility of the resulting solid phase in the solvent-water 

liquid medium is usually so low that the condensation reaction can be considered as practically 

irreversible. Moreover, condensation of the metal alkoxide species usually causes an increase in the 

viscosity of the suspension. Both herein described steps are strongly affected by experimental 

parameters, the most important being the nature of the R-group (in particular its steric hindrance), 

temperature, pH, specific solvent used, solvent/metal precursor ratio and, most importantly, the 

presence of a catalyst and its concentration.19,20,29–31,21–28 All these parameters have a profound 

impact on the resulting synthesized materials affecting both particle size, shape, and crystallinity, 

thus making the control of synthetic conditions of primary importance to obtain reproducible 

materials. Among these parameters, the presence of either acidic or basic conditions result in 

generally favoring the hydrolysis of the metal oxide as both H+ and OH− species are capable of 



 
 

45 
 

speeding up the rate of SN2-type reactions by acting as acid/base catalysts for the nucleophile 

substitution reaction step.32–35 A series of condensation reactions, then, allow sol particles to further 

grow into a three-dimensionally branched porous polymeric structure known as gel. Bonds and 

structure in the gel, however, are not static, but continuously change in a dynamic process which 

involves the interaction between the solid network and the locally present solvent, until the solvent 

is removed. This process is known as aging. The aging step has a profound impact on the produced 

materials as the redissolution and precipitation of the gel network occurring during aging causes a 

decrease in the porosity of the gel, an increase of the thickness of the colloidal particles and 

generally strengthen the linkages of the polymeric network.36–38 

The successive step in the formation of the desired ceramic materials is the elimination of the 

solvent from the gel. In the sol-gel process, something as simple as drying can have enormous 

impact on the resulting final materials.39–42 In fact, depending on the method chosen for the 

elimination of the solvent, the structure of the gel can be either retained, forming a highly porous 

solid polymeric structure known as aerogel (usually obtained by removing the solvent via reaching 

supercritical solvent conditions in an autoclave), or collapse to form a more dense, compact 

amorphous solid known as xerogel (obtained through evaporation by heating in an oven). If, 

instead, the solvent is removed at low temperature by freeze drying, a cryogel is rather obtained.  

Regardless of the chosen solvent removal method, dried gels obtained are always amorphous 

polymers: if a crystalline material or a dense ceramic monolith is desired, a successive calcination 

step, consisting of heat treatment at high temperature causing the collapse, sintering and 

crystallization of the dried gels, is therefore required. The temperature at which the thermal 

treatment is applied also represents a fundamental parameter deeply affecting the properties of the 

resulting metal-oxide material: in particular, as the calcination temperature is increased, higher 

crystallinity degrees are expected to be obtained at the expenses of the specific surface area of the 

materials, as higher temperatures favor sintering of the nanoparticles, thus resulting in a collapse 

of the surface exposure of the materials in favor of a higher volume/surface ratio and larger 

crystallites, together with influencing the phase composition of the prepared oxide.43–46 Moreover, 

thermally treating gels results in cleaning the surface of the material from both residual adsorbed 

water and (or) solvent and from the presence of organic species residual from the hydrolysis of 

the metal precursor, which may have adsorbed on the surface of the dried gel. 

The sol-gel process has many advantages compared to other nanomaterials preparation 

techniques such as: 

• Synthesizing materials with high levels of purity, homogeneity, and crystallinity. 
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• Possibility of synthesizing new materials with improved properties which may not exist 

in nature. 

• The chemical reaction is simple and requires low temperatures. 

• The reaction with an aqueous solution makes incorporation of a water-soluble guest 

species in trace concentration in the solid very easy, thus allowing to achieve a uniform, 

controlled doping of the material. 

• Preparing various types of solid materials, even in special form, such as films or 

coatings, powders, or fibers. 

• Control of the produced particles size and morphology. 

The method, however, is affected by some drawbacks, for example represented by: 

• Fairly high reactivity of metal alkoxides precursor to water makes the method 

susceptible to air moisture, sometimes requiring controlled atmospheric conditions 

depending on the chosen precursor. 

• The process is slow and time consuming, several other processes can produce materials 

faster than sol-gel methods. 

• Very effective for laboratory scale synthesis, very difficult to scale up for industrial 

production. 

• High costs for most good purity metal alkoxides precursors can cause the materials 

production to be quite expensive. 

Despite the herein reported drawbacks, we decided to adopt the sol-gel process as synthetic 

method for preparing N,F-doped titanium dioxide nanoparticles due to the simplicity of the sol-

gel process in preparing homogeneously bulk-doped metal oxide nanoparticles.  

 

Figure 2.1.1: Schematic representation of the different stages and routes of the sol-gel process. Under Creative 
Common License CC BY-SA 3.0. 
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2.1.1 Experimental procedure 

The syntheses of TiO2 N,F-doped powders were carried out in a 500 cm3 PYREX glass triple-

neck round bottom flask containing 100 cm3 of absolute pure ethanol, connected to an Allihn 

condenser immersed in a thermostatic ethylene glycol bath with temperature set to 35 °C. Then, 

10 cm3 of titanium(IV) isopropoxide (Sigma-Aldrich, 97% purity) were added to ethanol using a 

volumetric pipette, while keeping the solution under constant stirring. The hydrolysis of the metal 

organic-alkoxide precursor is very rapid and can take place even in the presence of traces of water. 

For this reason, it is of primary importance to use dried up lab glassware and to rinse the volumetric 

pipette with ethanol to prevent unwanted precursor hydrolysis. Moreover, all the reaction 

environment needs to be closed with appropriate plugs to also prevent the undesired presence of 

air moisture in it. By means of a dropping funnel, 34 cm3 of ultrapure Milli-Q water containing the 

desired amount of NH4F were added dropwise, observing an immediate hydrolysis of the 

precursor upon water addition, causing a change in the colour of the solution passing from 

transparent to brilliant white. 

After 60 min stirring, the suspension was transferred to a pear-shaped evaporating flask and 

dried in a Heidolf rotary evaporator with a mechanical pump as vacuum system at 50 °C and 2 

kPa pressure. The so-obtained materials were then put in a glass Petri dish and let dry overnight 

at 70 °C in an oven. Samples were then ground into fine powders with the use of an agate mortar.  

A thermal treatment has been then applied to 3 g of each sample. The calcination cycles were 

performed in a Carbolite tubular furnace, equipped with an alumina tube, by placing the sample 

powders in a proper alumina holder. The samples were thus heated with a controlled temperature 

slope of 5 °C/min under air flux until the desired temperature was reached. Powders were then 

heated at constant temperature for 4 hours. Calcined samples were finally ground into fine powders 

with the use of the mortar once again.  

All reagents were purchased from Sigma-Aldrich and employed as received. All solutions were 

prepared employing ultrapure water (18.2 MΩ cm at 25 °C), supplied by a Millipore Direct-Q 3 

UV water purification system. 

2.2 Hydrothermal synthesis 

The increasing demand in the recent years for the development of newly improved materials 

has led to the consequential necessity of exploring different innovative synthetic routes able to 

provide materials with properties up to pace with current modern technologies. Among these, the 

hydrothermal method represents one of the most widely studied and employed methods for 
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producing nanostructured ceramics with various types of geometries such as nanowires, nanorods, 

nanospheres and nanosheets.47–53 Due to the relative simplicity in producing high performing 

advanced materials, the hydrothermal method has been intensively improved during the years with 

a continuous process development that has led to its widespread use to prepare materials for 

different scientific branches and applications such as chemistry, physics, biology, etc. In fact, by 

simply adjusting the reactants concentration, the pH of the aqueous solution and the reaction 

temperature, it is possible to finely control the shape, size, and degree of aggregation of the 

resulting materials’ crystallites.54 

Hydrothermal methods are a series of preparation techniques in which solid materials are 

produced starting from a heterogeneous solid/liquid system containing a precursor inserted in a 

special closed reactor pressure vessel, usually included in an autoclave system, aimed at recreating 

high-pressure environmental conditions by heating the reaction environment around the critical 

point of the solution (thus increasing the vapor pressure of the liquid included in the reactor) or 

through additional external pressurization, if needed.55 The application of high pressure allows to 

obtain materials with otherwise unachievable properties due to the ability of the method to dissolve 

and recrystallize substances which would likely be poorly soluble (or non-soluble at all) under 

normal atmospheric pressure conditions.56,57 In fact, the application of high temperature and 

pressure allows to exploit the equilibrium between the solvent and the solid phase to obtain specific 

target products with desired characteristics.58 Excellent examples of hydrothermal reactions are 

commonly found in nature, for which several different minerals have been naturally formed under 

hydrothermal conditions due to the temperature and pressure inside the Earth, allowing itself to 

behave as a planetary-scale hydrothermal vessel. 

In fact, the first uses of the term “hydrothermal” go back to the mid-19th century, in which 

geologists were trying to recreate the conditions under which many minerals were naturally formed 

to deepen the knowledge about mineral formation processes. The first scientific paper known to 

report research on the hydrothermal synthesis appeared in 1845 by German geologist K. F. E. 

Schafthaul, who observed the formation of microcrystals of quartz from precipitated silicic acid in 

a steam digester system.59 Since then, mainly in Europe by means of mineralogists and geochemists, 

hydrothermal processes started to be intensively studied, inspired by the pioneer work of Bunsen 

(1848) who prepared BaCO3 and SrCO3 using thick-walled glass tubes containing high-

temperature high-pressure liquids.60 Hydrothermal synthesis, then, started taking its modern form 

with the work of de Sénarmont in 1874,61 who investigated and reported the first methodologies 

for synthesizing minerals in a laboratory using gun barrels as autoclaves. The method was later 

improved in 1914 by Morey, who developed hydrothermal vessels made of thermostable and 
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corrosion-resistant alloys, effectively representing the first prototypes of the nowadays used 

hydrothermal closed systems.62 Moving on, hydrothermal processes have been then widely utilized 

to prepare a wide range of solid materials such as zeolites, single crystals, ceramics, and a wide 

variety of nanostructured materials,63–66 settling as one of the most popularly used laboratory-scale 

preparation methods of inorganic materials. 

In introducing the fundamental properties on which the hydrothermal synthesis is based on, 

we will discuss at first the properties of the most important solvent used in this type of synthesis, 

i.e., water. The properties herein discussed can be easily translated and applied for any non-water 

solvent. It is important to note that, up to now, the physical chemistry of hydrothermal synthesis 

represents the least understood step of the whole hydrothermal process, due to the intrinsic 

complexity in performing in-situ measurements in high-pressure closed reactor vessels.67,68 

As illustrated by the phase diagram of water (Figure 2.2.1a), the equilibrium vapor pressure of 

water is a function of temperature and, if enclosed in a rection vessel, increasing the temperature 

results in increasing the pressure of the whole system. The existence of a gas phase in equilibrium 

with the liquid phase is at the basis of the hydrothermal synthesis: in fact, imposing high-

temperature conditions (minimum above 100 °C) results in increasing the pressure inside the 

whole closed reactor. The operating vapor pressure can be thus easily obtained through the water-

vapor equilibrium curve in the phase diagram. If the temperature is increased up to 374 °C 

(reaching the critical point of water), the boundaries of the vapor and liquid phase are not 

distinguishable anymore and, as a result, a supercritical fluid is obtained, reaching a pressure of 221 

bar. If, however, higher pressures are required, it is possible to apply an external pressurization 

and work outside the equilibrium liquid-vapor water pressure curve. It is important to note that, 

for experimental purposes, the actual pressure under working conditions in a reaction vessel is 

determined by the filling degree of the reactor, i.e., the fraction of volume that was occupied by 

the solvent at the beginning of the whole synthesis (before heating the whole system), as the filling 

factor heavily influences the actual p-T diagram of the solvent (Figure 2.2.1b).69,70 Fill factors lower 

than 32% are commonly used during hydrothermal syntheses, however increasing the fill factor 

allows to reach higher pressures and supercritical conditions at lower temperatures. 
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Figure 2.2.1: Phase diagram of water (a); p-T curves of water with differing percentage filling (fill factor) of the closed 
reactor vessel (b).69 

The hydrothermal method bases its physico-chemical principles in the increased solubility of 

basically all inorganic species in a solvent with increasing temperature and pressure conditions, 

obtaining the desired products because of a successive crystallization of the solid materials starting 

from their dissolved species in solution. In fact, the solubilization of a solid substance in contact 

with a liquid phase can be expressed as a result of two different processes:  

1. Melting of the solid substance 

2. Mixing of the melted solid and the liquid in contact with it 

If, for the sake of simplicity, we consider an ideal system, the heat for the second process is 

equal to zero and we can express the quantitative dependence of the composition variation of a 

solution in contact with a solid at equilibrium with pressure as:71 

d𝑥2
d𝑝

=
(𝑣2 − 𝑣2

𝑠)

(
δ𝜇2
δ𝑥2
)
𝑝,𝑇

 (2.2. 1)
 

where: 

• 𝑥2 is the composition of the saturated solution (molar fraction) 

• 𝑣2 is the partial volume of the solute in the solution 

• 𝑣2
𝑠 is the specific volume of the solute in the solid phase 

• (
δ𝜇2

δ𝑥2
)
𝑝,𝑇

 is the rate of change in chemical potential of the solute in the solution with 

change of concentration at fixed temperature and pressure.  

As (
δ𝜇2

δ𝑥2
)
𝑝,𝑇

 must always be positive, it follows that the solubility of the solid in the solution 

depends on pressure whether is (𝑣2 − 𝑣2
𝑠) is either positive or negative. Considering that most 

solids expand on melting, (𝑣2 − 𝑣2
𝑠) is usually positive and increasing the pressure of the system 

a) b)
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such as under hydrothermal conditions also causes an increase in the solubility of the solid 

inorganic substance. Solubilized solid materials under hydrothermal conditions, then, can either 

recrystallize or grow in an aging process via an Oswald ripening-type mechanism.67 Thus, reaction 

time represents a fundamental parameter in ensuring the obtainment of the desired reaction 

product, along with setting the right pressure and temperature conditions. The application of high 

pressure and temperature, moreover, causes a decrease in the viscosity of the solvent,69,70 with a 

consequent increase in the mobility of dissolved species and a general improvement of diffusion-

limited processes in solution, thus improving the rate of Oswald ripening and crystal growth 

mechanisms. 

The hydrothermal process, compared to other nanomaterials preparation techniques, has many 

advantages such as:72 

• Synthesizing materials with high levels of purity and crystallinity  

• Possibility of synthesizing high quality, large sized single crystals 

• The process is usually environmentally friendly and versatile 

• The morphology of the products can be easily tuned 

The method, however, is affected by some drawbacks, for example, represented by: 

• The use of expensive equipment such as costly autoclaves and liners 

• Samples obtained can be polydispersed 

• High-temperature high-pressure conditions of the reactor pose safety concerns 

• The use of highly toxic chemicals can be necessary to produce the desired materials 

Despite the herein reported drawbacks, we decided to adopt the hydrothermal process as 

chosen synthetic method for preparing differently shaped titanium dioxide nanoparticles due to 

the unique possibilities offered by the hydrothermal process in controlling the shape of metal oxide 

crystallites, allowing to tune their shape by simply adding a suitable capping agent and setting 

appropriate experimental parameters such as temperature, pressure, reaction time, type and 

concentration of both precursors and capping agent.73–78 

2.2.1 Experimental procedure 

Differently shaped TiO2 samples, characterized by a pseudo-spherical shape or a nanosheet 

structure, were prepared through the hydrothermal route by employing titanium isopropoxide as 

Ti precursor and HF as capping agent. In particular, a fixed amount of titanium isopropoxide (10 

mL) was mixed under stirring for 15 min in a Teflon liner with different volumes of a 48 wt% HF 

solution and different amounts of water (Table 2.2.1) up to a 11.2 mL final volume. A reference 
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sample was prepared under the same conditions by simply adding 1.2 mL of water (and no HF) to 

titanium isopropoxide. 

The liner was then transferred into a closed stainless-steel autoclave to be heated at 180 °C for 

24 h. The obtained precipitate was recovered after cooling the autoclave down to room 

temperature using a stream of compressed air. A series of washing cycles with ultrapure Milli-Q 

water followed, up to a fluoride ion concentration in the supernatant, detected by means of ionic 

chromatography (Methrohm 761 compact IC with conductivity detector), below 5 ppm. The solid 

was then collected, dried in an electric oven at 70 °C overnight, and grounded into the form of 

fine powders by means of an agate mortar. The so-obtained materials were labelled as HT_X, 

where HT refers to the employed preparation method (hydrothermal procedure) and X stands for 

the nominal F/Ti ratio employed during the synthesis, i.e., 0.1 or 1.0. The reference sample was 

labelled as HT_0, as no fluorine was used during its synthesis.  

In order to remove the residual fluorine on the materials’ surface, a portion of each sample 

underwent washing cycles with an aqueous NaOH solution. During the washing procedure, a fixed 

amount of photocatalyst (1.0 g) was dispersed in 200 cm3 of a 0.1 M NaOH aqueous solution by 

means of a 30 min ultrasonic treatment. The suspension was then left stirring in the dark for 1 h 

at 60 °C, followed by a 10 h-long stirring in the dark at room temperature. The powders were then 

recovered by centrifugation and washed several times (maximum six times) with Milli-Q water 

(200 cm3) up to neutral pH of the suspension and finally dried at 70 °C overnight.  

Table 2.2.1: Amounts of HF aqueous solution (48 wt%) and of ultrapure H2O employed in the hydrothermal synthesis of 
the photocatalysts. 

Sample HF Volume / cm3 H2O Volume / cm3 

HT_0 - 1.200 

HT_0.1 0.120 1.080 

HT_1 1.200 - 

 

All reagents were purchased from Sigma-Aldrich and employed as received. Water purified by 

a Milli-Q water system (Millipore) was used throughout.  

2.3 Deposition-Precipitation 

The deposition-precipitation (DP) represents one of the most performing methods for the 

modification of the surface of a metal oxide with point of zero charge (pzc) > 5 (such as TiO2, 

MgO or Al2O3) due to its ability to quantitatively deposit very finely dispersed, very small 

nanoparticles on the surface of the material.79–81 The deposition-precipitation is a wet-chemistry 
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technique which exploits the precipitation of metal hydroxides from an aqueous solution 

containing a dissolved metal salt precursor, usually because of alkalinization of the solution. In the 

classical variant of this method, most famously reported by Haruta in 1991,82 alkalinization of the 

solution was achieved through addition of sodium hydroxide, which caused the precipitation of 

the metal hydroxides as  

MX+ + X HO− → M(OH)x (2.3. 1) 

If a metal oxide is finely suspended in the same solution, the produced metal hydroxides can 

interact with the surface of the metal oxide itself and anchor to it.83  

The desired metal nanoparticles are obtained through a reductive step aimed at converting the 

metal ions to their zero-valent oxidation state, which can be performed either via calcination or 

through chemical reduction, although the properties of the resulting material are heavily dependent 

on the method chosen for the reductive step.81,84–86 

In the modern variants of the deposition-precipitation method, the thermal decomposition of 

urea 

CO(NH2)2 + H2O + heat → 2 NH3 + CO2 (2.3. 2) 

has replaced the addition of NaOH to increase the pH of the solution as it provides a milder, 

gradual pH increase compared to the abrupt alkalinization offered by the addition of NaOH.87 

With this variant, an actual quantitative deposition of the metal nanoparticles is obtained, whereas 

in the case of Haruta’s method it is not infrequent to observe a non-quantitative deposition of the 

metal nanoparticles on the metal oxide surface. Moreover, the slow addition of the base ensures a 

more homogeneously distributed precipitation of the metal hydroxides, thus allowing to have 

better dispersed metal nanoparticles on the surface of the support.80 The thermal decomposition 

of urea, thus, allows to better control not only the actual noble metal nanoparticles loading on the 

surface of the support, but also to deposit better distributed nanoparticles.  

 

Figure 2.3.1: Schematic representation of the deposition-precipitation process. 

The deposition-precipitation method was chosen during this PhD thesis to modify the surface of 

both N,F-doped and differently shaped titanium dioxide nanoparticles with Au noble metal 
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nanoparticles because it allows to deposit finely dispersed, very small Au NPs with a completely 

random way on the whole surface of the support. In fact, this method is not affected by preferential 

deposition of nanoparticles on any specific region of the metal oxide support. 

2.3.1 Experimental procedure 

In the DP method, 400 mg of TiO2 powder were suspended in 10 cm3 of ultrapure Milli-Q 

water in a round bottom flask. The powders were then finely dispersed by sonication with 

ultrasound radiation of 59 kHz frequency and 250 W for 30 min using a Falc Instruments Labsonic 

LBS2 ultrasonic bath. A gold precursor solution was then prepared by dissolving the proper 

amount of HAuCl4∙xH2O to obtain the deposition of the desired amount of metallic Au in 5 cm3 

of water. Reactants were recovered with additional 5 cm3 of Milli-Q water, bringing the total 

volume of the suspension to 20 cm3, setting up the final concentration of urea to 0.42 M and that 

of the photocatalyst in the suspension to 20 g dm-3.  

The flask was then immersed in an ethylene glycol thermostatic bath with temperature set to 

80 °C and stirred at 1000 rpm for 4 hours. By applying these experimental conditions, the urea 

progressively decomposed, causing a mild, gradual alkalinization of the slurry, which resulted in 

the slow precipitation of Au hydroxides on the surface of titanium dioxide. TiO2 powders were 

then separated from the liquid phase via centrifugation and recovered with milli-Q water, where a 

slight excess of NaBH4 was added. Addition of the reducing agent causes an immediate reduction 

of the deposited Au(III) hydroxides to finely dispersed metallic Au NPs on the surface of TiO2, 

as evidenced by the sudden chromatic change of the TiO2 powders, passing from brilliant white 

to deep purple.  

Au-modified powders were then washed several times (at least three) with ultrapure Milli-Q 

water until the concentration of chloride ions in the supernatant, detected by ionic 

chromatography, was reduced to less than 1 ppm. Each washing cycle consisted in suspending the 

samples in ultrapure Milli-Q water, stirring the suspension for 20 min and collecting the powders 

by centrifugation. The product was then transferred in a glass Petri dish and dried overnight in an 

oven at 70 °C. Fine powders were finally obtained by grinding in an agate mortar.  

2.4 Photodeposition 

Photodeposition, also often referred to as photoreduction and photochemical deposition, is a 

metal nanoparticles deposition method based on exploiting the photopromoted electrons of a 

photocatalyst under irradiation with light of ultra-band gap energy to reduce surface adsorbed 
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metal ions in an aqueous suspension, causing their deposition as metal nanoparticles on the 

semiconductor surface.88 The interest towards this very peculiar metal nanoparticles deposition 

method started in 1978 with the work released by Kraeutler and Bard,89 who showed the possibility 

of loading platinum nanoparticles on the TiO2 surface by illuminating a slurry containing the 

photocatalyst itself, H2PtCl6, HCl, Na2CO3 and acetic acid, which acted as hole scavenging species. 

To observe the deposition of the Pt nanoparticles, removal of oxygen was necessary by purging 

the reaction environment with a steady stream of N2.  

For a metal cation in solution MX+, a general mechanism for the photodeposition process can 

be expressed as the result of two different photochemical reactions, the first one being the 

photocatalytic reduction of the adsorbed metal ions: 

MX+(aq) + x eCB
− → M0(s) (2.4. 1) 

and the second one being the oxidation of the hole scavenging species by photogenerated holes. 

Being a photocatalytic reaction, to photodeposit a given metal on the titanium dioxide surface it is 

necessary than the conduction band potential of the semiconductor is more negative that the 

reduction potential of the MX+/M0 couple, while the valence band potential must be more positive 

than the redox potential of the species being oxidized, either be water, as a hole scavenger, or any 

adsorbed species capable of undergoing oxidation. 

The photodeposition method, in theory, could work even in the absence of a hole scavenger 

in solution. However, the presence of such species is practically a necessary requirement to 

guarantee a sufficiently fast oxidation kinetics for the oxidation half reaction which, if not fast 

enough (as in the case of water oxidation), may represent a kinetic bottleneck for the whole process 

causing the deposition of only partially reduced metal nanoparticles, rather than in their metallic 

state.90,91 In fact, the use of a sacrificial agent increases the availability of photopromoted electrons 

by reducing the electron-hole recombination rate due to the hole-subtraction effect played by the 

hole scavenging species, causing a more effective reduction of the adsorbed metal ions at the 

photocatalyst surface. 

The need to purge oxygen from the reaction environment originates from the super-efficient 

electron scavenging ability played by O2
− to form O2

−• radical anions, hindering metal ions from 

being reduced at the photocatalyst surface, slowing down the nucleation and growth of the noble 

metal nanoparticles which, in the presence of oxygen, are also characterized by incomplete 

reduction and high oxidation states, if ever deposited.92 
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Compared to other noble metal nanoparticles deposition methods such as electrodeposition, 

chemical reduction, or sputtering,93–96 photoreduction places itself as a very appealing modification 

technique due to the ability of the method to deposit nanoparticles at low temperatures, without 

the need to apply any external bias and, most importantly, the peculiar possibility to deposit noble 

metal nanoparticles preferentially on certain areas of the metal oxide support such as specific 

crystal facets,97–99 or closely interacting with specific surface defects present on the photocatalyst 

surface itself. In fact, as the growth of the nanoparticles is triggered by the intrinsic properties of 

the photocatalyst, the deposited nanoparticles’ properties can be deeply intertwined with those of 

the photocatalyst support.79 

The photochemical deposition method was chosen during this PhD thesis to modify the 

surface of both N,F-doped and differently shaped titanium dioxide nanoparticles with Au noble 

metal nanoparticles because of the ability offered by the modification method to deposit finely 

dispersed, small Au NPs closely interacting with the surface of the support, preferentially deposited 

on either specific crystal facets and/or surface defects, thus possibly synthesizing materials with 

differing properties compared to the deposition-precipitation method. 

2.4.1 Experimental procedure 

In the photodeposition method 600 mg of TiO2 powder were suspended in 100 cm3 of 

ultrapure Milli-Q water in a photoreactor consisting of a 250 cm3 Schott DURAN glass laboratory 

bottle jar equipped with a GLS 80® connection system with 

four GL18 red screw caps, one of which is holed and 

connected to a gas resistant PTFE/silicone septum which 

allows gas bubbling by means of a syringe (Figure 2.4.1). The 

powders were then finely dispersed by sonication with 

ultrasound radiation of 59 kHz frequency and 250 W 

(corresponding to 100% power) for 30 min using a Falc 

Instruments Labsonic LBS2 ultrasonic bath.  

Then, the proper amount of HAuCl4∙xH2O to obtain the 

deposition of the desired amount of metallic Au were 

dissolved in 7.5 cm3 of Milli-Q water and added to the 

suspension, followed by addition of 72.5 cm3 of ultrapure 

Milli-Q water and 20 cm3 of CH3OH, bringing up the total 

reaction volume to 200 cm3. The reaction mixture was then 

bubbled with N2 under constant stirring for 15 min.  
Figure 2.4.1: Glass jar photoreactor under N2 
bubbling. 
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The suspension was irradiated for 60 min under constant stirring using the experimental setup 

described in section 3.1.2 (page 95). A color change from white to deep purple was observed within 

few seconds after the beginning of irradiation, indicating that AuIII ions were almost immediately 

reduced to metallic gold. 

Then, the powders were recovered from the reactor by centrifugation with a relative centrifugal 

force of 3661 x g corresponding to 5000 rpm in a Thermo Scientific CL 10 centrifuge with F-G1 

Fixed Angle Rotor of 131 mm radius for 20 min. The supernatant was recovered from the test 

tubes and a slight excess of NaBH4 was then added to check that no metal precursor remained in 

the solution and confirm the quantitative deposition of metallic Au on the surface of the samples. 

Au-modified powders were then washed several times (at least three) with ultrapure Milli-Q 

water until the concentration of chloride ions in the supernatant, detected by ionic 

chromatography, was reduced to less than 1 ppm. Each washing cycle consisted in suspending the 

samples in ultrapure Milli-Q water, stirring the suspension for 20 min and collecting the powders 

by centrifugation. The product was then transferred in a glass Petri dish and dried overnight in an 

oven at 70 °C. Fine powders were thus obtained by grinding in an agate mortar. 

2.5 X-Ray Diffraction 

X-Ray diffraction (also known as X-Ray Powder Diffraction, XRPD) is a versatile non-

destructive analytical technique for the characterization of solid crystalline materials. This 

technique represents one of the most powerful for gaining information on a plethora of properties 

of solid materials, such as: 

• Structure of the material bulk 

• Phase composition 

• Presence of texture or preferred orientation of crystallites 

• Crystallinity  

• Grain size 

• Crystal defects 

Most commonly, the technique has been widespreadly used as a relatively cheap and easy to 

access analytical method for performing qualitative (i.e., identification) and quantitative analysis of 

the phase composition of solid specimens.  

X-Ray diffraction poses its bases from the pioneer noble-prize awarded work of Von Laue et 

al. in 1912,100 who discovered that crystalline substances could diffract X-Ray radiation with a 

wavelength close in magnitude to the spacing of the planes in a crystal lattice. The work of Laue 
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et al. is ground-breaking not only because they discovered the physical phenomenon of diffraction 

of X-Ray by crystalline solids, but also because it proved that the crystallinity of a solid depends 

on the regular arrangement in the three-dimensional space of atoms and molecules, and not by its 

external properties.101 Afterwards, the independent works of Debye, Scherrer (Germany, 

1916/1917)102 and the Bragg brothers (England, 1913)103  paved the way for this technique to 

become the nowadays most frequently used crystallographic method.  

As the name implies, XRD is an analytical technique employing X-Rays, consisting of 

electromagnetic radiation of wavelength ranging from 0.01 to 10 nm, corresponding to an energy 

between 0.125 to 125 keV, thus relatively high in the electromagnetic spectrum, being second only 

to 𝛾 rays (Figure 2.5.1). 

 

Figure 2.5.1: Spectrum of Electromagnetic radiation.  

A quantitative description of the X-Ray diffraction phenomena has first been proposed by 

Von Laue and then by Bragg & Bragg. Despite Von Laue’s description is more rigorous and 

physically accurate, Bragg’s interpretation results to be the most commonly used and discussed as 

it enormously simplified the description of the results for a more practical use and easier 

understanding. For such reason, it will be used in this context for describing the diffraction 

phenomena in solids. 

When a solid crystalline material is irradiated with X-Ray radiation, the electromagnetic beam 

is scattered in a specular fashion by crystal planes separated by a distance 𝑑ℎ𝑘𝑙, with (ℎ𝑘𝑙) being a 

series of integer indexes identifying a specific family of lattice planes (Figure 2.5.2a). The 
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differences in optical path between X-Ray radiation scattered by different lattice planes generates 

phase differences in reflected beams, which give rise to a series of constructive and destructive 

interference phenomena, i.e., diffraction. The diffraction process is thus described in terms of 

incident and reflected focused beams, each approaching the different crystallographic planes with 

a fixed 𝜃 glancing angle. 

The interference between the scattered beams results to be constructive only for those 

reflections which satisfy Bragg’s Law: 

𝑛𝜆 = 2 𝑑ℎ𝑘𝑙 sin 𝜃 (2.5. 1) 

in which: 

• n is a positive integer  

• 𝜆 is the incident radiation wavelength 

• 𝑑ℎ𝑘𝑙 is the spacing between planes of the (ℎ𝑘𝑙) family 

• 𝜃 is the glancing angle 

If Bragg’s conditions are not met, a destructive interference is instead produced, obtaining no 

diffraction signal due to the repetition of the lattice planes in the crystal reinforcing the 

interference.  

By looking at Bragg’s Law for the diffraction of X-Rays, important conclusions can be 

obtained. If we rewrite Bragg’s law as a function of sin 𝜃, we obtain: 

sin 𝜃 =
𝑛𝜆

2𝑑ℎ𝑘𝑙
 (2.5. 2) 

that is, fixing a wavelength and excluding higher order of magnitude reflections, we can observe 

that Bragg’s Law can be satisfied only for those glazing angles proportional to 
1

2𝑑ℎ𝑘𝑙
. Since the 

distance between lattice planes is specific for each substance, it follows that scanning a 

monochromatic X-Ray radiation as a function of the glazing angle gives rise to characteristic 

diffraction spots, in which a diffraction signal is obtained only in correspondence of those glazing 

angles able to satisfy the Bragg’s condition. Since such angles are proportional to the distance 

between lattice planes, it follows that each specific crystal phase of a given substance produces 

unique diffraction spots. It is important to note that Bragg’s law describes only the conditions at 

which a diffraction spot can be observed but doesn’t give any information on the intensity of the 

diffracted beam. However, from the diffraction theory, the intensity of a diffracted beam is 

proportional to the product of the intensity of the incident beam and the concentration of 
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electrons in the reflecting plane. Therefore, for a pure substance, the relative intensity of the 

diffraction signals vs θ is also a property of the phase structure. 

 

Figure 2.5.2: Bragg's Law for X-Ray Diffraction (a); Example of the diffraction pattern of an unknown substance and 
identification of its crystal phase (V(H2PO4)3) via comparison with reference diffraction patterns in databases (b). 

A typical X-Ray diffraction experiment is performed by varying the glazing angle of a 

monochromatic X-Ray beam, while recording the intensities of the diffracted beams as a function 

of 2θ (usually preferred to the glazing angle θ for experimental reasons), obtaining a so-called 

diffraction pattern (Figure 2.5.2b). 

Analysis of the diffraction pattern is at the basis of the analytical applications of XRD. For 

example, recognition of the phases present in an unknown specimen can be performed by 

comparing the position and relative intensity of the diffraction spots with reference patterns 

contained in dedicated databases, in a procedure closely resembling the comparison of fingerprints 

in forensic studies. 

In contrast to single crystal X-Ray Diffraction, XRPD makes use of powders as samples. A 

powder is defined as a collection of a huge number of small crystallites completely randomly oriented 

in space. When a powder is exposed to X-Ray radiation, some crystallites will be oriented in such 

a way so that the Bragg’s law is satisfied. Each family of crystallographic planes generates then a 

collection of reflections distributed over a cone of 4θ angle. Therefore, the intensities monitored 

in a powder diffraction experiment are the result of the incoherent superposition of the beams 

diffracted by each crystallite. Therefore, it is extremely important to ensure that the crystallites are 

not preferentially oriented by any means, otherwise the relative intensities of the diffraction peaks 

will lose their physical meaning. 

X-Ray Powder Diffraction can also be used to gather useful morphologic data on the samples, 

since the physical broadening of the diffraction pattern peaks shows a very strong dependence on 

a) b)
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the dimension of the crystallites along a specific crystallographic direction. This phenomenon is 

quantitatively described by the Scherrer equation:104 

𝑑ℎ𝑘𝑙 =
0.9𝜆

𝛽ℎ𝑘𝑙 cos 𝜃ℎ𝑘𝑙
 (2.5. 3) 

in which 𝑑ℎ𝑘𝑙 represents the size of crystallites in the direction vertical to the (hkl) lattice plane, 𝜆 

is the X-ray incident wavelength, 𝛽 is the line broadening at half maximum intensity (FWHM) 

expressed in rad and 𝜃 stands for the incident angle. Therefore, the FWHM of a diffraction peak 

allows one to calculate the size of the crystallite in the corresponding direction. Although the 

Scherrer formula is very powerful and widespread used, it should be noted that careful use is 

required when accurate absolute data on crystallite sizes are required. In fact, the Scherrer formula 

as here presented is affected by some approximations. First, the numerical value for the shape 

factor K, here chosen as 0.9, represents an approximation.105 Second, the line broadening in the 

observed diffraction pattern is the result of two different broadening phenomena, i.e.,  

1. Instrumental broadening 

2. Physical broadening due to the finite dimension of the crystallites. 

It follows that only the second broadening type carries information on the crystallite size along 

specific crystallographic directions, whereas the instrumental broadening represents an unwanted 

parameter which is a cause of error in the determination of the absolute value of the crystallite 

size. To minimize the instrumental broadening effect, Warren et al.106,107 proposed that the square 

of the line broadening at half maximum intensity (FWHM) in a diffraction pattern (𝐵) can be 

expressed as the sum of the square of instrumental broadening (𝑏) with the square of the desired 

physical crystallite broadening (𝛽): 

𝐵2 = 𝛽2 + 𝑏2 (2.5. 4) 

Accurate evaluation of the instrumental broadening at each 2𝜃, usually obtained by measuring the 

broadening produced by the diffraction pattern of reference standard materials which are not 

affected by physical broadening of its crystallites (e. g., pure crystalline Si), allows one to correct 

the observed broadening for the instrumental broadening, improving the quality of the calculated 

crystallite sizes. Moreover, the Scherrer equation neglects the effects on FWHM produced by 

lattice distortion effects. If the materials are expected to be characterized by strong lattice 

distortion, the Williamson-Hall equation,108 which includes the description of such effect of by 

modeling a dedicated strain parameter 𝜀, should be used instead. The Scherrer equation, therefore, 

should be used only for comparing the relative size of the crystallites of different materials rather 
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than for obtaining accurate data on the crystallite size. Moreover, comparison with other 

characterization techniques, such as electronic microscopies, should be carried out to confirm the 

validity of the calculated Scherrer crystallite size.  

Quantitative phase determination of a heterogeneous polyphasic sample can be performed by 

applying a refinement method to the diffraction pattern. Among these, the most widely employed 

is the Rietveld refinement.109–111 This method is based on the construction of a starting model for 

the entire diffractogram whose parameters are refined and optimized by minimizing the 

differences between the experimental pattern and the model calculated diffractogram. The 

expression of the minimized function in the Rietveld method is given by: 

Φ =∑𝑤𝑖

𝑛

𝑖=1

(𝑌𝑖
𝑜𝑏𝑠 − 𝑌𝑖

𝑐𝑎𝑙𝑐)
2
 (2.5. 5) 

where 𝑤𝑖 is the weight assigned to the ith data point, 𝑌𝑖
𝑜𝑏𝑠 the integrated intensity of the observed 

ith peak and 𝑌𝑖
𝑐𝑎𝑙𝑐 the integrated intensity of the calculated ith peak. In the case of a polyphasic 

sample the function gets expanded as follows (for a dual wavelength experiment such as the dual 

𝐾𝛼 components of a Cu X-Ray emission): 

Φ =∑𝑤𝑖

𝑛

𝑖=1 

(𝑌𝑖
𝑜𝑏𝑠 − [𝑏𝑖 +∑𝐾𝑙∑𝐼𝑙,𝑗{𝑦𝑙,𝑗 (𝑥𝑙,𝑗) + 0.5𝑦𝑙,𝑗(𝑥𝑙,𝑗 + Δ𝑥𝑙,𝑗)}

𝑚

𝑗=1

𝑝

𝑙=1

])

2

  (2.5. 6) 

where 𝑏𝑖 is the background contribution of the ith data point, 𝐾𝑙 is the scale factor for lth phase, 

𝑝 is the number of phases present, 𝑚 is the number of Bragg reflections contributing to the 

intensity of the ith point, 𝐼𝑙,𝑗 is the integrated intensity of the jth Bragg reflection for the lth phase, 

𝑦𝑙,𝑗  (𝑥𝑙,𝑗) is the peak-shape function of the jth Bragg reflection for the lth phase and Δ𝑥𝑙,𝑗 is the 

difference in position of the two wavelength components, where 𝑥𝑙,𝑗 = 2𝜃𝑙,𝑗
𝑐𝑎𝑙𝑐 − 2𝜃𝑙,𝑖.  

The common scale factors 𝐾𝑙 are representative of the total number of unit cells of each phase 

present in the irradiated volume of the sample. It follows that the weight fraction of a given phase 

can be calculated from the scale factor as: 

𝑤 ≃ 𝐾 ⋅ 𝑍𝑀𝑉 (2.5. 7) 

where 𝑍 is the number of formula units in the unit cell, 𝑀 is the molecular mass of the formula 

unit, and 𝑉 is the volume of the unit cell of the given phase. As individual weight fractions must 

be normalized so that the total weight fraction is unity, we get to the expression: 
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𝑤𝑖 =
𝑤𝑖
′

∑ 𝑤𝑗
′

𝑗
 (2.5. 8) 

2.5.1 Experimental procedure and data elaboration 

During this PhD thesis, X-Ray Powder Diffraction (XRPD) patterns were acquired using a 

Panalytical X’Pert Pro diffractometer operating at 40 kV and 40 mA, using Ni-Filtered Cu Kα 

radiation (λ=1.54056 Å) at a scan rate of 0.05 degree s-1. In the case of differently shaped titanium 

dioxide nanoparticles, the relative amount of exposed {001} facets of the full anatase samples was 

calculated by applying a Rietveld-based approach to diffraction data described in detail in a paper 

previously published by our research group.112 Briefly, the method relies on calculating the width 

𝑤 and thickness 𝑡 of anatase crystallites (Figure 2.5.3) via a least-square minimization procedure 

performed by refining structural parameters related to the crystallography of the unit cell, line 

profile parameters and two additional parameters denoted as 𝑝1 and 𝑝2, accounting for the 

description of anisotropy in crystallite size along perpendicular crystallographic directions, against 

an experimental powder diffraction pattern. The width and thickness of the crystallites can be thus 

calculated starting from the anisotropy descriptors as: 

𝑤 =
𝐾 ⋅ 𝜆

𝑝1
(2.5. 9) 

𝑡 =
𝐾 ⋅ 𝜆

𝑝2
(2.5. 10) 

where 𝜆 is the incident X-Rays wavelength and 𝐾 is a constant set to 0.94. Then, the percentage 

of exposed {001} facets (%{001}) can be calculated using Equation 2.5.11: 

%{001} =
𝑣2

𝑣2 + 𝑡
𝑣 + 𝑤
sin𝜑   

⋅ 100 (2.5. 11) 

where 𝑣 is the shorter base of the trapezoidal {101} facet (Figure 2.5.3), calculated as: 

𝑣 = 𝑤 − 𝑡 ⋅ cot(𝜑) (2.5. 12) 

with 𝜑 = 68.3 °, being the theoretical angle between {001} and {101} facets (Figure 2.5.3). 
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Figure 2.5.3: Scheme of an ideal anatase truncated bipyramidal 
octahedron illustrating the parameters calculated via Rietveld 
refinement. 

 

Rietveld analyses were always performed using the GSAS 

II software.113 The quality of the fits was defined 

according to the fit residual 𝑅𝑝, defined as: 

𝑅𝑝 =
∑ |𝑌𝑖

𝑜𝑏𝑠 − 𝑌𝑖
𝑐𝑎𝑙𝑐|𝑛

𝑖=1

∑ |𝑌𝑖
𝑜𝑏𝑠|𝑛

𝑖=1

× 100% (2.5. 13) 

where 𝑌𝑖
𝑜𝑏𝑠 and 𝑌𝑖

𝑐𝑎𝑙𝑐 stand for the observed and calculated intensity of the ith data point, 

respectively.  

In the case of N,F-doped anatase, the dimension of the crystallites was evaluated using the Scherrer 

formula from the FWHM of the most intense anatase reflection by fitting XRD peaks with suitable 

Pseudo-Voigt functions, consisting of a linear combination of a Lorentzian and a Gaussian 

function, by means of the WinPLOTR software.114 Correction for the instrumental broadening 

was performed by measuring the FWHM of the diffraction pattern of a reference Si standard, for 

which the FWHM at each 2θ was obtained by fitting the FWHM as a function of 2θ across the 

whole diffraction pattern with a suitable polynomial function by means of the MATLAB software 

(Figure 2.5.4). 

 

Figure 2.5.4: Polynomial fit of the FWHM vs 2ϑ function for the reference Si standard (a); residuals of the fits (b). 

a)

b)
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2.6 Surface Area evaluation (BET method) 

The specific surface area (SSA) of a solid material represents one of its most important 

parameters deeply affecting both its physical and chemical properties. This property acquires 

fundamental importance when investigating materials for catalytic applications as the surface 

extent of the catalyst directly affects its ability to interact with substrate molecules, with materials 

bearing a higher surface area usually carrying a higher number of catalytic sites readily available for 

reaction. The technique acquires even more importance in designing material for remediation of 

pollutants via adsorption or for stocking gas molecules.  

Assessing of the surface area of a material can be performed via different methodologies, 

among which the most employed are represented by permeability and gas adsorption methods.115 

Between the two, the latter is meant to measure an area represented by a surface covered with a 

monolayer of close-packed molecules and is usually the preferred method in characterizing powder 

materials for photocatalytic applications. Among the many models and methods proposed for the 

measurement of SSA via gas adsorption, the Brunauer-Emmet-Teller (BET) represents 

undoubtedly the main pillar and most applied method.116 

The fundamental basis on which the BET theory is derived from stems on the adsorption of 

gases on solid surfaces, which occurs by means of two different types of interactions, i.e., 

physisorption and chemisorption. The main difference between the two is represented by the 

strength of the interaction itself, with physisorbed molecules interacting with the surface only via 

van der Waals-type forces, whereas chemisorption is characterized by a highly specific chemical 

interaction occurring via chemical reactions. Due to the energies involved, physisorption 

represents a reversible type of interaction, with the quantity of gas adsorbed at a given pressure 

increasing with decreasing temperature, whereas in the case of chemisorption the interaction 

between the solid and the adsorbed gas is irreversible, and due to the true chemical bonding of the 

gas on the surface, chemisorption occurs also at temperature higher than the critical temperature 

of the adsorbate. In addition, chemisorption is, by nature, only restricted to a monolayer of gas 

adsorption, whereas in the case of physisorption multilayer adsorption is usually observable. 

Among the two, physisorption is of most interest when determining the specific surface area of a 

material via the BET method. 

The BET model is closely related to the Langmuir theory of monolayer adsorption. In a 

monolayer adsorption, all adsorbed molecules are in contact with the solid material surface, usually 

in a tight, close-packed configuration. Clearly, this is not the only configuration of adsorbed 
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molecules when interacting with a solid surface, with multilayer adsorption, via interaction of gas 

molecules with themselves through vapor-vapor interaction, being also possible. As the energies 

of gas-solid physisorption and gas-gas interactions are usually similar in magnitude, if the 

temperature of the solid is lower than the critical temperature of the gas, condensation of the gas 

to liquid phase occurs on the surface of the solid material. 

In this juncture, the BET theory is derived through an extension of the Langmuir model for 

monolayer molecular adsorption by considering a multilayer adsorption of gas on the surface of a 

solid. Each layer is approximated as non-interacting with each other and in-equilibrium conditions, 

each one being described via the Langmuir equation, with each successive layer acting as 

adsorption site only for molecules in the layer above itself. With these conditions set, the well 

know BET equation can be formulated: 

𝑝
𝑝0

𝑉 (1 −
𝑝
𝑝0
)
=

1

𝑉𝑚𝐶
+
𝐶 − 1

𝐶
⋅

𝑝
𝑝0
𝑉𝑚
  (2.6. 1) 

Where  

• 𝑉 is the volume of gas adsorbed at pressure 𝑝 and absolute temperature 𝑇 

• 𝑝0 is the vapor pressure of the gas at temperature 𝑇 

• 𝑉𝑚 is the volume of gas adsorbed when the adsorbent surface is covered with a 

monolayer of gas 

• 𝐶 is a mathematical parameter related to heat of adsorption also known as BET constant 

 

Volumes in the BET equation are expressed as volumes of gas at normal temperature and pressure 

(NPT). In its simplest form, the value of the 𝐶 parameter, usually quite constant for a given class 

of materials, can be expressed as: 

𝐶 ∝ exp (
𝑞1 − 𝑞𝐿
𝑅𝑇

) (2.6. 2) 

Where 

• 𝑞1 represents the heat of adsorption of the first layer 

• 𝑞𝐿 represents the heat of adsorption of multilayers, i.e., via vapor-vapor interaction 

• 𝑅 is the gas constant 

• 𝑇 is the absolute temperature 

The 𝐶 parameter is thus directly related to the affinity of the adsorbed gas for the adsorbent 

surface: in particular, materials characterized by a high 𝐶 parameter are more likely to provoke a 
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monolayer adsorption of the gas on the solid surface before multilayer condensation occurs (i.e., 

the solid is easily wettable by the gas molecules), whereas for materials characterized by a small 𝐶 

value multilayer adsorption, maximizing vapor-vapor interactions rather than solid-vapor 

interactions, will prevail, thus preventing the formation of the monolayer adsorption at the surface 

of the adsorbent (Figure 2.6.1). 

 

Figure 2.6.1: Examples of gas physical adsorption on a high (left) and low (right) wettable surface of a solid. 

In a BET experiment for the study of specific surface area and pore structure of a solid 

material, gas adsorption/desorption isotherms of physically adsorbed probe gas molecules are 

recorded. An adsorption/desorption isotherm is a measure of the amount of gas adsorbed (usually 

expressed as volume or molar) or released by a clean solid surface at temperature 𝑇 as a function 

of the 𝑝/𝑝0 relative pressure. To favour the condensation of the probe gas molecules, 

adsorption/desorption isotherms are usually recorded at the boiling temperature of the probe gas, 

therefore being cryogenic temperatures. The most employed probe gas molecule is molecular 

nitrogen, N2, with the relative adsorption/desorption isotherm being recorded at liquid nitrogen 

temperature (77 K). The here reported BET equation can be rearranged in a straight-line form 

obtained by plotting  
𝑝/𝑝0

𝑉(1−
𝑝

𝑝0
)
 as a function of 𝑝/𝑝0, allowing to obtain the desired values of the 

volume of the monolayer gas adsorption and 𝐶 parameter starting from the angular coefficient 

and intercept of the straight line, usually obtained via linear regression of the experimental data 

(Figure 2.6.2). Notably, the BET equation yields a straight line only for relative pressures between 

0.05 and 0.35; thus, to obtain reliable parameters it is important to apply the linear regression only 

to experimental points within the indicated relative pressure range. The magnitude of the 𝐶 

parameter is of primary importance in determining if the employed probe molecule is suitable for 

measuring the specific surface area of the material. In fact, if the value of the 𝐶 parameter is not 

large and positive enough, a monolayer at the surface of the solid material is not formed, and the 

specific surface area of the material cannot be obtained.  

Surface

High C parameter Low C parameter
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Figure 2.6.2: BET transform plot with a regression line through the linear region (inset). 

Knowledge of the area occupied by the adsorbate (in the case of nitrogen 𝐴𝑁2 = 16.2 · 10-20 

m2) allows one to access the SSA of the material through the formula  

𝑆𝑆𝐴 =
𝑉𝑚 𝑁𝐴 𝐴

22.414 × 𝑔
 (2.6. 3) 

where: 

• 𝑁𝐴 is Avogadro’s number 

• 𝐴 is the area occupied by a probe molecule 

• 22.414 is volume (dm3) occupied by 1 mole of gas under standard conditions 

• 𝑔 is the mass of the sample used during the adsorption/desorption measurement 

expressed in grams 

In addition to multilayer adsorption, as the pressure of the gas in contact with the solid 

increases, pore condensation might also be observed. In pore condensation, the gas condenses to 

a liquid phase in a pore at pressures 𝑝 lower than the saturation pressure 𝑝0. In this case, the 

adsorption and desorption isotherm presents a hysteresis which is rationalised in terms of the 

Kelvin equation: 

𝑟𝑘 =
2𝛾𝑉1
𝑅𝑇

ln (
𝑝

𝑝0
) (2.6. 4) 

where 𝑟𝑘 is the radius of a hemispherical meniscus, γ is the surface tension of the liquid and V1 

represents its molar volume. Moreover, the shape of the hysteresis loop of BET isotherms carries 

a lot of information regarding the shape of the pore of the analysed materials, as different pore 
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geometries and sizes originate characteristic, peculiar hysteresis loops.117,118 Analysis of the 

isotherm shape, thus, allows to access information regarding the morphology of the investigated 

specimen. The common stages of pore condensation over the surface of a solid material occurring 

in a BET experiment with increasing relative pressure are schematized and resumed in Figure 2.6.3. 

In brief, for a material with a sufficiently high 𝐶 parameter for the probe gas used, increasing the 

relative pressure leads to the initial formation of a monolayer of gas adsorption. Subsequently, the 

adsorption extends to multiple layers, filling smaller pores, and eventually covering larger pores, 

thereby completely coating the entire surface of the sample. 

 

Figure 2.6.3: Scheme of the pore condensation of a gas as a function of pressure at the surface of a porous solid 
material.119 

2.6.1 Experimental procedure 

During this PhD thesis, Specific surface area (SSA) of the samples was obtained by measuring 

N2 adsorption/desorption isotherms at liquid nitrogen temperature according to the Brunauer-

Emmet-Teller (BET) method in a Micrometrics Tristar II 3020 V1.03 apparatus equipped with an 

ASAP 2020 surface area and porosity analyzer, after outgassing at 150 °C for 2 h under constant 

nitrogen flux. SSA data were calculated by the instrument provided software starting from the 

linear region of the BET isotherm, using the linearized form of the BET equation. 

2.7 UV-Vis Diffuse Reflectance Spectroscopy 

UV-Vis Diffuse Reflectance spectroscopy is a widely used, cheap and easily accessible non-

destructive analytical technique aimed at the investigation of the spectroscopic features of samples 

in the form of powders, requiring minimal sample preparation. The technique is an optical 



 
 

70 
 

spectroscopy based on recording the electromagnetic radiation reflected by a mat or dull surface 

as a function of the incident light wavelength, which is commonly used in the case of samples 

opaque to UV-Vis electromagnetic radiation, which cannot to be analyzed via conventional 

transmission spectroscopy. Oppositely to smooth surfaces, on which incident electromagnetic 

radiation is reflected in a specular fashion with a mirror-like behavior, when a sample in powder 

form is irradiated with a collimated electromagnetic beam a series of complex optical phenomena 

including reflection, diffraction, refraction, and absorption, along with specular reflection, is 

produced in a process known as diffused reflection, causing the dispersion of the radiation in all spatial 

directions independently of the electromagnetic radiation incidence angle.  

 

Figure 2.7.1: Specular and diffused reflection of electromagnetic radiation from a surface. Under Creative Common 
License CC BY-SA 3.0. 

In the ideal case, the diffused radiation should behave according to Lambert’s Cosine Law,120 

i.e., the light intensity observed from an ideal diffusely reflecting surface or ideal diffuse radiator 

is directly proportional to the cosine of the angle θ between the direction of the incident light and 

the surface normal, I = I0 cos θ. Clearly, if part of the incident light radiation is be absorbed by 

the sample, the diffused radiation will carry spectroscopic information on it.121 Most commonly, if 

the sizes of the particles are similar or smaller than the irradiation wavelength, multiple scattering 

and absorption processes occur, usually causing a far from isotropic distribution of the diffused 

radiation, if not for samples composed of multiple very dense and thick layers.122 

Complete and rigorous quantitative descriptions of the diffuse reflectance phenomena are not 

possible due to the intrinsic complexity that characterizes multiple scattering and absorption 

processes occurring during diffuse reflection. Instead, theoreticians in the past have proposed 

several different phenomenological theories mostly based on two constants, i.e., the absorption 

coefficient and the scattering coefficient, which have proved to provide sufficiently accurate results to be 

qualitatively and quantitatively used to describe the diffuse reflection process, provided that the 

right experimental conditions are set. The most famous two-constant theory proposed is 

represented by the Kubelka-Munk theory123 from which, under the assumption that the reflecting 

https://en.wikipedia.org/wiki/Luminous_intensity
https://en.wikipedia.org/wiki/Diffuse_reflection
https://en.wikipedia.org/wiki/Directly_proportional
https://en.wikipedia.org/wiki/Cosine
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sample is thick enough so that a further increase in its thickness won’t produce a change in 

reflectance, the Kubelka-Munk function F(R∞) can be obtained:  

𝐾

𝑆
=
(1 − 𝑅∞)

2

2𝑅∞
= 𝐹(𝑅∞) (2.7. 1) 

where 𝑅∞ is the absolute diffuse reflectance of an infinitely thick sample 𝐾, is the absorption 

coefficient and 𝑆 is twice the scattering coefficient of the material. The diffuse reflectance 𝑅∞ is 

defined, similarly to the transmission coefficient, as: 

𝑅∞ =
𝐽

𝐼0
 (2.7. 2) 

where 𝐽 is the intensity of the reflected radiation and 𝐼0 is the intensity of the incident light. Since 

absolute reflectance is not practical to measure experimentally, the use of the relative reflectance 

𝑅∞
′ , defined as  

𝑅∞
′ =

𝑅∞,𝑠𝑎𝑚𝑝𝑙𝑒

𝑅∞,𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
 (2.7. 3) 

is preferred.  

Through the Kubelka-Munk function 𝐹(𝑅∞), a photoabsorption spectra of the investigated 

specimen in terms of Kubelka-Munk units can be obtained and represents the most commonly 

method used in the photocatalysts literature for investigating the photo absorption properties of 

semiconductor photocatalysts. As pointed out by Ohtani et al.,124 however, Kubelka-Munk units 

are not appropriate as units to measure the intensity of absorbed light since they are mainly 

proportional to the concentration of a given material dispersed in a homogeneous medium, but 

not to the number of photons absorbed by a solid sample. For this reason, during the course of 

this PhD thesis, photoabsorption spectra were rather expressed in terms of the more appropriate 

absorption units, which can be easily calculated as (1 − 𝑅∞). 

Diffuse reflectance spectra are acquired using a UV-Vis spectrophotometer equipped with a 

special accessory named integrating sphere (Figure 2.7.2), capable of collecting the radiation 

diffused by the sample, usually easily adaptable in the sample holder compartment of most 

commercially available spectrophotometers. An integrating sphere is a hollow sphere whose walls 

are coated with a material whose reflectance is close to 1 at all wavelengths (usually MgO, BaSO4 

or the thermoplastic resin Spectralon®), with apertures allowing the incident beam to enter the 

sphere, loading the sample in its appropriate location and mounting the desired detector. The 
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sphere is constructed in such a way so that the incident beam impinges on the sample with a 0 

degree angle, so that the unwanted specularly reflected light, being the least spectroscopically 

informative component of the reflected light, can be totally avoided from being collected, by 

placing the detector with a 90° angle with respect to the incident beam. With such geometry, 

through multiple reflection on the walls of the hollow cavity, the integrating sphere is able to finely 

collect all radiation diffused from the sample. Due to the presence of possible imperfections in the 

geometry of the sphere and to the inexistence of perfectly reflecting materials, to obtain a DR-

spectrum, measurement of the reflectance of a standard material whose reflectance is close to 1 at 

each wavelength (usually composed of the same material with which the walls of the integrating 

sphere are coated with) is determined prior to any measurement. The desired spectra are obtained 

by measuring the relative reflectance of the analyzed sample with respect to that of the reference 

material at each wavelength. 

 

Figure 2.7.2: Scheme of a typical integrating sphere.125 

2.7.1 Experimental procedure 

During this PhD thesis, UV-Visible absorption spectra of the materials in powder form were 

acquired in diffuse reflectance mode (DR spectra) using a Jasco V-670 spectrophotometer 

equipped with a PIN-757 integrating sphere, using barium sulphate as a reference standard. 

Reflectance (R) spectra in the 200-800 nm region, with a 1 nm spectral resolution, were converted 

into absorption (A) spectra using the relation A = 1 – R. 

2.8 Inductively Couple Plasma – Optical Emission Spectroscopy 

(ICP-OES) 

Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES), sometimes referred 

to as ICP-Atomic Emission Spectroscopy (ICP-AES), is an analytical technique aimed at the 
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quantitative detection of chemical elements in a sample. The technique is an emission spectroscopy 

based on the spontaneous emission of atoms and ions that have been excited through thermal 

excitation at high temperature by means of a radio frequency inductively coupled plasma. In fact, 

atoms and ions can absorb energy such as heat to promote electrons from their ground state to a 

higher energy excited state. The lifetime of an excited atom, however, is very brief, and its return 

to a lower energy level, usually the ground state, results in the emission of a photon whose 

wavelength is determined by the energy difference between the two levels involved in the 

electronic transition. Since the amount of light released at each wavelength is proportional to the 

number of atoms or ions involved in the electronic transition, the emission intensity at specific 

wavelengths can be used to quantitively determine the content of specific elements in a sample.126 

In ICP-OES, the energy source used for the excitation process is heat from an argon plasma, 

a heavily ionized gas that can operate up to 10’000 K. The inductively coupled plasma is generated 

as follows: radio frequency power of usually 700-1500W is applied to a radiofrequency load coil, 

where the changing external magnetic field applied induces the flow of an alternate current 

oscillating at the same rate of the RF generator inside to load coil. For most ICP, the RF generator 

operates at either 27 or 40 MHz. Oscillation of high frequency current inside the coil (which is 

typically shaped as a cylindrical solenoid) causes the same high-frequency oscillation of electric and 

magnetic fields inside the top of the torch. With Ar gas flowing through the torch, a spark from a 

Tesla coil is used to produce ‘seed’ electrons and ions inside the load coil region. Using the 

electromagnetic field created in the torch tube by the high frequency current, the electrons are 

accelerated and collide with other argon atoms, causing further ionization in a chain-reaction 

manner. This process continues until a very intense, brilliant white, teardrop-shaped, high-

temperature plasma is formed. Since plasma operates at much higher temperature than flames, it 

provides better atomization and a higher population of excited states compared to flame-AES. 

In ICP-OES, the analytical information is obtained by introducing a liquid sample into a 

nebulizer, where it is converted into a fine aerosol of droplets in a process called nebulization. The 

aerosol then passes into a spray chamber, where larger droplets condense and are removed via the 

drain, while finer droplets move with the argon flow and enter the plasma, where atoms and ions 

undergo the excitation process, followed by the emission of characteristic radiation.  The emitted 

electromagnetic radiation is detected typically through charge coupled devices (CCD) and 

converted into an electrical signal used to trace both the type and concentration of the analyte that 

emitted the radiation, provided that an appropriate calibration curve is constructed. To calibrate 

an ICP-OES, solutions containing known amounts of each element are measured. From these 
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data, a calibration curve is created, determining the relationship between the intensity of light 

emitted at a specific wavelength and the concentration of the element in solution. 

Advantages of ICP-AES are its excellent limit of detection and linear dynamic range, multi-

element analysis capability, low chemical interference, a stable and reproducible signal, high matrix 

tolerance, and enhanced speed of analysis. Its main drawbacks are represented by the presence of 

possible spectral interferences (especially if many emitting elements are present in a sample), high 

instrumentation and operating costs, and ability to analyse samples in solution only.128 

 

Figure 2.8.1: Scheme of an ICP torch (a). A: cooling gas tangential flow to the outer quartz tube; B: discharge gas flow 
(usually Ar); C: flow of carrier gas, containing nebulized sample; D: induction coil which forms the strong magnetic field 
inside the torch; E: force vectors of the magnetic field; F: plasma torch (discharge). Under Creative Common License CC 
BY-SA 3.0; simplified scheme of an ICP-OES instrument (b).127 

2.8.1 Experimental procedure 

During this PhD thesis, ICP analyses were carried out with a PerkinElmer® Optima™ 8000 

ICP-OES, equipped with full-wavelength-range CCD array detector operating in a spectral range 

between 165-900 nm with resolution of 0.009 nm at 200 nm. ICP analyses were performed to 

determine the actual percent Au loading on the surface of gold-modified titanium dioxide 

materials. The samples were subjected to a digestion treatment in aqua regia aimed at dissolving 

and quantify the gold nanoparticles deposited on them.  

The digestions were carried out as follows: a known amount of Au-modified titanium dioxide 

powder was suspended under constant stirring in an in-situ prepared aqua regia solution, obtained 

by mixing aqueous HCl (34 vol%) with HNO3 (65 vol%) in a 3:1 molar ratio. Both employed acids 

were of analytical-grade purity. The obtained suspension was then heated on a stirring-heating 

a) b)
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plate at the boiling temperature of aqua regia (108 °C) and stirred at 1000 rpm for 4 hours. Once 

the mixture had cooled down naturally to room temperature, the powders were separated from 

the suspension by centrifugation with a relative centrifugal force of 3661 x g using a Thermo 

Scientific CL 10 centrifuge with F-G1 Fixed Angle Rotor of 131 mm radius for 30 min. The 

supernatant was then quantitatively recovered from the Falcon tubes, transferred to a 25 or 50 cm3 

flask, and brought up to volume with ultrapure Milli-Q water. The obtained solutions were then 

injected in the ICP -OES system for the analytical detection of gold. Concentration of the noble 

metal was obtained via construction of appropriate calibration curves. 

All reagents were purchased from Sigma Aldrich and employed as received. Water purified by 

a Millipore Direct-Q 3 UV water purification system was used throughout (18.2 MΩ cm at 25°C). 

2.9 Transmission Electron Microscopy 

Transmission Electron Microscopy (TEM) is a microscopy technique in which electrons are 

used to form an image, oppositely to optical microscopy which instead uses photon-matter 

interactions to produce magnification of an object. There are many advantages to use electrons to 

form an image rather than photons. First and foremost, electrons can provide very short 

wavelengths: for example, electrons with around 100 keV energy (a common electron energy 

employed in TEM images acquisition experiments) are characterized by a wavelength ~4 ∙ 10-3 nm, 

whereas with optical microscopy photons with a wavelength around 400 nm represent the 

common wavelength lower limit, order of magnitudes larger than that of electron beams. The very 

short wavelength of the electron beam allows to magnify objects with a resolution unachievable 

through optical microscopy. 

In fact, according to classical optics, a converged focused light beam passing through a lens 

originates a peculiar diffraction pattern known as the Airy disk, characterized by a bright central 

region accompanied by a series of concentric rings of decreasing intensity all around the central 

spot (Figure 2.9.1a). The formation of Airy disks is of primary importance in optics, as for systems 

in which the resolution is no longer limited by aberration the maximum resolution with which an 

object can be distinguished from another is determined by the diffraction limit, i.e., blurring of the 

images caused by diffraction phenomena occurring between two neighbouring Airy disks. The 

resolution of an optical system in diffraction limit can be easily obtained through the Rayleigh 

criterion, stating that the maximum resolution of a system of known angular resolution is obtained 

when the maximum of the Airy disk of one image coincides with the first minimum of the airy 
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disk of the other (Figure 2.9.1b). The Rayleigh criterion can be mathematically expressed in the 

form: 

δ =
0.61 𝜆

𝜇 sin 𝛽
 (2.9. 1) 

where δ is the resolution, 𝜆 is the wavelength of the beam used to form the images, 𝜇 is the 

refracting index, and 𝛽 is the semi-angle of collection, whose value is determined by the size of 

the optical aperture. The denominator of the expression is also known as numerical aperture (NA), 

a dimensionless number that characterizes the range of angles over which a lens can transmit light. 

From the expression above it is easy to understand that a much shorter wavelength such as that 

provided by accelerated electrons in TEM allows to obtain much better resolved images compared 

to optical microscopy. It is important to note, however, that the Rayleigh criterion represents the 

theoretical maximum resolution of an optical system, being practically unachievable for any real 

system as optics unaffected by any sort of aberration cannot exist. 

 

Figure 2.9.1: Airy disk diffraction pattern (a); graphical demonstration of the Rayleigh criterion for the diffraction limit of 
images (b). As the Airy disks in the picture on the left are well-separated, the resulting images are well resolved. On the 
right, instead, the images are blurred as the Rayleigh criterion is not respected, and interference phenomena disturb the 
acquired images causing blurring. 

In a transmission electron microscope, highly accelerated electrons are produced through an 

electron gun, in its simplest form comprised of a tungsten wire with a very sharp tip, acting as a 

cathode, connected to a current generator (Figure 2.9.2b). As current is passed through the wire, 

its heating induces the expulsion of electrons from its sharp tip due to the thermionic effect. Once 

electrons are expelled, the presence of a potential difference around 100’000-300’000 V between 

a)

b)
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the cathodic wire and an anodic plate accelerates the electrons, increasing their energy in the above 

discussed order of magnitudes. Then, electrons pass through the column of the microscope to be 

collimated by an electromagnetic lens named condenser lens, which adjusts the magnification 

degree of the microscope by controlling the size the spot of the specimen being illuminated by the 

electron beam (Figure 2.9.2a). The condenser lens adjusts the size of the spot by collimating the 

electrons through generation of an electromagnetic field, thus modifying their trajectory according 

to Lorentz forces. Then, electrons are projected to the sample which, due to their high energy, are 

able to pass through. Samples in TEM are usually mounted on tiny copper grids and placed in a 

specific sample holder commonly located at the side of the column (Figure 2.9.2c). Then, the 

electron beam is collimated and magnified through a series of electromagnetic lenses to be finally 

focused to a fluorescent screen and/or to the image generation system, usually a CCD camera. 

Moreover, TEM instruments are always provided with an ultra-high vacuum system, as the whole 

instrument needs to be maintained under ultra-high vacuum conditions (10-7-10-8 Pa) to avoid any 

possible collision between electrons and atoms, which could be present in the instrument and are 

not part of the investigated specimen. 

 

Figure 2.9.2: Schemes of Transmission Electron Microscope (a); Electron gun (b); Sample holder and copper grid (c). 
Under Creative Common license CC BY 4.0s. 

Transmission Electron Microscopy allows to record images mainly in three different imaging 

modes. The most basic, ordinary method is named bright field imaging. In that, the aperture is set in 

such a way so that only electrons that pass straight through the sample arrive to the detector, 

whereas electrons which could be reflected and/or scattered are excluded (Figure 2.9.4). In bright 

a) b)

c)
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field imaging, contrast is formed because scattering and reflection processes reduce the number of 

electrons reaching the detector in that pixel, so that darker areas in the image correspond to parts 

of the specimen with higher atomic number or higher density, whereas bright spots correspond to 

areas where electrons encounter less obstacles within their path (Figure 2.9.3a). Images formed via 

bright field imaging consist of 2D projections of the sample. Oppositely, in dark field imaging mode, 

the aperture is set in such a way so that the electrons that pass directly through the sample are 

completely cut out the measurement, whereas only a fraction of the diffracted electrons are allowed 

to pass through the aperture (Figure 2.9.4). Since diffracted electrons interact strongly with the 

specimen, useful information on the sample can be gathered in dark field mode such as crystal 

structure, planar defects, phase composition, stacking faults, grain boundaries, and so on (Figure 

2.9.3b).  

 

Figure 2.9.3: Examples of bright (a) and dark (b) field transmission electron microscopy images of hydrothermally 
synthesized BaTiO3 nanoparticles. Bright sports in the dark field image highlight the presence of nanoparticles affected 
by high strain.129 

In the third operating mode, both transmitted and diffracted electrons are selected to produce 

the image, provided that proper corrections for the spherical aberration of the optics are used. In 

such mode, TEM images with a resolution below 0.1 nm can be obtained; therefore the name 

High-Resolution TEM (HR-TEM). With such high resolution, it is possible to observe reticular 

planes and, in some cases, even the atomic structure of crystalline materials. 

 

Figure 2.9.4: Diagram of the beam selection in the three main operating modes in transmission electron microscopy. 
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2.9.1 Experimental procedure 

During this PhD thesis, HRTEM images were recorded in two separate acquisitions by using 

two different TEM instruments. A first set of images was acquired on a JEOL JEM 2010 electron 

microscope, equipped with a LaB6 electron gun operating at 200 keV and a Gatan CCD camera 

allowing high-resolution imaging. Image acquisition was performed by Dr. Gianluigi Marra at 

Istituto Eni Donegani, Novara (NO). The second set was acquired on a FEI Tecnai F20 Field 

Emission Gun (FEG) microscope, working at accelerating voltage of 200 kV. A S-Twin system 

lens guarantees a point resolution of 0.24 nm, and an energy dispersive X-ray spectrometer (EDS) 

with ultrathin window allows for chemical characterization at the nanoscale. The imaging system 

is composed by one tv rate 626 Gatan and one slow scan 794 Gatan CCD cameras. All the 

detectors are embedded in the control unit of the microscope. The sample holder is double 

tilt. Image acquisition was performed by Dr. Nicola Rotiroti at Univesità degli Studi di Milano, 

Earth Sciences Department, Milano (MI). In both cases, specimens for TEM analysis were 

prepared by sonicating 4 mg of powder in 2 mL of 2-propanol for 30 min. 50 μL of the obtained 

suspension were thus transferred on a copper grid covered with a holey carbon film. Micrographs 

were taken after solvent evaporation, spanning over the whole region of the sample, to achieve a 

truly representative statistical mapping of the investigated materials. 

2.10 Time-Resolved Photoluminescence Spectroscopy (TRPL) 

Time-Resolved Photoluminescence Spectroscopy (TRPL) is an optical emission method 

allowing the investigation of a wealth of dynamic processes involving photoexcited charge carriers 

including charge and energy relaxation, recombination, and transfer.130 Despite the origin and 

interpretation of photoluminescence is known since the mid nineteenth century, TRPL techniques 

started to be regularly used for the investigation of the photoluminescent properties of both liquid 

and solid samples only in the last decades, mostly due to the technological development of 

advanced devices such as ultrafast detectors and lasers, which made possible recording the 

temporal evolution of the emission spectra of a fluorophore up to the pico-to-femtosecond time 

scale. 

In a photoluminescence experiment, as a sample is irradiated with a light source of sufficient 

energy, an electronic excitation of the absorber to a higher-energy state is induced. Due to the 

intrinsic instability of electronically excited states, rapid relaxation processes in the system occur, 

which can be broadly divided in two major categories, i.e., radiative and non-radiative processes. 

As the name implies, through radiative relaxation processes an electronically excited electron 
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returns to its ground state releasing energy via emission of a photon. Non-radiative decays, on the 

other hand, consist of all deactivation processes involving loss of energy without emission of a 

photon, most commonly in the form of heat. This simplified first approximation is usually depicted 

in more detail in terms of the so-called Jablonski diagram, a graphical representation of the possible 

deactivation paths of an electronically excited system (Figure 2.10.1). 

 

Figure 2.10.1: Example of a Jablonski diagram showing the possible radiative (straight lines) and non-radiative 
transitions (curved lines). 

Recording the intensity of the photons emitted from a sample during its relaxation to the 

ground state as a function of the emission wavelength produces a so-called photoluminescence 

spectrum. If the light source irradiates the sample continuously while recording the spectrum, a 

so-call steady-state emission is produced. Oppositely, if excitation is provided through short bursts 

of light, as excited states have a finite lifetime it is possible to monitor the decay of the intensity of 

the photoluminescent emission within a certain wavelength range as a function of time.  If we 

consider, for simplicity, an ideal case of a single fluorophore-containing molecule, the decay of the 

photoluminescence intensity as a function of time can be expressed through a single exponential 

decay function in the form: 

𝐼(𝑡)

𝐼(0)
= exp (−

𝑡

𝜏
) (2.10. 1) 

where  𝐼(0) is the emission intensity at time zero, 𝐼(𝑡) is the emission intensity at time 𝑡 and 𝜏 is 

the lifetime of the excited state, which can be expressed as  

𝜏 =
1

𝑘𝑟 + 𝑘𝑛𝑟
 (2.10. 2) 
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where 𝑘𝑟 and  𝑘𝑛𝑟 are the rate constants for the radiative and non-radiative decay processes, 

respectively. Mathematically fitting an experimentally recorded photoluminescence decay curve for 

such molecule with the single exponential decay function above reported allows to calculate the 

lifetime of the excited state at the temperature of the experiment. Clearly, in a real case, for most 

fluorescent substances and especially for semiconductors, the photoluminescence decay curve is 

often represented by more complex multiexponential decay functions (Figure 2.10.2). 

 

Figure 2.10.2: Example of the steady state photoluminescent emission (a) and PL decay curves (b) of N,F-doped titanium 
dioxide materials calcined at different temperatures.131 

The basic concept on which all TRPL methods are based is the excitation of the investigated 

sample with a pulsed light followed by the recording of its emission spectrum during the time 

frame in which light is switched off. High repetition rates of the excitation pulses are a necessary 

requirement for obtaining TRPL analyses of sufficiently high quality since emission spectra of 

systems excited through a pulsed light are usually of low intensity and signal/noise ratio. The 

recording of multiple emission spectra in a very short frame allows to greatly improve both 

signal/noise ratio and intensity counts through an averaging procedure. The maximum repetition 

rate allowed for the analysis of the TRPL of a specimen is determined by the relaxation time of 

the fluorophores to their ground states, i.e., the delay between each pulse should be set so that 

only ground state → first excited states transitions occur within the sample. Avoiding higher order 

excitation is usually mandatory for obtaining experimental results simple enough to gather 

meaningful physical information out of them.132 

Time-Resolved Photoluminescence can be performed by means of different experimental 

apparatuses and methods, mainly differing in their excitation and detection systems, each one 

allowing to observe radiative decay phenomena occurring at different time scales. The most basic 

method for recording TRPL spectra consists in simply relying on basic fast-detection electronic 

components to capture the emission spectra in between each pulse. In this type of configuration, 

the sample is irradiated through a light source, typically a pulsed laser, and detected via a fast-

responding electronic system such as a CCD camera. The light source and the detector are 

a) b)
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interconnected by means of a delay generator which precisely sets up the time difference between 

the light source and the detector, allowing to measure the decay of the photoluminescent emission 

intensity as a function of time. Usually, through such configuration, radiative decay phenomena 

occurring in the nanoseconds time scale can be observed. 

 However, different types of apparatuses and methods allow to bring the temporal resolution 

down to shorter time scales such as picoseconds. Among these, Time-Correlated Single Photon 

Counting (TCSPC) represents one of the most commonly employed techniques. In TCSPC, 

excitation of the investigated sample is provided through illumination with a very low intensity 

periodic laser pulse. After the excitation pulse is sent, the time delay between a single photon 

emitted from the sample and a reference trigger pulse is recorded. Through that, a histogram 

consisting of counts of the number of single photons arriving at the detector with a given temporal 

delay is obtained (Figure 2.10.3a). By this way, a sort of probabilistic lifetime of the excited states 

can be derived. The method requires a high number of repetitions of excitation and detection 

events to provide statistically meaningful experimental results, since the emission of single photons 

from the fluorophore is monitored, with PL traces being detected in each emission. In TCSPC the 

photons are detected either through a fast-responding photomultiplier or a single photon 

avalanche photodiode. Through this technique, shorter time resolutions can be achieved. 

However, this comes at the expenses of long data acquisition times, instrumentation with more 

complex electronics, more susceptibility to stray light interferences and the impossibility of 

monitoring radiative phenomena occurring within a time scale longer than 10 μs. 

Another possibility to reduce the time resolution in TRPL measurements is represented by the 

use of streak cameras as detectors instead of CCD cameras. A streak camera is a device allowing 

to convert the temporal component of the optical signal coming from the emitted photons into a 

spatial profile. The way this conversion is made closely resembles the image formation process in 

an old cathodic ray tube television. In a streak camera, photons emitted from the sample are 

absorbed by a photocathode, which emits electrons through the photoelectric effect. Then, 

produced electrons are accelerated in a cathodic ray tube and projected towards a microchannel 

plate. Within their path, the electrons pass through a pair of electrode plates between which a 

potential difference is applied to, placed perpendicularly to their trajectory. The potential 

difference between the electrodes is set up so that it ramps up as a function of the time delay from 

the excitation pulse. The electrons emitted from the photocathode are deflected in their trajectory 

by the electric field generated by the electrode plates, with a magnitude depending on the potential 

difference applied between the plates. As a consequence, electrons generated by photons arriving 

at the photocathode at a longer delay time will reach the microchannel plate at a spatial position 
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different than those arrived earlier and, through a proper setup of the electronics, this spatial 

position difference can be back converted to the time delay value of the photons approaching the 

photocathode (Figure 2.10.3b). By this way, the average lifetime of the emitting excited state can 

be obtained with a temporal resolution close to 2 ps. The main drawbacks of the use of a streak 

camera, however, are represented by a high dependence on the stability of the employed light 

source, a very narrow range of time resolution (2-10 ps), the need of careful and frequent 

calibration and, last but not least, the high cost of the instrumentation. 

 

Figure 2.10.3: In time-correlated single photon counting, a statistical distribution of the delay time between photons 
emitted by single photons is obtained (a); Operational diagram of a streak camera (b). 

2.10.1 Experimental procedure 

During this PhD thesis, steady-state (acquired as time-gated spectrum in the 0-120 ns time 

scale) and time-resolved photoluminescence spectra have been acquired with a unique 

experimental setup located at the Politecnico of Milano in the photonics laboratory of Prof. 

Gianluca Valentini. The setup consists in a time-resolved spectroscopy system based on a pulsed 

laser and a fast-gated detector. The excitation light was provided by the third harmonic of a 

Nd:YAG laser, in Q-switch regime, emitting subns pulses at 355 nm (CryLas FTSS 355-50-779) 

with 100 Hz repetition rate. The measurements were performed directly on the powders. The 

fluorescence emission was collected and focused to the entrance slit of an imaging spectrometer 

(SP2300, Princeton Instruments, USA) that enabled us to record the emission spectrum from 400 

to 720 nm, with a resolution of ca. 3 nm.  

The exit port of the spectrometer was coupled to a time-gated image intensifier (C9546−03, 

Hamamatsu Photonics, Japan), featuring an acquisition gate adjustable from 3 ns to continuous 

mode. The light intensifier was optically coupled to a low noise, 1280 × 1024 pixel, CCD camera 

(Retiga R6, QImaging, Canada), which records the wavelength dispersed luminescent emission. 

The synchronization of the gated intensifier with the laser pulses was provided by a homemade 

circuit coupled to a precision delay generator (DG535, Stanford Research Systems, Sunnyvale, 

a) b)
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CA). The jitter of the system, which sets the overall time resolution, is very small (<250 ps) and 

significantly lower than the rising edge of the acquisition gate.  

For time-resolved measurements, the gate width was set to 10 ns and a sequence of delayed 

spectra was taken with uneven temporal spacing between delays. A first sequence of delayed 

spectra was acquired with 1 ns relative spacing, starting from a null delay (leading edge of the gate 

synchronous with the laser pulse) to a delay of 13 ns; then, a 5 ns spacing between delay was 

adopted up to 113 ns; finally, a sequence of delayed spectra was acquired with 40 ns relative 

spacing. The uneven temporal sampling was adopted in order to account for the different decay 

times of the emission components. A total of 60 spectra, including some background spectra taken 

at very long delays (milliseconds), were acquired for each sample. The whole measurement 

procedure took about 3 min per sample and was repeated in the same way for all of the investigated 

materials. Yet, for several samples, the long-delay spectra were dropped from the analysis due to 

lack of signal. A schematic representation of the experimental setup is reported in Figure 2.10.4. 

 

Figure 2.10.4: Main scheme of the employed gate intensifier-based time-resolved PL spectroscopy experimental setup.79 

Emission decay curves were fitted according to the following tri-exponential decay model 

function: 

𝐹(𝑑) = 𝐴1𝜏1 exp (−
𝑑

𝜏1
) (1 − exp (−

𝑊

𝜏1
 )) + 𝐴2𝜏2 exp (−

𝑑

𝜏2
) (1 − exp (−

𝑊

𝜏2
 ))

+ 𝐴3𝜏3 exp (−
𝑑

𝜏3
) (1 − exp (−

𝑊

𝜏3
 )) +𝑊𝑜𝑓𝑓𝑠𝑒𝑡 

where 𝐹 is the fluence, i.e., the integral of the emission intensity within the gate window, 𝑑 is the 

acquisition delay for each data point of the sequence, while 𝐴𝑖 and 𝜏𝑖 are the amplitude and lifetime 
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of each emission component. The terms [1 − exp (−
𝑊

𝜏𝑖
 )] are required to correct for the fixed 

time width 𝑊 of the sampling window (10 ns). The fitting method is based on a standard least 

mean square algorithm employing the OriginLab® software.  

Steady-state photoluminescence spectra were acquired as time-gated spectra in the same 

experimental conditions. Elaboration of steady-state photoluminescence data was performed using 

a MATLAB® script provided by Prof. Daniela Comelli, Politecnico of Milano.  

Evaluation of the total photoluminescence intensity of the analyzed samples was performed 

by integrating the area underneath the curve of each spectrum in the 400-700 nm wavelength 

range, using a numerical integration algorithm based on trapezoidal integration provided by the 

OriginLab® software. Total photoluminescence intensity data are reported as the average value of 

multiple acquisitions performed in different points of each pellet to check the reproducibility of 

the recorded data and provide statistical uncertainty values. 
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Chapter 3:  Experimental Setups, 

Testing Procedures and Data 

Treatment 

3.1 Photocatalytic Oxidation of Formic Acid 

3.1.1 Introduction 

Photocatalytic oxidation of formic acid (FA, HCOOH) is one of the simplest photocatalytic 

oxidation test reactions due to its complete conversion to CO2 without forming any stable 

intermediate species possibly competing for adsorption on the photocatalyst surface.1,2 Therefore, 

for this test reaction the interpretation of kinetic data is greatly simplified. Moreover, FA does not 

absorb light in the 320 – 400 nm range, which is often selected to test photocatalytic reactions, 

and does not evaporate from aqueous solutions at room temperature. Furthermore, FA represents 

a good model molecule since, aside from being dissolved in industrial effluents, is also a stable 

intermediate in the complete mineralization to CO2 of many organic pollutants.3-5  

The photocatalytic oxidation of FA in aqueous media occurs primarily through a degradation 

mechanism that involves the direct oxidation of the adsorbed anion molecules on the surface of 

the photocatalyst (Equation 3.1.3) rather than the indirect oxidation of the organic molecule by 

means of in-situ generated oxygen reactive species, with the formation of the highly unstable CO2
−• 

specie, or HCO2
−• depending on pH:3,6,7  

ℎ𝑉𝐵
+ + HCOO𝑎𝑑𝑠

− → CO2
−• + H+ (3.1. 3) 

Due to the strongly reductive nature of the CO2
−• radical anion (𝐸CO2/CO2−•

0 = −1.8 V), the so-

formed radical can either originate the current doubling effect by injecting electrons within the 

titanium dioxide CB,8 or mediate the reduction of a variety of molecules and, in particular, that of 

dissolved O2, as demonstrated in Equation 3.1.4:  

CO2
−• + O2 → CO2 + O2

−• (3.1. 4) 

Hydroperoxide radicals HOO• are then formed by protonation of the produced superoxide radical 

anion O2
−• (Equation 3.1.5). However, these hydroperoxide radicals are not reactive enough to 

oxidize formic acid in homogeneous phase. Instead, being highly unstable species, they rapidly 
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decay through disproportionation (Equation 3.1.6) or by reacting with superoxide radical anions 

(Equation 3.1.7), forming hydrogen peroxide and oxygen:9 

O2
−• + H+ → HOO• (3.1. 5) 

HOO• + HOO•  → H2O2 + O2 (3.1. 6) 

HOO• + O2
−• → HOO− + O2

(H2O)
→   H2O2 + O2 + HO

− (3.1. 7) 

Simultaneously, photopromoted electrons are transferred to adsorbed molecular oxygen in the 

cathodic half-reaction, which can either involve a mono-electronic (Equation 3.1.8) or a bi-

electronic reduction (Equation 3.1.9):  

O2 + 𝑒𝐶𝐵
− → O2

−• (3.1. 8) 

O2 + 2 𝑒𝐶𝐵
− + 2 H+ → H2O2 (3.1. 9) 

In both cases, hydrogen peroxide is produced during the cathodic processes, as the mono-

electronic reduction leads to the rapid protonation of the superoxide radical O2
−•, converting it to 

H2O2 (Equations 3.1.5 to 3.1.7). However, it is well-established that the formation of H2O2 is 

difficult to detect during FA photomineralization on pristine, unmodified TiO2.
10-12 In fact, H2O2 

undergoes extremely fast decomposition by photogenerated species11-13 (Equations 3.1.10 - 

3.1.11) over the clean surface of titania during FA photodegradation, having a high affinity for 

the oxide surface and being able to complex Ti(IV) ions at the interface:14  

H2O2 + 2 𝑒𝐶𝐵
− + 2 H+ → 2 H2O (3.1. 10) 

H2O2 + 2 ℎ𝑉𝐵
+ → O2 + 2 H

+ (3.1. 11) 

In contrast, when the surface of titanium dioxide is modified with in-situ surface 

fluorination and deposition of Au nanoparticles, an accumulation of H2O2 in solution during 

formic acid photocatalytic oxidation has been reported.10,15 In particular, surface fluorination of 

the metal oxide semiconductor significantly inhibits the formation of surface peroxides species (≡

TiIV − OOH),16 which is a crucial step for their subsequent photodegradation over titanium 

dioxide. As a result, the decomposition rate of H2O2 is slowed down, leading to its accumulation 

in solution. Additionally, the deposition of Au metal nanoparticles during FA photodegradation 

enhances the production rate of H2O2 due to more efficient transfer of conduction band electrons 

to adsorbed molecular dioxygen (Equation 3.1.8) and a preferential adsorption of O2 on Au 

nanoparticles.17 
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3.1.2 Experimental Setup 

The test reaction was performed under atmospheric conditions in a quartz glass cylindric 

reactor, with 70 cm3 volume capacity, 130 mm height and 30 mm base diameter. Powder 

suspensions were kept under constant stirring by means of a Topolino IKA magnetic stirrer. The 

reactor was inserted in a home-made housing consisting in a black box mounted on an optical 

bench, by maintaining an identical setup geometry in all photocatalytic runs, with the light source 

in a fixed in position and the reactor kept at a 10 cm constant distance from the lamp. The reaction 

environment was kept at ambient temperature by a continuous stream of compressed air as cooling 

system. A 285 nm cut off filter was usually mounted at the black box entrance to provide 

protection from the UV-C radiation and to ensure a 5x5 cm2 square irradiated surface area. 

 

Figure 3.1.1: Experimental setup for the photocatalytic degradation of formic acid. A) Light source, B) Black box, C) 
Compressed air, D) Glass quartz photoreactor, E) Cut-off filter, F) magnetic stirrer. 

The irradiation source was an Osram Powerball HCI-T 150 W/942 NDL PB G12 neutral 

white lamp (color temperature: 4200 K) with emission wavelength λem > 340 nm mounted on a 

Twin Beam T 150 R reflector with an average full emission intensity on the reactor of 123 mW 

cm-2
, periodically monitored using a Thorlabs PM200 Power and Energy Meter Console equipped 

with a S130VC Slim Photodiode Power Sensor. The emission spectrum of the lamp, acquired 

using a Thorlabs CCS100 Compact Spectrometer equipped with a multimode optical linear output 

fiber, is reported in Figure 3.1.2. 
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Figure 3.1.2: Emission spectrum of Osram Powerball HCI-T 150 W/942 NDL PB G12 neutral white lamp. 

3.1.3 Experimental Procedure 

Photocatalytic degradation tests were performed according to a well-established procedure, 

employing the above-mentioned experimental setup.15,18,19 In each run, 6.3 mg of TiO2 powder 

were suspended in 60 cm3 of ultrapure Milli-Q water and finely dispersed by sonication with 

ultrasound radiation of 59 kHz frequency and 250 W (corresponding to 100% power) for 30 min 

using a Falc Instruments Labsonic LBS2 ultrasonic bath. Subsequently, 3.5 cm3 of a HCOOH 

aqueous solution (0.0208 M) were added to the suspension, setting up the total volume of the 

suspension to 63.5 cm3 and the photocatalyst amount to 0.1 g dm-3. The suspension was then left 

stirring in the dark for 15 min to attain the adsorption equilibrium of the substrate on the 

photocatalyst surface, before starting irradiation. The lamp was always switched on at least 30 min 

before the beginning of the runs.  

The equilibrated suspension was then transferred to the cylindric photoreactor and irradiation 

started, under stirring. At regular time intervals 2 cm3 of the suspension were withdrawn from the 

reactor by means of a syringe and transferred to a 15 cm3 conical glass centrifuge tube. The 

powders were then separated from the solution by centrifugation for 20-30 min with a relative 

centrifugal force of 986 x g corresponding to 3200 RPM in a Hettich EBA 20 centrifuge equipped 
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with an 8-place angle rotor with a radius of 86 mm. The supernatant was then analyzed through 

ion chromatography (Metrohm 761 Compact IC) to detect the residual concentration of formate 

anions. 

All reactants were purchased from Sigma-Aldrich and used as received. Milli-Q water was used 

throughout. 

3.1.4 Data Treatment 

The photocatalytic degradation of formic acid in aqueous suspensions can be considered a 

heterogeneous solid-liquid reaction, and therefore its kinetics can be described on the basis on the 

Langmuir-Hinshelwood rate law for unimolecular reactions on surfaces: 

𝑟 = 𝑘 ⋅
𝐶𝑠 ⋅ 𝐾(𝑠)

1 + 𝐶𝑠 ⋅ 𝐾(𝑠) + ∑ 𝐶𝑥 ⋅ 𝐾(𝑥)𝑥
 (3.1. 12) 

where k is the reaction rate constant, Cs the substrate concentration in the bulk of the liquid phase, 

K(s) is the adsorption constant of the substrate onto the photocatalyst surface, Cx and K(x), 

respectively, represent the bulk concentration and adsorption constant of any species able to 

compete with the substrate for its active sites. Two main limit cases of the model allow to greatly 

simplify this expression. If 𝐶𝑠 ⋅ 𝐾(𝑠) ≫ 1 + ∑ 𝐶𝑥 ⋅ 𝐾(𝑥)𝑥 , the reaction proceeds through a 

pseudo-zeroth order rate law, while if 𝐶𝑠 ⋅ 𝐾(𝑠) + ∑ 𝐶𝑥 ⋅ 𝐾(𝑥) ≪ 1𝑥  a pseudo-first order kinetics 

is observed.  

Rate constant values were obtained by fitting experimental data of formate anions 

concentration in the solution as a function of time according to a zeroth-order rate law: 

𝐶0 − 𝐶 = 𝑘𝑡 (3.1. 13) 

Linear least square regression analysis was applied to the experimental data. Kinetic rate 

constants were obtained as the average value of at least two photocatalytic runs for each 

photocatalyst sample, to check the reproducibility of the data. Concentrations of formate anions 

lower than 30% of the initial FA concentration value were excluded from the regression model, as 

boundary conditions of the Langmuir-Hinshelwood pseudo zeroth-order limit case might not be 

respected anymore under such conditions. 

All experimental data elaboration was performed using Microsoft® Excel® spreadsheets. 
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Figure 3.1.3: Example of a formic acid photocatalytic degradation run illustrating data elaboration according to zeroth-
order plots. 

3.2 Photocatalytic oxidation of Rhodamine B 

3.2.1 Introduction 

Advanced oxidation processes such as semiconductor photocatalysis represent powerful and 

efficient wastewater remediation methods from many non-biodegradable organic pollutants such 

as dyes and pharmaceutical products.20-23 Dyes represent a good share of the large organic 

compounds released in industrial effluents since they are widely used for a plethora of large-scale 

applications. Among these, Rhodamine B (RhB) has emerged in recent years as a threatening water 

pollutant due the increased use of xanthene-based dyes in a wide variety of industrial activities 

such as leather tanning and paper production.24,25 In fact, the presence of highly soluble xanthene 

dyes in water and food represents a serious worry as they are notoriously noxious to humans due 

to their ability to cause damage to skin, eyes, respiratory system, besides being potentially 

carcinogenic and neurotoxic chemicals.26,27 Therefore, the development of photocatalytic systems 

able to efficiently degrade xanthene-based dyes to harmless chemicals for both humans and the 

environment represents a technological challenge aimed at the remediation of dye-polluted 

wastewaters as an environmentally friendly and energetically efficient solution. 
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Figure 3.2.1: Chemical structure of the xanthene cationic dye Rhodamine B. 

3.2.2 Experimental Procedure 

The photocatalytic degradation experiments were conducted following a procedure that was 

recently described,28 utilizing the same experimental setup described for formic acid photocatalytic 

degradation. The only difference is the use of a 100 cm3 round-bottom glass flask as reactor instead 

of the cylindric reactor described for FA degradation. 

 In each photocatalytic test, 10 mg of photocatalyst were dispersed in 90 mL of ultrapure water 

under sonication treatment for 30 min. Then, 20 𝜇L of a 1:10 solution of commercial HClO4 were 

added under stirring to the obtained suspension for 5 min. Later, 10 mL of RhB solution (1.2 x 

10-4 M) were added under stirring, so that the concentration of TiO2 in solution was 0.1 g∙L-1. Then, 

the suspension was magnetically stirred in dark for 15 min to attain the adsorption equilibrium of 

the substrate on the photocatalyst surface, before starting irradiation. Stirring was continued during 

the runs. The lamp was always switched on at least 30 min before the beginning of irradiation. At 

regular time intervals during the run, 4 mL of the suspensions were withdrawn from the reactor 

and centrifuged for minimum 25 min to ensure separation between catalyst and solution. 

Spectrophotometric measurements were carried out immediately after separation in order to 

monitor the progressive photobleaching of Rhodamine B. 

For kinetic runs performed in the presence of fluoride ions, 10 mg of anatase TiO2 were 

dispersed in 70 mL of ultrapure water under sonication treatment for 30 min. 40 𝜇L of a 1:10 

solution of commercial HClO4 solution were added under stirring to the obtained suspension. 

After 5 min, 20 mL of NaF solution (1.2 x 10-2 M) were added and maintained under stirring for 

further 5 min. Later, 10 mL of RhB solution (1.2 x 10-4 M) were added under stirring, so that the 

concentration of TiO2 in solution was 0.1 g∙L-1 and with a F/Ti ratio corresponding to 2. Then, 

the suspension was magnetically stirred in dark for 15 min to attain the adsorption equilibrium of 
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the substrate on the photocatalyst surface, before starting irradiation. Stirring was continued during 

the runs. The lamp was always switched on at least 30 min before the beginning of irradiation. At 

regular time intervals during the run, 4 mL of the suspensions were withdrawn from the reactor 

by means of a syringe and centrifuged for minimum 25 min to ensure separation between the 

photocatalyst and the solution. Spectrophotometric measurements in transmittance mode were 

carried out immediately after separation using a Jasco V-670 spectrophotometer, in order to 

monitor the progressive photobleaching of Rhodamine B. 

3.2.3 Data Treatment 

Photocatalytic degradation of Rhodamine B occurred with a pseudo-first order decay of the 

absorbance of the dye at 553 nm. Therefore, photocatalytic activity results have been expressed in 

terms of pseudo-first order rate constants labeled as 𝑘𝑎𝑐 and 𝑘𝐹 obtained under acidic and in-situ 

fluorinated conditions, respectively, by fitting the data to a first-order kinetic model (Equation 

3.2.1):  

ln (
𝐶0
𝐶
) = 𝑘𝑟 ⋅ 𝑡 (3.2. 1) 

where 𝑘𝑟, with 𝑟 = 𝑎𝑐 or 𝐹, represents the first order rate constant for the photocatalytic process 

under the employed experimental conditions, 𝐶0 the starting RhB concentration and 𝐶 the 

concentration of the dye at time 𝑡. The concentration of the dye in solution was calculated by 

applying the Lambert-Beer law, using a molar extinction coefficient 𝜀553 at 553 nm value equal to 

9920 M-1 cm-1, according to a calibration curve previously determined in our laboratories.28 

 

Figure 3.2.2: Example of a Rhodamine B photocatalytic degradation run illustrating the xanthene dye absorption spectra 
as a function of irradiation time (a) and data elaboration according to first-order plots (b). 
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3.3 Photocatalytic Reduction of Cr(VI) to Cr(III) 

3.3.1 Introduction 

Hexavalent chromium, a widely used metal ion in many industrial processes such as metal 

plating, leather tanning, pigment, and refractory production, represents one of the most dangerous 

pollutants due to its high toxicity to humans, animals, and plants.29,30 Cr(VI), in fact, notoriously is 

a toxic, mutagenic and carcinogenic hazardous chemical.  

In the aqueous media, chromium is mainly in the form of highly mobile, highly soluble Cr(VI) 

ions, and in the form of Cr(III), which is not only significantly less toxic than hexavalent 

chromium, but also an essential vital micronutrient.31-34 Moreover, Cr(III) is easily precipitated in 

the form of Cr(OH)3 due to its relatively low mobility, or readily separated using natural clays. This 

makes water remediation techniques significantly more effective than if the species to be removed 

were the much more mobile Cr(VI). 

Photocatalytic reduction of Cr(VI) to Cr(III) using semiconductor photocatalysts has proven 

to be a valid modern technology for surpassing the main shortcomings of conventional Cr(VI) 

remediation techniques such as adsorption, ultrafiltration or chemical reduction, especially 

considering its cost-effectiveness ratio and minimization of the production of hazardous sub-

products.35-39 When performed on TiO2, the photocatalytic reduction of Cr(VI) represents a 

thermodynamically feasible process due to the relative energetic positioning of the TiO2 

conduction band with respect to the reduction potential of the Cr(VI)/Cr(III) couple, with the 

process being more favored with decreasing pH.38 In fact, since Cr2O7
2− anions represent the 

predominant dichromate species at low pH, the overall photocatalytic reduction process of Cr(VI) 

on the TiO2 surface can be represented as: 

TiO2 + ℎ𝜈 → ℎ𝑉𝐵
+ + 𝑒𝐶𝐵

−  (3.3. 1) 

Cr2O7
2− + 14 H+ + 6 𝑒𝐶𝐵

− → 2 Cr3+ + 7 H2O (3.3. 2) 

2 H2O + 4 ℎ𝑉𝐵
+ → O2 + 4 H

+ (3.3. 3) 

Due to the three-electrons involved in the photocatalytic reduction of Cr(VI) to Cr(III), the 

redox potential of the Cr(VI)/Cr(III) couple shifts towards more positive values with decreasing 

pH with a steeper shape than the TiO2 conduction band potential, thus making the reduction of 

the metallic cation at low pH more efficient than at higher pH. 
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3.3.2 Experimental Procedure 

All photocatalytic runs were performed in aqueous suspensions under atmospheric conditions 

in a magnetically stirred 100 cm3 round-bottom flask glass reactor, using the experimental setup 

described in detail in Section 3.2.2. The appropriate volume of a 0.001 N K2Cr2O7 solution 

(prepared by dilution of a standardized 0.1 N K2Cr2O7 solution) to obtain an initial potassium 

dichromate concentration equal to 3.3 ∙ 10-5 M were added to pre-sonicated aqueous suspensions 

containing 0.1 g dm-3 of photocatalyst.  

At regular time intervals during the runs, 5 cm3 of the suspension were withdrawn from the 

reactor by means of a syringe and transferred to a 15 cm3 conical glass centrifuge tube. The 

powders were then separated from the solution by centrifugation for 20-30 min with a relative 

centrifuge force of 986 x g in a Hettich EBA 20 centrifuge equipped with an 8-place angle rotor 

with a radius of 86 mm. Then, 3.0 cm3 of the separated supernatant were withdrawn by means of 

a syringe and analyzed via spectrophotometric analysis (using a JASCO V-670 spectrophotometer) 

for the residual Cr(VI) content, using the 1,5-diphenylcarbazide method.40  

All kinetic runs were performed up to ca. 70% Cr(VI) removal and repeated at least twice to 

check their reproducibility. The initial pH of the suspension was fixed at pH 3.7 by addition of an 

appropriate volume of concentrated HClO4. The acidified suspension was stirred for at least five 

min before adding the reaction substrate. Before irradiation, acidified suspensions containing the 

potassium dichromate substrate were stirred in the dark for 15 min to attain adsorption 

equilibrium. 

3.3.3 Data Treatment 

The kinetics of the photocatalytic reduction of Cr(VI) under the here employed experimental 

conditions generally follows a Langmuir-Hinshelwood mechanism in heterogeneous media, with 

the initial rate 𝑟 being  

𝑟 = 𝑘
𝐾𝐶

1 + 𝐾𝐶
 (3.3. 4) 

where 𝐾 represents the Langmuir adsorption constant, 𝑘 represents a “reactivity rate constant”, 

providing a measure of the reactivity of the photocatalyst with the substrate, and 𝐶 is the initial 

concentration of the substrate. In the case of dilute solutions, such as those employed under our 

experimental conditions, the reaction model can be reduced to a first order kinetics:  

ln (
𝐶0
𝐶
) = 𝑘𝑟 ⋅ 𝑡 (3.3. 5) 
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with 𝑘𝑟 = 𝑘𝐾 being the apparent macroscopic rate constant, 𝐶0 the initial Cr(VI) concentration 

and 𝐶 the concentration of dichromate anions at time 𝑡. 

Throughout all experimental runs, the initial concentration of Cr(VI) in solution was 

determined based on the dichromate concentration after 5 min of irradiation. This approach was 

adopted to enhance the accuracy of the first-order linear fits of the obtained data. 

All experimental data elaboration was performed using Microsoft® Excel® spreadsheets. 

 

Figure 3.3.1: Example of a Cr(VI) photocatalytic reduction run illustrating the absorption spectra of the magenta-coloured 
complex formed via reaction of Cr(VI) with 1,5-diphenylcarbazide in acidic solutions41 as a function of irradiation time 
(a) and data elaboration according to first-order plots (b). 

3.4 Hydrogen production by photo-steam reforming of methanol 

3.4.1 Introduction 

Low temperature production of hydrogen through photocatalytic steam reforming of organics 

on metal oxide semiconductors is an up-hill reaction that provides a way to convert solar energy 

into chemical energy with a small CO2 impact compared to the use of fossil fuels. In fact, contrarily 

to traditional steam reforming, photo-assisted processes occur at room temperature, atmospheric 

pressure and no feed stock needs to be burnt because the required energy is totally supplied by 

photons.42-46 

Organic compounds also deriving from renewable sources, i.e., biomasses, acting as hole 

scavengers, can play an essential role in increasing the overall rate of photocatalytic hydrogen 

evolution.47-49 For instance, methanol is widely used as a sacrificial agent in the liquid–phase 

photocatalytic production of hydrogen, for which the overall reaction is represented by: 

CH3OH + H2O
ℎ𝜈
→ 3H2O + CO2 (3.4. 1) 

y = 8.20E-05x
R² = 9.95E-01

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 2500 5000 7500 10000 12500 15000

-l
n

(C
/C

0
)

t / s

0

0.2

0.4

0.6

0.8

1

400 450 500 550 600 650 700

A
b

s
o

rb
a
n

c
e
 /

 a
. 
u

.

λ / nm

0 min

5 min

30 min

60 min

120 min

180 min

240 min

λ = 542 nm

a) b)



 
 

104 
 

Photocatalytic methanol steam reforming is based on subsequent fundamental steps that occur 

on the semiconductor surface after electronically activating the photocatalyst. In fact, after light 

absorption and generation of eCB
− − hVB

+  pairs, electron acceptor (EA, represented in our case by 

protons) and electron donor (ED, represented by methanol and water) species adsorbed on the 

photocatalysts surface can react with electrons and holes: 

EAads + eCB
− → P1;ads (3.4. 2) 

EDads + hVB
+ → P2;ads (3.4. 3) 

As illustrated in Figure 3.4.1, the oxidation of competitively adsorbed methanol and water 

molecules (both molecularly and dissociatively adsorbed) results in starting a complex sequence of 

photoinduced oxidation reactions, resulting in the formation of a plethora of partially oxidized 

subproducts such as formaldehyde, formic acid, carbon monoxide, and finally to the maximum 

carbon oxidation state, carbon dioxide.46 Once formed, products or intermediate species then 

desorb from the surface of the photocatalyst (P1;ads ⇆ P1;g and P2;ads ⇆ P2;g). 

 

Figure 3.4.1: Reaction scheme of the photocatalytic oxidation of methanol on the TiO2 surface under steady-state conditions.50 

The recombination of the electron-hole pairs represents an unwanted process which results in 

a net energy loss in the form of released heat and represents the most important factor limiting 

the efficiency of the whole photocatalytic process. Modification of the TiO2 surface with noble 

metal nanoparticles can significantly improve the photoefficiency of the photocatalysts for 

methanol photo-steam reforming due to the electron trapping effect played by the formed 

Schottky barrier, resulting in a possibly improved charge separation ability of the photocatalyst, 

accompanied by a more efficient electron transfer towards adsorbed protons, both limiting 

unwanted recombination processes.46,49,51,52 
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3.4.2 Experimental Procedure 

Photocatalytic methanol steam reforming kinetic runs were 

performed using a bench scale gas-phase setup operating in continuous 

feeding mode of the gas mixture to the reactor. The setup consists of a 

stainless steel photoreactor in which the photocatalyst bed is loaded 

consisting in a stainless-steel body (A) with a front round hollow closed 

by a Pyrex glass window (C), allowing the illumination of the 

photocatalyst (B) (Figure 3.4.2). 

During each photocatalytic test, the reactor bed was prepared by 

mixing 14 mg of photocatalyst with 7.5 g of quartz sand. The 

photocatalyst was properly dispersed over the quartz beads by adding 2 

cm3 of milli-Q water to the mixture over a laboratory watch glass and 

carefully stirred with the help of a lab spoon. Photocatalyst-loaded 

quartz beads were then dried in an electric oven at 70 °C for 4 hours. 

This treatment is performed so that the photocatalyst is both highly dispersed and tightly adhered 

on the supporting quartz bed (Figure 3.4.3a). The temperature of the photocatalytic bed was 

managed by a PID controller connected with the photoreactor by means of a thermocouple (TI). 

The irradiation source consists of a 300 W Xenon arc lamp placed 20 cm from the window 

(LSH302, LOT-Oriel), characterized by a broad emission spectrum ranging from 350 to 1000 nm 

and maximum emission intensity around 800 nm (Figure 3.4.3b). 

The photoreactor is then connected to a stainless-steel gas insulated circuit operating in 

continuous feeding mode composed of three mass flow meters and relative control (MFC, 

Bronkhorst) for the supply and control of flow gases, one mass flow meter and control 

(Bronkhorst) for supplying and control the flow of the liquid feed mixture (composed by a 

water/methanol solution with a H2O/CH3OH molar ratio equal to 1.1) fed by a pressurized (3 

bar) 500 cm3 tank, a Controlled Evaporation and Mixing unit (CEM) used to evaporate the liquid 

feed solution and mix it with He (used as supplementary carrier gas), and a Hyden Analitical QGA 

Mass Spectrometer equipped with a SEM and Faraday detector, as illustrated in Figure 3.4.4. 

Figure 3.4.2: Schematics of the 
photoreactor used in the 
photocatalytic methanol steam 
reforming. 
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Figure 3.4.3: Quartz beads before and after deposition of the photocatalyst (a). Normalized emission spectrum of the 
300 W Xe arc lamp used for methanol photo-steam reforming tests (b). 

 

Figure 3.4.4: Schematic representation of the experimental set-up used for the photocatalytic methanol steam 
reforming kinetic runs. 

Before the beginning of irradiation, a reductive pre-treatment was performed with all samples 

aimed at ensuring the complete reduction of the metal nanoparticles to their zero-valent form (M0) 

and avoid any sintering or thermally induced morphological change of the photocatalyst during 

irradiation. The pre-treatment procedure consisted in flowing a 5 vol.% H2/He mixture in the 

photoreactor with a flowrate of 50 cm3 min-1 at 100 °C for 1 hour. 

In each photocatalytic run, a stream of He containing ca. 2.0 vol.% and 2.2 vol.% H2O with a 

flow rate of 50 cm3 min-1 was fed to the photoreactor. The stream was maintained on for 15 min 

under dark conditions to ensure the attainment of the adsorption equilibrium of the reactant on 

the photocatalyst surface. During each run, samples were irradiated with multiple light/dark cycles 

consisting of 2 hours of irradiation followed by 15 min of dark conditions. During each run, 

temperature was kept fixed at 30 °C by means of the PID system. The composition of the gas 

mixture during the run was analysed by mass spectrometry, monitoring the exiting gas flow in 

continuous mode with 30 seconds sampling interval. This allowed us to obtain real time 

a) b)
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information regarding both the H2 production rate and the selectivity to each photocatalytic 

oxidation product (CO, H2CO, HCOOH, CO2). 

3.4.3 Data treatment 

The photocatalytic activity of the investigated materials in methanol photo-steam reforming 

was compared in terms of their H2 production rate normalized by the amount of photocatalyst 

used during each photocatalytic run, expressed as mmolH2 ⋅ h
−1 ⋅ g−1. In all photocatalytic tests 

H2, CO2 and CO evolution occurred at constant rate under full lamp irradiation, as in previous 

studies;45,46,48,49 no hydrogen production was observed under visible light irradiation (λirr > 420 nm). 

The rate of hydrogen production was calculated from the slope of the linear regression curve 

obtained through linearly fitting the amount of evolved H2, in mmolH2 ⋅ g
−1 vs time data. 

The percent selectivity to partially oxidated subproducts S𝑖, where 𝑖 =  CO2, H2CO, CO, 

HCOOH, H2,  was calculated according to the following equations (3.4.4 - 3.4.7): 

CH3OH + H2O
hν,   TiO2
→      3H2 + CO2  SCO2 =

3 ⋅  𝑟CO2
𝑟H2

× 100 (3.4. 4) 

CH3OH
hν,   TiO2
→      H2 + H2CO  SH2CO =

𝑟H2CO

𝑟H2
× 100 (3.4. 5) 

CH3OH
hν,   TiO2
→      2H2 + CO  SCO =

2 ⋅  𝑟CO
𝑟H2

× 100 (3.4. 6) 

CH3OH + H2O
hν,   TiO2
→      2H2 + HCOOH    SHCOOH =

2 ⋅  𝑟HCOOH
𝑟H2

× 100 (3.4. 7) 

where 𝑟CO2, 𝑟H2CO, 𝑟CO,  𝑟HCOOH and  𝑟H2 are the rates of formation of CO2, H2CO, CO, HCOOH 

and H2, respectively. 

3.5 Photocatalytic hydroxylation of terephthalic acid 

3.5.1 Introduction 

In heterogeneous photocatalysis, illumination of a semiconductor with photons of sufficient 

energy results in the formation of electron-hole pairs capable of reacting with species adsorbed on 

the photocatalyst surface. Thus, unstable and highly reactive oxygen species known as ROS 

(reactive oxygen species) can be formed. Among these, hydroxyl radicals (HO•), usually formed 

through oxidation of water molecules adsorbed at the photocatalyst surface with photogenerated 

holes or via reaction with the O2
−• species formed via adsorbed oxygen reduction by conduction 

band electrons, are considered the main reactive species responsible for the photocatalytic 
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processes in aqueous media.55-58 Due to their primary actor role in photocatalytic oxidation 

reactions, quantification of the capability of photocatalyst materials to produce hydroxyl radicals 

upon electronic excitation represents a powerful tool to rationalize the oxidative capability of 

semiconductor materials, especially towards substrates the degradation of which mainly proceeds 

through a hydroxyl radicals-mediated oxidation path.59  

Due to their unstable nature, all HO• detection methods involve their reaction with a probe 

compound which forms a stable specie whose concentration can be monitored by means of 

traditional instrumental analytical techniques such as EPR,60-63 UV-Vis spectroscopy or 

fluorescence spectroscopy.58,64 Among these, coumarin (COUM) and terephthalic acid (TA) 

represent some of the most powerful probe compounds to easily determine the relative capability 

of photocatalytic materials to generate hydroxyl radicals. In fact, their reaction with HO• forms 

stable products which can be easily selectively detected via fluorescence spectroscopy. 

Furthermore, they are suitable as substrates for photocatalytic runs as they do not absorb light at 

the excitation wavelength of the photocatalyst.58,65-69  

 

Figure 3.5.1: Molecular structure of HO• radicals probe compounds coumarin (COUM) and terephthalic acid (TA). 

Among the two compounds, terephthalic acid is a more robust and more reliable substrate for 

the detection of hydroxyl radicals since its indirect oxidation leads to the formation of the 

photoluminescent 2-hydroxyterephthalic acid (2-TaOH) as the only hydroxylation product.70,71 In 

contrast, COUM reaction with HO• brings to the formation of several different hydroxylation 

products, among which only 7-hydroxycoumarin is photoluminescent; this makes the COUM test 

less robust and more prone to experimental conditions variations compared to terephthalic 

acid.72,73 

  

Figure 3.5.2: Photocatalytic hydroxylation of terephthalic acid 

Coumarin (COUM) Terephtalic acid (TA)

Terephtalic acid (TA)

(non fluorescent)

2-Hydroxyterephtalic acid (2-TaOH)

(fluorescent, λmax = 425 nm)
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 TA, however, is only soluble in highly alkaline solutions, making impossible to measure the 

relative ability of photocatalytic materials to produce HO• radicals under acidic pH conditions.73 

Despite this shortcoming, the terephthalic acid test was adopted here as a tool to investigate if and 

how a different titanium dioxide morphology and/or the presence of surface deposited Au 

nanoparticles may affect the relative ability of the prepared materials to produce highly reactive 

ROS species such as HO• radicals. 

3.5.2 Experimental setup and procedure 

Photocatalytic hydroxylation of terephthalic acid (TA) was performed in the experimental 

setup already described in detail for the photocatalytic oxidation of formic acid, following a slightly 

modified version of the procedure reported in literature.74,75 In each photocatalytic run, 10 mg of 

photocatalyst was suspended in 45 cm3 of ultrapure milli-Q water via ultrasound sonication for 30 

min. Then, 5 cm3 of a 5 · 10-3 M terephthalic Acid solution in 2 · 10-2 M NaOH was added to the 

suspension, obtaining a slurry composed of 0.5 g dm-3 titanium dioxide and 5 · 10-4 M terephthalic 

acid at pH = 11. The suspension was then left under stirring in the dark for 30 min to attain the 

adsorption equilibrium of the substrate on the photocatalyst surface prior to irradiation. 

The equilibrated suspension was then transferred to the cylindric photoreactor and irradiation 

started, under stirring. During the tests, samples were withdrawn from the suspension at regular 

time intervals by means of a syringe, separating the solid powders from the liquid portion by 

centrifugation for 20-30 min as described in section 3.1.3. The concentration of the fluorescent 2-

hydroxyterephthalic acid produced during the photocatalytic runs was determined via fluorescence 

spectroscopy in an Edimburgh FLS980 spectrofluorimeter, using an excitation wavelength λexc = 

315 nm and reading at the maximum emission intensity λem = 425 nm. 

3.5.3 Data treatment 

The concentration of fluorescent 2-hydroxyterephthalic acid (2-TaOH) in solution was 

determined using a calibration curve constructed by measuring the integrated area underneath the 

emission spectrum of standard solutions of known 2-TaOH concentration between 375 and 570 

nm (Figure 3.5.3). Emission spectra were always obtained as the sum of three subsequent spectra 

to improve the signal/noise ratio. Calculation of the area underneath the emission spectrum was 

performed by means of a trapezoid integration algorithm using MathWorks® MATLAB®. 

The photocatalytic hydroxylation of terephthalic acid in the presence of titanium dioxide 

always proceeded linearly as a function of irradiation time according to the following equation: 

𝐶 − 𝐶0 = 𝑘2−TaOH ⋅ 𝑡 (3.5. 1) 
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where 𝐶 is the 2-TaOH concentration at time 𝑡, 𝐶0 is the 2-TaOH concentration at 𝑡 = 0 s and 

𝑘2−TaOH is the pseudo-zeroth order rate constant for the photocatalytic hydroxylation of TA. 

Thus, the photoactivity of the investigated materials was studied by comparing their hydroxylation 

ability in terms of zeroth-order rate constants obtained by fitting experimental 𝐶 vs time data.  

 

Figure 3.5.3: Calibration curve correlating the integrated emission intensity of 2-hydroxyterephthalic acid solutions of 
known 2-TaOH concentration (a); Example of a terephthalic acid hydroxylation photocatalytic run illustrating the linear 
production of 2-TaOH as a function of time (b). 
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Chapter 4:  Effect of N,F-Doping and 

Au Nanoparticles Deposition on the 

Photocatalytic Activity of TiO2 Anatase 

Materials 

4.1 Introduction 

Over the past years, researchers worldwide have focused on developing methods and strategies 

aimed at boosting the photocatalytic performance of TiO2. In fact, despite different materials and 

technologies have been proposed as alternative promising semiconductor photocatalysts,1-3 

titanium dioxide in powder form still represents nowadays the most widely employed, studied and 

cost-effective semiconductor photocatalyst for many photocatalytic applications.4-7 Furthermore, 

the material is also particularly suited for large-scale usage and to produce patented commercial 

products.8,9  

Among the possible semiconductor modification strategies, doping the bulk structure of 

titanium dioxide represents a valuable path possibly able to improve its visible light harvesting 

capability, as well as to decrease the fast recombination rate of photogenerated charge carriers, 

both representing the main drawbacks limiting its performance as a photocatalyst.10-13 However, 

the optimal amount of dopant included in a semiconductor should be thoughtfully examined and 

evaluated, as the introduction of point defects associated to the introduction of extra-lattice species 

within the bulk structure of a semiconductor may result in favouring charge recombination rather 

than their desired separation, as an excessive amount of point defects may behave as undesired 

charge recombination centres. 

Another strategy pursuable in combination with the usage of an optimal amount of doping in 

boosting the performance of anatase consists in modifying its surface with noble metal 

nanoparticles, resulting in the formation of a Schottky barrier at the metal-semiconductor 

interface.14-16 Such heterostructure usually favours the separation of free charge carriers within the 

semiconductor thanks to the fast and efficient ability of noble metal nanoparticles (Au, Pt, Ag) to 

scavenge electrons in the semiconductor conduction band, with an overall limitation of their 

recombination with the holes photoproduced in the valence band. 
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Among various noble metals, Au nanoparticles have proven to behave in a unique and peculiar 

way when deposited on the surface of titanium dioxide. This is especially relevant when Au 

nanoparticles are compared to the Pt ones. For example, in the case of Pt-group noble metals a 

classical strong metal support interaction (SMSI), i.e. a phenomenon resulting in the encapsulation 

of noble metal nanoparticles by a titania overlayer, was observed as early as the late 1970s. 

Differently, a Au/TiO2 SMSI was observed only in 2017 with the pioneering work of Tang et al., 

in which the authors succeeded not only in demonstrating the existence of such phenomena for 

Au nanoparticles on TiO2, but also in evidencing the extremely marked stability of the resulting 

composite material towards CO oxidation.17 More interestingly, when metallic nanoparticles of Au 

and Pt were deposited on a titanium dioxide surface enriched with oxygen vacancies through 

photodeposition, some very peculiar phenomena were reported. According to a 2007 study by 

Kydd et al.,18 the electron portioning effect involved in the conventional photodeposition process 

causes Au nanoparticles to nucleate and grow on specific TiO2 surface sites, characterized by high-

electron density and so defective in terms of oxygen content. On the other hand, the adsorption 

behaviour of Pt ions and complexes from the solution onto the TiO2 surface is different, which 

means that the density of nucleation sites for Pt nanoparticles may be dissimilar from those 

available for gold, i.e. resulting in a greater level of dispersion for Pt compared to Au nanoparticles 

for the same nominal metal loading. Later observations from scanning tunnelling microscopy19 

and Raman investigations20 have shown that gold nanoclusters have a unique tendency to grow on 

electron-rich defective sites of TiO2, specifically oxygen vacancies and edge sites, in contrast to Pt 

nanoparticles. The Raman investigation further revealed that only the deposition of gold 

nanoparticles caused a significant blue shift and broadening of TiO2 Raman features, while this 

was not observed in the case of Pt nanoparticles deposition. These studies jointly suggest that one 

may expect stronger interaction between defective titania and gold instead than Pt nanoparticles. 

In a paper published by our research group in 2018,21 Dozzi et al. found that combining N,F-

doping of titanium dioxide bulk structure with the surface photodeposition of noble metal 

nanoparticles produced a peculiar synergistic cooperation only between dopant-induced Ti3+ 

defective trap states and deposited Au nanoparticles, whereas no similar effects were attained in 

the presence of photodeposited Pt nanoparticles. In particular, not only the average size and 

distribution of deposited nanoparticles were heavily influenced by the amount of dopant included 

in the supports, but also the photoactivity of the material modified with the optimal dopant 

content benefitted more from the deposition of Au rather than Pt in both methanol photo-steam 

reforming and formic acid oxidation, despite of the lower work function of Au providing a lower 

Schottky barrier height compared to Pt. The following effect was ascribed to the possible presence 
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of preferential electron transfer channels occurring between photodeposited Au nanoparticles and 

dopant-induced trap states, which were absent in the case of photodeposited platinum.  

Even more interestingly, the presence of such preferential electron exchange channels was also 

monitored and showcased through the photoluminescent properties of N,F-doped titanium 

dioxide upon noble metal nanoparticles deposition. In fact, both the photoluminescence (PL) 

intensity and temporal evolution of the PL signal of bare N,F-doped titanium dioxide resulted to 

be quenched upon metal nanoparticles deposition. However, such quenching effect resulted to be 

much more marked when the properly N,F doped material was paired with Au rather than Pt 

nanoparticles deposition. Such effect is a strong indication of the presence of a preferential and 

more efficient transfer of electrons trapped at dopant induced photoluminescent Ti3+ trap states22 

towards photodeposited Au nanoparticles. 

However, the choice of the photodeposition method may have played a significant role in 

observing such cooperation between photoluminescent dopant induced Ti3+ trap states and Au 

nanoparticles. In fact, it is extensively reported in literature that the properties of Au-modified 

TiO2 materials are heavily influenced by the method adopted for the deposition of metallic 

nanoparticles.23-27 In particular, photodeposition represents a unique deposition technique since, 

by employing the intrinsic reducing power of the metal oxide semiconductor to trigger the 

nucleation and growth of the noble metal nanoparticles on the surface of the support, it allows for 

a preferential deposition of metals on those regions where photogenerated electrons can be more 

efficiently trapped.28-31 In particular, the photodeposition technique may allow the preferential Au 

nanoparticles fixation in the proximity of dopant-induced photoluminescent trap states, which 

cannot be achieved by adopting a different and non-selective Au nanoparticles deposition 

technique. 

In this context, the following chapter presents a systematic investigation on the effects possibly 

produced on either the photocatalytic activity (in different oxidation and reduction test reactions) 

and the photoluminescence properties of N,F-doped TiO2 samples, by the use of a non-selective 

Au nanoparticles deposition method, i.e. deposition-precipitation (DP), in comparison to those 

deriving by adopting the selective photodeposition (P) method. In this way it should be possible 

to shed light on the importance played by the chosen noble metal nanoparticles deposition route 

in maximizing the photoefficiency of metal-modified and bulk doped titanium dioxide.  
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4.2 Experimental section 

4.2.1 Synthesis of N,F-doped TiO2 powders 

The syntheses of TiO2 N,F-doped powders were carried out as described in detail in section 

2.1.1 (page 47). The obtained TiO2 doped materials labelled as DX_Y, where X represents the 

nominal F/Ti molar percent ratio and Y refers to the calcination temperature in °C. The amount 

of NH4F added during the synthesis of each material, as well as their calcination temperature, are 

reported in Table 4.2.1. Reference undoped materials prepared by the same synthetic route in the 

absence of NH4F are named as D0_Y. 

Table 4.2.1: NH4F amounts and calcination temperature employed in the synthesis of the investigated samples. 

Sample  Nominal 

Ti/F ratio 

Ti amount 

/ mol 

F− amount  

/mol 

NH4F mass 

 / g 

Calcination 

temperature  

D0_500 - 0.0328 - - 500 °C 

D0_600 - 0.0328 - - 600 °C 

D0_700 - 0.0328 - - 700 °C 

D5_700 20 0.0328 0.0016 0.0607 700 °C 

D18_700 5.56 0.0328 0.0059 0.2185 700 °C 

D50_700 2 0.0328 0.0164 0.6068 700 °C 

D80_700 1.25 0.0328 0.0262 0.9709 700 °C 

 

4.2.2 Surface modification of doped TiO2 powders 

Two series of Au-modified photocatalysts with Au loading equal to 0.5 wt%, labelled as 

DX_Y_DP and DX_Y_P, were also prepared by modifying DX_Y materials using the deposition-

precipitation (DP, as described in section 2.3.1, page 54) and the photodeposition (P, as described 

in section 2.4.1, page 56), respectively. 

4.2.3 Materials characterization 

The following techniques were employed for the characterization of the materials: 

• X-Ray Powder Diffraction (XRPD), as described in section 2.5.1 (page 63) 

• Specific surface area (SSA) measurement, as described in section 2.6.1 (page 69) 

• UV-Visible DR Spectroscopy, as described in section 2.7.1 (page 72) 

• ICP-OES analysis, as described in section 2.8.1 (page 74) 

• HRTEM imaging, as described in section 2.9.1 (page 79) 

• Time-Resolved Photoluminescence Spectroscopy, as described in section 2.10.1 (page 

83) 
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4.2.4 Photocatalytic activity tests 

4.2.5 Photocatalytic oxidation of formic acid 

Formic acid  photodegradation tests were performed according to a well-established procedure 

described in detail in section 3.1.3 (page 96).22,27,32 Experimental runs were also performed with a 

photocatalyst concentration equal to 0.063 g dm-3, in addition to the 0.1 g dm-3 concentration 

commonly employed throughout this thesis. 

4.2.6 Photocatalytic Reduction of Cr(VI)  

Photocatalytic Cr(VI) reduction runs were performed as described in detail in section 3.3.2 

(page 102).32,33 

4.3 Results and Discussion 

4.3.1.1 Materials Characterization 

Home-prepared N,F-doped titanium dioxide materials were fully characterized by means of 

the main physico-chemical characterization techniques. In particular, X-Ray powder diffraction 

analysis was carried out to monitor the phase composition of the materials, as well as to calculate 

the average size of anatase phase crystallites by using the Scherrer equation.  

As shown in Figure 4.3.1, all XRPD patterns of doped samples are characterized by the 

presence of diffraction peaks originating from a single crystal phase easily attributable to pure 

anatase, excluding the presence of any appreciable amount of undesired rutile or brookite phases. 

These results are quantitatively confirmed by Rietveld analysis (Table 4.3.1). As expected from 

literature data,22 the presence of bulk fluoride anions stabilizes the anatase phase at higher 

temperatures, inhibiting the anatase to rutile phase transition by hampering the condensation of 

spiral chains of rutile TiO6 octahedra responsible for the phase transformation, usually occurring 

at temperatures above 600 °C. In this way it is thus possible to obtain full anatase powders with a 

higher degree of crystallinity without introducing impurities of less photocatalytically active phases 

such as rutile. 

In the case of undoped samples, the calcination temperature plays a key role in determining 

the phase composition of the powders, as illustrated by an increased rutile content passing from 

500 °C to 700° C calcination temperature. Due to the presence of undesired mixed phase 

composition of both D0_600 and D0_700 materials, the D0_500 specimen was preferred as a 

reference undoped material to be compared with the full-anatase doped titania powders. In fact, 

despite the different calcination temperature employed during the thermal treatment procedure, 



 
 

120 
 

maintaining the same crystal phase composition represents a vital parameter when comparing the 

effects deriving from the combination of noble metal nanoparticles deposition and bulk material 

doping. The introduction of an additional variable such as the presence of extra crystalline phases 

may get more difficult the interpretation of the photoactivity results attained with the metal-

modified, N,F-doped TiO2-based materials. Thus, reference undoped materials calcined above 500 

°C will be only briefly discussed within this thesis and will not be considered as appropriate 

reference undoped materials to be compared with N,F-doped titania specimens. 

By considering the trend exhibited by the FWHM of the XRPD anatase peaks of the 

investigated materials, we found a progressive anatase crystallites dimension increase with 

increasing the nominal dopant content of the TiO2 materials. Furthermore, similar results were 

attained with increasing the calcination temperature due to the favored nanoparticles sintering at 

relatively high temperatures (Table 4.3.1). 

 

Figure 4.3.1: X-Ray Powder Diffraction patterns of TiO2 powders obtained by adding different nominal amounts of NH4F 
and calcined at different temperatures. 
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Table 4.3.1: Phase composition, crystallite size, cell parameters (for the anatase phase) and quality of the Rietveld 

refinement obtained from XRD Analysis. The anatase phase structure was always refined in the I41/amd space group 

(number 141), while the rutile phase, when present, was refined in the P42/mnm space group in each case (number 136). 

Sample  Anatase 

content (%) 

Rutile 

content (%) 

dA (nm) aA (nm) cA (nm) Rp (%) 

D0_500 99.6 0.4 14.8 0.3786 0.9507 7.49 

D0_600 29.1 70.9 30.5 0.3876 0.9518 9.60 

D0_700 15.5 84.5 37.3 0.3785 0.9518 9.72 

D7_700 99 1 35.7 0.3784 0.9514 5.96 

D18_700 100 0 39.0 0.3785 0.9512 6.01 

D25_700 100 0 39.3 0.3784 0.9513 8.80 

D50_700 100 0 42.5 0.3783 0.9514 7.80 

D80_700 100 0 66.1 0.3786 0.9518 7.64 

 

It is interesting to notice that, despite the introduction of a bulk dopant, the cell parameters of 

the anatase phase did not undergo any appreciable variation with increasing F/Ti nominal molar 

ratio. This result is consistent with the structural model of F-doped TiO2 depicted by Czoska et 

al.,34 in which fluorine doping results in the lattice substitution of O2- ions by F− ions, leading to 

the formation of bridging Ti-F-Ti bonds. As differences in lengths between Ti-F-Ti and Ti-O-Ti 

bonds are very small, the introduction of the dopant does not result in a significant variation of 

the lattice constants, and consequently the cell parameters are unchanged upon varying the dopant 

content. The lattice parameters of both phases remained unchanged also with increasing the 

calcination temperature, indicating that the microscopic structure of the TiO6 octahedra has not 

been affected by the thermal treatment, which instead resulted to deeply affect the crystallite size 

and the crystallinity degree of the prepared samples.  

Unfortunately, the calculation of the crystallite size for the rutile phase was impossible due to 

the poor fittings of the characteristic rutile peak profile by means of the Pseudo-Voigt function 

through the WinPLOTR software. This leads to data calculation of unreliable quality and were 

therefore not considered. 

The specific surface area of the materials, evaluated according to the BET method, showed a 

progressive decrease with increasing the materials calcination temperature (Table 4.3.2), which is 

in line with the increased crystallite size attained at higher calcination temperature, as demonstrated 

by the XRPD analysis (Table 4.3.1). As a consequence, the reference undoped D0_500 material, 
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being calcined at 500 °C, is characterized by a much larger specific surface area (~ 60 m2 g-1) 

compared to N,F-doped TiO2 powders, which instead have all been calcined at 700 °C. Regardless, 

all doped materials calcined at 700 °C exhibited very similar specific surface area (SSA) values (12-

20 m2 g-1 range), i.e. perfectly consistent with those reported in literature for similar samples.35 

Table 4.3.2: BET specific surface area of the bare N,F-doped TiO2 powders. 

Sample  Calcination 

temperature  

Specific Surface 

Area (m2 g-1) 

D0_500 500 °C 60 

D7_700 700 °C 16 

D18_700 700 °C 20 

D50_700 700 °C 12 

D80_700 700 °C 12 

 

Normalized nitrogen physisorption isotherms (Figure 4.3.2) can be classified as type IVa 

according to the IUPAC classification, which are typical of mesoporous solids.36 Hysteresis loops, 

instead, are of type H2, which are characteristic of a complex system of pores with a bottleneck-

type geometry.37 All the adsorption isotherms of samples prepared with a nominal F/Ti molar 

ratio higher than 7 did not show appreciable variation with the nominal dopant content. The shift 

of the hysteresis loop in the D0_500 sample, instead, could be ascribed to a closer packing of the 

anatase crystallites due to their smaller size, leading to the formation of tighter necks in the pores. 

In fact, as the analysed powders are not intrinsically porous, the origin of the hysteresis loops is 

attributed to the crystal packing of the nanoparticles. Such behaviour is also reflected in the analysis 

of the porosity variation in terms of volume as a function of the pore’s diameter (Figure 4.3.3). In 

such analysis, all curves relative to doped samples show a similar behaviour, characterized by the 

presence of a maximum in the region of the micropores and in the range between 30-50 nm.  For 

the D0_500 sample, instead, the maximum in the range between 2-5 nm is much more pronounced 

with respect to that shown by other samples, indicating a pore distribution mainly shifted towards 

relatively smaller micropores diameter, consistently with what observed through the 

adsorption/desorption isotherms measurements. 



 
 

123 
 

 

Figure 4.3.2: Nitrogen adsorption-desorption isotherms of NH4F doped TiO2 powders. 

 

Figure 4.3.3: Variation of the porosity of the analysed samples in terms of volume as a function of the pore diameter. 
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The UV-Visible absorption spectra of metal-free N,F-doped titanium dioxide materials are 

characterized by the typical spectroscopic features of pure anatase, i.e., little-to-no absorption for 

λ > 400 nm and a marked absorption for wavelengths below the ~400 nm absorption onset (Figure 

4.3.4).35,38 The same behavior was observed in the case of reference undoped D0-500 material, 

being also fully composed by anatase phase. Congruently with our previous investigations, the 

presence of rutile as majority phase in undoped samples calcined at temperatures above 500 °C 

leads to a bathochromic shift in the powders absorption edges, passing from ~ 380 nm (for full 

anatase samples) to ~ 410 nm in the case of materials mainly composed of rutile, as determined 

through the calculation of the numerical first derivative of the absorption spectra of the powders 

(Figure 4.3.5).39 In fact, the position of the adsorption edges allows to qualitatively estimate the 

absorption band gap of the semiconductors prepared, being ~ 3.26 eV and ~ 3.06 eV for anatase 

and rutile phase, respectively, as confirmed by literature data.40 

The total absence of any absorption component in the visible range demonstrates the absence 

of any residual carbonaceous species (from the synthesis precursors) and/or unexpected visible 

light absorbing impurities. Coherently with literature reports,41,42 the absorption spectra of all 

doped samples do not show any peculiar difference, indicating that the introduction of the dopant 

did not substantially affect the visible light harvesting properties of the powders. 

 

Figure 4.3.4: UV-Vis DRS absorption spectra of metal-free NH4F-doped TiO2 powders. 
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Figure 4.3.5: First derivative plot of the DRS absorption spectra of N,F-doped bare TiO2 samples. 

The UV-Vis absorption spectra of the doped TiO2 powders modified with 0.5 wt.% of Au 

nanoparticles by means of the deposition-precipitation method are reported in Figure 4.3.6. The 

deposition of Au metal nanoparticles resulted in a chromatic shift of the powders, passing from 

brilliant white to deep purple. The UV-Vis absorption spectra show the typical localized surface 

plasmon resonance (LSPR) absorption of Au metal nanoparticles, causing the appearance of a very 

distinct absorption peak with a maximum in the region between 530-500 nm,43 which is totally 

absent in the corresponding bare powders (Figure 4.3.4). This effect is at the origin of the above-

mentioned chromatic shift of the metal oxides. 

Intensity and position of the plasmonic band maximum absorption depends on the effective 

Au deposited content and on the average Au nanoparticles size distribution, respectively.27 The 

slight shift of the plasmonic maximum absorption position indicates the presence of very slight 

differences in terms of Au NPs dimension deposited on differently doped samples. The D0_500 

sample, instead, is characterized by a slight red shift in the position of the absorption maximum 

of the LSPR, possibly indicating the deposition of Au nanoparticles with sizes somewhat differing 

from those anchored on N,F-doped TiO2 powders.44  

The obtainment of pretty similar maximum intensities of Au plasmon absorption bands 

indirectly confirmed the deposition of comparable Au loading on N,F-doped materials. This can 

be better appreciated by comparing the absorption difference spectra, i.e., calculated by subtracting 

the spectrum of bare TiO2 sample from that of the corresponding metal-containing one (Figure 

4.3.7). As variations in the intensity of the absorption difference spectra in the visible region are 
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very small, we can conclude that similar amounts of noble metal nanoparticles have been loaded 

on the doped samples. The difference in terms of plasmonic band intensity exclusively attained 

with the D0_500 sample can be somehow attributed to different surface properties of the starting 

metal oxide due to the lower adopted calcination temperature. In fact, apart for the deposited 

metal amount, the intensity of the localized surface plasmon resonance phenomenon of Au 

nanoparticles may be also heavily affected by the chemical environment surrounding the noble 

metal nanoparticles themselves. Therefore, Au NPs supported on TiO2 samples with different 

surface properties may be characterized by LSPR NPs with different shape and/or maximum 

wavelength position or intensity.44 

 

Figure 4.3.6: UV-Vis DRS spectra of selected differently doped TiO2 powders modified with 0.5 wt.% Au surface metal 
nanoparticles by means of the deposition precipitation method. 

 

Figure 4.3.7: Absorption difference spectra of selected differently doped DP-modified TiO2 powders. 
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The effects deriving from the use of a different noble metal nanoparticles deposition 

technique, i.e. photodeposition (P), were then evaluated by comparing the absorption spectra of 

P-modified materials with those of the materials modified through deposition-precipitation 

bearing the same amount of dopant content (Figure 4.3.8).  

In the case of N,F-doped materials, except for the D7_700 sample, the absorption spectra of 

the Au-modified materials resulted to be very similar whether the DP or the P method was used 

to deposit the noble metal nanoparticles, possibly indicating the deposition of similar content of 

Au nanoparticles, also characterized by analogous average size and distribution (Figure 4.3.8 c-e). 

Differently, in the case of both reference undoped D0_500 and lowest doped D7_700 materials, 

significant differences in the absorption profiles are observable between Au-containing materials 

modified with the two different deposition techniques, possibly unveiling an effective role played 

by the adopted deposition route on the resultant physico-chemical properties of the anchored Au 

NPs (Figure 4.3.8 a-b). 

Anyway, the actual loading of Au NPs, pretty close to the nominal 0.5 wt% value, has been 

confirmed through ICP-OES analysis for all prepared samples, regardless of the adopted 

deposition method employed and the N,F dopant amount introduced in the TiO2 bulk structure 

(Table 4.3.3). 

 
Table 4.3.3: ICP-OES analysis results evidencing the deposition of similar amounts of Au wt% among selected Au-
modified materials regardless of the method employed for their deposition and the dopant content included within the 
TiO2 samples. 

Sample Au content (wt%) 

D0_500_DP 0.42(2) 

D0_500_P 0.45(1) 

D7_700_DP 0.46(2) 

D7_700_P 0.50(2) 

D80_700_P 0.45(2) 
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Figure 4.3.8: Absorption spectra of D0_500 (a), D7_700 (b), D18_700 (c), D50_700 (d), D80_700 (e) materials modified 
with 0.5 wt% of Au through the photodeposition (P, green curves) or the deposition-precipitation (DP, red curves) 
methods. 

The actual deposition of noble metal nanoparticles over the surface of titanium dioxide 

materials was also confirmed through HR-TEM imaging, which clearly illustrates the deposition 

of finely dispersed and spherically shaped Au nanoparticles over the surface of all the investigated 

specimens (Figure 4.3.9 - Figure 4.3.11) 

Figure 4.3.9 shows TEM images recorded on D0_500_DP. As can be seen, the powder is 

characterized by small, highly agglomerated spherical-shaped TiO2 crystallites with average size of 

about 10-20 nm (Figure 4.3.9a). This result is consistent with the average crystallite size calculated 

by applying the Scherrer equation to XRPD analysis (Table 4.3.1). Interestingly, noble metal 

nanoparticles immediately appear to be highly diluted on the sample surface, especially when 

compared with images acquired for the DX_Y_DP series samples (Figure 4.3.10 and Figure 
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4.3.11). This may be ascribed to the relative higher SSA of D0_500 powder, compared DX_700 

samples, thus leading to a relatively lower Au NPs surface concentration.  

The lower Au surface concentration achieved with the D0_500_DP material may be at the 

origin of the different plasmon resonance absorption band intensity compared to that exhibited 

by other DX_Y_DP materials (Figure 4.3.6), regardless of the same Au nanoparticles loading, as 

evidenced by ICP-OES analysis reported in Table 4.3.3.  

Unfortunately, TEM images of D0_500_P were characterized by a not sufficient amount of 

observable noble metal nanoparticles to perform a statistical investigation of the average size of 

the deposited nanoparticles, thus not allowing to ascertain if and how the lower calcination 

temperature of undoped TiO2 influenced the properties of Au NPs deposited through the 

photodeposition method. 

In line with the calculated average crystallites dimensions obtained through XRPD analysis 

(Table 4.3.1), TEM images of D18_700, D50_700 and D80_700 materials (Figure 4.3.9 - Figure 

4.3.11) confirmed the presence of TiO2 grains with ca. 40-50 nm mean diameter, being larger with 

respect to that attained in the case of the reference D0_500 sample. At the same time, due to their 

relatively lower SSA, all doped materials exhibited a higher Au NPs surface concentration 

compared to the undoped Au-modified D0_500 photocatalyst.  

More importantly, thanks to TEM analysis we were also able to better evaluate the effective 

Au NPs size distribution by means of counting methods.  

In particular, we observed that DP-modified materials exhibited a progressive Au NPs average 

size increase with increasing dopant amount included in the bulk structure of titanium dioxide (and 

thus with increasing the average size of TiO2 nanoparticles, Table 4.3.1), i.e. passing from ca. 6 nm 

to ca. 13 nm for reference undoped D0_500_DP and highly doped D80_700_DP, respectively. 

Differently, the average size of Au nanoparticles deposited through the photoreduction method 

resulted to be independent of the relative dopant amount included within the TiO2 powders. Thus, 

differently from the DP method, photodeposition allowed us to obtain noble metal nanoparticles 

with the same average size regardless of the intrinsic properties of the starting support. The 

uniformity in the average size of the photodeposited Au nanoparticles, however, was unexpected. 

In fact, a previous work on photodeposited Au nanoparticles on N,F-doped titania carried out in 

our research group21 clearly illustrated that the average size of Au NPs deposited via 

photoreduction was indeed influenced by the dopant amount included within the support, with 

doped materials allowing for the photodeposition and growth of smaller nanoparticles compared 
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to reference undoped titanium dioxide. Such effect was ascribed to the influence of dopant-

induced electron trap states on the nucleation and growth mechanism of Au NPs, which 

reasonably grew in the proximity of such electron trap states during photodeposition, and closely 

interacting with them. In contrast, in this case, we observed a uniformity in the average sizes of 

the photodeposited Au nanoparticles, regardless of the dopant content within the titanium dioxide 

structure. This possibly suggests that the nanoparticles in this study were not grown in close 

proximity to or closely interacting with electron trap states, as observed in the aforementioned 

research work. 

 

Figure 4.3.9: Transition Electron Microscopy imaging and Au nanoparticles diameter distribution of D0_500_DP (a) and 
D7_700_DP (b) materials. The total Au NPs counts ranged from 300 to 500 counts. 
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Figure 4.3.10: Transition Electron Microscopy imaging and Au nanoparticles diameter distribution of D18_700_DP (a), 
D50_700_DP (b) and D80_700_DP (c) materials. The total Au NPs counts ranged from 300 to 500 counts. 
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Figure 4.3.11: Transition Electron Microscopy imaging and Au nanoparticles diameter distribution of D7_700_P (a), 
D18_700_P (b) and D80_700_P (c) materials. The total Au NPs counts ranged from 300 to 500 counts. 
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4.3.2 Materials Photoactivity 

4.3.2.1 Photocatalytic oxidation of Formic Acid 

The photocatalytic activity of the materials was firstly screened in the photocatalytic oxidation 

of formic acid (FA), a test reaction chosen for its robustness and simplicity of the degradation 

path, occurring via a single-step direct oxidation only, with no formation of stable intermediates 

possibly interfering during the degradation run (more in-detail discussion on formic acid oxidation 

is provided in section 3.1, page 93). The photoactivity of the materials was firstly tested by 

employing a 0.1 g m-3 photocatalyst concentration and the zeroth-order rate constants (kFor) for 

the photocatalytic oxidation of formic acid attained under such experimental conditions with both 

metal-free and Au-containing samples are reported in Figure 4.3.12. 

 

Figure 4.3.12: Pseudo-zero-order rate constants for photocatalytic oxidation of formic acid with differently N,F-doped 
TiO2 powders calcined at 500 or 700 °C (blue bars) and their corresponding 0.5 wt% Au-modified materials prepared 
through the deposition-precipitation (orange bars) or the photoreduction (green bars) deposition routes. TiO2 
concentration: 0.1 g dm-3. 

A volcano shaped trend of the zeroth-order kinetic rate constant for the photocatalytic 

oxidation of formic acid is generally observed with increasing the nominal dopant content, with a 

photoactivity maximum for relatively low doped photocatalyst (ca. 5% of F/Ti molar ratio), as 

reported by previous works.22 Though being perfectly in line with such expectation, in the present 

case the highest photoactivity in FA oxidation has been attained with the D18_700 sample, i.e. 

exhibiting a slightly larger amount of dopant source. This variation may be ascribed to the here 
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adopted harsher synthetic conditions, i.e. the higher vacuum applied in the solvent removal step 

of the sol-gel synthesis possibly resulting in a higher removal of fluoride anions from the liquid 

phase with a consequent lower dopants incorporation in the TiO2 bulk structure compared to 

previous works. In fact, the sol-gel synthesis is well known to be very susceptible to even subtle 

changes applied to the solvent removal step such as an increase in the vacuum pressure, affecting 

the overall properties of the resulting materials (section 2.1, page 43). 

Surely, the introduction of a relatively low dopant content (up to a nominal F/Ti ratio equal 

to 18%) resulted in producing TiO2 materials with higher photoactivity compared to the reference 

undoped D0_500. Differently, a further increase of dopant content determined a systematic 

photoactivity decrease, with both D50_700 and D80_700 samples performing even worst then the 

undoped D0_500 material, possibly as a consequence of the introduction of an excess of defective 

sites within the TiO2 structure. In fact, as previously reported, an optimal/moderate amount of 

defective Ti3+ states, accompanied by the N,F doping, may positively act in capturing electrons 

photopromoted to the TiO2 conduction band, thus resulting in a net delay of electron-hole couples 

recombination, as demonstrated by an increase of the average lifetime of charge carriers 

photogenerated on doped TiO2 systems compared to the undoped ones.12 

The presence of an excess concentration of bulk defects may instead act as detrimental 

photogenerated charge recombination centers, with a consequent decrease of the overall 

photocatalytic reaction rate.35 At the same time, a further increase of fluorine-containing dopant 

source employed during the synthesis could also result in a higher degree of substitution of surface 

hydroxyl groups by fluoride anions, which could eventually interfere with the adsorption of FA 

molecules on the photocatalyst surface with a consequent substrate photodegradation rate 

decrease, as the investigated reaction mainly proceeds via the direct interaction of adsorbed formic 

acid with holes photogenerated on the photocatalyst surface.45 

Concerning the undoped D0_500 sample, we should correlate its quite satisfying FA 

mineralization photoactivity to the relatively high specific surface area (SSA), being ca. 4-5 times 

larger than that of all doped samples calcined at 700 °C (Table 4.3.2). In fact, a photocatalyst 

exposing a significantly higher specific surface area is expected to be intrinsically characterized by 

a larger number of active sites, able to adsorb larger amounts of substrates to be photocatalytically 

oxidized. 

Indeed, the normalization of the kinetic rate constant with respect to the specific surface area 

of each photocatalyst may provide better insights on the effective/intrinsic role played by N,F 
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doping on overall TiO2 photoactivity. The SSA-normalized FA oxidation rate constants attained 

with the investigated materials can be compared in Figure 4.3.13. 

Interestingly, in this way we can observe that all doped TiO2 materials outperform the undoped 

one, i.e. N,F-doping coupled with high calcination temperature possibly being beneficial in 

favoring TiO2 charge carriers separation on the whole investigated dopant content range (7-80 

at%)   

At the same time, Au-containing D7_700 materials exhibited the highest SSA-normalized rate 

constants for the photocatalytic degradation of formic acid.  

 

Figure 4.3.13: SSA normalized pseudo-zeroth order rate constants for formic acid photocatalytic oxidation with 
differently N,F-doped TiO2 powders calcined at 500 or 700 °C (blue bars) and their corresponding 0.5 wt% Au-modified 
materials prepared through the deposition-precipitation (orange bare) or the photoreduction (green bars) deposition 
routes. TiO2 concentration: 0.1 g dm-3. 

As expected, all Au-containing materials resulted to be more photoactive than the 

corresponding bare TiO2. Nevertheless, apart from the heavily doped D80_700 material, which 

most benefitted from the use of the DP compared to the P method, no significant photoactivity 

differences were observed by changing the adopted Au NPs deposition methods.  

This preliminary finding attained in the photocatalytic degradation of formic acid may 

indirectly suggest that no specific synergistic mechanism occur between Ti3+ states, introduced by 

N,F doping, and Au NPs, which are instead expected to be anchored in their proximity by means 

of the selective photodeposition (P) method.  
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Thus, we decided to search for alternative strategies aimed at probing if and how the use of 

different Au nanoparticles deposition methods (DP or P) may specifically affect the photoactivity 

of the resulting Au/TiO2 composites.  

We firstly decided to explore potential effects induced on photoactivity by lowering the 

photocatalyst content in suspension. In this way, we should expect that by diminishing the 

exposure of photocatalytic active sites (provided by a lower TiO2 amount), the overall 

photoactivity rate may be mainly affected by intrinsic charge recombination phenomena instead 

of mass diffusion-related effects (possibly related to a non-sufficiently fast replenishment of the 

adsorbed substrate at the surface of the semiconductor photocatalyst under illumination 

conditions). In these new experimental conditions, we thus would try to better unveil potential 

photoactivity variations among the differently prepared Au-modified samples.  

Therefore, we fixed the photocatalyst concentration at 0.063 g dm-3 and checked the 

photoactivity of formic acid degradation with both bare and Au-containing photocatalysts 

belonging to the D0_500, D7_700 and D_80_700 series samples. In this way we can monitor the 

Au deposition effects on photoactivity of undoped, slightly and heavily doped systems.    

The so obtained and SSA-normalized zero-order rate constants for formic acid oxidation with 

the selected samples are reported in Figure 4.3.14. In particular, within each series sample, DP- 

and P- materials exhibited pretty similar rate constants of formic acid degradation. Thus, diluting 

the photocatalyst concentration did not allow to unveil any significant Au NPs deposition-induced 

effect on the materials photoactivity in the investigated test reaction. 

 

Figure 4.3.14: Formic acid photocatalytic oxidation pseudo-zeroth rate constants (a) and SSA normalized rate constants 
(b) of differently N,F-doped TiO2 powders calcined at 500 or 700 °C (blue bars) and their corresponding 0.5 wt% Au-
modified materials prepared through the deposition-precipitation (orange bars) or the photoreduction (green bars) 
deposition routes. TiO2 concentration: 0.063 g dm-3. 
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Next, we decided to investigate possible effects induced on N,F-doped TiO2 properties by 

using a different light source during the Au NPs photodeposition route. In fact, the relatively low 

emission intensity in the highly energetic UV region provided by the OSRAM Power Ball lamp 

(employed for the preparation of P-modified materials as reported in section 2.4.1, page 56) may 

determine the generation of a relatively low extent of electron-hole pairs on TiO2 surface, which 

may thus interfere on the effective fixation of Au NPs in the proximity of Ti3+ sites, generally 

acting as efficient Au NPs nucleation centers. 

In particular, we decided to use a light source with a more intense UV emission (previously 

employed in our research group for similar experiments42) to modify the D7_700 sample, which is 

expected to be characterized by a more efficient charge carrier separation positively affecting the 

resultant Au NPs photodeposition on its surface. 

The so-prepared specimen, labelled as UV_D7_700_P, was prepared by photodeposition 

starting from 10 a vol% methanol–water suspension containing 3 g dm-3 of D7_700 and the 

amount of NM precursor, HAuCl4, necessary to obtain a fixed nominal metal loading of 0.5 wt%. 

Au(III) photoreduction to metallic nanoparticles on the oxide surface was achieved by irradiating 

the suspension for 2 h under nitrogen atmosphere with an immersion fluorescent, low pressure 

mercury arc lamp (Jelosil) emitting in the 300–400 nm range, with a maximum emission peak at 

360 nm. UV_D7_700_P was recovered after at least three centrifugation and washing cycles with 

water, up to the complete removal of residual ions and organic precursors. Then, it was dried at 

70 °C for one day and stored in the absence of light and humidity. Additional information on the 

properties of UV_D7_700_P are provided in the appendix section (page 160) of this chapter. In 

particular, the Au NPs deposited on UV_D7_700_P resulted to be very similar, either in content 

and size distribution, to those anchored onto the D7_700_P photocatalysts. 

The photoactivity of UV_D7_700_P, was investigated in formic acid oxidation with a 

photocatalyst concentration equal to 0.063 g dm-3 and the resultant zero-order rate constant can 

be compared to those attained under the same experimental conditions by D7_700 and D7_700_P 

samples in Figure 4.3.15. Surprisingly, neither the use of a possibly more suitable light source 

during the Au NPs photodeposition route led to appreciable photoactivity improvements in 

formic acid oxidation attributable to peculiar interplays between TiO2 structural defectivity and 

nucleation/fixation of Au nanoparticles. 

Based on these results and by taking into account the main role played by noble metal 

nanoparticles in scavenging photogenerated electrons and thus to act as efficient co-catalyst species 

in reductive photocatalytic reaction, we supposed that the considered FA oxidation test reaction 
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may not be so suitable for our investigation purposes, so to unveil potential synergic effects 

occurring between Ti3+ defective states and selectively deposited Au NPs. Therefore, we decided 

to systematically study the activity of the home-made Au/TiO2 samples on Cr(VI) photoreduction, 

i.e. a photocatalytic process mainly proceeding via a direct reductive pathway.     

 

Figure 4.3.15: Photocatalytic formic acid oxidation rate constants for bare D7_700 N,F-doped titanium dioxide (blue bar) 
and D7_700 materials modified with 0.5 wt% of Au through photodeposition employing the OSRAM Power Ball light 
source (D7_700_P, green bar) and an alternative light source, mainly emitting in the UV component (pink bar, 
UV_D7_700_P). 

4.3.2.2 Cr(VI) photocatalytic reduction 

The photocatalytic activity of the materials has thus been checked also in the photocatalytic 

reduction of Cr(VI) ions at pH = 3.7, occurring according to a first-order rate law. In particular, 

the calculated specific surface area-normalized photocatalytic reaction rates, collected in Figure 

4.3.16, evidence the typical bell-shaped trend, in line to what observed in the photocatalytic 

oxidation of formic acid. More interestingly, in this case, D7_700_P sample clearly exhibits an 

outstanding photoactivity.  

Moreover, for the here investigated photoreduction test reaction, appreciable photoactivity 

differences are induced by either the adopted Au NPs deposition method and the relative TiO2 

dopant content. In fact, by considering the calculated photoactivity improvement ratios attained 

upon Au NPs deposition (Figure 4.3.17), while the undoped D0_500 sample exhibits similar kAu/k 

for both DP and P methods, the Au NPs photodeposition route seemed to enable the relatively 

highest photoactivity increase (compared to the DP one) only in the case of the low doped D7 

sample. By far greater photoactivity improvements have been attained upon Au NPs deposition 

for the D80 sample, especially by employing the DP technique.  
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Figure 4.3.16: Cr(VI) photocatalytic reduction pseudo-first order rate constants (a) and SSA normalized rate constants 
(b) of differently N,F-doped TiO2 powders calcined at 500 or 700 °C (blue bars) and their corresponding 0.5 wt% Au-
modified materials prepared through the deposition-precipitation (orange bars) or the photoreduction (green bars) 
deposition routes. 

 

Figure 4.3.17: Photocatalytic activity improvement ratio of DP- (orange bars) and P- (green bars) Au-modified N,F-doped 
TiO2 samples in the photocatalytic reduction of Cr(VI) ions. 

     The obtained results may unveil the presence of specific effects possibly occurring between 

the dopant induced defective TiO2 structure and the adopted noble metal nanoparticles surface 

deposition. In particular, the photodeposition method seems to positively exploit the intrinsic 

defective structure of the D7 material, resulting in an excellent charge separation efficiency. Au 

NPs may thus selectively anchor on its surface and consequently open a new efficient electron 

transfer path from the TiO2 defective trap states to the adsorbed dichromate ions undergoing 

reduction.  
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     Differently, the D80 sample, showing a relatively poor charge separation ability, exhibits a 

relative more marked photoactivity increase only upon Au NPs deposition by means of the 

unspecific deposition-precipitation DP method (with a kAu/k equal to ca. 3.3). Finally, the absence 

of defective trap states in reference undoped D0_500 did not produce any significant variation in 

the photoactivity improvement ratios attained with both DP or P methods, suggesting that 

specific/peculiar effects produced by Au NPs (photo)deposition may be mostly attained with TiO2 

materials clearly exhibiting a defective crystalline structure. It is important to note, moreover, that 

such preferential efficient electron transfer path have been observed only when the investigated 

test reaction proceeded through a reductive path, but not through an oxidative step, such as in the 

case of formic acid oxidation. Thus, the combination of Au NM NPs deposition through 

photoreduction and the intrinsic titanium dioxide bulk defectivity results to be most effective as a 

titanium dioxide photoefficiency improvement strategy when the materials are to be employed in 

photocatalytic processes mainly proceeding via a reductive reaction path. 

To better understand the origin of the improved photoactivity of titanium dioxide upon 

introducing defective Ti3+ states within its electronic structure, as well as the different behavior 

upon the use of two different Au nanoparticles deposition techniques on the photoactivity attained 

for the Cr(VI) photocatalytic reduction with differently N,F-doped TiO2 powders, we decided to 

investigate the photoluminescent properties of the prepared materials through photoluminescence 

spectroscopy analysis. Such technique, in fact, being able to provide useful information on the 

dynamics of radiative decay paths in photoexcited semiconductors,46-51 may allow to gather 

information on the presence of specific electron transfer paths occurring between defective TiO2 

states and differently deposited Au metal nanoparticles, possibly significantly deepening the 

understanding of the photogenerated charge carriers dynamics of the prepared materials under 

illumination conditions. 

4.3.3 Photoluminescence Spectroscopy Analysis 

4.3.3.1 Investigation of the sample preparation method 

Before acquiring photoluminescence (PL) spectroscopy data, preliminary studies aimed at 

understanding the optimal sample preparation route allowing to obtain the most reliable results 

were conducted. In fact, investigations on the photoluminescent properties of TiO2 powders were 

previously performed in our research group by compressing the photocatalysts powders in the 

form of small, thin, circular pellets.21,22 However, in the present work, such sample preparation 

technique led to unreliable results, especially concerning the reproducibility in terms of PL 

emission intensity. The homogeneity of the pellets originally prepared for a first set of 
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measurements was thus initially evaluated using a home-made microscopy imaging system held in 

Politecnico of Milano, in which macroscopic spots of the samples were excited using a 350 nm 

pulsed laser. This way, the overall photoluminescence intensity of the whole pellets (and not only 

isolated pellets spots with the laser beam size), can be macroscopically monitored. Unfortunately, 

this technique resulted to be not capable of detecting any major non-uniformity in the PL emission 

of the pellets due to the low emission intensity of the samples, requiring long exposure times for 

the acquisition of low PL emission intensity, especially in the case of Au-modified titanium dioxide 

(Figure 4.3.18). 

 

Figure 4.3.18: Fluorescence microscopy images of D7_700 (a) and D7_700_DP (b) samples. Brighter spots were 
attributed to emission deriving from the presence of adventitious impurities on the pellets. 

Regardless, pellets of the metal-modified powders presented eye-detectable differently 

coloured regions, ranging from deep purple to light pink. In particular, the PL signal intensity was 

found to dramatically change by exciting the pellet in a relatively brighter or darker region through 

laser spot excitation (Figure 4.3.20 a). Differently, when the powders were directly deposited in 

home-made sample holders in the form of thick, dense films of the same height (analogous to the 

sample preparation technique commonly employed during XRPD or UV-Vis DRS analyses), the 

reproducibility in emission intensity resulted to be immensely improved, as illustrated by the 

astonishing reproducibility in PL emission intensity obtained when acquiring spectra in multiple 

randomly-chosen spots over the whole exposed surface of the sample holder (Figure 4.3.20 b). 

Thus, throughout this study, the previous pellet preparation route was discarded and all the PL 

spectroscopy analyses were carried out on powders directly placed in home-made sample holders, 

developed within this project (Figure 4.3.19).  

a) b)
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Figure 4.3.19: Picture of the empty (a) and filled (b) PL sample holder. 

 

Figure 4.3.20: Intensity of photoluminescent emission of the D0_700_P sample acquired in a bright spot (green) and in 
a dark spot (yellow) of the pellet (a); Intensity of PL emission acquired in five different random spots of the same sample 
prepared in the form of a thick, dense film in the home-made sample holder (b). 

4.3.3.2 Photoluminescence spectroscopy of N,F-doped metal-free TiO2 

Photoluminescence (PL) emission intensities under steady-state irradiation conditions 

obtained with the DX_Y series samples were firstly compared to observe if and how the powders 

radiative emission properties depend on the relative dopant amount included within the bulk 

structure of the metal oxide semiconductor. 

As expected, the intensity of the PL signal resulted to be deeply affected by the amount of 

dopant included within the specimens (Figure 4.3.21a). In particular, remarkably high PL intensity 

has been observed in the case of the D7_700 sample, such emission profile becoming progressively 

less intense with increasing the dopant content. Most notably, the integrated area underneath the 

emission profiles trend as a function of the dopant content (Figure 4.3.21b) somewhat resembled 

that observed in the case of SSA normalized kinetic rate constants in both formic acid oxidation 

and Cr(VI) photocatalytic reduction (Figure 4.3.14, Figure 4.3.16), i.e., the observed 

photoluminescent emission resulted to be beneficial for the photoactivity of the materials in both 

test reactions, with most emitting specimens characterized by the highest photoefficiency. 
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Moreover, the PL emission of doped samples always resulted to be much more intense compared 

to that of the undoped materials. 

 

Figure 4.3.21: Steady-state photoluminescence emission spectra (a) and integrated intensity (b) of metal-free N,F-doped 
titanium dioxide materials. 

The photoluminescent emission of N,F-doped anatase, which has already been extensively 

rationalized and explained by our research group for similar materials,22 cannot be attributed to 

the the direct recombination of electrons photoexcited into the TiO2 conduction band with holes 

photogenerated in TiO2 valence band, such radiative emission being very weak at room 

temperature due to the indirect band gap nature of the TiO2 semiconductor. As electronic 

transitions in indirect band gap semiconductors must respect the selection rule of momentum 

conservation, electronic excitations from the top of the valence band to the bottom of the 

conduction band in anatase must always be assisted by a phonon. It follows that since the 

intervention of a phonon in electronic transitions renders such band-edge emission orders of 

magnitude less efficient compared to direct band gap semiconductors,52 the photon emission 

originating from the direct recombination of electrons from the conduction band of titanium 

dioxide with valence band holes is mostly of very weak intensity. Moreover, in the case of doped 

materials, the energetic positioning of the maximum PL emission intensity, located around 2.5 eV, 

is bathochromically shifted compared to the anatase band gap, usually located around 3.2 eV.53 

Thus, it is not energetically compatible with a direct band gap recombination emission. 

 On the other hand, relaxed selection rules for localized defect states permit the radiative 

recombination of trapped electrons and holes. The spectrum and intensity of PL signals are thus 

mainly related to the presence of surface traps induced by defective TiO2 crystal structures.22 Since 

the main effect of O2- lattice substitution with fluoride anions is that of introducing Ti3+ defect 

states in the material,34 an increase in the PL signal is thus obtained upon doping. Excessive 
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amounts of doping, however, could induce bulk charge carrier recombination before electrons can 

populate luminescent trap states at the surface of the material,35 and therefore a reduction in the 

PL intensity is observed. 

Normalized PL spectra (Figure 4.3.22) 

illustrate that the emission profile of all 

samples is almost superimposable, 

indicating that the origin of the PL emission 

is similar for each doped metal oxide 

powder, except for the D0_700, exhibiting 

a slightly blue-shifted maximum of PL 

emission. This difference in the emission 

profile is easily accountable to its different 

phase composition, D0_700 being 

composed mainly of rutile, while all other 

samples are composed of pure anatase (Table 4.3.1). 

For all investigated materials, the temporal evolution of the integrated intensity of PL emission 

between 450-550 nm was then gathered via Time-Resolved Photoluminescence Spectroscopy 

(TRPL) with pulsed laser excitation and the results obtained in terms of normalized intensity decay 

curves can be directly compared in Figure 4.3.23.  

 

Figure 4.3.23: Temporal evolution of the integrated intensity of PL emission between 450-550 nm of differently N,F-
doped titanium dioxide specimens (a). Temporal evolution of the integrated intensity of PL emission between 450-550 
nm of selected mostly significant N,F-doped titanium dioxide specimens (b). 

By looking at the decay curves, it is possible to notice at a first glance that the 

photoluminescence signal of the fully anatase composed reference undoped D0_500 is 

characterized not only by a much weaker photoluminescent emission under steady-state 
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Figure 4.3.22: Normalized PL emission spectra of differently N,F-
doped titanium dioxide samples. 
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conditions, but also by a much faster decay kinetics of the PL emission compared to all the N,F-

doped materials. As in the case of steady state photoluminescent emission, the samples 

characterized by the most intense emission and better photoefficiency were also characterized by 

a longer lasting photoluminescent emission. In fact, the less doped and better performing D7_700 

and D18_700 materials are characterized by the most intense and longer lasting photoluminescent 

emission, followed by the highly doped D50_700 and D80_700 samples, and then by the reference 

undoped D0_500 sample. Such trend becomes even clearer when considering the decay curves of 

the selected mostly relevant samples only (Figure 4.3.23b). 

The behaviour of the reference undoped material calcined at 700 °C, D0_700, is quite peculiar, 

such material being characterized by the longest lasting PL emission despite its poor 

photoefficiency in formic acid oxidation and the low intensity of its photoluminescent emission. 

The difference in the behaviour of the temporal evolution of the PL emission compared to other 

DX_Y samples, however, can be easily attributed to its different phase composition, i.e., being the 

only sample characterized by a mixed anatase-rutile phase composition, mainly composed of rutile 

(Table 4.3.1). Such strikingly different behaviour in its PL emission further supports the previously 

mentioned consideration of the material being not suitable to be compared with N,F-doped 

materials as reference undoped titanium dioxide, as such strikingly marked difference in its phase 

composition deeply affects its overall properties to the point of making very difficult if not 

impossible to discern the effects of doping from those deriving from changes in phase 

composition. 

Fitting the PL decay curves according to the following triexponential decay model: 

 

allowed us to better appreciate the effects of N,F-doping on structural TiO2 properties, which may 

significantly affect the resultant overall photocatalytic activity. In fact, through such fitting, we 

were able to quantitatively extrapolate the most relevant parameters of the photoluminescence 

decay kinetics, i.e., the relative population of the 𝑖-th emitting state 𝐴𝑖 and its average lifetime 𝜏𝑖. 

As appreciable in Table 4.3.4, the introduction of the dopant within the bulk structure of titanium 

dioxide did not result in significantly changing the average lifetime of the emitting states, all 

samples being characterized by the presence of a fast emitting state of average lifetime 𝜏1 around 

1 ns, an intermediate living state of average lifetime 𝜏2 around 6 ns and a longer emitting state with 

an average lifetime 𝜏3 of about 30 ns.  
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On the other hand, rather than increasing the average lifetime of the emitting states, N,F-doping 

seems to mainly affect the relative population 𝐴𝑖 of such trap states within the TiO2 bulk structure. 

In particular, the cumulative relative population of the longer lasting emitting states, determined 

as 𝐴2 + 𝐴3, significantly increases when passing from the reference undoped D0_500 material to 

the slightly doped D7_700 material, and then progressively decrease with increasing nominal 

dopant content. It follows that the employment of an optimal dopant content within the titanium 

dioxide structure favors an efficient transfer of photoexcited electrons towards long-lasting 

photoluminescent Ti3+ trap states, where they can be efficiently trapped, with a beneficial resultant 

charge carrier separation and overall photoefficiency improvement.  

When an excessive doping amount is introduced, however, point defect recombination limits 

the efficiency of such charge transfer phenomena, thus reducing the relative population of long 

emitting states and decreasing the overall photoefficiency of the systems.  

It is also important to note, that all doped samples are characterized by a much higher population 

of long emitting states compared to the reference undoped D0_500 material, whose 

photoluminescent emission is instead characterized by the total absence of the longer lasting 𝐴3 

component and by a very low relative population of the intermediate living 𝐴2 component. 

Table 4.3.4: TRPL decay kinetics parameters for metal-free N,F-doped titanium dioxide materials. 

Sample A1 (%) A2 (%) A3 (%) τ1 (ns) τ2 (ns) τ3 (ns) A2 + A3 (%) 

D0_500 99.7(1) 0.3(1) - 1.0(1) 6.5(1) - 0.3(1) 

D0_700 95.1(1) 4.6(2) 0.3(1) 1.2(1) 6.1(2) 36(4) 4.9(2) 

D7_700 92(1) 7.8(1) 0.6(1) 1.3(1) 5.6(2) 23(2) 8.4(1) 

D18_700 93(1) 6.3(2) 0.4(1) 1.3(1) 6.1(3) 28(3) 6.7(2) 

D50_700 97.3(1) 2.9(3) 0.8(1) 1.1(1) 5.4(2) 26(1) 3.7(3) 

D80_700 96.8(1) 3.1(1) 0.1(1) 1.2(1) 5.8(2) 27(6) 3.2(1) 

 

4.3.3.3 Photoluminescence spectroscopy of metal-modified N,F-doped TiO2 

The influence of noble metal nanoparticles deposition on the photoluminescent properties of 

N,F-doped titanium dioxide was investigated at first by focusing on materials modified with 0.5 

wt% of Au NPs deposited through the deposition-precipitation (DP) route.  

As reported in a preliminary work published by our research group,21 the deposition of Au 

nanoparticles on the TiO2 surface determined a significant PL emission intensity decrease. In fact, 

the formation of a metal-semiconductor interface is always accompanied by a fast and efficient 

transfer of photoexcited electrons from the photocatalyst’s surface towards the deposited noble 

metal nanoparticles.54 Au deposition, thus, introduces an additional non-radiative decay path, 
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which causes a rapid depopulation of the luminescent Ti3+ states, with a consequent reduction of 

the materials PL emission intensity (Figure 4.3.24). 

In order to investigate if and how the extent of the observed photoluminescent emission 

quenching may be influenced by the relative dopant content, for each material we calculated the 

ratio between the integrated area underneath the emission profile of the Au-modified powder and 

that acquired with the corresponding unmodified sample (defined as 𝐴𝐴𝑢/𝐴𝐵𝑎𝑟𝑒). The interest 

towards such parameter, here better represented in terms of the so-called photoluminescence 

quenching degree (QD), defined as QD = 1 − 𝐴𝐴𝑢/𝐴𝐵𝑎𝑟𝑒 , arises from the possibility of probing the 

eventual presence of preferential electron exchange channels originating upon a close, synergic 

interaction between dopant-induced photoluminescent states and deposited Au NPs. In particular, 

a higher quenching degree may be diagnostic of the presence of more efficient and beneficial 

transfer of photoexcited electrons from Ti3+ states to noble metal nanoparticles. 

 However, as illustrated in Figure 4.3.25, all DP-modified samples exhibited very similar 

photoluminescence quenching degrees, being almost independent of the dopant amount 

introduced within the TiO2 powders. This behaviour can be possibly ascribed to the intrinsic non-

selective nature of the employed DP surface modification method. In fact, since Au nanoparticles 

are randomly deposited via DP on the TiO2 surface, it is reasonable to expect that the interaction 

between dopant induced Ti3+ species and deposited Au NPs resulted to be almost unchanged for 

all samples, regardless of the charge carrier separation properties of the starting bare TiO2 

materials. Therefore, PL experiments did not unveil any specific and/or preferential electron 

transfer paths between structural defective states and Au NPs deposited by means of the DP 

technique. Consequently, the obtainment of similar Ti3+ states depopulation degree due to the 

photoexcited electron transfer towards Au NPs may account for the similar PL quenching degree 

observed for the DX_Y_DP samples. 
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Figure 4.3.24: Comparison of the steady-state PL emission of bare and corresponding Au-modifed N,F-doped TiO2 
materials through the deposition-precipitation (DP) method. 
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Figure 4.3.25: PL emission intensity quenching degree attained for differently N,F doped TiO2 samples upon Au 
nanoparticles deposition through the deposition-precipitation (DP) method. 

It is fundamental to note that, differently from what observed in terms of PL intensity 

quenching degree, the variation of the PL decay temporal profile attained with Au-containing 

samples seemed to be influenced by the relative doping amount introduced within the starting 

TiO2 photocatalysts. In particular, the bare unmodified D7_700 material, characterized by a longer 

lasting PL emission, was also characterized by a more markedly sped-up decay kinetics upon 

deposition of Au metal nanoparticles (Figure 4.3.26). 

In the light of the obtained results, it is likely that the presence of specific electron transfer 

channels between defective PL-emitting states and the deposited Au nanoparticles may possibly 

be better and/or exclusively unveiled by analysing the time evolution of the PL signal under pulsed 

laser excitation conditions.  

Such effects, moreover, become even more evident when analyzing quantitatively the temporal 

evolution of the photoluminescence signal by fitting the decay curves acquired with the DP-

modified materials according to the above-mentioned triexponential decay model, thus obtaining 

most relevant TRPL parameters, i.e., the relative population of the 𝑖-th emitting state 𝐴𝑖 and its 

average lifetime 𝜏𝑖 (Table 4.3.5).  
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Figure 4.3.26: Temporal evolution of the PL emission intensity, integrated between 450-550 nm, of the bare and the 
corresponding N,F-doped TiO2 samples Au-modified through the deposition-precipitation (DP) method. 

Clearly, the faster decay rate of the PL emission intensity is represented by the total absence 

of the third, i.e. the longest emitting photoluminescent component, from the decay curves of all 

the DP-modified materials. Peculiarly, in the case of reference undoped D0_500, only the faster 

𝐴1 component is preserved upon noble metal nanoparticles deposition, i.e. the 𝐴2  intermediate-

lasting emitting component is also missing. Nevertheless, the addition of the noble metal 
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nanoparticles does not result in altering the average lifetime of the emitting states, which are very 

close to those observed in the case of bare N,F-doped titanium dioxide materials, but rather 

profoundly affects the relative population of such emitting states. This may be related to the fact 

that, upon irradiation, the photoexcited electrons, instead of being trapped at Ti3+ states, may be 

directly transferred towards deposited Au NPs, determining the complete or partial depopulation 

of the longer-lasting (𝐴3) and the intermediate-lasting (𝐴2) states, respectively. 

Table 4.3.5: TRPL decay kinetics parameters calculated for the DP-modified N,F-doped TiO2 materials. 

Sample A1 (%) A2 (%) A3 (%) τ1 (ns) τ2 (ns) τ3 (ns) A2 + A3 (%) 

D0_500_DP 100 - - 0.8 - - - 

D7_700_DP 95.8 4.2 - 1.3 5.6 - 4.2 

D18_700_DP 94.8 5.2 - 1.4 7.3 - 5.3 

D50_700_DP 97.6 2.4 - 1.5 7.4 - 2.4 

D80_700_DP 97.9 2.1 - 1.2 7.4 - 2.1 

 

To better appreciate the effects of doping on the photoluminescent properties of DP-modified 

N,F-doped titanium dioxide materials, we compared the overall relative population of the longer-

lasting emitting components (𝐴2 + 𝐴3) of the bare N,F-doped TiO2 materials with those of the 

corresponding DP-modified specimens (Table 4.3.6). In particular, among the investigated 

materials, the D7_700 sample, characterized by the most intense and longer lasting PL emission, 

as well as the best SSA-normalized photoefficiency, exhibited the largest depopulation extent of 

the longer-lasting emitting states (𝐴2 + 𝐴3) upon Au NPs deposition. This could be an indication 

of a more efficient transfer of photopromoted electrons from photoluminescent trap states 

towards noble metal nanoparticles, occurring only with the best performing photocatalyst. 

Increasing the dopant amount within the titanium dioxide surface, instead, resulted in limiting such 

depopulation effect. A possible explanation for such behavior can be accounted to a decreased 

probability of electron transfer from Ti3+ states towards noble metal nanoparticles with increasing 

dopant content as a consequence of the lower population of long-lasting photoluminescent trap 

states within the titanium dioxide support deriving from the increased bulk charge recombination. 

As the initial population of longer lasting photoluminescent trap states is lowered, the electron 

transfer probability from such trap states towards noble metal nanoparticles is thus consequently 

reduced, leading to a lower extent of depopulation of the longer-lasting emitting states compared 

to D7_700.   
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Table 4.3.6: Relative population of the longer-lasting PL emitting states for bare, metal-free N,F-doped materials and DP-
modified materials and their relative percent difference. 

Sample A2 + A3 (%) Bare A2 + A3 (%) DP Relative difference (%) 

D0_500 0.3 - - 
D7_700 8.4 4.2 67 
D18_700 6.7 5.3 25 
D50_700 4.1 0.7 41 
D80_700 3.2 2.1 44 

 

 

Figure 4.3.27: Relative population of the longer-lasting PL emitting states for bare, metal-free N,F-doped materials and 
DP-modified materials and their relative percent difference. 

As demonstrated in a paper previously published by our research group, the evidence of a 

significant interaction between photodeposited Au NPs and electrons trapped at the defect sites 

in N,F-doped TiO2 can be also testified by the relatively slight but peculiar change in spectral shape 

of the PL response, which was observed only in the case of Au NPs containing doped materials, 

but not in the case of the undoped sample.21 In fact, the normalized PL spectrum of Au-modified 

doped system usually shows a remarkably lower emission in the 500−600 nm range compared to 

that of the corresponding bare sample, which perfectly matches the plasmonic absorption features 

of Au NPs. This effect was thus accounted to ability of Au NPs not only to efficiently scavenge 

electrons trapped at the TiO2 defect sites, but also to (re)absorb PL photons with energy 

corresponding to their plasmonic resonance. To check if such effects could be also observed for 

the here investigated materials, the normalized PL spectra of the DX_Y_DP photocatalysts series 
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are compared to those of the corresponding DX_Y ones in Figure 4.3.28. We can clearly notice 

that there is no a systematic PL emission intensity lowering in the 500-600 nm range as a function 

of the materials dopant content. It is possible to observe only a slight spectra shape modification 

upon Au NPs deposition for the D18_700 and the D80_700 samples.  

 

Figure 4.3.28: Intensity-normalized steady-state PL emission profiles of differently N,F-doped TiO2 materials modified 
with 0.5 wt% of Au through the deposition-precipitation (DP) method. 
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 The effects induced by the use of different Au nanoparticles deposition methods on the 

photoluminescence properties of differently N,F-doped TiO2 materials were also investigated via 

TRPL. In doing so, we compared both the emission intensity under steady-state irradiation 

conditions and the temporal evolution of the photoluminescence signal of materials modified with 

0.5 wt% of Au nanoparticles through deposition-precipitation (DP) or photoreduction (P) for 

selected materials with fixed dopant content (i.e., the reference undoped D0_500 and the relatively 

less doped D7_700 and D18_700 materials). As appreciable in Figure 4.3.29, the deposition of Au 

nanoparticles always produced a PL emission intensity quenching. The extent of such quenching, 

as a function of the adopted deposition method, resulted to be dependent on the dopant amount 

of the starting TiO2 sample. In particular, whereas for either the undoped D0_500 and the 

D18_700 materials the PL intensity has been mainly reduced upon Au NPs deposition through 

the DP method, Au modification by means of the photodeposition technique ensured a relatively 

larger PL quenching degree (compared to the DP route) only for the D7_700 material.   

This could be an indirect indication of the presence of possible preferential electron exchange 

channels occurring among dopant-induced photoluminescent Ti3+ trap states and Au nanoparticles 

deposited through a selective deposition method, i.e., photodeposition, only in the case of defective 

TiO2 material containing an optimal dopant amount (that is, a nominal F/Ti molar ratio equal to 

7%).  

It is reasonable to suppose that only the D7_700 sample, being characterized by the most 

intense and longer lasting photoluminescent emission, underwent the preferential growth of Au 

nanoparticles in the proximity of photoluminescent Ti3+ trap states.21 Thanks to such spatial 

proximity, only gained by applying the P method, the photodeposited Au NPs may thus more 

efficiently scavenge the photoexcited electrons trapped at the Ti3+ states, with a consequent more 

marked PL intensity quenching (exhibited by the D7_700_P sample). This phenomenon is instead 

not achieved with both D0_500 and D18_700 samples.      

The temporal evolution of integrated PL intensity between 450 and 550 nm, however, revealed 

to be unable to probe significant differences in terms of either relative population of emitting states 

𝐴𝑖 or average lifetime 𝜏𝑖 induced by using different Au nanoparticle deposition techniques for any 

of the investigated material (Table 4.3.7). Observing such differences could be of fundamental 

importance when investigating the presence of preferential electron exchange channels between 

photoluminescent electron trap states and deposited noble metal nanoparticles as they represent 

strong evidence of the presence of the forehand mentioned synergic exchange mechanisms. 
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In the light of the experimental results previously obtained in both photoluminescent emission 

quenching and photoactivity of the powders in Cr(VI) photocatalytic reduction (Figure 4.3.16), 

the inability to probe significant differences either in terms of relative population of emitting states 

𝐴𝑖 or average lifetime 𝜏𝑖 induced by using different Au nanoparticle deposition techniques through 

TRPL measurements may most likely derive from the use of an inappropriate time resolution 

window (in the order of tenths of nanoseconds) employed to acquire the PL decay signals. In fact, 

synergistic electron exchange mechanisms between populated PL trap states and Au NPs may 

occur on a shorter time scale and might not be detected with the here employed experimental 

setup. A more suitable experimental setup for the detection of such fast electron exchange 

phenomena may require the use of a streak camera, as detection system, instead of the here 

employed CCD Camera, thus allowing to probe light emission phenomena up to the 1-10 ps time 

scale. 

Table 4.3.7: TRPL decay kinetics parameters for N,F-doped titanium dioxide materials modified with 0.5 wt% of Au 
through the deposition-precipitation (DP) and photodeposition (P) technique. 

Sample A1 (%) A2 (%) A3 (%) τ1 (ns) τ2 (ns) τ3 (ns) A2 + A3 (%) 

D0_500_DP 100 - - 0.8 - - - 

D0_500_P 100 - - 0.9 - - - 

D7_700_DP 95.8 4.2 - 1.3 5.6 - 4.2 

D7_700_P 94.6 5.4 - 1.4 5.7 - 5.4 

D18_700_DP 94.8 5.2 - 1.4 7.3 - 5.3 

D18_700_P 95.7 4.3 - 1.4 7.4 - 4.3 
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Figure 4.3.29: Steady-state PL emission spectra (a,c,e) and PL decay profiles (b,d,f) of selected N,F-doped TiO2 materials, 
also further modified with 0.5 wt% of Au NPS by means of the DP and P methods. 
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4.5 Appendix 

 

Figure A1: Emission spectrum of the immersion fluorescent, low pressure mercury arc lamp (Jelosil), emitting in the 
300–400 nm range, employed for the deposition of Au nanoparticles on the UV_D7_700_P surface through the 
photodeposition technique. 

 

Figure A2: Absorption spectra of D7_700 (blue curve), D7_700_P (green curve) and UV_D7_700_P (purple curve) samples 
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Figure A3: Selected TEM image of Au-modified UV_D7_700_P material. 
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Chapter 5: Effects of In-Situ Surface 

Fluorination on the Photocatalytic 

Activity of Differently Shaped TiO2 

Materials 

5.1 Introduction 

The design and synthesis of cost effective, efficient, and scalable TiO2-based materials able to 

convert light into chemical energy through photocatalytic processes is a key challenge for a 

sustainable energy economy. A wide variety of synthetic routes has been developed to prepare 

TiO2 in different forms and shapes, with different surface area and porosity,1-3 and to improve its 

photocatalytic activity, either by enhancing light absorption4-7 or by improving the separation of 

photoproduced charge couples.8-10 

In particular, shape-controlled anatase TiO2 has been prepared mainly by adding capping 

agents during the synthesis, which may preferentially stabilize the {001} facets during the crystal 

growth, with the production of nanocrystals with a plate-like shape (Figure 5.1.1).11-14 Such facets, 

though thermodynamically less stable, are expected to be more reactive with respect to the 

dominant {101} ones, mainly due to a high density and a very strained configuration of surface 

undercoordinated Ti atoms. Moreover, by tailoring the truncation degree of anatase crystals, the 

overall photoactivity may be further increased as a direct consequence of the selective migration 

of photogenerated holes towards the {001} facets and of photopromoted electrons to the {101} 

ones.15 

 

Figure 5.1.1: Equilibrium crystal shape (a) and platelet-like morphology of anatase crystal with the indication of the types 
of exposed facets (b). 
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At the same time, another strategy that may be pursued to improve the photocatalytic 

performance of TiO2 consists in the in-situ surface fluorination,16-19 implying a simple ligand 

exchange reaction between fluoride anions and surface hydroxyl groups (at acidic pH):  

≡ Ti − OH + F− →≡ Ti − F + OH− (5.1. 1) 

This method was found to induce different effects on photocatalysis, depending not only on the 

main degradation paths of different substrates,20 but also on the surface area and phase 

composition of TiO2.
21 

On the other hand, fluoride anions are often used as capping agents in the synthesis of shape 

controlled anatase22-28 and the effects on photoactivity arising from residual surface fluorination 

are very difficult to distinguish from those deriving from the morphology of such materials. 

Indeed, plate-like materials are usually synthesized in the presence of a higher fluoride ions 

concentration with respect to spherically shaped TiO2 materials.13,15,29 The different amount of 

residual adsorbed fluoride anions for the two morphologies does not allow to appreciate if the 

effects on photoactivity induced by surface fluorination may synergistically cooperate with 

morphology control in boosting the photoactivity of TiO2-based materials.15 

In this framework we investigated the effects that TiO2 surface fluorination has on 

photocatalytic oxidation and reduction reactions in relation to the amount of exposed anatase 

{001} facets. Fluorine-free TiO2 materials with different morphologies were obtained through 

post-synthesis washing to efficiently remove the capping agent. Such materials were eventually 

successively in-situ re-fluorinated. Under such conditions the home-made photocatalysts were 

systematically tested in formic acid photo oxidation, Rhodamine B photobleaching and Cr(VI) 

photoreduction, proceeding through completely different mechanistic routes.30-32 These model test 

reactions find an important application of photocatalysis as innovative and clean/environmentally 

friendly technology for industrial wastewaters decontamination.33-38 In fact, hexavalent Cr(VI) ions, 

notoriously toxic and carcinogenic39 and generally released in effluents by various industrial 

activities (e.g. electroplating, leather tanning, textile production, steel fabrication), can be efficiently 

converted by photocatalytic reduction on semiconductors into Cr(III) species, exhibiting lower 

toxicity and mobility in the environment.40 At the same time, the demand for Rhodamine B (RhB) 

conversion into harmless chemicals has also started growing in the recent years, due to the 

increased use of xanthene-derived dyes in food, paper, textile and leather industry. The undesired 

presence of RhB (Figure 5.1.2) in waters and food represents a serious threat for the human health 

due to the dye ability of causing injury to human skin, eyes, respiratory system as well as being 
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potentially carcinogenic and neurotoxic.41,42 Rhodamine B decomposition is thus highly required 

also to gain a sustainable recycling of industrial wastewaters. 

 

Figure 5.1.2: Rhodamine B (RhB). 

5.2 Experimental section 

5.2.1 Photocatalyst preparation 

Differently shaped TiO2 samples, characterized by a pseudo-spherical shape or a nanosheet 

structure, were prepared through the hydrothermal route as described in section 2.2.1 (page 51). 

The so-obtained washed samples were labelled as HT_X_NaOH. 

5.2.2 Photocatalyst characterization 

The following techniques were employed for the characterization of the materials: 

• X-Ray Powder Diffraction (XRPD), as described in section 2.5.1 (page 63) 

• Specific surface area (SSA) measurement, as described in section 2.6.1 (page 69) 

• UV-Visible DR Spectroscopy, as described in section 2.7.1 (page 72) 

• ICP-OES analysis, as described in section 2.8.1 (page 74) 

• HRTEM imaging, as described in section 2.9.1 (page 79) 

 

Additionally, Thermogravimetric Analysis (TGA) was carried out on a Mettler-Toledo 

TGA/DSC 2 STARe system. Thermograms were recorded in the 30-800 °C temperature range, 

with a heating ramp of 10 °C min-1 under a 50 cm3 min-1 air flux. 

X-Ray photoemission spectra (XPS) were recorded on a M-Probe apparatus, Surface Science 

Instruments, equipped with an Al-Kα monochromatic radiation X-Ray source (1486.6 eV photon 

energy). XPS surveys were recorded in a binding energy range from 1000 to 0 eV and peak shift 

correction was applied using the adventitious carbon C1s signal at 284.6 eV as internal reference. 

For Fourier-transform infrared (FT-IR) spectroscopy measurements the samples were pressed 

in self-supporting pellets (“optical density” of ca. 10 mg·cm-2) and placed in quartz cells equipped 

with KBr windows designed to carry out spectroscopic analysis in controlled atmosphere. The 

thermal treatments at increasing temperatures (150, 300 and 500 °C) were performed for 90 min 
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under dynamic vacuum (residual pressure < 1 × 10-4 mbar). At the end of each treatment step, the 

samples were contacted with O2 at 10 mbar to restore the stoichiometry of the TiO2. The spectra 

were obtained using a Bruker Equinox 55 spectrometer with a resolution of 2 cm-1 and averaging 

64 scans. The optical density of the pellets was employed to normalize all acquired spectra. 

5.2.3 Photocatalytic oxidation of formic acid 

Formic acid  photodegradation tests were performed according to a well-established procedure 

described in detail in section 3.1.3 (page 96).43-45 The photocatalyst concentration was set to 0.17 g 

dm-3, differently from the 0.1 g dm-3 concentration reported in the general description of the 

experimental procedure. 

5.2.4 Photocatalytic activity in the absence or upon in-situ addition of fluorides 

The photocatalytic activity of home-made samples was tested in aqueous suspensions, 

employing the dye Rhodamine B (RhB) or dichromate (Cr2O7
2-) ions as organic or inorganic 

degradation substrates, respectively. The photostability of both substrates in aqueous solution was 

preliminarily verified under the adopted irradiation conditions.  

All photocatalytic degradation runs were performed under atmospheric conditions using the 

setup and experimental procedure described in detail in section 3.2.2 (page 99) for RhB 

photodegradation and section 3.3.2 (page 102) for Cr(VI) photoreduction. 

5.2.5 Substrates adsorption measurements on TiO2 and fluorinated TiO2  

Aiming at investigating the substrates affinity for the different photocatalysts, adsorption tests 

were performed at pH 3.7, both in the presence and in the absence of NaF, under the same 

experimental conditions adopted during the photocatalytic runs, except for the amount of TiO2, 

which was fixed at 1.0 g L−1. The suspensions were kept under stirring in the dark and samples 

were withdrawn after 15 min, 60 min and 180 min, centrifuged and analyzed for determining the 

Cr(VI) and/or RhB residual amount in the supernatant. Adsorption equilibrium was attained in 

15-30 min, though the adsorption data after 3 h-long equilibration were considered as most 

reliable, as in previous studies.46 

5.3 Results and Discussion 

5.3.1 Materials Characterization 

XRPD diffractograms of all samples of the HT_X series were recorded to investigate both 

phase composition and morphology of the materials. As shown in Figure 5.3.1, all diffraction 

patterns perfectly matched those of pure anatase. 
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Quantitative phase analysis (Table 5.3.1), performed through Rietveld refinement,47 showed 

that rutile or brookite was non-detectable, nor appreciable presence of other phases such as TiOF2 

was observed, indicating that the samples were composed of pure anatase independently of the 

amount of fluorine employed during the synthesis. With increasing fluorine content the width of 

reflections with (l > h,k) broadened, accompanied by a shrinking of the peaks characterized by a 

strong h component, in the 35-50° 2θ range, indicating a change in crystal growth along specific 

crystallographic directions.29 

 
Table 5.3.1: Average nanoparticles thickness and width, percentage of {001} facets exposure, BET specific surface area 
(SSA) and residual carbonaceous content detected by TGA analysis of the synthesized pure anatase materials. 

 
 

 

 

 

 

  

 

The nanoparticles size and the relative amount of exposed {001} facets in the different 

samples, calculated by applying a Rietveld-based XRPD approach,48 are collected in Table 5.3.1. 

The so obtained values clearly demonstrate that the anatase {001} facets percentage increased by 

increasing the HF amount during the synthesis, i.e., passing from ca. 15% for HT_0.1 to 65% for 

HT_1.  

The latter sample incontrovertibly consisted of plate-like nanocrystals, as confirmed by the 

HR-TEM images reported in Figure 5.3.5a,b. In line with previous findings,29 the plate-like crystals 

of HT_1 appeared piled up face-to-face, one above the other, thus minimizing the total surface 

energy.28,49 On the contrary, the casual distribution of particles displayed by HT_0.1 aggregates 

(Figure 5.3.5b) is coherent with an isotropic shape of crystals (Figure 5.3.5a). 

  At the same time, HR-TEM images further confirmed both crystal thickness and width values 

of platelet-like HT_1 nanoparticles, calculated from XRPD data,48 corresponding to ca. 8 and 40 

nm, respectively (Table 5.3.1). More interestingly, the capping agent removal procedure did not 

significantly alter the percentage of exposed {001} facets in any of the investigated materials (Table 

5.3.1), the specific TiO2 crystal shape being entirely preserved even after the samples washing 

(Figure 5.3.5c-f). 

 

Sample thickness 

/ nm 

width    

/ nm 

{001} 

(%) 

SSA  

(m2 g-1) 

Total 

carbon 

loss (%) 

HT_0 21.4(4) 14.6(2) 7.2(6) 93(1) 4 

HT_0.1 17.2(3) 16.8(3) 14.8(8) 78(1) 5 

HT_1 7.8(2) 39(1) 67(2) 84(4) 6 

HT_0.1_NaOH 18.5(8) 16.5(7) 14.0(2) 82(2) 5 

HT_1_NaOH 8.2(2) 38(1) 65(1) 82(7) 5 
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Figure 5.3.1: XRPD patterns of samples of the HT_X series evidencing (103), (004), (112), and (200) anatase reflections. 

BET analysis confirmed similar SSA in the 82-93 m2 g-1 range for both HT_X and 

HT_X_NaOH series samples, except for reference HT_0, synthesized in the absence of fluoride 

anions, having a slightly higher SSA (Table 5.3.1). Moreover, no significant variation in SSA was 

observed upon washing. Thus, the photocatalytic activities of the materials can be directly 

compared, all of them having the same SSA.  

Congruently with our previous findings,29 BET adsorption/desorption isotherms can be 

classified as of type IV, according to IUPAC classification (Figure 5.3.2).50 The observed porosity 

originating hysteresis loops is to be attributed to the packing of the crystallites rather than to an 

actual porosity of the material, as anatase is not inherently porous.51 However, increasing the 



 
 

169 
 

amount of nominal F/Ti ratio employed during the synthesis of the materials results in a shift 

from H2-type pores, associated to “ink bottle” pores typically formed due to packing of sphere-

like particles, towards H3-type pores, which are instead usually observed due to the packing of 

plate-like particles forming slit-shaped pores. This finding is in line with both XRD and HR-TEM 

measurements, further confirming the morphological evolution of the materials, undoubtedly 

passing from pseudo-spheres to a nanosheets shape. 

 

Figure 5.3.2: BET adsorption-desorption isotherms of samples of the HT_X_W series. 

Diffuse Reflectance UV-Vis absorption spectra of the investigated samples are characterized 

by a very marked absorption onset for λ < 400 nm, similar to that of pure anatase (Figure 5.3.3). 

The absorption onset was found to be independent of the F/Ti ratio employed during the 

synthesis, i.e., it is unaffected by the relative amount of exposed crystal facets (inset of Figure 5.3.3). 

In the literature the anatase band gap has been reported to be red-,52-54 blue-29,55 shifted or 

unmodified56,57 by an increase in the {001} facets content. Moreover, the washing procedure did 

not produce any absorption edge variation for any of the prepared samples, thus resulting in an 

overall preservation of the original optical properties also upon the application of the here adopted 

fluorine removal treatment (Figure 5.3.3). 

UV-vis absorption spectra did not evidence the presence of any residual carbonaceous 

impurity adsorbed on the materials surface (which are generally known to cause the appearance of 
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continuous absorption in the visible region of TiO2 in full DR spectra),58 in line with the finding 

that pretty similar percentages of total mass losses were obtained by thermogravimetric analysis 

(TGA) of all samples (Table 5.3.1). 

 

Figure 5.3.3: Absorption spectra of HT_X and HT_X_NaOH series samples. Inset: DRS spectra numerical first derivative 
of HT_X_NaOH samples highlights invariance of the absorption band edge with titania morphology. 

 

 

Figure 5.3.4: Example TGA analysis of HT_0.1_NaOH (a) and HT_1_NaOH (b) indicating similar percent carbon loss 
among the synthesized materials. 
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Figure 5.3.5: HRTEM images of HT_0.1 (a), HT_1 (b), HT_0.1_NaOH (c, d) and HT_1_NaOH (e, f). 
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The surface chemical composition of the home-made samples was assessed via XPS analysis 

(Figure 5.3.6). 

 

Figure 5.3.6: XPS survey spectra (a) and quantitative surface F/Ti molar percentages obtained for the HT_X and 
HT_X_NaOH samples (b). As highlighted in panel (a) the surface fluoride ions signal is located at 684 eV. 

Titanium, carbon, and oxygen were identified in XPS spectra by the signals binding energies 

(BE) at ca. 458.8 eV (Ti 2p), 531 eV (O 1s) and 284.5 eV (C 1s), respectively. Spectra of HT_1 and 

HT_0.1 also show a small peak at binding energy 684 eV,59,60 attributed to F1s, indicating the 

residual presence of fluoride anions on the surface of the original materials. No XPS signal at 688 

eV, assigned to substitutional F ions in the TiO2 lattice, was detected, possibly always being below 

the detection limit of the XPS technique.29,61  

As reported in Figure 5.3.6b, quantitative XPS analysis demonstrated the effective (though not 

complete) removal of the residual F capping agent from HT_1 and HT_0.1 by the here applied 

post-synthesis washing procedure. In fact, the overall surface F/Ti ratios passed from ca. 16% to 

ca. 2% in the washed samples. 

5.3.2 Photocatalytic degradation of formic acid 

Formic acid degradation was firstly chosen as a model test reaction to investigate the 

photocatalytic activity of differently shaped titanium dioxide materials. The photoactivity of the 

materials, compared in terms of pseudo-zeroth order kinetic rate constants kFor (Figure 5.3.7), 

highlight that shifting the anatase morphology towards nanosheet-shaped crystallites results in 

slightly worsening the photoefficiency of the semiconductor photocatalyst for both surface 

fluorinated and washed materials. More surprisingly, cleaning the surface of titanium dioxide from 

surface fluoride anions through NaOH washing did not result in any change in the photoactivity 

of the materials. Negligible effects on photoactivity induced by the removal of surface fluoride 
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anions through washing procedures in the photocatalytic degradation of formic acid on anatase 

have been systematically reported in the literature and consistently observed in our research 

group.29,62 However, these results are rather surprising since, as surface adsorbed fluoride anions 

are well-known to prevent the adsorption of formic acid very efficiently on the surface of titanium 

dioxide,63,64 an improvement of the photocatalytic activity of the materials should be naturally 

expected upon fluoride removal, the adsorption of formic acid on anatase being mandatory for its 

photocatalytic degradation.64  

 

Figure 5.3.7: Pseudo-zeroth order rate constants of formic acid photodegradation obtained with the HT_X and HT_X_W 
series photocatalysts. 

Previous investigations in our research group highlighted that, differently from washing with 

NaOH, calcining platelet-like materials at 500 °C, despite provoking a ca. doubled percentage (101) 

facets exposure due to nanoparticles sintering driven by minimization of surface energy, provoked 

a large improvement of the photocatalytic activity of the materials, with calcined platelet-like 

materials bearing a much higher photocatalytic activity than pseudo-spherically shaped mainly 

exposing (101) facets.29 Thus, a higher exposure of (001) facets is indeed beneficial in the 

photocatalytic degradation of the formic acid. These results suggest that fluoride anions adsorbed 

on (001) facets could possibly prevent the adsorption of formic acid so efficiently that even the 

small amount of fluoride anions residual after the washing procedure with NaOH (Figure 5.3.6) 

could highly restrain the adsorption of the substrate on such facets, thus hindering any possible 

beneficial effect deriving from a higher exposure of more reactive (001) facets, in spite of the 
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surface removal treatment. On the other hand, high temperature calcination, leading to the 

complete removal of fluoride anions, allows to fully reveal the beneficial effect of (001) facets in 

the here investigated test reaction. It should be noted, however, that in the case of calcined 

materials it is very difficult to ascertain the origin of the photoactivity improvement observed after 

the thermal treatment to remove fluoride anions, as several properties of the material may be 

affected by heat treatment, such morphology changes. 

5.3.3 Cr(VI) adsorption and photocatalytic reduction 

The effects induced on Cr(VI) adsorption on the investigated samples by the in-situ surface 

fluorination and by the TiO2 morphology can be appreciated in Figure 5.3.8, reporting the relative 

percent amounts of Cr(VI) adsorbed on HT_0.1_NaOH and HT_1_NaOH, both in the absence 

(blue) and in the presence (yellow) of fluoride ions at pH 3.7. 

 

Figure 5.3.8: Percent amount of adsorbed Cr(VI) onto HT_0.1_NaOH and HT_1_NaOH after 180 min stirring in the dark 
at pH 3.7 in the absence of fluoride ions (blue) and under in-situ fluorinated conditions with a F/Ti ratio equal to 0.1 at 
the same pH (yellow). 

The adsorption of dichromate species is strongly hampered upon in-situ surface fluorination 

on both materials, even for the relatively low F/Ti molar ratio here employed (corresponding to 

0.1). In fact, in the absence of fluoride anions, the surface of titanium dioxide is rich in surface 

bound terminal ≡ Ti − OH groups, which play a key role in ensuring dichromate adsorption on 

TiO2 by means of surface complexation.65 Moreover, at pH 3.7, the titanium dioxide surface is 

expected to be positively charged, this pH being below the zero charge (pHpzc) of TiO2, generally 

located for TiO2-based materials at pH 5.6.66 These combined effects of course allow for a fast 

and significant (almost quantitative) adsorption of negatively charged Cr2O7
2− anions on the TiO2 
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surface.30,67 Differently, in-situ fluorination implies the formation of stable ≡ Ti − F termination 

on the TiO2 surface, with a consequent shift of the surface charge towards more negative values, 

which hinders the dichromate anions adsorption on the surface of titanium dioxide,68 as evidenced 

in Figure 5.3.8. 

In the absence of light, both HT_0.1_NaOH and HT_1_NaOH samples are equally able to 

adsorb dichromate ions. So, the relative percent amounts of the inorganic anionic species adsorbed 

on the investigated TiO2 photocatalysts seems not to be affected by the relative {001} facets 

exposure, either in the absence or in the presence of in-situ added fluoride ions. 

The activity of the here investigated TiO2 samples in Cr(VI) photocatalytic reduction can be 

compared in terms of first order rate constants, measured either in aqueous suspensions at pH 3.7 

(kac) and at pH 3.7 in the presence of fluoride anions (in-situ fluorinated surface, kF), as shown in 

Figure 5.3.9. 

Firstly, among the HT_X_NaOH samples, i.e., showing different relative percentages of clean 

{001} facets, the plate-like material is by far the best photocatalyst, with an activity double to that 

of commercial benchmark P25 TiO2 (for which kac = 3.3 ∙ 10-4 s-1). 

Interestingly, the outstanding photoactivity attained by increasing the percentage of exposed 

{001} TiO2 facets, the kac attained with HT_1_NaOH being three-times greater than that obtained 

with HT_0.1_NaOH, cannot be explained by taking into account the similar dichromate anions 

adsorption under dark conditions on the platelet-like and the spherical-shaped washed samples 

(Figure 5.3.8). Such a significant photoactivity improvement should result from multiple positive 

effects related to the titania crystal morphology. 

 

Figure 5.3.9: First order rate constants of Cr(VI) photoreduction at pH 3.7 (kac, in blue) and upon in-situ fluorination at 
the same pH (kF, in yellow). 
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 In fact, a significant enhancement in the effective photogenerated charge carrier separation 

may be attained with increasing the {001} facets exposure in TiO2, leading to platelet-like better 

performing materials.57,69-71 Interestingly, anatase crystals with different co-exposed facets can be 

envisaged forming ‘surface heterojunctions’,57,62,69 with the selective migration of photogenerated 

holes and electrons towards {001} and {101} facets, respectively, being driven by the minimization 

of their respective energies. In particular, an optimal percent mixture of different anatase facets 

might have positive effects in electron-hole pair separation, as in mixed anatase-rutile systems.72 

Of course, the optimal percent amount of exposed {001} facets in anatase materials, ensuring the 

highest photoactivity, depends on the relative rates of the two simultaneous (reduction and 

oxidation) semi-reactions involved in the overall investigated photocatalytic process, the best 

charge carrier separation being generally gained for anatase samples with ca. 50-60% of {001} 

facets content. Interestingly, He et al.22 reported a maximum photoactivity in Cr(VI) reduction for 

TiO2 materials showing a 72% amount of {001} facets, which is comparable to the {001} facets 

exposure of the here investigated best performing HT_1_NaOH sample. This confirms that a 

balanced exposure of {001} and {101} facets is needed to achieve an optimal distribution of 

electrons and holes between them, possibly depending on the peculiar investigated substrate-

sensitive process.57 

In addition, the overall efficiency of photocatalytic processes is generally affected by the extent 

and mode of substrate adsorption, which may also depend on the type of crystal facets 

predominantly exposed by the anatase photocatalyst, since facets differ in their surface atomic 

structure.73,74 

In the specific case of Cr(VI) photocatalytic reduction, {001} facets, displaying 100% 

unsaturated surface Ti-5c and undercoordinated O-2c atoms, tend to favour the dissociative 

adsorption/chemisorption of water (or methanol) molecules, accompanied by the formation of 

terminal Ti−OH species,75,76 possibly in a larger extent under irradiation conditions. Such TiO2 

surface bound -OH moieties may thus behave as crucial adsorption sites for promoting fast and 

efficient dichromate anions adsorption,30,65 resulting in their faster conversion to Cr(III) through 

their direct interaction with electrons photopromoted in the TiO2 conduction band.67 The presence 

of a relatively high amount of {001} facets may be necessary in order to promote the overall water 

oxidation semi-reaction, with a consequent beneficial effect also on the simultaneous 

photocatalytic Cr(VI) photocatalytic reduction process.  

The combination of both electronic and adsorption effects, therefore, may lead to higher rates 

of dichromate photoreduction on the {001}-facet enriched TiO2 material, highlighting a TiO2 

facet-dependent photoactivity in the photocatalytic degradation of Cr(VI). 
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Regardless of the specific TiO2 morphology, in-situ surface fluorination of washed samples 

leads to a conspicuous (ca. 60-70%) photoactivity decrease, most probably consequent to a 

dramatically reduced adsorption of negatively charged Cr2O7
2- ions (Figure 5.3.9). This confirms 

the major role played by the specific substrate-TiO2 interactions on the overall efficiency of Cr(VI) 

photocatalytic reduction. However, the photoactivity decrease, though clearly evident, is not as 

strong as the ca. 90% substrate adsorption inhibition effect induced by in-situ fluorination (Figure 

5.3.8). This finding is in line with a previous research carried out by Ku et al.,30 in which the pH 

effect on the photocatalytic reduction of Cr(VI) was found to have a trend different than the 

Cr(VI) adsorption capability on the TiO2 surface. Thus, dichromate anions adsorption on TiO2 

does not represent the only parameter determining the rate of Cr(VI) photoreduction, the overall 

photocatalytic process being also affected by the photogenerated electrons transfer towards 

dichromate anions, occurring after the adsorption step. 

5.3.4 Rhodamine B adsorption and photocatalytic oxidation 

Figure 5.3.10 shows the relative percent amounts of RhB adsorbed on the pseudo-spherical 

and platelet-like shaped materials (i.e., HT_0.1_NaOH and HT_1_NaOH, respectively) in 

adsorption tests performed at pH 3.7 (blue) and at this pH in the presence of fluoride anions, with 

a F/Ti ratio corresponding to 2 (yellow). 

The adsorption of the cationic dye on the TiO2 surface at pH 3.7 is rather poor and further 

inhibited by in-situ TiO2 fluorination, most likely due to alterations of the adsorption equilibrium 

at the water-TiO2 interface induced upon substitution of ≡ Ti − OH  terminal groups with ≡ Ti −

F moieties, in line with previous findings achieved with other organic dyes.64,77 The adsorption of 

the organic substrate seems to be slightly hindered by a platelet-like TiO2 morphology and this 

effect is maintained upon in-situ fluorination of the TiO2 surface. In fact, as evidenced in Figure 

5.3.10, the relative percent amounts of adsorbed RhB decreased by ca. 76% and 66%, upon fluoride 

ions addition, for HT_1_NaOH and HT_0.1_NaOH, respectively. This finding may indirectly 

suggest a more extensive {001} surface coverage with fluorinated sites, accompanied by a more 

marked inhibition of RhB surface adsorption. 

Firstly, in order to check that RhB photobleaching occurs thorough the photocatalytic path 

(and not through self-degradation), the photostability of Rhodamine B was confirmed by 6-hours 

long experiments at pH 3.7, both in the absence and in the presence of fluoride anions, under the 

here adopted irradiation conditions.  
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Figure 5.3.10: Percent amounts of adsorbed RhB on HT_0.1_NaOH and HT_1_NaOH after 180 min stirring in the dark in 
the absence of fluoride at acidic pH (blue) and at acidic pH in the presence of a F/Ti ratio in aqueous suspension equal 
to 2 (yellow). 

The photocatalytic degradation of Rhodamine B always occurred according to a first-order 

kinetics. The intensity of the RhB maximum absorption at 553 nm always gradually decreased 

during the degradation runs, with a very limited hypsochromic shift in the absorption spectrum, 

without the appearance of any other absorption features (Figure 5.3.11a). This excludes the 

formation of high concentration of light absorbing species during the runs. Consequently, the 

absorbance values at 553 nm can be taken as only due to RhB absorption. 

 

Figure 5.3.11: RhB absorption spectra recorded during its photocatalytic degradation in aqueous suspension at pH 3.7 
on HT_0.1_NaOH (a) and data elaboration according to first order plots obtained in two runs under identical conditions 
(b). 

This finding, in line the literature data,31,78,79 supports the idea that the RhB oxidative 

degradation mainly proceeds through the cleavage of the RhB chromophore group, which may 

occur 1) via the direct interaction of RhB molecules with positive valence band holes (hVB
+) 

photogenerated on the semiconductor surface, or 2) through the indirect •OH radicals-mediated 

degradation mechanism. 
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The photoactivity trend of the home-made photocatalysts in RhB bleaching is shown in Figure 

5.3.12, in terms of first order rate constants, determined in aqueous suspensions at natural pH 

(knat), or measured at pH 3.7 in the absence (kac) or in the presence of fluoride ions (in-situ 

fluorinated surface, kF). The photoefficiency shown by the plate-like sample at natural or acidic 

pH is quite similar to that attained with samples mainly exposing {101} facets. Thus, the specific 

TiO2 morphology does not significantly affect RhB photodegradation, at difference with respect 

to Cr(VI) photoreduction. Moreover, while lowering the pH has a negligible effect on the reaction 

rate, the in-situ fluorination is beneficial, although it hinders RhB surface adsorption. 

 

Figure 5.3.12: First-order rate constants of RhB photodegradation for the HT series samples in the absence of fluorides 
at natural pH (red, knat), at acidic pH (blue, kac) or at acidic pH in the presence of a F/Ti ratio equal to 2 (yellow, kF). 

Due to the relatively poor RhB adsorption on the investigated materials surface, it is likely to 

expect that, differently from Cr(VI) photoreduction, a direct reaction mechanism occurring 

between the positive valence band holes (hVB
+) photogenerated on the photocatalyst surface and 

the adsorbed substrate molecules cannot be envisaged as the main RhB photobleaching path. The 

interaction of the dye molecules with hydroxyl radicals, formed upon hVB
+-induced oxidation of 

water molecules, may play a more important role on the overall photocatalytic degradation 

mechanism of the organic substrate, especially in the case of in-situ fluorinated TiO2 materials, for 

which the RhB surface adsorption capability resulted to be extremely hindered (Figure 5.3.10).  

In this context, an increase in RhB degradation rate upon TiO2 surface fluorination can only 

be explained by considering an enhanced photoproduction of •OH radicals, which may attack RhB 

molecules, thus promoting their photodegradation.31,32,80 In fact, fluoride ions substituting for TiO2 
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surface –OH groups inhibit surface trapping of photogenerated holes as ≡Ti-O• species, through 

the following reaction: 

≡ Ti − OH + h𝑣𝑏
+ → ≡ Ti − O• + H+ (5.3. 1)  

At the same time, by considering that ≡ Ti − F species are stable and cannot be oxidized by 

valence band holes even at the here employed acidic pH,64 surface –F ions favour the desorption 

of photogenerated active species, i.e., •OH free radicals, which can thus accumulate in the aqueous 

phase81 as follows:  

≡ Ti − F + h𝑣𝑏
+ + H2O → ≡ Ti − F + HO

• + H+ (5.3. 2) 

In particular, an outstanding photoactivity increase is observed upon surface fluorination of 

the {001}-facet enriched HT_1_NaOH sample, with a kF/kac ratio of 4.52 (Table 5.3.2). Thus, a 

synergistic effect induced by the plate-like anatase TiO2 morphology and its in-situ surface 

fluorination is clearly outlined in RhB degradation. Moreover, as reported in Table 5.3.2, similar 

kF/kac ratios were obtained for both HT_1_NaOH and HT_1, which were significantly higher 

than the kF/kac ratios obtained for the HT_0.1_NaOH and HT_0.1. This provides a further 

confirmation of the here unveiled synergistic effect. 

In particular, the absence of any significant morphology-dependent RhB adsorption effect on 

fluorinated TiO2 surfaces suggests that such rate increase is related to the intrinsic ability of F-

{001} facets of boosting •OH radical mediated oxidation paths, possibly due to an improved 

charge carriers separation. A cooperative contribution in improving the separation of 

photogenerated charge carriers upon fluorination of {001}-facet enriched materials may be at the 

origin of the here observed morphology-dependent synergistic effect, as previously reported by 

Chen et al. for the gas phase photocatalytic oxidation of ammonia.82 The spontaneous tendency of 

photogenerated holes to migrate towards {001} facets57,69,70 is amplified by the electric-field effect 

induced by fluorination,83 promoting holes attraction towards {001} facets (present in larger 

extent) and photogenerated electrons repulsion from {101} facets, with a consequent overall 

beneficial increase of photogenerated charge carriers separation. 

Moreover, the beneficial effect of surface fluorination on the photoactivity of plate-like TiO2 

in RhB degradation may originate from the presence of specific surface defects and/or the 

enhanced initial exposure of surface OH groups75 (due to favored water molecules dissociation),  

leading to a higher surface density of fluorinated sites, which are involved in the production and 

accumulation of reactive •OH radicals, as discussed above. 
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Table 5.3.2: Ratios between the rate constants of RhB photodegradation performed under different experimental 
conditions. 

Sample kac / knat kF / kac 

HT_0 1.86 ± 0.33 1.26 ± 0.27 

HT_0.1_NaOH 1.11 ± 0.04 1.51 ± 0.11 

HT_1_NaOH 1.33 ± 0.09 4.52 ± 0.15 

HT_0.1 1.41 ± 0.10 1.42 ± 0.22 

HT_1 1.22 ± 0.12 4.94 ± 0.02 

 
FT-IR spectroscopy was employed to get better insight at the molecular level into the 

differences in surface hydration and hydroxylation between HT_0.1_NaOH and HT_1_NaOH. 

From the black spectra in Figure 5.3.13, obtained after outgassing at room temperature, we observe 

that both samples show an evident band at 1620 cm-1, ascribed to δ(H2O), bending mode of 

adsorbed water.75 The H2O molecules are not isolated, but are interacting via hydrogen bonds as 

testified by the intense and broad ν(OH) band in the 3600-3000 cm-1 range.84 In this spectral region 

also the IR signals of OH groups are present, but to properly investigate them it is necessary to 

remove molecular water by outgassing at increasing temperatures. Heating at 150 °C (blue curves 

in Figure 5.3.13) considerably decreases the intensity of the δ(H2O) band, which finally disappears 

at 300 °C (grey curves in Figure 5.3.13), molecular water being completely removed from both 

samples by outgassing at such temperature. Interestingly, from the grey spectra in the ν(OH) 

spectral region, we note that HT_0.1_NaOH shows only some weak and sharp components at  

 3600 cm-1 due to few isolated OH groups.76,85 Conversely, HT_1_NaOH still exhibits a broad 

and quite intense band in the 3600-3000 cm-1 range, arising from a significant number of hydroxyl 

groups still present on the {001} facets, which are expected to strongly adsorb water in a 

dissociative way.49,86 Finally, outgassing at 500 °C (red curves in Figure 5.3.13) nearly completely 

removes the OH groups from both samples.  

The IR results thus confirm that plate-like TiO2 shows a considerably higher concentration of 

OH groups that can be fluorinated and lead to a significantly enhanced production of hydroxyl 

radicals, which are considered the main oxygen reactive species involved in the photocatalytic 

oxidation of Rhodamine B molecules. 
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Figure 5.3.13: FT-IR spectra of the HT_0.1_NaOH and HT_1_NaOH samples outgassed for 1 hour at increasing 
temperatures: room temperature (black curve), 150 °C (blue curve), 300 °C (grey curve) and 500 °C (red curve). 
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Chapter 6:  Effects of Au nanoparticles 

deposition and in-situ Surface 

Fluorination on the Photocatalytic 

Activity of Differently Shaped TiO2 

Materials 

6.1 Introduction 

Photocatalysis appears as a promising technology able to provide answers for the need of a 

sustainable and greener society due to the possibility to remediate wastewater and air from harmful 

polluting chemicals in an environmentally friendly and sustainable fashion.1-8 Moreover, the quest 

for sustainable energy solutions has driven researchers to explore alternative energy sources such 

as the conversion of light into chemical energy through photocatalytic processes.9-13 One of the 

key challenges in this field is the development of cost-effective and scalable materials. Among 

these, TiO2-based materials are particularly attractive for photocatalytic applications due to their 

many advantageous properties such as versatility, low costs, chemical stability, or non-toxicity.14-17  

 In the recent years, many resources have been expended searching for strategies to overcome 

the main shortcomings of the transition metal oxide in photocatalysis, i.e., the fast recombination 

of its photoexcited charge carriers and the need of irradiating the material with highly energetic 

UV radiation. As a result, in recent years, shape-controlled anatase TiO2 has emerged as a 

promising candidate for improving the photoactivity of the metal oxide semiconductor in a wide 

variety of processes.18-23 By preferentially stabilizing {001} facets during crystal growth, plate-like 

nanocrystals can be produced, which are expected to be more reactive than the dominant {101} 

facets.  

At the same time, another possible strategy pursuable to improve the photoactivity of titanium 

dioxide-based materials in photocatalysis is represented by the modification of its surface with 

noble metal nanoparticles.24-30 In fact, metal-semiconductor heterojunctions are particularly 

attractive in semiconductor science since the equilibration of the Fermi level among the two phases 

results in the generation of a Schottky barrier, i.e., a potential energy barrier causing the trapping 

of electrons within the nanoparticle, possibly improving the charge separation of the materials. In 
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addition, in-situ surface fluorination has been proposed as a strategy capable of enhancing the 

photocatalytic performance of TiO2, especially in the case of hydroxy radical-mediated degradation 

paths.31-34  

The effects on TiO2 photoactivity induced by both the modification strategies are rather far 

from trivial and has been found to depend not only on the properties of the specific titanium 

dioxide support (e.g., its phase composition, extent of surface exposure, or its specific 

morphology),35-38 but also on the specific investigated test reaction. For example, we have recently 

found that whereas the in-situ TiO2 surface fluorination is beneficial for rhodamine B 

photocatalytic oxidation, especially when applied to nanosheet-shaped materials, the photoactivity 

of the metal oxide semiconductor drastically dropped upon fluorination in both Cr(VI) 

photocatalytic reduction and formic acid oxidation.39 Several other studies have also reported that 

the specific effects induced by TiO2 surface fluorination need to be evaluated on the basis of either 

the specific test reaction and the physico-chemical properties of the employed titanium dioxide 

material.35,37,40,41 

 The effects on photoactivity deriving from the deposition of noble metal nanoparticles have 

also been reported to depend on several factors including (but not limited to) the phase 

composition of the TiO2 support, the presence of specific surface defects interacting with noble 

metal nanoparticles, the specific investigated test reaction and the technique employed for the 

deposition of the nanoparticles.42-46 Yet, literature reports aimed at systematically investigating the 

effects played by different metal nanoparticles deposition methods on the photoactivity of 

differently shaped titanium dioxide materials are still lacking, especially for what concerns the role 

played by the specific photocatalytic process on potential photoactivity-related effects induced by 

combining metal nanoparticles deposition and in-situ surface fluorination. 

In this scenario, the following chapter of this PhD thesis presents a systematic study 

concerning the role played by Au nanoparticles deposition on the TiO2 surface on either 

photocatalytic oxidation and reduction reactions, with a particular focus on: i) the influence of the 

specific TiO2 morphology; ii) the use of different Au nanoparticles deposition methods and iii) the 

potential benefits of coupling surface Au nanoparticles deposition with in-situ TiO2 surface 

fluorination. The aim is that of providing useful information for preparing better performing 

titanium-dioxide based composite materials, specifically designed and optimized for a peculiar 

photocatalytic application. 
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6.2 Experimental section 

6.2.1 Materials preparation 

Differently shaped titanium dioxide powders have been prepared according to a slightly 

modified version of the well-established hydrothermal process described in detail in section 2.2.1 

(page 51). In the process, different amounts of concentrated hydrofluoric acid, used as capping 

agent able to preferentially stabilize {001} surfaces and favoring their exposure, were added to a 

fixed quantity of titanium isopropoxide in a Teflon liner. The obtained suspension has been then 

left under stirring in the dark for 15 min and transferred to a stainless-steel autoclave to be heated 

at 180 °C in an electric oven for 24 hours. The resulting bluish paste has been recovered and 

washed several times with milli-Q water until the fluoride anion concentration in the supernatant 

was below 5 ppm (detected through ionic chromatography, Metrohm 761 Compact IC equipped 

with Metrosep A Supp 4/6 Guard anion column and conductivity detector). Powders were then 

suspended in 250 cm3 of 0.1 M NaOH at 60 °C for 1 hour, to be then left under stirring in the 

dark at room temperature for 12 hours.47 Solid particles were separated from the sodium hydroxide 

solution via centrifugation, washed several times with milli-Q water until neutrality of the 

supernatant was obtained and dried in an electric oven at 70 °C overnight. A fine powder was 

lastly obtained via grinding in an agate mortar.  Samples showing pseudo-spherical morphology 

were characterized by a F/Ti molar ratio of 0.1 (HT_0.1 series), while materials with a platelet-like 

morphology, with preponderant exposure of {001} facets, were prepared with an F/Ti ratio of 1.0 

(HT_1 series). In order to obtain enough photocatalytic powder for Au NPs deposition, three 

batches for each sample series were prepared and labeled as HT_0.1_B, with B referring to the 

batch number, going from 1 to 3. Each batch was modified with a different amount of Au NPs, 

namely 0.3 wt% (batch 1), 0.5 wt% (batch 2), and 1.0 wt% (batch 3), employing the DP48 (as 

described in section 2.3.1, page 54) or P45 (as described in section 2.4.1, page 56) deposition 

technique. The resulting samples were indicated as %_HT_X_T, where % represents the Au/TiO2 

weight percentage, X indicates the nominal F/Ti molar ratio employed in the hydrothermal 

synthesis, while T refers to the adopted deposition technique (DP or P). 

6.2.2 Materials characterization 

The following techniques were employed for the characterization of the materials: 

• X-Ray Powder Diffraction (XRPD), as described in section 2.5.1 (page 63) 

• Specific surface area (SSA) measurement, as described in section 2.6.1 (page 69) 

• UV-Visible DR Spectroscopy, as described in section 2.7.1 (page 72) 

• ICP-OES analysis, as described in section 2.8.1 (page 74) 
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• HRTEM imaging, as described in section 2.9.1 (page 79) 

 

6.2.3 Photocatalytic activity tests 

6.2.3.1 Photocatalytic oxidation of formic acid 

Formic acid photodegradation tests were performed according to a well-established procedure 

described in detail in section 3.1 (page 93).39,46,50 The photocatalyst concentration was set to 0.17 g 

dm-3, differently from the 0.1 g dm-3 concentration reported in the general description of the 

experimental procedure. 

6.2.3.2 Photocatalytic oxidation of Rhodamine B and Cr(VI) photoreduction 

The photocatalytic activity of home-made samples was tested in aqueous suspensions, 

employing the dye Rhodamine B (RhB) or dichromate (Cr2O7
2-) ions as organic or inorganic 

degradation substrates, respectively. The photostability of both substrates in aqueous solution was 

preliminarily verified under the adopted irradiation conditions.  

All photocatalytic degradation runs were performed under atmospheric conditions using the 

setup and experimental procedure described in detail in section 3.2 (page 98) for RhB degradation 

and section 3.3 (page 101) for Cr(VI) reduction. 

6.2.3.3 Photocatalytic hydroxylation of terephthalic Acid 

The photocatalytic hydroxylation of terephthalic acid (TA) was performed using the 

experimental setup and procedure described in detail in section 3.5 (page 107).  

6.2.3.4 Hydrogen production by photo-steam reforming of methanol  

The photocatalytic activity in hydrogen production from methanol photo-steam reforming was 

tested using the experimental setup and procedure described in detail in section 3.4 (page 103). 

6.3 Results and Discussion 

6.3.1 Materials Characterization 

Phase composition, as well as morphology of all the synthesized samples, were analyzed via 

X-Ray Powder Diffraction (XRPD). In all cases, the diffraction patterns of the prepared materials 

always matched those of pure anatase, with clear indication of the absence of characteristic peaks 

of other phases, which could be present under the here employed synthetic conditions of titanium 

dioxide, such as rutile or TiOF2.
51 Moreover, in the case of Au modified materials, the absence of 

any Au characteristic diffraction peak indicates the deposition of finely dispersed noble metal 

nanoparticles on the photocatalyst surface, with an average size small enough not to be detected 
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through XRPD, thus possibly excluding the presence of clustered Au NPs. As observed in our 

previous works,39,45,51 the diffraction patterns of all prepared materials are characterized by a 

broadening of reflections with (l > h,k) with increasing nominal F/Ti ratio employed during the 

materials’ hydrothermal treatment, accompanied by a shrinking of the peaks with a strong h 

component in the 35-50° 2ϑ range, highlighting the morphological evolution of the synthesized 

materials, passing from a pseudo-spherical shape to a sheet-like morphology (see Figure 6.3.1). 

 

Figure 6.3.1:  X-Ray powder diffraction pattern of selected Au-containing 0.5%_HT_0.1_DP (red), 1%_HT_0.1_P (blue), 
0.5%_HT_1_DP (green) and 1%_HT_1_P (yellow) samples. XRPD diffractograms referring to pure TiO2 anatase, TiO2 
rutile and metallic Au are reported for comparison. 

Crystallite dimensions along specific crystallographic directions (representing the thickness t 

and the width w of the crystallites), as well as the relative exposure percentage of {001} surfaces 

in differently shaped materials, were calculated through a Scherrer equation-based approach52 and 

are reported in Table 6.3.1. In line with our previous findings,39,51 increasing the nominal F/Ti ratio 

resulted in an increase in the width of the crystallites accompanied by a decrease in their 

thicknesses, with a consequent drastic increase in the percentage of {001} facets exposed, passing 

from ca. 15% to ca. 65% for all the synthesized materials. 
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Table 6.3.1: Average nanoparticles thickness, width, percentage of {001} facets exposure and BET specific surface area 
(SSA) of the synthesized pure anatase materials. 

 

The specific surface area (SSA) of synthesized materials, analyzed via the BET method, 

resulted to be independent of morphology, thus allowing to directly compare differences in 

photoactivity of the samples without discrepancies in surface exposure affecting the relative 

performance of the materials. Moreover, the SSA of the powders also resulted to be unaffected by 

the deposition of Au NPs. Similarly to our previous findings and observations,51 BET 

adsorption/desorption isotherms of all materials can be classified as of type IV, according to 

IUPAC classification (Figure 6.3.2).53 The observed porosity originating hysteresis loops is to be 

attributed to the packing of the crystallites rather than to an actual porosity of the material, as 

anatase is not inherently porous.54 However, increasing the amount of nominal F/Ti ratio 

employed during the synthesis of the materials results in a shift from H2-type pores, associated to 

“ink bottle” pores typically formed due to packing of sphere-like particles, towards H3-type pores, 

which are instead usually observed due to the packing of plate-like particles forming slit-shaped 

pores. This finding, in line with both XRD and HR-TEM measurements (see below), further 

confirmed the morphological evolution of the prepared materials, undoubtedly passing from 

pseudo-spheres to nanosheet shaped crystallites. 

UV-Visible absorption spectra of pristine TiO2 materials are characterized by the typical 

spectroscopic features of pure titanium dioxide, i.e., little-to-no absorption for λ > 400 nm and a 

marked absorption at wavelengths below the ~400 nm absorption onset.55,56 Materials bearing a 

pseudo-spherical morphology were always characterized by the presence of a small continuous 

absorption component in the visible region of the spectra, and by a slight bathochromic shift in 

the position of the absorption edge compared to nanosheet-shaped materials (Figure 6.3.3a,b), 

although unvaried57,58 and hypsochromically shifted51,59 absorption edges have also been previously 

reported in literature (Figure 6.3.3). In line with these finding, all HT_0.1 samples show a pale grey 

colour compared to HT_1 materials, which are rather brilliant white (the typical colour of titanium  

Sample 
Thickness 
(t) / nm 

Width 
 (w) / nm 

{001} 
(%) 

SSA 
(m2 g-1) 

HT_0.1_1 14.80(6) 13.91(3) 16 83(3) 

HT_0.1_2 18.54(8) 16.47(7) 14 81(3) 

HT_0.1_3 14.04(4) 14.30(4) 18 85(3) 

HT_1_1 7.63(2) 37.36(3) 67 86(3) 

HT_1_2 7.91(2) 37.73(3) 66 80(3) 

HT_1_3 7.65(1) 36.95(4) 66 85(3) 

t

w
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Figure 6.3.2: BET adsorption isotherms of selected Au-containing 0.5%_HT_0.1_DP (red), 1%_HT_0.1_P (blue), 
0.5%_HT_1_DP (green) and 1%_HT_1_P (yellow) samples. 

dioxide). However, the origin of this absorption is nontrivial. In fact, such absorption cannot be 

attributed to a greater amount of residual carbon species from the synthesis adsorbed on the 

surface of HT_0.1 samples, as thermogravimetric analyses (TGA) performed in our previous 

works (Figure 5.3.4, page 170) on identically synthesized materials showed that the residual 

adsorbed carbon is the same among all synthesized materials, regardless of their morphology.60 

Currently, we hypothesize such absorption to be most likely related to the presence of a higher 

amount of inserted fluorine atoms within the bulk structure of HT_0.1 materials compared to 

HT_1 materials, such atoms being capable to generate localized electrons in the t2g orbitals of Ti 

cations without forming oxygen vacancies.61 Such centres may represent occupied electronic states 

located close in energy to anatase TiO2 CB, thus allowing electronic transitions in the 400-800 nm 

range. However, such statement should be considered only as an hypothesis, requiring a more in-

depth investigation to be verified. 

The deposition of Au metal nanoparticles on the surface of titanium dioxide led to the 

appearance of the typical localized surface plasmon resonance (LSPR) absorption band in the 

absorption spectra of all metal modified materials, with its characteristic peak centered around 550 

nm,42,62,63 as also evidenced by the chromatic shift in the color of the powders, passing from brilliant 

white to deep purple (Figure 6.3.3). Materials modified with 0.3 and 0.5 wt% of Au were 

characterized by a similar intensity, absorption profile and maximum positioning of the plasmonic 
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absorption band (further evidenced by the here reported absorption difference spectra, i.e., 

obtained by subtracting the absorption spectra of the bare materials from those of the 

corresponding metal-modified sample, Figure 6.3.3) regardless of the support morphology or the 

method chosen for the nanoparticles deposition, possibly indicating the growth of noble metal 

nanoparticles with similar average size, distribution, in similar amount on the surface of the 

supports.46,64 Differently, materials modified with 1% of Au show markedly differing absorption 

intensities in the plasmonic region, possibly indicating a non-quantitative deposition of the metal 

nanoparticles over the surface of the transition metal oxide for materials prepared with the 

deposition-precipitation technique under the here employed experimental conditions. These data 

highlight the incomplete anchoring of the metal nanoparticles at the relatively high loading degree 

of a cocatalyst deposited by means of the DP method only. In fact, the photodeposition method 

allowed to obtain a quantitative deposition of the cocatalyst regardless of the employed nominal 

loading. This conclusion is also supported by the experimental observation of the supernatant of 

the suspension turning to a very dark brownish-to-black color upon addition of NaBH4 to the 

separated liquid portion present in the synthesis’ slurry. This procedure was systematically 

employed during the preparation of each Au-containing material as a double-check test for 

investigating if non-adsorbed metal cations were left in the supernatant of the slurry. Such 

phenomenon, observed only in the case of 1%_HT_X_DP materials, very likely originates from 

the formation of unsupported metal nanoparticles in solution. For such reason, materials modified 

with 1 wt% of Au prepared through the DP method were excluded from further discussion and/or 

characterization and photoactivity tests.  

The actual quantitative Au wt% loading value was obtained by means of ICP-OES analysis 

(Table 6.3.2), which proved loading of noble metal values very close to the nominal ones. Most 

importantly, samples with the same nominal ratio appear to be modified with very similar weight 

percentages of gold, confirming the deposition of comparable amounts of metal nanoparticles for 

all materials modified with the same nominal gold content. An exception is represented by the two 

samples modified with 1 wt% of Au, for which the percentage of Au loading significantly differs 

between them, as previously highlighted through DRS data (Figure 6.3.3).  
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Figure 6.3.3: UV-Vis DRS absorption spectra of differently shaped titanium dioxide materials (a) modified with 0.3 wt% 
(c), 0.5 wt% (e) and 1 wt% (g) of Au nanoparticles and their corresponding absorption difference spectra (d, f, h); first 
order derivative absorption spectra of differently shaped titanium dioxide materials, illustrating no significant shift of the 
absorption edge with increasing truncation degree of the materials (b).  
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The morphological evolution of the materials, passing from a pseudo-spherical to a platelet-

like shape, was undoubtedly confirmed via HR-TEM imaging (Figure 6.3.4), which shows TiO2 

crystallites with thicknesses and widths comparable with those calculated via powder diffraction 

analysis (Table 6.3.1). Congruently with our previous findings, TiO2 nanosheets tend to pile in a 

face-to-face configuration to minimize their surface energy, whereas randomly aggregated 

nanoparticles were instead observed for HT_0.1 materials.39,65,66 

Table 6.3.2: Au wt.% deposited on differently shaped titanium dioxide anatase materials obtained via ICP-OES analysis. 

Sample Au wt% 

0.3%_HT_0.1_DP 0.30(2) 

0.3%_HT_0.1_P 0.29(2) 

0.3%_HT_1_P 0.28(2) 
0.5%_HT_0.1_DP 0.49(3) 
0.5%_HT_1_DP 0.50(3) 
0.5%_HT_1_P 0.48(3) 
1%_HT_0.1_P 1.04(1) 
1%_HT_1_P 0.97(1) 

 

 

Figure 6.3.4: HR-TEM images highlighting the morphology of HT_0.1 (a) and HT_1 (b) materials. Incident angle between 
diffraction planes illustrated in (b) is perfectly compatible with the theoretical value calculated between {001} and {101} 
planes in anatase (68.7°). 

HR-TEM images of Au-modified powders (Figure 6.3.5 - Figure 6.3.7) allowed us not only to 

confirm the actual deposition of metallic gold NPs on the TiO2 surface, but also to study their 

average size and distribution. Finely dispersed, spherically shaped Au NPs were, in fact, deposited 

on the surface of the investigated materials regardless of the method chosen for their modification, 

the morphology of TiO2 or the amount of deposited Au. Congruently with literature reported data, 

the distribution of the deposited Au NPs diameters always behaved according to slightly positively 

skewed lognormal distributions,67-69 as confirmed by the non-rejection of the null hypothesis for 

the Kolmogorov-Smirnov test (α = 0.05).70 In all cases, Au nanoparticles with similar average sizes 
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and variance were deposited on the surface of the photocatalysts, with mean diameters in the 6-10 

nm range, regardless of the morphology of the support, the Au wt.% loading or the technique 

employed for its deposition. 

For neither adopted methods (DP or P) a preferential deposition of noble metal nanoparticles 

on either {001} or {101} facet was observed from TEM images, being very difficult to discern on 

which crystal facets the metal particles are deposited on (see below). In fact, while in the case of 

DP-modified materials a random, non-selective nor preferential deposition of finely dispersed 

noble metal nanoparticles is expected to be obtained, when the photodeposition (P) method is 

used, a preferential deposition of Au nanoparticles over {101} surfaces can possibly be obtained, 

as a consequence of the expected preferential migration of electrons towards such facets. However, 

the characterization techniques employed during this PhD work were unable to clarify if Au NPs 

may be preferentially loaded on specific TiO2 crystalline facets as a function of the adopted 

deposition method (P nor the DP). 

 

Figure 6.3.5: Transmission Electron Microscopy images and corresponding Au nanoparticles diameter distributions of 
differently shaped titanium dioxide materials modified with different amounts of noble metal nanoparticles by means 
of the DP and P technique. The total Au NPs counts ranged from 100 to 200 counts. 
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Figure 6.3.6: Transmission Electron Microscopy images and corresponding Au nanoparticles diameter distributions of 
differently shaped titanium dioxide materials modified with different amounts of noble metal nanoparticles by means 
of the DP and P technique. The total Au NPs counts ranged from 100 to 200 counts. 
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Figure 6.3.7: Transmission Electron Microscopy images and corresponding Au nanoparticles diameter distributions of 
differently shaped titanium dioxide materials modified with different amounts of noble metal nanoparticles by means 
of the DP and P technique. The total Au NPs counts ranged from 100 to 200 counts. 

6.3.2 Photocatalytic activity 

6.3.2.1 Photocatalytic oxidation of formic acid 

The photocatalytic activity of the synthesized samples was tested in the photocatalytic 

oxidation of formic acid, reporting experimental results in terms of first order rate constants kFor 

(Figure 6.3.8). Differently from our previous investigations, samples bearing a sheet-like shape 

showed a slightly higher formic acid conversion compared to pseudo-spherically shaped materials. 

In this case, prepared materials were able to exhibit the expected improved photoefficiency 

attributable to the interplay between {101} and {001} facets which, differing in the location of 

their band edges, may cause the preferential migration of electrons and holes towards such facets, 

respectively. The coexistence of different facets in a more favorable {001}/{101} ratio in platelet-

like materials may lead to the here observed improved photocatalytic activity as a consequence of 
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an improved charge separation (Chapter 5). Different batches of prepared samples showed slightly 

different photoactivity results, i.e. HT_0.1_3 and HT_1_3 samples bearing a higher photocatalytic 

activity with respect to the other corresponding batches. Such behavior is not surprising and can 

be attributed to the difficulty in producing reproducible inorganic materials through the 

hydrothermal method. However, the photoactivity trend is retained, the platelet like material 

always performing better than the corresponding pseudo-spherically shaped one, as confirmed by 

the calculated average rate constants, reported in Figure 6.3.8b. 

 

Figure 6.3.8: Formic acid photocatalytic oxidation rate constants (a) and their average value (b) for metal free, differently 
shaped HT_0.1 (pseudo-sphere) and HT_1 (nanosheet shaped) material. 

The effects produced on TiO2 photoactivity upon Au NPs deposition resulted to be strictly 

dependent on the specific morphology of TiO2. In fact, in the case of pseudo-spherically shaped 

materials, the deposition of Au NPs always guaranteed beneficial effects, as evidenced by the 

photocatalytic activity improvement ratio upon metal deposition (calculated as the ratio between 

the zeroth-order rate constant of the metal modified materials and the corresponding bare, 

unmodified titanium dioxide) kAu/kFor > 1. Differently nanosheet-shaped materials underwent a 

photoactivity decrease upon Au NPs surface deposition (kAu/kFor < 1). Such effect resulted also to 

be independent on the technique used for the deposition of the nanoparticles and of the Au 

amount (Figure 6.3.9d). 

The following results highlight that, despite the better charge separation and photocatalytic 

activity offered by the nanosheet morphology, in the case of metal-modified samples only materials 

bearing a pseudo-spherical shape were able to positively utilize the electron trapping effect offered 

by the Schottky barrier formed upon Au deposition. Indeed, in the case of pseudo-spherically 

shaped materials, the modification with Au metal nanoparticles has been reported to consistently 

result in a photoactivity improvement in formic acid oxidation.46,49 Thus, a detrimental effect on 

photoactivity in the case of metal modified nanosheet-shaped materials appears quite unusual and  
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Figure 6.3.9: Photocatalytic rate constants in formic acid photocatalytic degradation for samples of the HT_X series 
modified with 0.3 wt% (a), 0.5 wt% (b) and 1 wt% (c) of Au nanoparticles with the DP or P method (yellow and green bars, 
respectively). Photoactivity of the corresponding bare materials are reported in blue colour; d) Photocatalytic activity 
improvement ratio upon Au NPs deposition on samples of the HT_X series in the photocatalytic degradation of formic 
acid. 

should be strictly related to morphology-dependent interactions occurring between deposited Au 

nanoparticles and titanium dioxide. Such interaction can be rationalized by considering that if 

noble metal nanoparticles are mainly deposited on the most abundant {101} facets, as in the case 

of HT_0.1 materials, they may be able to efficiently scavenge the photoexcited electrons, which 

may tend to preferentially migrate towards such facets (as a consequence of the expected different 

CB and VB redox potentials location of different crystal TiO2 facets), thus improving the overall 

materials’ charge separation ability. On the opposite side, if noble metal nanoparticles are mainly 

deposited on {001} surfaces (being the most exposed facets in titanium dioxide nanosheets), the 

preferential migration of photogenerated holes towards {001} facets may be hindered by the 

presence on such facets of deposited Au nanoparticles, which, acting as electron scavengers, may 

instead promote the undesired charge carriers recombination, with a consequent drop in 

photoefficiency. Moreover, by considering the redox potential of the Au0/Au+ couple (1.68 V vs 

NHE), Au NPs may be partially oxidized to Au+ species by the holes photogenerated on the TiO2 

surface and spontaneously migrating towards the {001} facets. As a consequence, the VB holes 

are less available to directly interact with the organic substrate molecules,46 while Au+ species may 

further act as undesired charge carriers recombination centres (see below). 
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With the exception of the HT_0.1 material modified with 0.3 wt% of Au, all materials modified 

with the deposition-precipitation technique resulted to be better performing than the 

corresponding materials modified through photodeposition. As illustrated from the analysis of the 

distributions of the average size of the deposited nanoparticles, however, such an effect cannot be 

ascribed to significant differences in the average size of the deposited nanoparticles, as they are 

characterized by very similar values regardless of the employed deposition technique. However, as 

suggested by literature reports on photodeposited Au nanoparticles,43 the photodeposition method 

may result in the deposition of partially oxidized, yet not fully reduced Au nanoparticles, whereas 

instead the chemical reduction step of the deposition-precipitation technique ensures the 

deposition of fully reduced metallic Au nanoparticles, thus leading to the here observed better 

performance of DP-modified materials due to their better charge separation capability. 

Generally, 0.5 wt% of Au resulted to be the optimal metal loading, able to best improve the 

photoactivity of the metal-modified materials. Increasing the gold content to 1 wt% resulted in 

severely dampening the performances of the materials with respect to both 0.3 wt% and 0.5 wt% 

Au loadings, most likely due to a light-shielding effect played by such high co-catalyst loading, 

possibly hindering light absorption by TiO2.  

Regardless, the TiO2 specific morphology appears to be of fundamental importance in 

designing efficient metal/semiconductor composite materials for formic acid oxidation. In fact, 

while the combination of pseudo-spherically shaped titanium dioxide with Au NPs deposition 

seems to be a good strategy for improving the overall photocatalysts performance, the opposite 

effect is attained for nanosheet-shaped materials, for which the photoactivity is systematically 

hindered upon noble metal nanoparticles deposition. Thus, they do not represent suitable supports 

for Au/anatase composite materials for formic acid oxidation. On the other hand, in the case of 

metal-free TiO2 samples, the material’s performance is rather improved passing from a pseudo-

spherical shape to a nanosheet structure.  

6.3.2.2 Photocatalytic degradation of rhodamine B: effects of in-situ surface 

fluorination 

In order to investigate the effects of in-situ surface fluorination, further combined with titanium 

dioxide morphology and Au NPs deposition, the photocatalytic activity of selected synthesized 

samples was tested in the photocatalytic degradation of rhodamine B under acidic conditions (pH 

= 3.7) and under in-situ fluorinated conditions at the same pH. In particular, metal-free materials 

have been firstly tested under such experimental conditions.  
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The rate constants of RhB photodegradation attained with bare HT_X series samples in the 

absence of fluoride ions at acidic pH (kAc) or at acidic pH upon in-situ fluoride addition (kF) are 

reported in Figure 6.3.10. In line with our previous investigations (section 5.3.4, page 177),39 the 

photoefficiency shown by the plate-like sample at natural or acidic pH are quite similar to those 

attained with the sample mainly exposing {101} facets, i.e., the specific TiO2 morphology does not 

significantly affect RhB photodegradation. Moreover, while lowering the pH has a negligible effect 

on the reaction rate, the in-situ fluorination is beneficial, although it hinders RhB surface 

adsorption. The in-situ surface fluorination determines a beneficial RhB oxidation rate increase for 

all investigated samples. By considering that RhB adsorption is inhibited on F-TiO2, such an 

increase in RhB degradation rate constants upon TiO2 surface fluorination can only be explained 

by considering an enhanced photoproduction of •OH radicals, which may indirectly attack RhB 

molecules, thus promoting their photodegradation. In fact, fluoride ions, substituting for TiO2 

surface -OH groups, inhibit surface trapping of photogenerated holes as ≡Ti-O• species and favour 

the desorption of photogenerated active species (i.e., •OH free radicals) from the surface of 

titanium dioxide as follows:35,37,39 

≡ Ti − F + hVB
+ + H2O → ≡ Ti − F +

•OH + H+ 

 

 

Figure 6.3.10: pseudo-first order kinetic rate constants for RhB photodegradation with bare TiO2 samples obtained in 
the absence of fluorides at acidic pH (orange bars) or at acidic pH upon in-situ TiO2 surface fluorination with a F/Ti ratio 
equal to 2 (green bars). 
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To provide an accurate picture of the phenomenon occurring during the photocatalytic 

degradation of Rhodamine B over titanium dioxide and properly rationalize the obtained 

experimental results, we decided to investigate the most-likely degradation mechanism of the 

cationic dye under the here-employed experimental conditions, with the purpose of further 

supporting the idea that an increased production of HO• radicals is responsible for the 

photoactivity increase under in-situ fluorinated conditions. In fact, under UV-light irradiation and 

air atmosphere (the conditions of our experimental results), Rhodamine B can be mainly degraded 

by means of two different degradation paths,71,72 i.e., a photo-assisted path and an indirect oxidation 

path. 

In the photo-assisted degradation mechanism, an electronically excited Rhodamine B molecule 

adsorbed on the surface of titanium dioxide injects an electron in the conduction band of the metal 

oxide semiconductor, causing the generation of electronically unstable RhB+• species, which 

rapidly degrade through de-ethylation of the N-ethyl moiety of the cationic dye. As the main 

chromophore structure of the cationic dye is preserved through this degradation path, the photo-

assisted path causes the accumulation in solution of the N-deethylated Rhodamine B-derived 

species which are absorb visible light, leading to a hypsochromic shift of the absorption maximum 

in the absorption spectra, becoming more and more prevalent as RhB is further degraded. 

In the indirect oxidation path, instead, the dye is indirectly attacked by HO• radicals produced 

via photocatalytic oxidation of water molecules or via degradation of HOO• radicals produced via 

reduction of dissolved oxygen at the surface of the semiconductor photocatalyst. However, we 

were able to exclude a significant contribution from the photo-assisted mechanism to the overall 

Rhodamine B photocatalytic degradation considering that no Rhodamine B degradation was 

observed when irradiating the slurries in the same experimental setup in the presence of a filter 

cutting off all incident radiation of wavelength lower than 420 nm. Under such conditions, titanium 

dioxide cannot be electronically excited since it absorbs light of wavelength lower than 400 nm. 

However, since Rhodamine B absorbs light in the 450-600 nm range, the electronic excitation of 

the cationic dye is still possible, and so it can degrade itself through the photo-assisted mechanism 

but not through HO• radicals attacks, as the indirect oxidation mechanism is completely turned 

off. Under such experimental conditions, Rhodamine B proved to remain almost completely 

undegraded even after 18 hours of irradiation (~ 5% conversion), proving that the dye is not 

degraded through the photo-assisted path. Moreover, only moderate hypsochromic shifts of the 

absorption maximum of Rhodamine B have been observed. The photoactivity increase attained 

upon in-situ TiO2 surface fluorination despite a significant reduction in the adsorption ability of 
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the dye over titanium dioxide led us to conclude that RhB degradation mainly occurs due to the 

dye interaction with reactive oxygen species (ROS) formed in solution as a consequence of either 

the photocatalytic oxidation of water molecules or the reduction of adsorbed dissolved oxygen at 

the TiO2 surface.  

To better understand the effects induced on RhB degradation by the in-situ surface fluorination 

of differently shaped TiO2 samples, the ratios between the rate constants obtained under such 

experimental conditions (kF/kAc) were calculated and are reported in Figure 6.3.11. 

Importantly, an outstanding photoactivity increase can be observed upon in-situ surface 

fluorination of the platelet like HT_1 sample, in line with the previously observed clear synergistic 

effect induced by the plate-like anatase TiO2 morphology and its in-situ surface fluorination. In 

fact, surface fluorine atoms on {001} exposed facets tend to attract photoproduced holes since 

they form a negative electric field on the TiO2 surface, further promoting electron – hole 

separation.39 

 

Figure 6.3.11: Photocatalytic activity improvement ratio kF/kAc upon in situ TiO2 surface fluorination of differently shaped 
titanium dioxide materials (a) and their average values (b). 

Consequently, valence band holes, which are not able to oxidize the F- anion because of the 

high oxidation potential of the F•/F− couple (3.6 V), directly react with water molecules at the 

interface producing relatively larger amounts of hydroxyl radicals responsible for RhB molecules 

oxidation. Differently, photopromoted electrons are repelled from fluorinated {101} surfaces and 

pulled towards {001} facets, where holes tend to preferentially migrate, thus favouring electron – 

hole recombination (Figure 6.3.12). Moreover, the remarkable beneficial effect of surface 

fluorination on the photoactivity of platelet-like TiO2 in RhB degradation may originate from the 

presence of specific surface defects and/or the enhanced exposure of surface –OH groups, 

possibly allowing a higher surface density of fluorinated sites, in line with the findings previously 

discussed in Chapter 5.39  
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Considering the outstanding positive effects induced by combining in-situ surface fluorination 

with nanosheet TiO2 morphology, we decided to explore the possibility of further increasing the 

photoactivity of nanosheet-shaped fluorinated TiO2 in rhodamine B degradation by also coupling 

such structural and surface modification strategies with the surface deposition of Au nanoparticles 

which, by acting as electron scavenging species, may further promote charge separation within the 

composite materials, resulting in high-performing photocatalyst for Rhodamine B photocatalytic 

degradation. 

 

Figure 6.3.12: Schematic illustration of the likelihood of charges migration on fluorinated {001} (a) and {101} (b) facets 
of anatase TiO2. 

6.3.2.3 Photocatalytic degradation of rhodamine B: effects of in-situ surface 

fluorination and Au nanoparticles deposition 

The photocatalytic activity of the metal modified materials in the photocatalytic oxidation of 

Rhodamine B was firstly evaluated under acidic condition at pH = 3.7. In such experimental 

conditions, the deposition of noble metal nanoparticles only resulted in moderate photoactivity 

improvements, if not even in a photoactivity suppression of the metal oxides with respect to the 

bare, unmodified titanium dioxide materials (Figure 6.3.13). This behaviour can be easily 

rationalized considering that under the here employed experimental conditions, in the absence of 

surface fluorination, photogenerated holes trapped at the semiconductor surface can oxidize Au 

nanoparticles before reacting with adsorbed RhB molecules. Positively charged metal 

nanoparticles, then, act as recombination centres with photopromoted electrons, thus favouring 

their recombination rather than promoting charge separation, which is essential to promote RhB 

degradation.46 
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Figure 6.3.13: Pseudo-first order rate constants of rhodamine B photocatalytic degradation under acidic (green bars) 
and in-situ fluorinated conditions (blue bars) with materials of the HT_X series modified with 0.5 wt% of Au with the DP 
or P technique, compared to their corresponding bare metal-free materials. 

In-situ surface fluorination generally allowed to appreciate the effects of metal NPs 

modification on the photoactivity of differently shaped titanium dioxide materials, since surface 

fluorination prevents the oxidation of Au nanoparticles by both inhibiting the trapping of 

photogenerated holes at the surface of the metal oxide semiconductor photocatalyst, and favouring 

the fast desorption from the surface of titanium dioxide of oxygen reactive species, which may 

also oxidize the noble metal nanoparticles.35,37 

To evaluate the effects induced on photoactivity by in-situ surface fluorination of Au-

containing TiO2 samples with different morphology, the ratios between RhB degradation rate 

constant obtained at pH 3.7 in the presence of added fluoride (kF) and that achieved at acidic pH 

in the absence of fluoride ions, kF/kAc, was calculated for each Au/HT_X sample (Figure 6.3.14).  
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Figure 6.3.14: Photocatalytic activity ratio upon in-situ surface fluorination for differently shaped titanium dioxide 
materials modified with Au NPs by the deposition-precipitation (DP) or the photodeposition (P) method. 

For any of the investigated materials in any of the experimental conditions (i.e., under acidic 

or under in-situ fluorinated conditions), Rhodamine B did not undergo degradation when a 420 nm 

cut off filter was applied, indicating that also in the case of Au-modified materials a photo-assisted 

degradation path did not contribute to the overall observed photocatalytic degradation of the 

cationic dye. 

The efficacy of in-situ surface fluorination of Au-modified materials on the photocatalytic 

degradation of Rhodamine B also resulted to be heavily dependent on the specific TiO2 

morphology. In fact, the photoactivity increase gained by Au-containing samples upon in-situ 

surface fluorination at acidic pH resulted significantly more marked compared to that achieved 

with the corresponding bare materials only for the Au/HT_0.1 series (having a pseudo-spherical 

morphology), independently of the adopted Au NPs deposition technique, with a 0.3 wt% Au 

content leading to the highest kF/kAc ratio value. Surprisingly, the intriguing synergistic effect 

induced on RhB degradation by the platelet-like anatase TiO2 morphology and its in-situ surface 

fluorination is completely suppressed upon Au NPs deposition, as illustrated by the kF/kAc values 

obtained for all Au/HT_1 samples, which are significantly lower than those achieved with the 

corresponding bare HT_1 photocatalyst (for which the average value is 7.17, Figure 6.3.14). 
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The obtained results may be explained by considering that noble metal nanoparticles 

deposition could result in depleting the number of hydroxyl groups available on the photocatalysts 

surface for the ligand exchange reaction with the fluoride anions, necessary for the in-situ TiO2 

surface fluorination, being already occupied in anchoring Au NPs. On platelet-like materials, the 

deposition of metal nanoparticles on {001} surfaces may thus inhibit the fluorination of such 

facets, thus hampering the synergy between platelet-shaped materials and in-situ surface 

fluorination observed for metal-free specimens. On the other hand, Au NPs inhibiting surface 

fluorination on {101} surfaces could be beneficial for pseudo-spherically shaped materials, since 

surface fluorination on such facets is detrimental due to the interaction between the negative 

electric field generated by surface fluorides and photopromoted electrons there migrating, which 

are repelled and pulled towards {001} surfaces, where they can recombine with photogenerated 

holes.73 Au loadings higher than 0.3 wt%, however, may start inhibiting the beneficial fluorination 

of less abundant {001} facets of pseudo-spherically shaped materials too, thus leading to the 

observed fluorination efficiency drop with increasing co-catalyst content. 

Concerning the effects induced on RhB photocatalytic degradation by the presence of Au NPs 

on differently shaped anatase TiO2 under in-situ acidic fluorination conditions, we calculated the 

ratios between the RhB degradation rate constants obtained upon in-situ fluoride addition with 

each Au-modified Y%_HT_X_T sample (kAu_F) and that achieved under the same experimental 

conditions with the corresponding naked HT_X sample (kF). The so obtained kAu_F/kF values can 

be compared in Figure 6.3.15. Clearly, Au deposition produces a significant increase in RhB 

degradation rate under fluorinated conditions only for samples mainly exposing {101} facets, the 

highest kAu_F/kF ratios being achieved with samples containing 0.5 wt.% of Au, corresponding to 

the optimal noble metal content. Differently, coupling the TiO2 platelet-like morphology with Au 

NPs did not substantially alter the original photoefficiency of {001} facet-enriched samples, as 

shown by the kAu_F/kF ratios close to 1 obtained with the gold-containing HT_1 series. 

Again, the effects induced by loading metal nanoparticles onto in-situ fluorinated titanium 

dioxide clearly are heavily dependent on the specific morphology of the titanium dioxide support. 

In fact, differently from bare materials, for which the use of nanosheet-shaped titanium dioxide 

results in significantly improving the photocatalytic activity of the metal oxide photocatalyst in 

degrading Rhodamine B under in-situ fluorinated conditions, with an outstanding synergistic 

cooperation between morphology control and surface fluorination, pseudo-spherically shaped 

materials resulted to be the ideal supports for noble metal nanoparticles deposition, allowing to 

fully exploit the improved charge separation offered by the formation of the Schottky barrier under 

in-situ surface fluorination. These results are in line with those of formic acid oxidation, in which 
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nanosheet shaped materials also resulted to be less suitable supports for noble metal nanoparticles 

deposition compared to the pseudo-spherically shaped ones.  

 

Figure 6.3.15: Photocatalytic activity ratio upon metal deposition for in-situ fluorinated differently shaped titanium 
dioxide materials modified with the deposition-precipitation (DP) or photodeposition (P) method. 

The obtained results allowed us to hypothesize a mechanism able to rationalize the observed 

photocatalytic activities trend based on the likelihood migration of photogenerated charge carriers 

on differently shaped, in-situ fluorinated, metal modified titanium dioxide materials (Figure 6.3.16).  

In fact, in the case of Au/HT_0.1_T samples, Au NPs, being mainly loaded on {101} facets, 

may rapidly and efficiently scavenge photoexcited electrons (Figure 6.3.16b), which already tend 

to selectively migrate to such crystalline facets (Figure 6.3.16a). The very efficient electron 

scavenging ability of Au nanoparticles results in suppressing the undesired electron repulsion effect 

deriving from the presence of the negatively charged electric field originated by the presence of 

fluorine atoms adsorbed on {101} facets. In the absence of Au nanoparticles, this causes the 

repulsion and migration of electrons towards {001} facets, where the proximity with holes already 

there migrating promotes their undesired recombination (Figure 6.3.16a). Therefore, the 

deposition of Au nanoparticles on the main-exposed {101} facets on pseudo-spherically shaped 

titanium dioxide confer a more efficient charge carriers separation, accompanied by a favoured 

RhB degradation by means of •OH radicals, which can be thus proficiently photoproduced on F-

{001} facets. 
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Differently, in the case of platelet-like photocatalysts, an effective charge separation may 

instead be limited by the presence of gold NPs deposited on the {001} prevailing facets which, by 

acting as electron scavenging species, promote instead an undesired electron-hole recombination 

by withdrawing electrons towards the same crystal facets where holes are already preferentially 

there migrating (Figure 6.3.16d). This results in an enhanced charge recombination and a lower 

photoefficiency in the investigated reaction. Moreover, Au NPs deposited on {001} facets may 

also be oxidized by photogenerated holes there migrating before reacting with water molecules at 

the semiconductor surface.46 Such phenomena result in limiting the production of HO• radicals 

not only by subtracting photogenerated positively charged carriers, which react with NM NPs 

rather than with water, but also because the oxidation of the noble metal nanoparticles results in 

the generation of a partial positive charge within them. Such positive charge may then react with 

the electrons photopromoted in the TiO2 CB which, while still being scavenged by Au 

nanoparticles, recombine within the noble metal, compensating the positive charge generated by 

the oxidative action of the photogenerated holes and restoring their metallic state. However, a 

fraction of photopromoted electrons is therefore not transferred to oxygen adsorbed at the 

semiconductor surface, but rather recombine with the positive charge within the noble metal 

nanoparticles, thus resulting in a net abatement of the HO• radicals production rate. 

 

Figure 6.3.16: Schematic representation of the effects induced by combining Au NPs deposition and in-situ surface 
fluorination of anatase TiO2 with different morphology. 
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Therefore, the original idea of boosting the photoactivity of in-situ surface fluorinated anatase 

by means of Au nanoparticles deposition resulted to be successful only for pseudo-spherically 

shaped anatase, but not for nanosheet-shaped TiO2 crystallites, exhibiting instead a synergistic 

effects between morphology and in-situ surface fluorination for bare materials, i.e. in the absence 

of Au NPs deposition. 

6.3.2.4 Photocatalytic hydroxylation of terephthalic acid 

With the purpose of investigating the relative ability of differently shaped, metal modified 

titanium dioxide materials in producing reactive hydroxyl radical species in solution, the efficiency 

of the materials in the photocatalytic hydroxylation of terephthalic acid was investigated. In fact, 

terephthalic acid represents a largely employed substrate for monitoring the relative ability of 

different photocatalysts in producing HO• radicals, since its reaction with such species results in 

the formation of the photoluminescent 2-hydroxyterephthalic acid, which can be only produced 

through an indirect radical attack by means of HO• radicals in solution and whose concentration 

can be selectively monitored via spectrofluorimetric analysis (section 3.5, page 107).74,75 

 Unfortunately, the main drawback of using terephthalic acid as photocatalytic substrate is 

represented by its very low solubility in acidic or neutral solutions, meaning that photocatalytic 

tests can only be performed at alkaline pH (in our case, pH = 11). Under such pH conditions, 

however, it is not possible to investigate the photoactivity of the prepared materials under in-situ 

fluorinated conditions since surface fluorination is not preserved with such a high concentration 

of HO− species in solution, since they will substitute surface ≡Ti-F moieties with ≡Ti-OH groups 

in a thermodynamically favoured ligand exchange reaction. 

Photocatalytic 2-hydroxyterephthalic acid production rate constants for differently shaped, 

metal modified titanium dioxide materials at pH = 11 were recorded and reported in Figure 6.3.17. 

Clearly, in the case of bare, metal free titanium dioxide materials, passing from a pseudo-

spherical morphology to nanosheet-shaped materials resulted in an improvement of the 2-

hydrotherephthalic production rate, thus confirming the beneficial effect played by a higher 

exposure of {001} facets in boosting the production of HO• radicals in solution even in the 

absence of surface fluorinated conditions. The following observation allowed us to further confirm 

the origin of the increased photoactivity in the case of rhodamine B photocatalytic degradation 

under in-situ fluorinated conditions, although the differences in HO• radicals production resulted 

to be even more marked in such case, due to the synergistic cooperation of the intrinsically 

improved HO• radicals production ability over {001} facets and their surface fluorination, both 
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contributing in massively boosting the production of reactive oxygen species in solution, 

responsible for the degradation of Rhodamine B. In the absence of in-situ surface fluorination, i.e., 

under acidic conditions at pH = 3.7, however, significant photoactivity differences in rhodamine 

B photodegradation were not observed passing from a pseudo-spherical shape to a nanosheet 

morphology, most likely due to the poor photoactivity of the materials in degrading the cationic 

dye under the chosen experimental conditions not allowing to fully appreciate their different 

capability in producing HO• radicals. By these means, 2-hydroxytherephthalic acid production 

proved to be a better tool for discerning the relative ability of differently shaped metal-free titanium 

dioxide materials in producing ROS in solution in the absence of TiO2 surface fluorination. 

 

Figure 6.3.17: 2-Hydroxyterephthalic acid photocatalytic production rate constants for differently shaped TiO2 materials 
modified with 0.5 wt% of Au nanoparticles via the DP or the P method. 

The deposition of Au NPs, however, resulted to suppress the 2-hydroxyterephthalic acid 

production rate for all synthesized materials, except for the pseudo-spherically shaped 

0.5%_HT_0.1_DP, whose photoactivity resulted to be unchanged respect to that of the 

corresponding HT_0.1 sample. This result can be rationalized considering that, similarly to the 

photocatalytic degradation of rhodamine B under acidic conditions, in the absence of in-situ TiO2 

surface fluorination, the photoproduced HO• radicals may be involved in oxidizing the deposited 

Au NPs instead of reacting with terephthalic acid molecules. Partially oxidized Au nanoparticles, 
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then, can act as recombination centres for photoexcited electrons. Therefore, the average lifetime 

of electron-hole pairs is decreased,46 with a consequent inhibition of the overall photoactivity of 

the Au-containing materials with respect to their bare, unmodified titanium dioxide supports.  

Such effect, however, resulted to be more marked for nanosheet-shaped materials, indicating 

that the deposition of noble-metal nanoparticles on {001} surfaces is particularly detrimental for 

their HO• radicals production capability. In fact, if noble metal nanoparticles are deposited on 

{001} surfaces, the preferential migration of holes towards such facets results in oxidizing noble 

metal nanoparticles there deposited more efficiently than if they were deposited on {101} surfaces 

(as in the case of pseudo-spherically shaped HT_0.1 materials). This appears in line with the case 

of the photocatalytic degradation of rhodamine B under in-situ fluorinated conditions, for which 

the deposition of noble metal nanoparticles also resulted more efficient on pseudo-spherically 

shaped materials compared to platelet-like materials, due to the detrimental interaction occurring 

between the preferential migration of holes on {001} surface and the Au nanoparticles there 

deposited (Figure 6.3.12). However, under in-situ fluorinated conditions the oxidation of the noble-

metal nanoparticles is likely limited by the presence of surface fluorine, and thus the photoactivity 

of the composite material is still improved upon metal modification (Figure 6.3.15).  

Independently on the morphology of the support, materials prepared with the photodeposition 

method resulted to suppress the photoactivity of the titanium dioxide composite material by a 

larger extent compared to materials prepared through the deposition-precipitation route. As 

previous discussed, such an effect cannot be ascribed to significant differences in the average size 

of the deposited nanoparticles, as they are characterized by very similar values regardless of the 

deposition technique. However, as suggested by literature reports on differently reduced Au 

nanoparticles,43 the photodeposition method may lead to the production of partially oxidated, yet 

not fully reduced Au nanoparticles, whereas the chemical reduction step of deposition-

precipitation ensures the deposition of fully reduced metallic Au nanoparticles. Thus, a fraction of 

photopromoted electrons will be transferred to the metal nanoparticles to neutralize their partial 

positive charge, and thus a smaller amount of photopromoted electrons is available to transfer 

photopromoted electrons towards adsorbed molecular dioxygen compared to materials prepared 

through DP. 

Thus, photocatalytic production of 2-hydroxyterephthalic acid allowed us to better unravel the 

effects on photoactivity deriving from morphology control and Au nanoparticles deposition on 

differently shaped titanium dioxide nanoparticles. In particular, the test reaction resulted to usefully 

highlight an improved HO• radical production on mainly {001}-exposing materials, as well as 
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further confirms the presence of a detrimental interaction occurring when gold nanoparticles are 

mainly deposited on {001} rather than on {101} facets. 

6.3.2.5 Photocatalytic reduction of Cr(VI) 

Cr(VI) photocatalytic reduction, an environmentally-relevant test reaction, was chosen as a 

model reaction to check the effects of morphology control and Au nanoparticles deposition on 

photocatalytic processes occurring through a reductive reaction path. 

The effects of Au nanoparticles deposition on the photocatalytic activity of differently shaped 

titanium dioxide materials for Cr(VI) to Cr(III) photoreduction at pH = 3.7 can be appreciated in 

Figure 6.3.18 in terms of first-order rate constants kCr. We did not investigate the effects of in-situ 

surface fluorination for this test reaction, as fluorination of the titanium dioxide surface results in 

severely hampering dichromate anion adsorption, resulting in significantly dampening the 

performance of the materials. In fact, surface adsorption is a mandatory requirement for the 

conversion of Cr(VI) to Cr(III) via photocatalytic processes. Moreover, it almost entirely conceals 

any morphology related photocatalytic effect.39,76,77 

Congruently with our previous findings (Figure 5.3.9, page 175), an increase in the truncation 

degree of the truncated square bipyramidal crystallites (typical of HT_0.1 materials) resulted in 

massively boosting the performance of titanium dioxide anatase with an almost threefold 

photoactivity improvement, with plate-like shaped TiO2 materials (HT_1) even outperforming 

reference benchmark P25 material. Thus, we were able to confirm the positive effects on the 

photocatalytic reduction of Cr(VI) induced by the use of a platelet-like morphology (section 

5.3.3).39 

The photocatalytic activity of the materials was either unaffected or only slightly improved by 

the deposition of the noble metal nanoparticles on the photocatalysts surface, with a maximum 

~20% increase of the photocatalytic rate constant kCr in the case of platelet-like materials modified 

with 0.5 wt% of Au. Instead, spherical-shaped materials mostly retained the intrinsic photoactivity 

properties induced by the modification of their morphology upon Au NPs deposition. Such 

effects, moreover, resulted to be independent of the method chosen for the deposition of the 

noble metal nanoparticles on the photocatalyst surface. Similar findings have been previously 

reported in literature. For example, Dozzi et al. found that positive effects on the photocatalytic 

reduction of Cr(VI) induced by the noble metal nanoparticles deposition over P25 derived from 

modifications of the structure of the titanium dioxide support occurring during the metal 

nanoparticles deposition procedure rather than to an improvement deriving from the deposition 

of the noble metal nanoparticles themselves.78 In their study regarding Au nanoparticles deposited 
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on mesoporous titania, Li et al. also reported that the photoactivity of titanium dioxide remained 

practically unchanged in Cr(VI) photoreduction upon noble metal nanoparticles deposition.79 Such 

an effect, moreover, has also been reported in the case of Pt-modified titanium dioxide, i.e. such 

phenomenon was also observed for metals different than gold.80 Moreover, all mentioned studies 

reported that the photoactivity of titanium dioxide-based materials improved in the presence of 

hole scavenging species, being oxidized more easily than water. Yet, even in the presence of organic 

sacrificial agents, the presence of noble metal nanoparticles did not improve the photoactivity of 

the composite materials with respect to their bare, unmodified titanium dioxide support.  

The obtained results indicate that in the case of Cr(VI) photocatalytic reduction the anodic 

half reaction, i.e. in our case water oxidation, represents a kinetic bottleneck limiting the overall 

efficiency of the photocatalytic process.81 Instead, due to the close interaction occurring between 

Cr(VI) anions chemisorbed at the titanium dioxide surface at the here employed pH, electrons 

photopromoted to the conduction band of titanium dioxide (or trapped in Au nanoparticles in the 

case of metal modified materials) are likely to be very fast and efficiently transferred to the 

transition metal cations.82 Thus, the introduction of a reduction cocatalyst such as noble metal 

nanoparticles, improving the photocatalytic activity of semiconductor materials in reduction-

limited photocatalytic paths, has little-to-no influence on the overall photocatalytic activity of the 

composite systems in Cr(VI) reduction. Eventual positive beneficial charge separation effects on 

photoactivity due to the formation of a Schottky barrier, eventually also capable of prolonging the 

average lifetime of photogenerated holes, play little role in this test reaction, as electrons are readily 

withdrawn from noble metal nanoparticles. Thus, the observed rate constants are rather a 

consequence of the phenomena occurring in the oxidation component of the process. Similar 

considerations have also been proposed in literature.80  

In conclusion, noble metal nanoparticles deposition does not represent a pursuable strategy to 

improve the photoactivity of titanium dioxide-based materials in Cr(VI) photocatalytic reduction. 

On the other hand, improving the oxidation ability of titanium dioxide, e.g., through deposition of 

an oxidation cocatalyst, addition of sacrificial hole-scavenging species or, most importantly, use of 

metal-free nanosheet-shaped anatase, represents winning alternatives to improve the photoactivity 

of the metal oxide semiconductor. 
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Figure 6.3.18: Pseudo first-order kinetic rate constants of Au-modified HT_X_Y samples in the photocatalytic reduction 
of Cr(VI) at pH = 3.7. 

The results obtained through this PhD project allowed us to shed light and further confirm 

the origin of the outstanding beneficial effects induced by morphology control in Cr(VI) 

photoreduction. In fact, a higher exposure of {001} facets is indeed beneficial for this test reaction. 

In fact, as illustrated by the improved 2-hydroxyl radical production rate by means of nanosheet-

shaped materials (Figure 6.3.17), their improved ability to oxidize water compared to {101} 

surfaces, due a higher concentration of undercoordinated Ti 5c sites and to a higher density of 

photogenerated holes preferentially migrating there, allows to better overcome the main kinetic 

bottleneck of Cr(VI) photocatalytic reduction. Thus, crystal facets engineering titanium dioxide 

represents a great strategy for improving the photoefficiency of the metal oxide semiconductor in 

Cr(VI) wastewater remediation. 

6.3.2.6 Hydrogen production by photo-steam reforming of methanol  

In the photocatalytic steam reforming reaction, hydrogen production is paralleled by methanol 

oxidation up to CO2 through the formation of formaldehyde and formic acid as intermediate 

species; carbon monoxide and other minor side products are also produced. In all photocatalytic 

tests H2, CO2 and CO evolution occurred at constant rate under full lamp irradiation, as in previous 

studies. Some examples of photocatalytic hydrogen production rate vs. irradiation time are 

2.11 2.11

5.83 5.83

4.33

2.69

2.14

5.75

6.20

2.26

2.40

7.17 7.06

0

1

2

3

4

5

6

7

8

9

P25 0.1_DP 0.1_P 1_DP 1_P

k
C

r
* 

1
0

4
/ 
s

-1
HT_X

0.3%_HT_X

0.5%_HT_X



 
 

218 
 

reported in Figure 6.3.19b. The average rate of H2 production attained with the here investigated 

photocatalysts are compared in Figure 6.3.19a, while the selectivity distribution to the main 

reaction products can be found in Figure 6.3.20. 

 

Figure 6.3.19: Average rates of H2 production (a) and their evolution as a function of time (b) attained with differently 
shaped TiO2 materials modified with 0.5 wt.% of Au NPs by means of the deposition-precipitation (DP) and 
photodeposition (P) methods. 

 

Figure 6.3.20: Percent selectivities to the main products attained with the investigated photocatalysts during methanol 
photocatalytic steam reforming. 

We can observe that:  

- in line with our expectations, the Au-modified samples show an increased ability in 

producing H2 upon UV-vis light irradiation. This may be related to an enhanced 

separation of photogenerated charge carries promoted by the electrons scavenging 

properties of the noble metals NPs. 
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- Noble metal nanoparticles deposition, differently from our other investigated reduction 

test reaction, i.e., the photocatalytic reduction of Cr(VI), resulted in always improving the 

photoactivity of the prepared materials in hydrogen evolution from methanol photo-

steam reforming. In fact, due to the presence of methanol, acting as an efficient hole 

scavenger species, the here investigated reduction reaction is not limited by the anodic 

oxidation process. Thus, the improved charge separation and reduction ability offered by 

the presence of Au NPs results beneficial for the overall photoactivity of metal-modified 

materials; 

- Interestingly, the HT_0.1 series samples behave more efficiently than platelet-like TiO2 

materials. Possibly, the larger exposure of {101} facets, i.e. acting as reduction sites, may 

guarantee a larger avaiability of reduction centers to promote H2 evolution. Similar 

considerations have also been recently reported by Mino et al. in hydrogen reduction 

from formic acid photoreforming employing differently shaped platinized titanium 

dioxide,83 relating the higher reactivity of pseudo-spherically shaped materials to a higher 

reductive capability of {101} facets. 

- also in this test reaction Au NPs deposition on TiO2 surface by DP seemed to guarantee 

the best photoefficiency. Again, a possibly incomplete reduction of the noble metal 

nanoparticles attained through the photodeposition method could limit the performance 

of materials modified through such technique compared to deposition-precipitation.43 

The photodeposition method did not induce any peculiar or beneficial effect with respect 

to the traditional DP technique.  

- Noble metal nanoparticles deposition resulted to be particularly efficient on pseudo-

spherically shaped materials, whereas in the case of nanosheet-shaped materials the 

photoactivity increase was more moderate, if not only slightly improved (as in the case 

of 0.5%_HT_1_P). These results are coherent with all the other test reactions in the 

absence of surface fluorination, i.e., the deposition of Au nanoparticles is not ideal on 

materials mainly exposing {001} facets, as the preferential migration of holes towards 

such facets may result in Au NPs oxidation. If noble metal nanoparticles are mainly 

deposited on {101} facets, as in the case of pseudo-spherically shaped materials, the 

effects of preferential electron migration towards either such facets and the noble metal 

nanoparticles there deposited cooperate in improving the overall charge carrier 

separation in the metal-semiconductor composite material. Particularly inefficient was 

the combination of photodeposition and nanosheet-shaped TiO2 materials, in which the 

incomplete reduction of the metal nanoparticles and their concurrent oxidation by means 
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of photogenerated holes prevent the electron transfer from the noble metal nanoparticles 

to the adsorbed protons to an extent by which negligible effects on photoactivity are 

observed upon noble metal nanoparticles deposition. 

- Au-modified materials did not exhibit substantial variation in the selectivity distribution 

to the main products of methanol photo steam reforming with respect to the 

corresponding bare TiO2. All the investigated photocatalysts mainly stabilize the 

production of formaldehyde; none of the investigated material seems to allow the 

complete methanol photomineralization to CO2. 
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Chapter 7: Conclusions and 

perspectives 

The present PhD thesis aimed at systematically evaluating the combined effects produced on 

titanium dioxide photoactivity induced by noble metal nanoparticles deposition and in-situ 

fluorination as a function of the adopted deposition technique, the presence of bulk doping with 

N,F elements and/or the semiconductor morphology. The choice of both the employed 

semiconductor photocatalyst (TiO2) and strategies explored for improving its photoefficiency in a 

plethora of photocatalytic processes are detailed in Chapter 1, which describes the main 

characteristics of titanium dioxide as a semiconductor photocatalyst (such as its chemical stability 

and the ability to promote a wide range of photocatalytic processes),1,2 as well as the effects induced 

by the above-mentioned modification strategies on the physico-chemical properties of the metal-

oxide semiconductor. By using different experimental techniques and methods, described in detail 

in Chapter 2 and Chapter 3, home-made titanium-dioxide based materials were synthesized, fully 

characterized, and compared in their efficiency in promoting both photo-oxidation and 

photoreduction test reactions, aiming at identifying if and how the combination of multiple 

titanium dioxide modification strategies could lead to better performing photocatalysts for specific 

applications. Moreover, this thesis aimed at providing further insight into the intrinsic features and 

the dynamics of photogenerated and photopromoted charge carriers of titanium dioxide-based 

composite materials under illumination conditions. 

During my studies, I focused my attention on exploring modification strategies all aimed at 

hindering the high recombination rate of photoexcited charge carriers in titanium dioxide, 

representing its main deactivation path which greatly limits the probability of their transfer towards 

the substrate-semiconductor interface, and thus the overall photoefficiency of the metal oxide 

semiconductor. 

Chapter 4 - Effect of N,F-Doping and Au Nanoparticles Deposition on the 

Photocatalytic Activity of TiO2 Anatase Materials 

The first set of modification strategies which I explored consisted in the combination of N,F 

bulk doping with Au nanoparticles deposition. The interest towards these modifications strategies 

derives from their ability to improve charge carrier separation within titanium dioxide either 



 
 

226 
 

through introduction of photoluminescent Ti3+ intra-band gap trap states,3,4 as in the case of N,F 

doping, or by forming a Schottky barrier at the metal-semiconductor interface, as provided by the 

deposition of Au NPs.5 Combining both modifications appear as a promising strategy possibly 

able to significantly boost the photoefficiency of titanium dioxide, since dopant-induced Ti3+ states 

and deposited Au nanoparticles can potentially synergistically cooperate in improving charge 

separation in titanium dioxide. In fact,  electrons photopromoted towards the conduction band of 

titanium dioxide can be firstly captured in Ti3+ states, to be then efficiently transferred to deposited 

Au NPs.6 As the chosen Au NPs deposition method may significantly influence the efficacy of 

such cooperative mechanism,7,8 I decided to focus my attention on studying the effects deriving 

from the use of two different deposition methods, i.e. deposition-precipitation9 and 

photoreduction,10 on the photocatalytic properties of N,F-doped Au modified TiO2. 

N,F-doped titanium dioxide materials with different dopant content were thus prepared via 

sol-gel synthesis and modified with 0.5 wt% of Au nanoparticles using the aforementioned 

deposition techniques. Then, prepared materials were fully characterized by means of the main 

physico-chemical characterization techniques. In particular, structural and morphological 

characterization techniques allowed us to confirm the obtainment of fully-anatase composed 

materials, whereas the successful deposition of Au metal NPs on the surface of TiO2 has been 

confirmed by the appearance of the typical Au surface plasmon resonance (SPR) absorption band, 

with its characteristic maximum absorption located at 553 nm. Furthermore, HR-TEM imaging 

confirmed the deposition of finely dispersed spherically-shaped Au nanoparticles with average 

diameter of 6 – 10 nm.   

The photocatalytic activity of the synthesized materials has been firstly checked in the 

photocatalytic oxidation of formic acid, in which a typical bell-shaped trend with increasing dopant 

content was observed. As expected, all Au-modified materials exhibited a photoactivity higher than 

their corresponding bare samples, although no significant difference in materials’ photoactivity 

was observed whether the DP or P method was employed to deposit NM NPs.  

Differently, when the materials were tested in Cr(VI) photoreduction, appreciable 

photoactivity differences were induced by either the adopted Au NPs deposition method and the 

relative TiO2 dopant content. In particular, in this case the lowest doped titania modified through 

Au NPs photodeposition exhibits an outstanding photoactivity, possibly unveiling the presence of 

specific interactions between the dopant induced defective TiO2 structure and the Au NPs 

selectively deposited by the P method, further improving the charge carrier separation ability of 

doped semiconductors. Au NPs may selectively anchor on TiO2 surface and open a new efficient 
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electron transfer path from the TiO2 defective trap states to the adsorbed dichromate ions 

undergoing reduction. In contrast, the highest doped material, with a relatively poor charge 

separation ability, exhibits a more marked photoactivity increase only upon Au NPs deposition by 

means of the unspecific DP method.  

To gain insight on the presence of possible cooperative mechanisms between Ti3+ 

photoluminescent trap states and the deposited Au NPs, possibly dependent on the adopted Au 

deposition route, I decided to study the materials through Time-Resolved Photoluminescence 

Spectroscopy (TRPL).  

As previously observed by our research group,4 the pristine low doped material was 

characterized by the most intense and longer lasting PL emission, followed by the highly doped 

and the reference undoped materials respectively, according to a trend resembling that of their 

photocatalytic activity in both the investigated test reactions. 

The PL emission spectra recorded with NM-modified materials were characterized by a 

quenched emission intensity with respect to those of the corresponding unmodified materials. 

Also, the PL time decay profiles were faster as a consequence of the emptying of the PL trap states 

provided by the deposited NM NPs, i.e. acting as electrons scavenger species.6 However, 

differences in PL decay lifetimes and/or populations of emitting states between DP- and P-

modified materials, which could be a strong indication of the presence of cooperative mechanism 

between PL trap states and differently deposited Au NPs, could not be clearly observed for any of 

the investigated samples. 

This finding may derive from the use of an inappropriate time resolution window (in the order 

of tenths of nanoseconds) to acquire the PL decay signals. In fact, synergistic electron exchange 

mechanisms between populated PL trap states and Au NPs may occur on a shorter time scale and 

might not be detected with the here employed experimental setup, mainly probing in the ns time 

scale. 

Through this work, we were able to effectively evaluate the effects induced on titania 

photoactivity upon combining N,F doping with the deposition of Au NPs in both an oxidation 

and a reduction test reaction. Moreover, we were able to study how both N,F-doping and Au 

nanoparticles deposition affected the photoluminescent properties of titanium dioxide in terms of 

both emission intensity and PL signals decay kinetics. Further studies based on this work can be 

tackled in the future by deepening the knowledge on the TRPL properties of Au-modified N,F 

doped TiO2 through measurements with a faster detecting TRPL experimental setup, potentially 
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allowing to better probe ultrafast (in the ps/fs temporal resolution scale) electron exchange 

phenomena occurring between dopant induced photoluminescence trap states and deposited Au 

NPs.  

Chapter 5 - Effects of In-Situ Surface Fluorination on the Photocatalytic 

Activity of Differently Shaped TiO2 Materials 

Chapter 5 deals with investigating a second set of modification strategies consisting in the 

combination of morphology control with in-situ TiO2 surface fluorination. In particular, through 

the present study we shed light on the combined effects of surface fluorination and morphology 

control in reduction and oxidation photocatalytic test reactions.  

In doing so, morphology-controlled titanium dioxide materials were prepared by hydrothermal 

synthesis, using titanium isopropoxide as Ti precursor and fluoride ions (HF) as capping agent, 

able to stabilize {001} facets with respect to {101} ones. Two samples series, obtained in the 

presence of different nominal molar F/Ti ratios, were prepared, and systematically investigated. 

Samples showing pseudo-spherical morphology were characterized by a F/Ti molar ratio of 0.1 

(HT_0.1 series), while materials with a platelet-like morphology, with preponderant exposure of 

{001} facets, were prepared with an F/Ti ratio of 1.0. The samples were then washed with aqueous 

NaOH solutions to remove residual fluorine used in the synthesis. All materials were fully 

characterized by physico-chemical characterization techniques. In particular, the phase 

composition was examined by X-ray powder diffraction (XRPD) as a function of the F/Ti ratio. 

All samples consisted of pure anatase and the relative percentage of {001} facets was calculated 

by the Scherrer method. The materials produced with a larger amount of capping agent in the 

hydrothermal synthesis (HT_1 series) exhibited a greater percent amount (ca. 68%) of exposed 

{001} facets, confirmed by TEM images.  

The photoactivity of the materials was then screened in three different test reactions, i.e., 

Cr(VI) photoreduction, formic acid photo-oxidation and rhodamine B photobleaching. In 

particular, Cr(VI) photocatalytic reduction resulted to be strongly favoured by a large exposure of 

anatase {001} facets, with the best performing material having a platelet-like morphology. This is 

possibly due to an improved charge separation arising from an optimal mixture of co-exposed 

facets, which favours the selective migration of photogenerated holes and electrons towards {001} 

and {101} facets, respectively. In-situ surface re-fluorination of the materials, however, leads to a 

morphology independent photoactivity decrease, consequent to the reduced ability of the 
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fluorinated oxide to bind dichromate anions, a key step required for their direct reduction by 

conduction band electrons.  

Concerning oxidative photocatalytic processes, the photoactivity of the specimens was tested 

in two test reactions, i.e., formic acid and rhodamine B photodegradation, proceeding either 

through a direct or an indirect reaction path, respectively. In particular, whereas for formic acid 

oxidation the photoactivity of the powders was only slightly affected by a change in the 

morphology of titania, a strong synergistic shape-dependent photoactivity effect between platelet-

like anatase TiO2 morphology and surface fluorination is clearly outlined in RhB photodegradation, 

with an outstanding photoactivity increase observed only upon fluorination of the {001}-facet 

enriched material. This may result from an overall increased charge carriers separation combined 

with the higher amount of surface -OH groups in the platelet-like TiO2 that can be fluorinated to 

generate F-{001} facets, which may considerably boost •OH radical mediated oxidation paths. The 

here unveiled role played by morphology and surface fluorination on the photoactivity of shape-

controlled TiO2 materials may pave the way for designing highly performant TiO2-based materials 

to be employed in efficient photocatalytic detoxification processes. 

The results contained in this chapter have been reported in the paper entitled “Effects of 

anatase TiO2 morphology and surface fluorination on environmentally relevant photocatalytic 

reduction and oxidation reactions” by M.V. Dozzi, M. Montalbano, G. Marra, L. Mino, E. Selli, 

published in Materials Today Chemistry 22 (2021) 100624. DOI: 10.1016/j.mtchem.2021.100624. 

Chapter 6 - Effects of Au nanoparticles deposition and in-situ Surface 

Fluorination on the Photocatalytic Activity of Differently Shaped TiO2 

Materials 

Chapter 6 presents a systematic study aimed at shedding light on the effects induced on 

photoactivity by Au nanoparticles deposition on differently shaped titanium dioxide anatase, 

eventually under in-situ fluorinated conditions. In particular, the effects induced by different 

techniques adopted to deposit Au NPs on TiO2 surface were investigated, as well as those 

provoked by the in-situ addition of fluoride ions, in order to highlight possible synergistic effects 

on TiO2 photoactivity induced by coupling surface fluorination, specific morphology and 

deposited NM NPs. 

In doing so, differently shaped titanium dioxide materials were prepared using a properly 

optimized version of the synthetic procedure reported in Chapter 5 which, by skipping an 

unnecessary intermediate drying and grinding step, allowed to speed up the overall material 

http://dx.doi.org/10.1016/j.mtchem.2021.100624
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preparation procedure. Portion of the prepared titania powders were then modified with Au NPs 

by DP9 or P10 methods, according to the procedures described in Chapter 4. 

All synthesized materials were systematically tested in different photocatalytic reactions, 

proceeding through different reaction paths, and fully characterized by physico-chemical 

characterization techniques. In particular, the phase composition was examined by X-ray powder 

diffraction (XRPD) as a function of the F/Ti ratio. All samples consisted of pure anatase and the 

relative percentage of {001} facets was calculated by applying the Scherrer method. The materials 

produced with a larger amount of capping agent in the hydrothermal synthesis (HT_1 series) 

exhibited a greater percent amount (ca. 68%) of exposed {001} facets. The diffuse reflectance 

spectra of the Au/TiO2 systems showed the typical localized surface plasmonic band, with an 

absorption maximum around 550 nm. TEM images confirmed the morphological differences 

highlighted by XRPD analysis for the two TiO2 HT_X series, while the Au NPs size distributions 

indicate that the Au-modified samples exhibit very small (ca. 6 nm) and similar gold NPs size, 

regardless of the Au nominal content and the adopted deposition technique. The actual Au percent 

weight deposited on selected samples was also determined by ICP-OES analysis. 

Formic acid photocatalytic degradation 

The performance of the synthesized materials was firstly screened in formic photocatalytic 

degradation. In particular, we observed that Au NPs deposition on TiO2 is beneficial in FA 

degradation only in the case of {101} facet-dominated (and thus, pseudo-spherically shaped) 

materials. Moreover, the photoactivity of nanosheet shaped material modified through 

photodeposition decreased upon Au NPs deposition. Indeed, in the case of a pseudo-spherical 

morphology, Au NPs are expected to be mainly deposited on the most abundant {101} facets and 

may effectively contribute in scavenging photoexcited electrons, which, according to literature,11,12 

tend to migrate to such crystalline facets. This results in an overall increase of FA photocatalytic 

degradation rate. 

Differently, in the case of platelet-like photocatalysts, the selective migration of valence band 

holes towards the prevailing {001} facets could be hindered by the presence of Au NPs deposited 

on such facets, which, acting as electron scavengers, may promote charge carriers recombination, 

with a consequent overall photoefficiency decrease. Furthermore, by considering the reduction 

potential of the Au+/Au0 couple (1.68 V vs. NHE), the holes photogenerated on the TiO2 surface 

and migrating towards the {001} facets, instead of directly interacting with the organic substrate 

molecules, may partially oxidize Au NPs to Au+ species, which then act as recombination centres 

of photoproduced charge carriers.7 
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Rhodamine B photocatalytic degradation: effects of in-situ TiO2 surface fluorination and Au deposition  

The photoactivity of the materials was then tested in rhodamine B photobleaching under acidic 

conditions (pH = 3.7) and under in-situ fluorinated conditions at the same pH. We found that the 

whereas the morphology of TiO2 did not significantly influence the photodegradation of the dye 

at acidic pH, in-situ TiO2 fluorination instead produced a significant photoactivity increase, which 

is particularly marked for platelet-like materials. By considering that RhB adsorption is inhibited 

on fluorinated TiO2, regardless of the TiO2 morphology, the increase in RhB degradation rate 

upon TiO2 surface fluorination can only be due to an enhanced photoproduction of •OH radicals, 

which may attack RhB molecules and promote their photodegradation.11 

Differently, the photoactivity increase gained by Au-containing samples upon in-situ 

fluorination is significantly more marked compared to that achieved with the corresponding bare 

materials only for samples having a pseudo-spherical morphology, independently of the adopted 

Au NPs deposition technique. So, in the presence of Au NPs on the TiO2 surface the intriguing 

synergistic effect in RhB degradation induced by the platelet-like anatase TiO2 morphology and its 

in-situ surface fluorination is suppressed. This may be related to a lower extent of fluorination of 

Au/TiO2 with respect to bare TiO2.  

Concerning the effects induced by Au NPs deposition on differently shaped in-situ fluorinated 

anatase TiO2, we observed that Au deposition produced a significant increase of RhB degradation 

rate under fluorinated conditions only for samples mainly exposing {101} facets, the highest 

improvement obtained for photocatalysts containing 0.5 wt% Au, corresponding to the optimal 

NM content. Differently, coupling TiO2 platelet-like morphology with Au NPs did not 

substantially alter the original photoefficiency of {001} facet-enriched samples. Thus, the selective 

migration of photogenerated holes towards {001} facets may be limited by the presence of gold 

NPs (deposited on such prevailing facets) which, behaving as electron scavengers, may promote 

electron-hole recombination, resulting in a lower photocatalytic activity in RhB degradation. 

Photocatalytic hydroxylation of terephthalic acid 

The efficiency of the materials in the photocatalytic hydroxylation of terephthalic acid was 

investigated with the purpose of studying the relative ability of differently shaped, metal modified 

titanium dioxide materials in producing reactive hydroxy radical species in solution. In particular, 

we observed that in the case of bare, metal free titanium dioxide materials, passing from a pseudo-

spherical morphology to nanosheet-shaped materials resulted in an improvement of the 2-

Hydrotherephtalic production rate, thus confirming the beneficial effect played by a higher 

exposure of {001} facets in boosting the production of HO• radicals in solution, even in the 
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absence of surface fluorinated conditions. The deposition of noble metal nanoparticles, 

however, resulted to suppress the 2-hydroxyterephtalic acid production rate for all synthesized 

materials, possibly due to the oxidation of noble metal nanoparticles by either holes trapped 

at the semiconductor surface or by produced HO• which, in the absence of surface fluorine, 

can oxidize noble metal nanoparticles before reacting with terephthalic acid. 

Photocatalytic production of 2-hydroxyterephtalic acid, thus, allowed us to better unravel the 

effects on photoactivity deriving from morphology control and Au nanoparticles deposition on 

differently shaped titanium dioxide nanoparticles. In particular, the test reaction resulted to usefully 

highlight an improved HO• radical production by means of mainly {001}-exposing materials, as 

well as further confirming the detrimental interaction occurring when gold nanoparticles are 

deposited on {001} surfaces rather than {101} facets. 

Photocatalytic reduction of Cr(VI) 

The photoactivity of the materials was then tested in the Cr(VI) to Cr(III) photocatalytic 

reduction at pH 3.7, in which we observed that increasing the truncation degree of TiO2 

nanoparticles dramatically boosted the anatase performance. This may be ascribed to an improved 

charge separation arising from an optimal mixture of co-exposed facets, favoring the selective 

migration of photogenerated holes and electrons towards {001} and {101} facets, respectively. 

Differently, the photocatalytic activity of the materials was either unaffected or only slightly 

improved upon Au NPs deposition on their surface, with a maximum ca. 20% increase in the case 

of platelet-like materials with 0.5 wt% Au, independently of the adopted DP or P deposition 

method. The strong adsorption of Cr(VI) anions on the TiO2 surface may favor a fast and efficient 

transfer of photoexcited electrons towards the transition metal ions, which can be further increased 

by the presence of a co-catalyst, such as Au NPs13 However, in Cr(VI) photoreduction the anodic 

half reaction (i.e., water oxidation) may represent the kinetic bottleneck limiting the overall 

efficiency of the photocatalytic process.14 Therefore, the introduction of a reduction co-catalyst, 

such as NM NPs, may have little-to-no influence on the photoactivity of TiO2-based materials, 

independently of their morphology. 

Hydrogen production via methanol photo-steam reforming 

The photoactivity of differently shaped Au modified titanium dioxide materials was finally 

tested in hydrogen production via methanol photo-steam reforming. We found that the 

photocatalytic activity of the materials greatly benefitted from the combination of pseudo-

spherically shaped titanium dioxide materials with the deposition of Au nanoparticles, whereas the 

photoactivity improvement was more limited when NM NPs were deposited on {001}-facets 
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dominated materials. Possibly, the larger exposure of {101} facets, i.e. acting as reduction sites, 

may guarantee a larger avaiability of reduction centers to promote H2 evolution.  

Through this work, we shed light on the combined effects of Au NPs deposition with 

differently shaped titanium dioxide, eventually under in-situ fluorinated conditions, in a plethora of 

different photocatalytic oxidation and reduction test reaction. The obtained photoactivity results 

in the investigated test reactions, moreover, allowed us to hypothesize a reaction mechanism based 

on charge migration in differently shaped Au/TiO2 composite materials able to rationalize the 

effects on photoactivity induced upon coupling Au NPs deposition with differently shaped TiO2 

materials, also under in-situ fluorinated conditions. Further studies based on this work can be 

tackled in the future by exploring the effects induced by the deposition of different noble metals 

other than gold, or deepening the knowledge on charge carrier dynamics under irradiation 

conditions in differently shaped NM-modified TiO2 by performing time-resolved optical 

characterizations such as TRPL or transient absorption analyses measurements. 
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