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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 hgggpbametgy, requiring UV

light irradiation to promote its electronic excitation.

Several strategies have been investigated to overcome
these limitations, such as surface modification with nSPJlI}éfan {001} -tacets
metal (NM) nanoparticles (NPs), Au, Pt, Pd, and doping \/,
with transition metals prblock elements. The fine tuning
of TiO, crystal morphology represents another
modification strategy that recently gained a lot of attention. By using suitatuenstodipey
agents it is possible to modify the crystal habit of anatase, favoring the transition from its typical
truncated bipyramidal structure,rabterized by approximately 90% surface exposure of {101}
facets, to the nanoshdike morphology, mainly exposing the thermodynamically less stable (but
potentially more reactive) {001} surfaces. At the same time, recent studies demonstrated that
situadsorption of fluoride ions has specific effects on the photocatalytic activity, of TiO
depending on the Tirystal phase composition and on the mechanism of the photocatalytic
reaction. A systematic evaluation of the combined effects produced aatpitgtby NM NPs
deposition andhsituTiO; 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 Ti€amples 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 Ti®Gurface by different techniques were investigated, as well as those of
theinsituaddition of fluoride ions, to highlight possible synergistic effects gohotGactivity
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 methodss, depositiofprecipitation (DP) and
photoreduction (P), on the photocatalytic activity efedgbrepared titanium dioxide samples
bulk cedoped with different amounts of N and F. The photoactivity of the prepared composite
Au/TiO ; materials was monitored in two different photocatalytic test reasjdosnic acid

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



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 TiGulk structure, an outstanding photoactivity was instead
attained in Cr(VI) to Cr(lll) photoreduction upon coupling an optimal amount of bulk dopant in
TiO, with the photodeposition of NM NPS. The origin of such synergy between the use of a
selective Au NPs deposition metliiog] photodeposition) and the use of an optimal amount of

dopant was then studied via THResolved Photoluminescence Spectroscopy.

Next, the effects induced upon using the abmrmioned Au NPs deposition techniques on
the photocatalytic activity of differently shaped anatase powders, eventually also conpled with
situsurface fluorination, were evaluated mainly in three different photocatalytic test reactions,
formic acid (FA) oxidation, rhodamine B (RhB) bleaching and Cr(VI) to Cr(lll) reduction. In
particular, the deposition of Au NB1sTiO, was beneficial in FA degradation only in the case of
{101} facetdominated mateita whereas coupling Au NPs photodeposition with a nanosheet
like morphology of Tiedid 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 méte¢ titanium dioxide a positive synergy was observed upon coupling
a nanosheet morphologye( materials mainly exposing {001} facets) witu surface
fluorination, a positive effect on photoactivity induced by coupling the deposition of Au NPs and
insitusurface fluorination was obtained only when the materials were mainly dominated by the
exposure of {101} facets (thus beaamgseudspherical shape).

Differently, the photoactivity of morphology controlled AufTi@aterials 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-spbeudal
morphology towards nanoshsbaped crystallites, guzing materials which also significantly
outperformed reference benchmark P25, TIQis is possibly due to an improved oxidative
power of {001} facets which help to overcome the kinetieaégatermining anodic half
reaction in Cr(VI) reductione, water oxidation. Furthermore, an enhanced oxidative power of
{001} surfaces in comparison to {101} facets was demonstrated by a higher productibn of HO
radicals in solution during the hydroxylation of terephthalic acid in the agueous media. This effect
was observed when the morphology of,M@s shifted from a pseusdpherical shape to a

nanosheslike 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 ggghetaally shaped
TiO, materials. It is possible that the increased exposure of {101} facets, which act as reduction
sites, facilitates a greater availability of reduction centres, thereby prerasthgiéh.

The obtained photoactivity results in the investigated test reactions allowed us to hypothesize
a reaction mechanism based on charge migration in differently shaped éafipOsite
materials able to rationalize the effects on photoactivity induced upon coupling Au deposition with

differently shaped Titnaterials, also undassitufluorinated conditions
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List of Abbreviations

The following table describes the significance of various abbreaiaticagonyms used
throughout the thesis.

Abbreviation Definition

2-TaOH 2-hydroxyterephthalic acid

AOP Advanced oxidation process

BET BrunauelEmmettTeller

CB Conduction band

CCD Chargecoupled device

CEM Controlled evaporation and mixing unit

COUM Coumarin

DFT Density functional theory

DOS Density of states

DP Depositionprecipitation

DR Diffuse reflectance

DRS Diffusereflectance spectroscopy

DSC Differential scanning calorimetry

DSSC Dye-sensitized solar cell

Er Fermi energy

Eq Energy gap

EPR Electron paramagnetic resonance spectroscopy
FT-IR Fourier transfornd infrared spectroscopy

FWHM Full width at halimaximum

GGA Generalized gradient approximation

HR-TEM High resolution transmission electron microscopy
HT Hydrothermal

ICP-OES Inductively coupled plas@aptical emission spectroscop
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 Proportionaintegralderivative 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 Timecorrelated single photeounting
TEM Transmission Electron Microscopy
TEOS Tetraethylorthosilicate

TGA Thermogravimetric analysis

T Thermocouple

TRPL Timeresolved 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 theeitury worldwide. In fact, environmental
pollution has been poisoning the earth because of anthropogenic activities since the earliest
civilization up to the present daysreatening the health of human beings with a number of
seriously harmful effects such as, for example, malignancies, cardiovascular disorders, mental
health disorders, and many otA&€snsequentlyhé preservation of the environment and human
health has led to the current sgatitical scenario in which the increased awareness and need
for a sustainable way of life for humanity paved the way for several governmental and
intergovernmental associaido 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 Agetadiaatale Sus
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 arteshe@nstance 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 £ombined.
More worrying, only the 3% out of thifion and a half cube meters of water present on earth is
constituted of fresh, ready to be consumed water. With the demand foctisoamable water
expected to be increased by-threl by 2050 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 ofdapdentiety.

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 advaraegroxessi (AOP)
with the very advantageous characteristics of potentially completely mineralize pollutants into

innocuous substances (ideally,)C@quiring only mild reaction conditions and oxygen as a



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 wavele@gihsidering 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 photocatabased environmental applications, however, are far
from limited to wastewater treatmehigQre 1.11), with some of the most notable ones
represented by air remediation and production of clean solar fuels such as®hgdiagen.
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,a Elean 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 ®is towards envirorentally clean solar fuels, representing one of the pillars of the

‘.‘

2020 European Green Deal.
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Figure1.1.1: Graphic representation illustrating some potential applications of photocatalysis.

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 photocatabdifanium 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

14



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 | UPAC, pchandgemcthe tata of § chenscal reactiod e f i |
or its initiation under the action of ultraviolet, visible or infrared radiation in the presence of a
substancé the photocataly$tthat absorbs light and is involved in the chemical transformation
ofthereacttb partnerso. Thus, oppositely to a phot
the substance being transformed is not directly involved in the absorption of photons, whereas
instead the lighghotocatalyst 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 pr&ereefasic 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 semidoctor via light absorption jovided. More realistically,
semiconductor photocatalysis represents a wide field of science and technology characterized by a
huge complexity of the physiwemical processes occurring underneath an only apparently

simple lighinduced 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 betweemdts a&atl 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 overthpwiach 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 enerdyggepn@rrow enough-@eV,
Figurel.21a) so that by providing enough energy it is possible to promote an electron from the
conduction band to the valence band, witlp#nallel 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 thallow 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, leadingotoceéecitation 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 thdfeg(rel.21b).

a) overlap b) Ox

A

conduction

Conduction Band e Red

Energy gap 5

= |

hnO E g
valence

Red

increasing energy

Valence Band

metal semiconductor  insulator Ox

Figure1.2.1: A band diagram showing the different sizes of band gaps for conductors, semiconductors, and insulators
(a); schematic diagram illustrating the photenduced semiconductor activation in photocatalysigb).

A fundamental entity in describing the properties of semiconductor materials is the Fermi level
and the corresponding Fermi eneEyy, (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 @ intrinsicemiconductor, i.e., one free of impurities and defects, the Fermi level is
positioned in the middle of theeegy 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.dulgraiti 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+typénegative) semiconductoplstained, whereas if an atom with a lower number of
electrons is introduced (e.g., substitution of Si with By adlesdptypepositivé semiconductor
is obtained. The electronic structure of-&ypa semiconductor differs from that of an intrinsic
semiconductor since, as a consequence of the presence of impurities, an ocehgmedgapa
energy level, located close to the valenakerbdox potential, is now introduced in the band
structure. Such energy state favors the promotion of electtbesctmduction band, resulting
in a shift of the semiconductor Fermi level towards more negative potentialstype a n
semiconductor, thus, electrons represemh#jerity carrievbereas holes are thaority carriers

Analogue considerations can be madptigre semiconductors, although an empty state closer
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to thevalence band and a shift of the Fermi energy towards more positive potentials is rather
obtainedFigurel.22).

g intrinsic-type E n-type E p-type
Ec = e Ec
“F | energy
s levels
= Sag—— - Ep :
extra
CONgeocecooQoOCo
) ] hole P g S i Eg
Ey Ey |energy Ey
levels

S(E) Tr(E) fi(E)

Figure1.2.2: Diagram illustrating the changes in the electronic structure and positioning of the Fermi level ¢ype 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 diffdrent 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 solutthe 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
deermines 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 ungifjuaibrium of the
electrochemical potential of electrons is established. Hiyp® semiconductor, this charge
transfer process results in the formation of a positively charged region within the semiconductor
structure known agepletion layacing a layer of negatively charged ions at the electrolyte side.
The whole interfacial region is also knowrsp@ge charge regimse width) can be

mathematically expressed as

C 8o --

5 pRED

wherel is the doping density%o is the potential drop across the space charge reigitime
absolute permittivity, is the vacuum permittivity amdis the electron chargln 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 extendingifroto the semiconductelectrolyte interface,
causing an upward bending of the band structure of the material as we approach the electrolyte
solution from the bulk of the materfaigurel.23).

a) Bue~~grgarg-p-rommmm Py 0000 pomemremsT
ECB k'
T By mrprmtmeny
0 S (- E Ef, equi
Electron 9 F, redox »ed
Energy
Es ’“r——F
n-type Solution n-type i Solution
Semiconductor Semiconductor

Figure1.2.3. Energy levels of theemiconductor/electrolyte interface beforg(@) and after (b) contact of the two phases
for an ntype 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 semicciodis
formed. Under Creative Common License CC BY 3.0

The band bending at the semiconduetectrolyte 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 ity semiaaductor 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
lifetimet, which is generally in the order of nanosedondemmonly 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 deaatien 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 theacishiege tr
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 majcudyge carrier concentrationw at the

photocatalyst surface exponentially falls with increasing band ha%eling

Co n &
3 ¢ Aob-=
® ) 0y PR &
wheret is the bulk charge carrier concentrafidris the Boltzmann constaandYis the

temperaturerhus, in the space charge region, the separation between the charge carriers is much
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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 photocatlyitce 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 witle 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 partigiestisaathe Debye length

(0 ), defined as

o ’?’QuY—
¢n o

pg &

where) 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 semicondtmtatgiyst. 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 redagtion 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 gragirel.24) and more negative (upper in the
graph,Figurel.24) 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. Consequendls mater
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 possibileypbiting 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 ofaeaiaes heavily depend on pH.
Moreoverthe 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 proces
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Figure1.2.4: Position of the band edges of some commonly used semiconductor photocatalyst vs NHE at pH & 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 olsatrvestdr could be split in
gaseous Hand Q using titanium dioxide electrodes underlight irradiatiod. Since then,
titanium dioxide posed himself as a very powerful semiconductor for photocatalytic applications
due to its many advantageous proped@sae 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), cheajpmeasiy nand
environmetal 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, alilowifigiently promote a wide
range of photocatalytic processes. Indeed, photogenerated holes in the VB of titanium dioxide,
lying at E= 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 idatatgsat negative
potentials, thus making titanium dioxide also suitable to photocatalyse technologically relevant
reduction reactions such as év¥olution, thus extending the Ti@pplication 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 inorgamjgoemd 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 isalso 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 brieflysgiddesein.

As illustrated by the phase diagram of titanium dioxide, anatase represents a metastable phase
formed at lower temperatures than rukigurel.31). Application of a thermal treatment to
anatase induces an anatase to rutile phase transition, for which the specific transition temperature
has beerfound 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 aratit@®nd pressures: once

performed, the phase transition is irreversible.
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Figurel1.3.1: 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 thePbG; structured TiQ Il polymorph is
formed, although such polymorph is very rarely formed and has very low interest in photocatalytic applicati®ns.

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 reportethainlel.31.
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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 structiwe, tttamiumoxygen bonds
orthogonal to the octahedron plane are slightly longer than tptzseeijrand in anatase a strong
deviation from the theoretical 90° angle of the bonds is observed because of distortion. The main
difference between the struetof 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 theotéintce
elementary cell, moreover, also share one edge of the polyFfigdreh.82 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,easly. In both cases, oxygen ions are always
coordinated with three neighbouring titanium iBiggi(el.32).

Figure1.3.2: Balls & sticks and polyhedron representation of the unit cell of anataé) 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 plcasadated at the DFT GGA level of
theory, are reported Figurel.33. 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 hdle transfer.
Instead, the conduction bands are mainly composed of Ti 3d states and few O 2p states, where
hybridization leads this time to the formation oftanding states. Most importantly, from the
electronic band structure, we note that whereas rutile andtebraxak 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 theBniouin 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 conductiofand 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 recombinatiotmoot elec
photopromoted to the conduction band with photogenerated holes at the top of the valence band
requires the assistance of a phonon, and since pdssisted transitions are much slower that
direct electronic transitions, this results in a net iecoédbe photogenerated electhmbe

lifetime with respect to that of rutile and brodkifEhe better charge separation in anatase
improves its performance in photocatalysis compared to rutile and brookite, making anatase the
most photocatalitically ae 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 temperatureashioigd of rutile
(Tablel.31).
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Figure 1.3.3: Electronic band structure and density of states of anatag@), rutile (b) and brookite (c) calculated at the
DFT GGA level of theordt.

23



Table 1.3.1: Structural parameters, density, and bandap energy of different Ti@polymorphs12.13

Crystal S Densit Band
rysta ace ensi

Phase Y g ad) | bA) | c@ Y Gap

Structure Group (g cmd)

(eV)

Rutile Tetragonal | 14/ amd | 4.584| 4.584| 2.953 4.24 3.00

Anatase Tetragonal | P4/ 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 us@t@scatalyst, titania is thermodynamically
stable as a nestoichiometric compound characterized by the presence of anionic defects in the
form of oxygen deficiencies, and it is thus better represented through the forgul TiO
titanium dioxide, the presence of oxygen vacancies is reflected in the formation of localized
paramagnetic Ticentres, in the same amount as oxygen vacancies. These ¢an operate
as electron donor species by forming an-biaind gap energy level localized closeeto th
conduction band, effectively acting as a dopant specie intrinsic to the titanium dioxide structure
itself. This phenomenon is at the basis of the obsetypd oharacter 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, thesh@hbination 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 difficulipcg titanium dioxide is commonly used in the form of
suspended powders.

1.3.1 Crystal Facets Engineered Anatase

As heterogeneous photocatalysis consists of a ptlysmial process occurring at the
interface between a semiconductor solid material and a different phase, the surface composition
and structure of the semiconductor photocatalyst primarily affectsopieetigs 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
photocatalysi€'® to DSSC4!*®to lithium-ion batterie$:®* 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 activpoly@orph in photocatalysis, is of
particular interest when designing titanium ditzeded materials for photocatalytic applications
since different facets exposure in its crystallites has been found to deeply affect both the adsorption
of substrates drthe 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 watenolecules 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 mamf&t 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
andtransfer dynamics at the semicormitmibstrate interfaé€?®

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 baskd onnimization of the surface tension
of exposed facets (and confirmed by the habit showcased by natural anatasé thimerals),
equilibrium anatase shape of minimum Gibbs energy is obtained in the form of a slightly truncated
tetragonal bipyramid, exgdog eight trapezoidal isosceles (101) facets as well as two top squared
(001) facetd={gurel.34 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 thé sliffewean
tension between the two crystal facets, being equal to 6.48d)0®0 J rifor (101) and (001),
respectivel}f.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 H, ¢enttich surface atoms
are configured in such a way so that very laf@€eliTbond angles are formed, generating very
destabized 2p states on surface oxygen atoiiifse 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
dissociativelydsorb water, methanol, or formic acid, contrarily to (101) surfaces, for which the

opposite behaviour is observed.
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Figurel.3.4: Equilibrium shape of anatase according to the Wulff construction (a); atomic arrangement on anatase (101)
and (001) surfaces (b and c§*

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 exposurepaith teeshe equilibrium Waulff
construction. Despite the reactivity of (@0fgtase had been predicted and theorized many years
ago>the outbreak in synthesizing anatase crystals with high exposed (001) facets had only started
in 2008 after the pioneeomk of Yang et at!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
a surface terminatiofsYang and his eworkers found, through theoretically screening a series
of 12 nonmetallic atoms as adsorbates that fluorine atoms adsorbed at the anatase surface could
invert the relative stability of (1044 #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
hydothermal route using Ti&s Ti source and hydrofluoric acid as selective cappinfiggeat (

1.35). 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 increasiogekhigon between
photoactivity and increased exposure of (001) facets became more and moré& tomplex.
particular, many researchers figured out that the photoactivity of crystal facets engineered (001)
anatase did not scale linearly with increadihgpgé@rcentage 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)
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facets was not the only factor contributing to the improved photoactivity of crystal facets
engineered (0G4patase, but others were also contribiftifibight on such effects was shed by

the studies of Ohno et al., who observed that Pt and iRb@particles 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;depth dscussion provided at paf4), were selectively
deposited on (101) and (001) facets, respetti¥€hus, 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 prefereially 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, observedfiamed in

a plethora of subsequent stutfitgshas been rationalized in ter
heterojunctiondé originating from the differe
surfaces, causing the preferential migration of holes and electrons towards sugguiscets (

1.36b) 344
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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 higiingined (001) surtscand 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.
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Figure1.3.6: 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).

Nanosheeshaped titanium dioxide is typically synthesized in environments containing
concentrated'Fanions. This synthesis results in producing materials with surfaces covered by
chemi sor bed f I-Fusorfade theietieg)ildwevarsseveral Titerature 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 suate fluorination on photoactivity are not yet fully understood, and the literature
reports both beneficial and detrimeetfects'>*° 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 flarination!>** As a result, removing surface F impurities throughsyattetic
treatments has become a standard procedure in literature studies investigating the properties of
(O01jfacets 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 -gD °C). Both methods have been repottede
effective’®>2*3However, it is important to note that thermal treatments can cause significant
changes in the structure of anatase, such as surface recon§tttatidfer nanoparticles
sintering>**which are not observed (or are greatiyeld) when surface F species are removed
via washing procedurés
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Due to their high surface energy, in fact, clean anatasg/QDX) Burfaces usually restructure
to a (1 x 4Y001) surfac&representing the surface reconstruction allowing to best minimize the
surface stress of clean anatase (001) sfftfawestructure of the reconstructed anatase (L x 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 includingw-enegy electron diffraction (LEED), XPS and STMowadays, the
structural model most widely accepted to describe the structure o{QDX #acets of anatase
consi st ssmmwlf e dthlee 60 a(dA D M) model , originally tt
Sellonf® In their DFT-based model, they proposed that surface bridging oxygens ofqa® 1)
surfaces were replaced by slri@vs periodically with a (1 % 4) periodicity, such model allowing
to describe both the surface stress relief upon reconstrudtebeung highly consistent with
experimental imageBidure 1.37 c¢,d). The most convincing evidence of the ADM model,
however, was provided by Yuan et al. in 20&i&re they performed ansitu atomiescale side
view observation of the reconstruction using an abertati@cted STEM and a heating holder
systemHKigurel.37 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 x 1)
(001) structure obtainable through terminating the bulk structure of anajasi{@e sample
was heated up to 750 °C. The unreconstructed ¢{081)surface, moreover, was reported to
have been observed iffrEe nanosheshaped titanium dioxide whose surface was cleaned via
NaOH washing by the same research group, itd¥@081) reconstruction being observed only
upon thermally annealing the sample, further confirming the thermal treatment as the trigger for
the reconstructiot.

The effects of the (1 x 4001) reconstruction on the physib@mical properties of the
resulting materials should be carefully considered when choosing the most apgpeciee F
removal possynthesis treatment for fluorfmee titanium dioxide reials, especially for
nanosheeshaped anatase that mainly exposes (001) facets. In fact, a recent study b§*Mino et al.
highlighted significant differences in surface/interfacial featurefreef Fanosheshaped
anatase, such as hydroxylation adbpiilicity, 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 x-(@P1) surface reconstruction, negatively affecting the
performance of nanoshedttaped anatase in phenol photodegradation, even compared to the
starting Fcontaining anatase nanosheets. Conversely, plkeetetatase eleed via NaOH
washing showed significantly improved photoactivity compared to the stadirigirfing
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nanosheets, as the surface hydroxylation and hydration properties ef0(1x dratase were
improved upon washing. These results are consistent with the theoretical prediction of Selloni et
al>*that (1 x 4) reconstructed surfaces exhibit depressed reactivity compared to anatase (1 x 1)
(001) facets. Therefore, to avoid undesired (4002) reconstructed surfaces, all the materials
prepared in this PhD thesis were cleaned from surface resspegies by applying washing
cycles with NaOH aqueoudigions rather than thermal annealing treatments.
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Figurel.3.7: Atomic resolution HAADFSTEM and the corresponding BETEM images of the (1 x 4) reconstructed (001)
surface viewed along the [010] axis (a,Bj;ad-molecule model (ADM) (c) and its corresponding view along the [100] axis
(d).80

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 (-22eV depending on the polymogrpvhich 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 performarnoeluding (but not limited to) doping with metal and/or
non-metal p-block or transition metal) elements and coupling with different metaf®Xides.

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 welteisding the absorption spectrum of ;Ti@vards

visible light? In fact, doping the bulk structure of a semiconductor with impurities results in the
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insertion of intrdband gap states close to the valence or the conduction band of titanium dioxide
(a more detailed descriptiomaindp-type doping is provided at pdgg 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 aption spectra of titanium dioxide towards visible’fight.

The bulk structure of titanium dioxide can be doped either with cations, especially transition
metal ions, as well@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, wmbhcxpable
of trapping either holes or electrérfsMore generally, a trend for which cations with higher
valence (e.g., Rbor Ta*) 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 catiori$A very indepth investigation on the effect of cation doping has been performed
by Choi et al., who systematically studied the doping oivifit21 different metal ioffsln
their study, they discovered that the photocatalytic activity of metal oxide semiconductors was
significantly improved in both oxidation and redugtiocesses by doping witi'E#o*, Os™,

RU*, V* and RA*. However, these materialssorbedvisible light only in rare cases and,

moreover, were characterized by high thermal instability.

A second generation of doped T hotocatalysts, characterized by the introductipn of
block elements such as sulfur, carbon or nitrogen in the structure of the metal oxide semiconductor
in liewf transition metal ions, was then explér@dith 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 potih is obtaied, 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 dopénti@de C, N, F, P, O,°5.

Among these, fluorine represents a particularly interesting @hlonicdopant®® In fact,
the introduction of Fanions in the bulk structure of titania results in highly improving its
photocatalytic activity in the mineralization of various organic compounds, also under visible
irradiation’® In fact, bulk doping the lattice of titanium dioxide with fluorine results in the
substitution of oxygen atoms with &hions, causing the generation &f énters, since the
substitution of @ with fluorice results in the introduction of an additional electron in the structure

because of charge compensation. Therefedepdd TiQ can be considered as a -on
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stoichiometric oxide of general formulg 4 E/ & , in which fluorine and Ticenters

are located far from each other, as evidenced by EPR measuréigamrd.g8).”° The

formation of such Ti states in the bulk of titania has been widely reported as one of the main
factors at the origin of the improved photoactivity -ooped TiQ.”%° 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 protetseparation of photogenerated charge carriers, thus
resulting in an improved photoactivity of the naserMoreover, fluorine doping increases the
thermal stability range of the anatase phase, shifting the anatase to rutile phase transition to higher
temperatures. Thus;deped anatase can be calcined at higher temperatures with respect to
pristine anatasallowing to obtain materials with improved bulk charge transport properties due

to their higher crystalliniif®7881083

MUl L 4+ 4+
Ti Ti Ti Ti
1.%0/1.94 207F “ 506

’2.00 2.28

Ti Ti'*

o) o)

2.01 & 5 2.16 5
1.92{“\T‘!*/ 1.96 1985202
1,93~ 1.3 2,04~ |\\‘2.04
o ’2.00 O O ’2.04 O

@) (@)

Figure 1.3.8: Ball and stick models for FFloped anatase TiQ@ reporting the spin density of the Pi excess electron(a);
Bond lengths in angstrom(b).”®

1.3.3 Titanium dioxide surface fluorination

Parallelly to itase 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 radizadiated oxidation path&:® In fact, the presence of fluorine
at the surface of titanium dioxide results in strongly modifying its overall surface ¥¥#€mistry.

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,Ti@favor ofWTi-F specie¥.This process occurs via a
ligand exchange reaction which is very favored at acidic pH: in fact, an almost complete

displacement of surfag@H groups is observed at pH %%.
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This modification strongly impacts the adsorption properties at thesemaitmynductor

interface, especially that of organic species, and significantly modifies the photocatalytic behavior
of the semiconductor metal oxitteparticularWTi-F groups prevent the trapping of holes at
the semiconductor surface in the form of surface titanium hyddiegl group&VTi-OA

formed via direct oxidation of surfaGed groups by means of valence band héles n 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 Sunfé@esko their
corresponding radical anid@4 = +3.6 V). Instead, photogenerated holes at tMeOF

surface can only directly react with water molecules there adsorbed or recombine, resulting in an
increased net production &iH radicals in solution, one of the main oxygen reactive specie
responsible for many photocatalytic processes in aqueous media, by means of the here reported
mechanisrf49293

k4E/ ( E AK4AEI/E (| PP
k4E& E (/A K4E& (/1B ( PR,

Due to their protagonist role in oxidative photocatalytic chemistry in the aqueous media, an
improved production of hydroxgdicals on the surface 6iTFO, 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 Chenet al.on the photocatalytic oxidation of ammonia in the gas hhlaseresence 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
heterojunctin 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 dioxid&, 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 effectitrappitg sites, the
presence of'Fons adsorbed on such facets further promote the diffusion of positively charged
holes towards (001) facets, resulting in a synergistic beneficial effect on the overhblelectron
separation. In contrast, when surfacers 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 surfacanion electrostatic effect may simultaneously promote the
attraction of the photogenerated holes on the same facets, with a consequent enhancement of the
undesired electrdmole 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 (0010/{) ratio, which favors charge separation, but also as a support

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

) (-)

Figure1.3.9: Schematic illustration of the likelihood of charges migration on fluorinated (101) facet) and (001) facets

(b).
1.3.4 Noble metal nanoparticles deposition

One of the most widely employed strategies to overcome the limitationssofefi@sented
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 capdblefficiently 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 photoconviersof water to Hland Q using Pt/TiQ.

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 eletifenlietween 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 metak( ) is higher than that of the semicondudgoj,(the electrons flow from
the latter to the former until equilibration of their Fermi levels is at@ma@].310).

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-¢akesldepletion layemwhile the
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metal surface acquires a net negative charge. By thispaeg,cnarge regisrformed. 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 i§ given by:

B B © lozey

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

the semiconductor.

Semiconductor Metal

CB

VB

Figure 1.3.10: Schematic representation of a metasemiconductor interphase.

Figurel.311lillustrates the dynamics of photoexcited electrons inmuetdiled TiQ powders.

CB
EI‘ T
El
VB Redox Redox
Metal couple couple
Equilibration before Charge equilibration after
U -irradiation UW-irradiation

Figure1.3.11: Fermi level reequilibration upon photoexcitation in noblenetal surface modified TiQ nanoparticles?’

Under illumination conditions, when a photon of ‘biénad gap energy is absorbed by the
metal oxide, photopromoted electrons tend to be distributed betweandlt@e 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 spatiaraBpa of the photogenerated electrons. Moreover, since the
accumulation of electrons increabe Fermi level of the metal towards more negative potentials,
the overall reductive power of the composite materials is increased with respect of thé&’bare TiO
Therefore, the effect of the Schottky barrier generation is that of creating an efficient electron trap

preventing electrahhole recombination. This results in a greater probability of electron transfers
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from the photocatalyst surface to the reactants, thus possibly improving the photocatalytic activity

of the material$.

Semiconductor

R

Figure1.3.12: Scheme of electron transfers in metahodified TiG.
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Chapter 2:Material Synthesis and
Characterization Techniques

2.1 SolGel Synthesis

In the wide field of techniques for nanomaterials preparatige] sghthesis represents one
of the mainstay synthetic methods for preparing high quality, highly crystalline titanium dioxide
nanoparticleSln fact, several different methods have been proposed for the preparatien of TiO
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.
The aforementioned sg&l 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 nanonadgemith different properties by simply adjusting easily

tunable experimental paramet&rs.

The solgel 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 feuadyday 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 sgkl process appeared in the-b@80s with the pioneering studies
of Ebelman and Graham, which discovered the formation of sili§agés@pon hydrolysis and
condensation of tetraethylorthosilicate (TEOS) under acidic corfdiBoree 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 scientistdlich 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 6300%&ritbanh the
temperature above 1500 °C normally required to produce Pyrex glass via traditioakingjass
technique&.From the early 70s onwards, theggbtechnique has been studied in depth and used
to prepare a wide variety of materials sucaraspowdet§™ or coating film&**®



A typical sefel process can be divided in four/five sequential elementary steps: hydrolysis,
condensation, aging, drying and crystalliZatiothe first step, a metal precursor, usually in the
form of inorganic metal salts or me@anic compounds such as metal alkoxides or
oxoalkoxides, is added to a suitable solvent, necessary to guarantee the reaction between water ant
the precursor sieovater and metal alkoxides are usually immiscible, thus making mandatory the
use of a mutual solventn 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
isopro@nol*® 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 precursce wathséquent substitution
of the metal alkoxide functional group with metal hydroxide functionalities:

12 (lo(l -12 2/ ( CRP

Depending on the metal/water ratio and/or the presence of a catalyst, hydrolysis can go to
completion to give metal hydroxides/ ( or stop to give partially hydrolyzed alkoxides
-/ ( I 2 . Thenformed hydrolized species in solution can be linked together by means

of condensation reactions
/12 - I (! -12 c /2 - | - 12 (/ R
/2 - 12 (/! -12 c /2 - | -12 2/ ( c¢®&

The condensation step results in the polymerization of théhyutadide species via metal
oxide linkages, allowing to build larger reetathining molecular blocks which, once grown to a
sufficient size, end up forminga The solubility of the resulting solid phase in the solatet
liquid medium is usually so low that the condensation reaction can be considered as practically
irreversible. Moreover, condensation of the metal alkoxide species usually causesrathecrease
viscosity of the spension. Both herein described steps are strongly affected by experimental
parameters, the most important being the nature ofghauR (in particular its steric hindrance),
temperature, pH, specific solvent used, solvent/metal precursor ratio andportestly, the
presence of a catalyst and its concentr&tfsf¥' 2528 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 theparameters, the presence of either acidic or basic conditions result in

generally favoring the hydrolysis of the metal oxide as batidHDH species are capable of
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speeding up the rate of28ype reactions by acting as acid/base catalysts for the nucleophile
substitution reaction st&5° A series of condensation reactions, then, allow sol particles to further
grow into a thredimensionally branched porous polymeric structure knogelBends 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. Thigrpcess is known aginglhe 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
geneally strengthen the linkages of the polymeric netfiérk.

The successive step in the formation of the desired ceramic nsdtegialgsnination of the
solvent from the gel. In the g@l process, something as simpl@rgdegan have enormous
impact on the resulting final mated&sIn 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
superctical solvent conddns 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 calctessore
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 parameteffeleeniytiae properties of the
resulting metadxide material: iparticular, 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 rastdtingsa
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 preparé¢f diddeover,
thermally treating gels results in cleaning tfaeswf 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 solgel process has many advantages compared to other nanomaterials preparation

techniques such as:

1 Synthesizing materials with high levels of purity, homogeneity, and crystallinity
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T

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 incorporatiovatéraolubleguest

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 patrticles size and morphology

The method, however, is affected by some drawbacks, for exanesiented by:

T

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 sajel 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 adopigitlepsotess as synthetic

method for preparing Ns#oped titanium dioxide nanoparticles due to the simplicity of-the sol

gel process in preparing homogeneouslydopiid metal oxide nanofeles.
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Figure2.1.1: Schematic representation of the different stages and routes of the sglel process. Under Creative
Common License CC B¥A 3.0
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2.1.1 Experimental procedure

The syntheses of Ti®,F-doped powders were carried out in a 56PYREX glass triple
neck round bottom flask containing 106G ofmabsolute pure ethanol, connected to an Allihn
condenser immersed in a thermostatic ethylene glycol bath with temperature set to 35 °C. Then,
10 cni of titanium(1V) isopropoxide (Sigr&drich, 97% purity) were added to ethanol using a
volumetric pipette, while keeping the solution under constant stirring. The hydrolysis of the metal
organiealkoxide precursor is very rapid aan 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
envionment needs to be closed with appropriate plugs to also preusdetieesgresence of
air moisture in it. By means of a dropping funnel, 3dferitrapure MilhQ water containing the
desired amount of NJA 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-shppad evaporating flask and
dried in a Heidolf rotary evaporator with a mechanical pump as vacuum system at 50 °C and 2
kPa pressure. The-gbtained materials were then put in a glassiBétand 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 hbatemntitolled 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 agai

All reagents were purchased from Sigjlaiach and employed as received. All solutions were
prepared employing ultrapure water (-@8.2 MU
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 moderoltgges. 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 nanosh&&fsDue 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, physicsetoilidggt, by

simply adjusting the reactantaaamtration, 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 material sd crystallites.

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 aa aystetayaimed at recreating
high-pressure environmental conditions by heating the reaction environment around the critical
point of the solutiorfthus increasing the vapor pressure of the liquid included in the reactor) or
through additional external gsarization, if need&dlhe 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 solubled@ublenat all) under
normal atmosphie pressure conditioffS’ 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 characteridtiescellent 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 pkaryscale hydrothermal vessel.

Il n fact, the first uses of % eentunginwhico hy dr o
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 syrstlfagieared 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 syst&8incehen, 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 BaC@nd SrC@® using thickwalled glass tubes containing -high
temperature highressure liquidéHydrothermal synthesis, then, started taking its modern form
with the work of de Sénarmont in 1874ho investigated and reported the first methodologies
for synthesizing minerals in a laboratory using gun barrels as autdwdavethod was later

improved in 1914 by Morey, who developed hydrothermal vessels made of thermostable and
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corrosionresistant alloys, effectively representing the first prototypes of the nowadays used
hydrothermal closed systéftdoving 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 matefi&&settling as one of the most popularly used labosziaiey

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 eakilgtramd applied for any neater
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 performinig-situmeasurements in highessure closed reactor ve$s#is.

As illustrated by the phase diagram of wiitgurg2.21a), the equilibrium vapor pressure of
water is a function of temperature and, if enclosed in a rection vessel, increasing the temperature
results in increasing theessure 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, impesing high
temperature conditions (minimum above 100 °C) results in increasing the pressure inside th
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 aagdiquid 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 ebjoiium liquidvapor 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 traupias by
the solvent at the beginning of the whole synthesis (before heating the whole system), as the filling
factor heavily influences the actd@idiagram of the solvetigure2.21b) % °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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Figure2.2.1: Phase diagram of wateia); p-T curves of water with differing percentage filling (fill factor) of the closed
reactor vessel(b).5?

The hydrothermal method bases its phydiemical 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 successiveatigstaliithe solid materials starting
from their dissolved species in solution. In flaetsolubilization 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 presslre as:

Ab O 0 .
A ¢
10 4

where

1  is the composition of the saturated solution (molar fraction)
1 0 isthe partial volume of the solute in the solution
1 0 is the specific volume of the solute in the solid phase
1 — s the rate of change in chemical potential of the solute in the solution with
R
change of concentration at fixed temperature and pressure.

As —  must always be positive, it follows that the solubility of the solid in the solution
A
depends on pressure whetheis 0 is either positive or negative. Considering that most

solids expand on melting, U is usually positive and increasing the pressure of the system
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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 fippaingechanisPThus, reaction

time represents a fundamental parameter in ensuring the obtainment of the desired reaction
product, along with setting the right pressure and temperature cofidigayplication of high

pressure and temperature, moreasases a decrease in the viscosity of the $dl%eith 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:

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

= 4 =

=

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 canpgadydispersed

High-temperature higpressure conditions of the reactor pose safety concerns

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

= =4 4 =

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 cgritrelihape of metal oxide
crystallites, allowing to tutieeir shapdy 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 &gént.

2.2.1 Experimental procedure

Differently shaped TiOsamples, characterized by a pssepberical 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 isopr@poxide (1
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 waleale2.21) 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 stastdesgautoclave 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 washiwgtcydiegpure MilQ
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 electem@t 70 °C overnight, and grounded into the form of
fine powders by means of an agate mortar. Fobtaimed materials were labelled as HT_X,
where HT refers to the employed preparation method (hydrothermal procedure) and X stands for
the nominal F/Ti atio employed during the synthdss(.1 or 1.0. The reference sample was
labelled as HT_0, as no fluorine was used during its synthesis.

I n order to remove the residual fluorine o
underwent washing cycles with an aqueous NaOH solution. During the washing procedure, a fixed
amount of photocatalyst (1.0 g) was dispersed in 26Dath1 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 14dmg stirring in the dark at room temperature. The powders were then
recovered by centrifugat and wastd several times (maximum six times) withiNater
(200 crd) up to neutral pH of the suspension and finally dried at 70 °C overnight.

Table2.2.1: Amounts of HFaqueous solution (48 wt%) and of ultrapure 40 employed in the hydrothermal synthesis of
the photocatalysts.

Sample HF Volume /cmd  H2O Volume / crd
HT_O - 1.200

HT 0.1 0.120 1.080

HT_ 1 1.200 -

All reagents were purchased from Sigldiach and employed as received. Water purified by

a MillrQ water system (Millipore) was used throughout.

2.3 Deposition-Precipitation

The depositiomprecipitation (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 (sugh as TiO
MgO or AlOs) due to its ability to quantitatively deposit very finely dispersed, very small
nanoparticles on the surface of the mat&ftalhe depositiomrecipitation is a wehemistry
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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 iHat@0 22 alkalinization of the

solution was achieved through addition of sodium hydroxide, which caused the precipitation of

the metal hydroxides as

- 8(/ 9-1( C&P

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 anchr to it.

The desired metal nanoparticles are obtained through a reductive step aimed at converting the
metal ions to their zes@lent oxidation state, which can be performed either via calcination or
through chemical reduction, although the properties of thengemsdterial are heavily dependent

on the method chosen for the reductive B&}.

In the modern variants of the deposHppecipitation method, the thermal decomposition of

urea

#/. (¢ (! EARQ.( # A

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 &f NaOH.
With this variant, an actual quantitative deposition of the metal nanopatrticles is obtained, whereas
in the case of Harut ads me tqghaatithtive depositon ofitbet i n f
metal nanoparticles on the metal oxide surface. Mgrédwsslow addition of the base ensures a

more homogeneously distriéd precipitation of the metal hydroxides, thus allowing to have
better dispersed metal nanoparticles on the surface of the $dpgmothermal decomposition

of urea, thus, allows to better control not only the actual noble metal nanopatrticles loading on the

surface of the support, but also to deposit better distributed nanopatrticles.

AU Au(OH),

+ pH increase /N Reduction
H({_ZO H 0] (6]
> \ 7/ >
surface surface surface

Figure2.3.1: Schematicrepresentation of the depositiorprecipitation process

The depositioqrecipitation method was chosen during this PhD thesis to modify the surface of

both N,Rdoped 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 ofdtad oxide support.

2.3.1 Experimental procedure

In the DP method400 mg of Ti@powder were suspended in 10 ofrultrapure MilkQ
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 solutias thven prepared by dissolving the proper
amount of HAUGKH O to obtain the deposition of the desired amount of metallic Aand
of water. Reactants were recovered with additional & billi-Q water, bringing the total
volume of the suspension to 2¢,csetting up the final concentration of urea to 0.42 M and that
of the photocatalyst in the suspensiaOtg drr.

The flask was then immersed in an ethylene glycol thermostatic bath with temperature set to
80 °C and stirred at 1000 rpm for 4 hoBysapplying 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 dioxigdpoWwiders were
then separated from the liquid phase via centrifugation and recovered-Witivaidll; where a
slight excess of NaBMas added.ddition of the reducing agent causes an immediate reduction
of the deposited Au(lll) hydroxides to finely dispersed metallic Au NPs on the surfage of TiO
as evidenced by the sudden chromatic change of theowi@ers, passing from brilliant white
to deep purple.

Au-modified powders were then washed several times (at least three) with ultraure Milli
water until the concentration of chloride ions in the supernatant, detected by ionic
chromatography, was reduced to less than 1 ppm. Each washing cycle censisediimg the
samples in ultrapure Mili 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 finaligiodd 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 ddaad gap energy teduce surface adsorbed
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metal ions in an aqueous suspension, causing their deposition as metal nanoparticles on the
semiconductor surfa&eThe interest towards this very peculiar metal nanoparticles deposition
method started in 1978 with the work released by Kraeutler affdvBarslhhowed the possibility

of loading platinum nanoparticles on the,W@face by illuminating a slurry containing the
photocatalyst itself,.FtCk, HCIl, NaCO; and acetic acid, which acted as hole scavenging species.

To observe the deposition of tAenanoparticles, removal of oxygen was necessary by purging

the reaction environment with a steady streara of N

For a metal cation in solution , 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

- AN @A o- O & 1:0)

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 semetoond more negative that the
reduction potential ofthe T- 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 oxidatioada#lbrr 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 nanopatrticles, rather than in their metallic
state®'In fact, the usef a sacrificial agent increases the availability of photopromoted electrons
by reducing the electrtole recombination rate due to the fsnlkbtraction effect played by the
hole scavenging species, causing a more effective reduction of the adsdrioed atethe

photocatalyst surface.

The need to purge oxygen from the reaction environment originates from te&isiger
electron scavenging ability played byo form/ 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 oxidai states, if ever depositéd.
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Compared to other noble metal nanoparticles deposition methods such as electrodeposition,
chemical reduction, or sputterifif photoreduction places itself as a very appealing modification
technique due to the ability of the method to deposit nanopatrticles at low temperatures, without
the need to apply any external bias and, most importantly, the peculiar possibility tobdeposit n
metal nanoparticles preferentially on certain areas of the metal oxide support such as specific
crystal facef€® or cbsely 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 depos.iteérteidedwiththaspar t i c |
the photocatalyst suppétt.

The photochemical deposition method was chosen during this PhD thesis to modify the
surface of both Nfdoped and differently shaped titanium dioxide nanoparticles with Au noble
metal nanoparticles because of the ability offered by the modification tmeldyookit 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 tfepositiorprecipitation method.

2.4.1 Experimental procedure
In the photodeposition method 600 mg of JpOwder were suspended in 100 ain

ultrapure MiliQ water in a photoreactor consisting of a 25®chott DURAN glass laboratory

bottle jar equipped with a GBS® connection system wif

four GL18 red screw caps, one of which is holed
connected to a gas resistant PTFE/silicone septum
allows gas bubbling by means of a syffingeré2.41). The
powders were then finely dispersed by sonication
ultrasound radiation of 59 kHz frequency and 25(E
(corresponding to 100% power) for 30 min using a
Instruments Labsonic LBS2 ultrasonic bath.

Then,the proper amount of HAuU®HO to obtain the
deposition of the desired amount of metallic ware ~ JSS§
dissolved in7.5 cm of Milli-Q water andadded to the
suspension, followed by addition of 72.8 avultrapure |
Milli-Q water and 20 c¢hof CH;OH, bringing up the tota
reaction volume to 200 &nfthe reaction mixture was then

) o ) Figure2.4.1: Glass jar photoreactor under p
bubbled with Nunder constant stirring for 15 min. bubbling.
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The suspension was irradiated for 60 min under constant stirrinigeuskperimental setup
described in secti@l.Apageds). A color change from white to deep purple was observed within
few seconds after the beginning of irradiation, indicating thao#suwere almost immediately
reduced to metallic gold.

Then the powders were recovered from the reactor by centrifugation with a relative centrifugal
force of 3661 x gorresponding to 5000 rpmanThermo Scientific CL 10 centrifuge wHB I
Fixed Angle Rotor of 131 mm radius for 20 min. The supernatant was recovered from the test
tubes and a slight excess of NaB&k 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 &astithrultrapure MiHQ
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 Mii water, stirring the spension for 20 min and collecting the powders
by centrifugationthe product was then transferred in a glass Petri dish and dried overnight in an
oven at 70 °C. Fine powders wéreobtained by grinding in an agate mortar.

2.5 X-Ray Diffraction

X-Ray diffraction (also known asRdy 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 informatioethoka@f properties
of solid materials, such as:

Structure of the material bulk

Phase composition

Presence of texture or preferred orientation of crystallites
Crystallinity

Grain size

1 Crystal defects

= =4 =4 -4 2

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 pioneerprid¥eawarded work of Von Laue et
al. in 1912°° who discovered that crystalline substances could diffRey ¥adiation 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 grountreaking 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 tdieeensional spaoé atoms and molecules, and not by its
external propertié$. Afterwards, the independent works of Debye, Scherrer (Germany,
1916/19179% and the Bragg brothers (England, ¥1®aved the way for this technique to
become the nowadays most frequeiseiyl crystallographic method.

As the name implies, XRD is an analytical techniqgue empleiiagsXconsisting 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 electromagnetio dpeiagsecond only
tol rays Figure2.51).
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Figure2.5.1: Spectrum of Electromagnetic radiation.
A quantitative description of theR&y diffraction phenomena has first been proposed by

Von Laue and then by Bragg & Bragg. Despite

physically accurate, Bragg6s i ndaeddigcussadast i on

it enormously simplifiethe 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 wtayXadiation, the electromagnetic beam
is scattered in a specular fashion by crystal planes separated by@ distettte(XQ abeing a
series of integer indexes identifying a specific family of lattice plgones2(52a). The
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differences in optical path betweeRa§ 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 diffrgotaness is thus described in terms of
incident and reflected focused beams, each approaching the different crystallographic planes with

a fixed—glancing angle.

The interference between the scattered beams results to be constructive only for those
refl ections whiich satisfy Braggds Law

¢_cQ OEL DD
in which:
1 nis a positive integer
1 _is the incident radiation wavelength

f 'Q is the spacing between planes of teafamily
1 —is the glancing angle

| f Braggbs conditions are not met, a destru
diffraction signal due to the repetition of the lattice planes in the crystal reinforcing the

interference.
By | ooking at Br a g g 6 s-Ralsaimportaot condusiomns cdn bef r a c
obtained. 1 f we rewr OEbweBhtamggds | aw as a fun
OB} —= ®
0 QLS

that is, fixing a wavelength and excluding higher order of magnitude reflections, we can observe
t hat Braggds Law can be satisfi ed. Sinocelthe f or

distance between lattice planes is specific for each substance, it follows that scanning a
monochromatic »Ray radiation as a function of the glazing angle gives rise to characteristic
diffraction spots, in which a diffraction signal is olatainky in correspondence of those glazing
angles able to satisfy the Braggds conditio
between lattice planes, it follows that each specific crystal phase of a given substance produces
unique diffractios pot s . It is I mportant to note that |
which a diffraction spot can be observed but
diffracted beam. However, from the diffraction thetbwy,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 ¥sis also a property of the phase structure.
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Figure 2.5.2: Bragg's Law for XRay Diffraction(a); Example of the diffraction pattern of an unknown substance and
identification of its crystal phase (V(HPQi)s) via comparison with reference diffraction patterns in database®).

A typical XRay diffraction experiment is performed by varying the glazing angle of a
monochromatic XRay beam, while recording the intensities of the diffracted beams as a function
of ¢ [(usually preferred to the glazing ahdler experimental reasons), obtaining-eafied

diffraction patternKigure2.52b).

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 spoteefeitnce patterns
contained in dedicated databases, in a procedure closely resembling the comparison of fingerprints

in forensic studies.

In contrast to single crystalR&y Diffraction, XRPD makes use of powders as samples. A
powdes defined as a collection of a huge number of small crystallites completely randomly oriented
in space. When a powder is exposedRayradiation, some crystallites will be oriented in such
a way so that the Br ag g otalogtaghiw planss generdtes thdniae d .
collection of reflections distributed over a corng @ngleTherefore, the intensities monitored
in a powder diffractioexperiment 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 intetfsatiesficiction 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
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the dimension of the crystallites along a specific crystallographic direction. This phenomenon is

guantitatively described by the Scherrer eqifdtion

I8

SRy o8
in whichQ represents the size of crystallites in the direction vertical to the (hkl) lattice plane,
is the Xray incident wavelength,is the line broadening at half maximum intensity (FWHM)
expressed in rad andtands 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 thaseasefu
required when accurate absolute@ataystallite 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 approxifi&emund, 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 determinatio@ abdolute value of the crystallite

size. To minimize the instrumental broadening effect, Warréfi'‘éfpmbposed that the square

of the line broadening at half maximum intensity (FWHM) in a diffraction pajtean (be

expressed as the sum @& #yuare of instrumental broaden@gvth the square of thiesired

physical crystallite broadeniny (
6 I ® D

Accurate evaluation of the instrumental broadening aj-eacdually 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 broadenifay the instrumental broadening, improving the quality of the calculated
crystallite sizes. Moreover, the Scherrer equation neglects the effects on FWHM produced by
lattice distortion effect$f the materials are expected to be characterized by strong lattice
distortion, the Williamsedall equation?® which includes the description of such effect of by
modeling a dedicated strain parametdrould 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 refineméf#!!* 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 ohe minimized function in the Rietveidthod is given by
B 0 @ D) CRD

where) is the weight assigned toithedata pointd  the integrated intensity of the observed

ith peak andd  the integrated intensity of the calculétegeak. In the case of a polyphasic
sample the function gets expanded as follows (for a dual wavelength experiment such as the dual

0 components of a Cu-Ray emission)

B 0 &) 0 Q Wy ©OF TR WF  3Wp c®8p

wheren is the background contribution of ittedata pointy is the scale factor ftih phase,
N is the number of phases preséntis the number of Bragg reflections contributing to the
intensity of théh point,"Q is the integrated intensity of jtieBragg reflection for thih phase,
Wi Wy is the peakhape function of thigh Bragg reflection for théh phase angwy is the

difference in position of the two wavelength components, where;— C—-

The common scale factarsare 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

VEeVtOD w RS
whereQis the number of formula units in the unit €ells the molecular mass of the formula

unit, andw 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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2.5.1 Experimental procedureand data elaboration

During this PhD thesis,-Ray Powder Diffraction (XRPD) patterns were acquired using a
Panal ytical X0Pert Pro diffracteiemed€uK oper al
radiation (k=1.54056 1 Inthacase af difecentip shapedttitaniumf 0 .
dioxide nanopatrticles, the relative amount of exposed {001} facets of the full anatase samples was
calculated by applying a Rietllded approach to diffraction dd¢acribed in detail in a paper
previously published by our research grdapiefly, the method relies oalculatigthe width
0 andthicknes® of anatase crystallit@sgure2.53) via aleastsquare minimization procedure
performed by refining structural parameters related to the crystallography of thelineit cell
profile parameterand two additiongbarameters denoted Qs andr) , accounting for the
description of anisotropy in crystallite size along perpendicular crystallographic dgeatitns,
an experimental powder diffraction patt€he width and thickness of the crystallites ctiube
calculategtartingfrom the anisotropy descriptors as

0 = B

n
. Uui_
0 ﬂ__ AP m

where_is the incident >Rays wavelength ands a constant set to 0.94hen, thepercentage

of exposed {001} facete (11 Tt pcan be calculatedingEquationc®® p

v .
P tmp thnn AP p
V' OGET

wherev is the shorter base of the trapezoidal {101} {&apire2.53), calculated as:
O 0 otAT«O AP ¢

withe @ @& J, being the theoretical angle between {001} and {a6&iqFigure2.53).
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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
Il software’™® The quality of the fits was defined

according to the fit residudl, defined as

= primp CdP o
B
where®w and®@  stand for the observed and calculated intensity othtlilata point,

respectively.

In the case dfi,F-doped anatage 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
PseudeVvoigt functions, consisting of a linear combination of a Lorentzian and a Gaussian
fundion, by means of the WinPLOTR softwét€orrection 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 [was obtainefbly fitting the FWHM as a function @ff across the

whole diffraction pattern with a suitable polynomial function by means of the MATLAB software
(Figure2.54).
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Figure2.5.4: Polynomial fit of the FWHM vs 2 function for the reference Si standarda); residuals of the fis (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 catalyticiapplesathe 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 techniqueqaaes 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 adsorptiéf methods.
Between the two, the latter is meant to measure an area represented by a surface covered with a
monolayer of cloggacked molecules and is usually the preferred method in characterizing powder
materials for photocatalytic applications. Among the manisrandenethods proposed for the
measurement of SSA via gas adsorption,BtheauelEmmetTeller (BET) represents
undoubtedly the main pillar and most applied méthod.

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 fwessented by the
strength of the interaction itself, with physisorbed molecules interacting with the surface only via
van der Waakype forces, whereas chemisorption is characterized by a highly specific chemical
interaction occurring via chemical reastiodDue 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 sdliand 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 cettrigtenonolayer 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, clospacked configuration. Clearly, this is not the anijiguration of adsorbed
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molecules when interacting with a solid surface, with multilayer adsorption, via interaction of gas
molecules with themselves through vappor interaction, being also possible. As the energies

of gassolid physisorption and eges interactions are ugussimilar 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 asmienacting with each othaard irequilibrium 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:

CHP

Where

1 wis the volume of gas adsorbed at pregsame absolute temperatlive
N is the vapor pressure of the gas at tempefature

1 ® is the volume of gas adsorbed when the adsorbent surface is covered with a
monolayer of gas

1 06 is a mathematical parameter related to heat of adsorption also BEWn@sstant

=

Volumes in the BET equation are expressed as volumes of gas at normal temperature and pressure
(NPT). In its simplest form, the value of ghparameter, usually quite constant for a given class

of materials, can be expressed as

50 ApB—_11 ca;
Y'Y
Where
1 n represents the heat of adsorption of the first layer
1 n represents the heat of adsorption of multilayers, i.e., viv&ppomteraction
1 ‘Yis the gas constant
1 "Yis the absolute temperature

The 6 parameter is thus directly related to the affinity of the adsorbed gas for the adsorbent

surface: in particular, materials characterized by reghmeter 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 characterizéd by a small
value multilayer adsorption, maximizing wveagpor interactions rather than seobgbor
interactions, will prevail, thus preventing the formation of the monolayer adsorption at the surface
of the adsorbent{gure2.61).

High C parameter Low C parameter

Surface

Figure2.6.1: 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 angasad$orbed (usually
expressed as volume or molar) or released by a clean solid surface at téxgsesatumetion
of the NN 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 temperaturas. most employed probe gas molecule is molecular
nitrogen, N, with the relative adsorption/desorption isotherm being recorded at liquid nitrogen
temperature (77 K). The here reported BET equation can be rearranged in-instfaight

obtained by plotting% as a function afi7) , allowing to obtain the desired values of the

volume of the monolayer gas adsorptionéapdrameter starting from the angular coefficient

and intercept of the straight line, usually obtained via linear regression of the experimental data
(Figure2.62). 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 pressgee fdre magnitude of tle

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 valdepafaneeter 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.
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Figure2.6.2: BET transform plot with a regression line through the linear region (inset).
Knowledge of the area occupied by the adsorbate (in the case of mitrogd6.2- 10%°
m?) allows one to access the SSA of the material through the formula

e @O O
Y'Y

“CapT0 e

where:

T 06is Avogadrods number

1 0O is the area occupied by a probe molecule

1 ¢ @& p isvolume (drf) occupied by 1 mole of gas under standard conditions
1

"Qis 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 pressigrigsver than the saturation pressyreln this case, the

adsorption and desorption isotherm presents a hysteresis which is rationalised in terms of the
Kelvin equation:

AT

wherel is the radius of a hemispherical meniscissthe surface tension of the liquid &nd
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'idomysis of the

isotherm shape, thuslows 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 Feguns2dh

In brief, for a material with a sufficiently higbarameter 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,
therdy completely coating the entire surface of the sample.

Stage 1:
Isolated sites

on the sample
surface begin
to adsorb gas
molecules.

Stage 4: Still higher
pressure causes
complete coverage of the
sample and fill all the
pores. Pore diameter,
volume and distribution
calucation can be made
using BJH method.

Stage 3: Increasing gas
pressure causes

Stage 2: As gas multi-layer coverage.
pressure increases, Smaller pores fill first.
coverage of gas

molecules increases

to form a monolayer

BET equation is

used to calculate the

surface area.

Figure2.6.3: Scheme of the pore condensation of a gas as a function of pressure at the surface of a porous solid
material 11°

2.6.1 Experimental procedure

During this PhD thesiS§pecific surface area (SSA) of the samples was obtained by measuring
N, adsorption/desorption isotherms at liquid nitrogen temperature according to the Brunauer
EmmetTeller (BET) method in a Micrometrics Tristar 11 3020 V1.03 apparatus equipped with an
ASAP 2020 surface area and porosity analyzer, after outgassing fatr 250 6@der constant
nitrogen flux. SSA data were calculated by the instrument provided software starting from the

linear region of the BET isotherm, using the linearized formBE@hequation.

2.7 UV-Vis Diffuse Reflectance Spectroscopy

UV-Vis Diffuse Reflectance spectroscopy is a widely used, cheap and easily aceessible non
destructive analytical technique aimed at the investigation of the spectroscopic features of samples

in the form of powders, requiring minimal sample preparationedim@que is an optical
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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 UWis electromagnetic radiation, which cannot to byzaad via conventional
transmission spectroscopy. Oppositely to smooth surfaces, on which incident electromagnetic
radiation is reflected in a specular fashion with a4fikerdrehavior, when a sample in powder

form is irradiated with a collimated eteuagnetic beam a series of complex optical phenomena
including reflection, diffraction, refraction, and absorption, along with specular reflection, is
produced in a process knownlidfsised reflectimnsing the dispersion of the radiation in all spatial
directions independently of the electromagnetic radiation incidence angle.

specular
] reflection
reflection

Figure 2.7.1: Specular and diffused reflection of electromagnetic radiation from a surface. Under Creative Common
License CC BYSA 3.0

I n the ideal case, the diffused radiati on
i.e., thdight intensitypbserved from an idadiffusely reflectingurface ordeal diffuse radiator
isdirectly proportiondab thecosineof the angl¢ between the direction of the incident light and
thesurface norma), ) A T[OClearly, if part of the incident light radiation is be absorbed by
the sample, the diffused radiation will carry spectroscopic informatihMosit.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 compo®f multiple very dense and thick ladyers.

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, the@eticihe past have proposed
several different phenomenological theories mostly based on two constantskserptien
coefficiemtd thescattering coeffiieich have proved to provide sufficiently accurate results to be
gualitatively and quamatively used to describe the diffuse reflection process, provided that the
right experimental conditions are set. The most famousohstant theory proposed is

represented by the KubeMaink theory?from which, under the assumption that the reflecting
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sample is thick enough so that a further i
reflectance, the Kubelkéunk function& 2  can be obtained:

0 p_Y oY &

Y T oY &P
where'Y is the absolute diffuse reflectance of an infinitely thick samigléhe absorption
coefficient andyis twice the scattering coefficient of the material. The diffuse reflé€taace
defined, similarly to the transmission coeffi@snt,

Y &
D C

wherevis the intensity of the reflected radiation"@iglthe intensity of the incident ligiince
absolute reflectance is not practical to measure experimentally, the use of the relative reflectance

Y , defined as

is preferred.

Through the Kubelk&unk function'O'Y , a photoabsorption spectra of the investigated
specimen in terms of Kubelklunk units can be obtained and represents the most commonly
method used in the photocatalysts literaturevestigating the photo absorption properties of
semiconductor photocatalysts. As pointed out by Ohtant?ehaivever, Kubelk®lunk 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 absorbedalsolid sample. For this reason, during the course of
this PhD thesis, photoabsorption spectra were rather expressed in terms of theopasteapp

absorption units, which can be easily calculatpd a¥

Diffuse reflectance spectra are acquired using\asipectrophotometer equipped with a
special accessory named integrating spgrigiee.72), 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 whosflectance is close to 1 at all wavelengths (usually Mg®, BaSO
or the thermoplastic resin Spectrélowith 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 totallyedvisvom 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 diffus&dm the sample. Due to the presence of possible imperfections in the
geometnof 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 whitth tieh&antegrating

sphere are coated with) is determined prior to any measurement. The desired spectra are obtained
by measuring the relative reflectance of the analynete with respect to that of the reference
material at each wavelength.

Diffuse
reflected light

Specular
reflected light

Sample

Figure2.7.2: Scheme of a typical integrating spherg&®

2.7.1 Experimental procedure

During this PhD thesi&JV-Visible absorption spectra of the materials in powder form were
acquired in diffuse reflectance mode (DR spectra) using a &B&tcspéctrophotometer
equipped with a PHY57 integrating sphere, using barium sulphate as a reference standard.
Reflectane (R) spectra in the 2800 nm region, with a 1 nm spectral resolution, were converted
into absorption (A) spectra using the relation AR1

2.8 Inductively Couple Plasmad Optical Emission Spectroscopy
(ICP-OES)

Inductively Coupled Plasma Optical Emission Spectroscop@EHER sometimes referred

to as ICPAtomic Emission Spectroscopy (#8BS), is an analytical technique aimed at the
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guantitative 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 frequentiyehdacupled 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 levelually 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 iff a sample.

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
as follows: radio frequency power of usualh300W is applie a radiofrequency load coill,
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 Idaat codst ICP, the RF generator
operates at either 27 or 40 Midscillation of high frequency current inside the coil (which is
typically shaped as a cylindrical solenoid) causes the sdragueghy oscillation of electric and
magnetic fields inside the top of the torch. With Ar gas flowing through the tpack,feosn a
Tesla coil is used to produce O06seedd6 electr
electromagnetic field created in the torch tube by the high frequency current, the electrons are
accelerated and collide with other argon atomsngdudher ionization in a chaaction
manner. This process continues until a very intense, brilliant white, -s&rspealy high
temperature plasma is formed. Since plasma operates at much higher temperature than flames, it
provides better atomizatiand a higher population of excited states compared téAtizBne

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 largerainogdgtse 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 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 constructduiafeo cali

an ICROES, 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 IGRES 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 drarelbagkssented 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 softifion only.

Diffraction grating
b) Emitted light

otec Prism
Plasiiia Detector

Echelle monochromator

°
®
® [CP Torch

= Nebulizer ‘ Sample
U b Spray Peristaltic pump
N S— chamber
B To waste Argon

Figure2.8.1: Scheme of an ICP torcha). A: cooling gas tangential flow to the outer quartz tube; B: discharge gas flow
(usually Ar); C: flow of carrier gas, containing nebulized samplejriatuction coil which forms the strong magnetic field
inside the torch; E: force vectors of the magnetic field; F: plasma torch (dischardéfider Creative Common License CC
BY-SA 3.0 simplified scheme of an ICROES instrumenti(b).12”

2.8.1 Experimental procedure

During this PhD thesis, ICP analyses were carried out with a PerKit@timaeE 8000
ICP-OES, equipped with fullavelengtinange CCD array detector operating in a spectral range
between 16900 nm with resolution of 0.009 nm at 200 nm. ICP analyses were performed to
determine the actual percent Au loading on the surface ehaytfied titanium dioxide
materialsThe 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 follawsown amount of Amodified titanium dioxide
powder was suspended under constant stirringrisieuprepared aqua regia solution, obtained
by mixing aqueous HCI (34 vol%) with H€5 vol%) in a 3:1 molar ratio. Both employed acids

were of analyticgkade purity. The obtained suspension was then heated on éhsttimyp
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plate at the boiling temperature of aqua regia (108 °C) and stirred at 1000 rpm f@ckbours.

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 withGA Fixed Angle Rotor of 131 mmadius for 30 minThe
supernatant was then quantitatively recovered from the Falcon tubes, transferred to a225 or 50 cm
flask, and brought up to volume withaptire MiliQ water. The obtained solutions were then
injected in the ICPOES system for the analytical detection of gold. Concentration of the noble

metal was obtained via construction of appropriate calibration curves.

All reagents were purchased figmaAldrich and employed as received. Water purified by
a Millipore DirecQ 3 UV water purification systevas used throughotit1 8 . 2 MU .cm at

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 usematbeton
interactions to produce magnification of an object. There are many advansagelettrons 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 clmatig a wavelengtd ALO® 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 obje@segtiution 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 dgcrgasisity all around the central
spot Figure2.91a). 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 diffraitioa.litslurring 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 resmhudf 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 otherRigure2.91b). The Rayleigh criterion can be mathematically expressed in the

form:;

&
1 THE] C88

—)

where) is the resolution, is the wavelength of the beam used to form the imageshe

refracting index, andis the sermangle of collection, whose value is determined by the size of

the optical aperture. The denominator of the expression is also known as numerical &perture (

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 ohiambetter resolved images compared

to optical microscopy. It is important to noyaver, 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.

Figure2.9.1: 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 waléparated, 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 cauéng 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 generfaigure2.92b). As current is passed through the wire,
its heating induces the expulsion of electrons from its sharp tip due to the thermionic effect. Once
el ectrons are expelled, the pr8666o6oeoOoV hepeve
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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 condensahlehsadjusts the magnification

degree of the microscope by controlling the size the spot of the specimen being illuminated by the
electron beanf{gure2.92a). 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 gb &weergy, 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 cbigme2.92c). 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 arthiljfavacuum system, as the whole
instrument needs to be maintained underhiljfavacuum conditions (300° 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.
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Figure 2.9.2: Schemes of Transmission Electron Microscopé); Electron gun(b); Sample holder and copper gri¢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 nlangd field imaginghat, 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 exgud2d94). In bright
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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 higheitydemsereas bright spots correspond to

areas where electrons encounter less obstacles within thEigpeah.@3a). Images formed via

bright field imaging consist of 2D projections of the sample. Opposdal, field imagimode,

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 apertureg(ire2.94). 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, leigdreo on (
2.93b).

Figure 2.9.3: Examples of bright(a) and dark (b) field transmission electron microscopy images of hydrothermally
synthesized BaTi@nanoparticles. Bright sports in the dark field image highlight the presence of nanoparticles affected
by high strain12?

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 cétabwed; therefore the name
HighResolution TEMR-TEM). With such high resolution, it is possible to observe reticular

planes and, in some cases, even the atomic structure of crystalline materials.

BRIGHT FIELD DARK FIELD

Optical axis Optical axis Optical axis

Figure2.9.4: 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]RTEM images were recorded in two separate acquisitions by using
two different TEM instrumentA. first set of images was acquired #B@L JEM 2010 electron
microscope, equipped with a kaRctron gun operating at 200 keV and a Gatan CCD camera
allowing highresolution 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 (FE&) microscope, working at acceleratingage of 200 kV. A-Bwin system
lens guarantees a point resolution of 0.24 nm, and an energy dispaysspectrometer (EDS)
with ultrathin window allows for chemical characterization at the naddscalgaging system
is composed by one tv rate 626 Gatan and one slow scan 794 Gatan CCDAaimeras.
detectors are embedded in the control unit of the micro3tmpsample holder is double
tilt. Image acquisition was performed by Dr. Nicola Rotiroti at Univesita degli Studi di Milano,
Earth Sciense Department, Milano (MI). In both cases, specimens for TEM analysis were
prepared by sonicating 4 mg of powder in 2 mkpod@anol for 30 min. 3QL 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 mappinpefrivestigated materials.

2.10Time-Resolved Photoluminescence Spectroscopy (TRPL)

TimeResolved 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 ‘ffaDsfsite 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 lastadts, 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-f@ictosecond 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-éngngy state is induced. Due to the
intrinsic instability of electronically excited states, répidtren processes in the system occur,
which can be broadly divided in two major categories, i.e., radiative-raudliatioa 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 photaalidNive 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 simplifsgGpproximation is usually depicted

in more detail in terms of thecalled Jablonski diagram, a graphical representation of the possible

deactivation paths of an electronically excited systrme®.101).
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Figure 2.10.1: Example of a Jablonski diagram showing the possible radiative (straight lines) and rawliative
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 produessledgohotoluminescence
spectrum. If the light source irradiates the sample continuously eendegethe spectrum, a
so-call steadgtate 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 &sion within a certain wavelength range as a function of time. If we
consider, for simplicity, an ideal case of a single fluora@mbaéing molecule, the decay of the
photoluminescence intensity as a function of time can be expressed througtxpmieglkal
decay function in the form

Aop 2
on i @

where"Ont is the emission intensity at time Z&w, is the emission intensity at ticendT is

thelifetimef the excited state, which can be expressed as

T s P &
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whereQ and Q are the rate constants for the radiative andaubative decay processes,
respectively. Mathematically fitting an experimentally recorded photoluminescence decay curve for
such molecule with the single exponential decay function above reported edliowsit® 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 multieapited decay functionsigure2.102).
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Figure2.10.2: Example of the steadgtate photoluminescent emission(a) and PL decay curvegb) of N,~doped titanium
dioxide materials calcined at different temperature&s!

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 thatiexcpulses 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 sfpa 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 florophores to their ground states, i.e., the delay between each pulse should be set so that
only ground staté first excited states transitions occur within the sample. Avoiding higher order
excitation is usually mandatory for obtaining experimentas eyile enough to gather
meaningful physical information out of tH&m.

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 differentegné&lresahost basic
method for recording TRPL spectra consists in simply relying on baistefagin electronic
components to capture the emission spectra in between each pulse. In this type of configuration,
the sample is irradiated through a lightcgpuypically a pulsed laser, and detected via a fast

responding electronic system such as a CCD camera. The light source and the detector are
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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 wertiig, 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 the€&rieétaged Single Photon
Counting (TCSPC) represents one of the most commonly employed techmigi@&PC,
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 trig¢ee [gurecorded. Through that, a histogram
consisting of counts of the number of single photons arriving at the detector with a given temporal
delay is obtaine#&igure2.103a). By this way, a sort of probabilistic lifetime of the excited states
can be derived. The method requires a high numbepaiitionsof 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 eithérough afastrespondingphotomultiplier 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
conplex electronics, more susceptibility to stray light interferences and the impossibility of

monitoring radiative phenomena occurring within a time scale longer@an 10

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 cominth#amitted 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, whichtsemliectrons 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 dference 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 photocathodéesatedlet 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 londeftay 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
photocathodeRigure2.103b). 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 theigimployed |
source, a very narrow range of time resolutid® (&), the need of careful and frequent

calibration and, last but not least, the high cost of the instrumentation.
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Figure 2.10.3: In time-correlated single photon counting, a statistical distribution of the delay time between photons
emitted by single photons is obtaineda); Operational diagram of a streak camergb).

2.10.1Experimental procedure

During this PhD thesisteadystate (acquired as thgated spectrum in thel@0 ns time
scale) and timmesolved photoluminescence spectra have been acquired with a unique
experimental setup located at the Politecnico of Milano in the photonics laboratory of Prof.
Gianluca Valdini. The setup consists in a timsolved spectroscopy system based on a pulsed
laser and a fagated detector. The excitation light was provided by the third harmonic of a
Nd:YAG laser, in witch regime, emitting subns pulses at 355 nm (CryLa83588579)
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 osrtbtiee emission spectrum from 400
to 720 nm, with a resolution of ca. 3 nm.

The exit port of the spectrometer was coupledto egtisné e d I mage i ntensif
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 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 gene(BiG535, Stanford Research Systems, Sunnyvale,
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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 timeresolved 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 rjldadeigyedge 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 samplinqad@sted 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 @it 3 min per sample and was repeated in the same way for all of the investigated
materials. Yet, for several samples, thedielag spectra were dropped from the analysis due to
lack of signalA schematic representation of the experimental setuprtedapbigure2.104.
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Figure2.10.4: Main scheme of theemployed gate intensifietbased timeresolved PL spectroscopy experimental setuf?

Emission decay curves were fitted according to the followaxgdriential decay model

function:
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whereOis the fluence, i.e., the integral of the emission intensity within the gate @isidosv,

acquisition delay for each data point of the sequence, vahitd are the amplitude and lifetime
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of each emission component. The terms A @D —  are required to correct for the fixed

time widthw of the sampling window (10 ns). The fitting method is based on a standard least

mean square algorithm employing the Origihtatiware.

Steadystate photoluminescence spectra were acquired agdiate spectra in the same
experimental conditions. Elaboration of stsgatg photoluminescence data was performed using
a MATLAP® 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 in7b@ d@Owavelength
range, using a numerical integration algorithm based on trapezoidabmpegveded by the
OriginLal§ 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 fawi@®@ut forming any stable
intermediate species possibly competing for adsorption on the photocatalyst Boeiadere,
for this test reaction the interpretation of kinetic data is greatly simplified. Moreover, FA does not
absorb light in the 32D400 nm range, which is often selected to test photocatalytic reactions,
and does not evaporate from aqueous sududioroom 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 todE@any organic pollutarits.

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 (Equatiogp®) rather than the indirect oxidation of the organic molecule by
means ofn-situgenerated oxygen reactive species, with the formation of the highly#instable

specie, of #/ ¥depending on pf’
Q  (#1 O# E ( oD

Due to the strongly reductive nature of#he¥ radical aniond T E p&6 , the se

formed radical can either originate the current dowddfexg by injecting electrons within the
titanium dioxide CBor mediate the reduction of a variety of molecules and, in particular, that of

dissolved , as demonstrated liguationo®8:
# B | oy | E oPS

Hydroperoxide radicdls// are then formed by protonation of the produced superoxide radical
anion/ ¥ (Equationo®®). However, these hydroperoxide radicals are not reactive enough to
oxidize formic acid in homogeneous phase. Instead, being highly unstable species, they rapidly



decay through disproportionation (Equatigh®) or by reacting with superoxide radical anions

(Equationo®&), forming hydrogen peroxide and oxygen:

| B ( O (/E 0P
(/1B (11Bo (| | o8P
(/e | By f w (11 (] oPE(

Simultaneously, photopromoted electrons are transferred to adsorbed molecular oxygen in the
cathodic haifeaction, which can either involve a meleatronic (Equatioo®®) or a bi

electronic reduction (Equatiog®):
/| Q o/ E oPay
I c¢Q ¢ °(/ oHao

In both cases, hydrogen peroxide is produced during the cathodic procéssesions
electronic reduction leads to the rapid protonation of the superoxide rddicahverting it to

( / (Equationo®d®d to o®&). However, it is wedlstablished that the formation(of/ is

difficult to detect during FA photomineralization on pristine, unmodified®¥ fact,( /
undergoes extremely fast decomposition by photogenerated*SpéemsationsodP T1-

o®® P 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:
(/7 <c¢Q «¢q( ©c¢g(/ oPPH T

(/ ¢Q o/ ¢ op& p

In contrast, when the surface of titanium dioxide is modifiedirgitu surface
fluorination and deposition of Au nanoparticles, an accumulatfori ofin solution during
formic acid photocatalytic oxidation has been repbttéd.particular, surface fluorination of
the metal oxide semiconductor significantly inhibits the formation of surface peroxidds species (
4E | [/ }'* which is a crucial step for their subsequent photodegradation over titanium
dioxide. As a result, the decomposition rate lof is slowed down, leading to its accumulation
in solution. Additionally, the deposition of Au metal nanoparticles during FA photodegradation
enhances the production raté of due to more efficient transfer of conduction band electrons

to adsorbed molecular dioxygen (Equati®®&) anda preferential adsorption 6f on Au

nanoparticleS
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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 chwvolume 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 hem&de 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 atcanlébnstant 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 U\C radiation and to ensure a 5x5 sguiare irradiated surface area.

\‘ N
&R’ o
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) @ft filter, F) magnetic stirrer

The irradiation source was @sram Powerball HET 150 W/942 NDL PB G12 neutral
white lamp (color temperature: 4200 K) with emission wavelgirgB40 nm mounted on a
Twin Beam T 150 R reflector with an average full emission intensity on the reactor of 123 mW
cm? 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 aleafiiioal linear output
fiber, is reported iRigure3.12.
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Figure3.1.2: Emission spectrum of Osram Powerball HEl 150 W/942 NDL PB G12 neutral white lamp
3.1.3 Experimental Procedure

Photocatalytic degradation tests were performed according testalvkiihed procedure,
employing the abovaentioned experimental sett}§:°In each run, 6.3 mg of Ti@owder
were suspended in 60 %o ultrapure MilkQ water and finely dispersieg 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. Subsequenthpf3as5HGOOH
aqueous solution (0.0208 M) were added to the suspension, setting up the total volume of the
suspension to 63.5 tand the photocatalyst amount to 0.1 g.drhe suspension was then left
stirring in the dark for 15 min to attdive 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 @fdire suspension were withdrawn from the
reactor by means of a syringe and transferred to a® teriéoal glass centrifuge tube. The
powders were then separated from the solution by centrifugatiof3bni® 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 8place 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 Sigldach and used as received. {@ilater was used
throughout

3.1.4 Data Treatment
The photocatalytic degradation of formic acid in aqueous suspensions can be considered a
heterogeneous salidquid reaction, and therefore its kinetics can be described on the basis on the
LangmuitHinshelwood rate law for unimolecular reactions on asirfac
o to i

i Qt oPD ¢

p 6toi BOtLw

wherek is the reaction rate constaithe substrate concentration in the bulk of the liquid phase,
K(s)is the adsorption constant of the substrate onto the photocatalyst Surack(x)
respectively, represent the bulk concentration and adsorption constant of any species able to
compete with the substrate for its active Jites.main limit cases of the model allow to greatly

simplify this expression. f t0O i | p B 6 t0 ®, the reaction proceeds through a
pseudezeroth order rate law, whil®iff0 i B 6 t0 w L pa pseuddirst 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 aaretiate law

~

0 0 Qo 0P o

Linear least squaregression 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 forreate anion
lower than 30% of the initial FA concentration value were excluded from the regression model, as
boundary conditions of the Langridinshelwood pseudo zerethder limit case might not be

respected anymore under such conditions.

All experimental data elaboration was performed using Microsoft® Excel® spreadsheets.
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Figure3.1.3: 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 manlgiodegradable organic pollutants such
as dyes angharmaceutical produét® Dyes represent a good share of the large organic
compounds released in industrial effluents since they are widely used for a plethaeatd large
applications. Among these, Rhodamine B (RhB) has emerged in recent years as a threatening watel
pollutantdue the increased use of xantHmsed dyes in a wide variety of industrial activities
such as leather tanning and paper produétfdn fact, the presence of highly soluble xanthene
dyes in water and food representsiauseworry 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 chemié&l$herefore, the development of photocatalytic systems
able to efficiently degrade xanthleased dyes to harmless chemicals for both humans and the
environment represents a technological challenge aimed at the remediatiqolioftedlye

wastewaters as anvironmentally friendly and energetically efficient solution.
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Figure3.2.1: 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
recentlydescribed utilizing the same experimental setup described for formic acid photocatalytic
degradation. The only difference is the use of a 1@fucmibottom glass flask as reactor instead

of thecylindric reactr describedor FA degradatian

In each photocatalytic test, 10 mg of photocatalyst were dispersed in 90 mL of ultrapure water
under sonication treatment for 30 min. Theh L 268f a 1:10 solution of commercial HQW@re
added under stirring to the obtained suspension for 5 min. Later, 10 mL of RhB solution (1.2 x
10* M) were added under stirring, so that the concentrationaf iO s ol ut i 'oTmenwas O.
the suspension was magnetically stirred in dark for 15 min to attain the adsorption equilibrium of
the substrate on the pghoatalyst 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 wittairatihe feactor
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 anataser&iO
dispersed in 70 mL of ultrapure water under sonication treatment for 30 ‘rhiraf401:10
solution of commercial HClGolution were added under stirring to the obtained suspension.
After 5 min, 20 mL of NaF solution (1.2 ¥ M) were added and maintained under stirring for
further 5 min. Later, 10 mL of RhB solution (1.2%M)Owere added under stirring, so that the
concentration of Tioi n s ol ut i bamd witlaesF/TDratid cogeapobnding 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 theesggms 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 sapan using a Jasce6V0 spectrophotometer, in order to

monitor the progressive photobleaching of Rhodamine B.

3.2.3 Data Treatment

Photocatalytic degradation of Rhodamine B occurred with a-pssunialer decay of the
absorbance of the dye at 553 nm. Therefore, photocatalytic activity results have been expressed in
terms of pseudbirst order rate constants labele@asand’Q obtained under acidic aimesitu

fluorinated conditions, respectively, by fitting the data to-ardiestkinetic model (Equation
o8 P):

. .0 o
I T—  TQto o8P

0]

whereQ, withi = & @r "Qrepresents the first order rate constant for the photocatalytic process
under the employed experimental conditionghe starting RhB concentration ahdhe
concentration of the dye at timeThe concentration of the dye in solution was calculated by
applying the LambeBeer law, using a molar extinction coeffieientat 553 nm valiexjual to

9920 M cn1?, according to a calibration curve previously determined in our labdfatories.

a) ; b) 50
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Figure3.2.2: 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 firsbrder plots (b).
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3.3 Photocatalytic Reduction of Cr(VI) to Cr(lll)

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, andfpiaEnéV/1), 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(lll), which is not only significantly less toxic than hexavalent
chromium, but also an essential vital micronuttiéMoreover, Cr(lll) is easily precipitated in
the form of Cr(OH)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 mébCr(VI).

Photocatalytic reduction of Cr(VI) to Cr(lll) using semiconductor photocatalysts has proven
to be a valid modern technoldgy surpassg the main shortcomings of conventional Cr(VI)
remediation techniques such as adsorption, ultrafiltration or chemical reduction, especially
considering its casffectiveness ratio and minimization of the production of hazardeus sub
products®*® When performed on TiQthe photocatalytic reduction of Cr(VI) represents a
thermodynamically feasible process due to théveetakergeticpositioning of theTiO,
conduction banavith respect tdhe reduction potentiaf the Cr(VI)/Cr(lll) couple, with the
process being more favored with decreasing IpHact, sincetO/  anions represent the
predominant dichromate specidswatpH, the overall photocatalytic reduction process of Cr(VI)

on the TiQsurface can be represented as

4E @oQ Q oRED
#O/ o 1( eQ O ¢c#0 x( / oD,
c(/ 1Q o/ 1( )

Due to the threelectrons involved in the photocatalytic reduction of Cr(VI) to Cr(lll), the
redox potential of the Cr(VI)/Cr(lll) couple shifts towards more positive values with decreasing
pH with a steeper shape than the;G@nduction band potential, thus making the reduction of

the metallic cation at low pH more efficient tidmgher pH.
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3.3.2 Experimental Procedure

All photocatalytic runs were performed in agua@Eensions under atmospheric conditions
in a magnetically stirred 10C¢° coundbottom flask glass reactor, using the experimental setup
described in detail in Secti8r2.2 The appropriate volume of a 0.001 MCiO; solution
(prepared by dilution of a standardized 0.1.0kR- solution) to obtain an initial potassium
dichromate concentration equal toA.8° M were added to psonicated aqueous suspensions
containing 0.1 g dhof photocatalyst.

At regular time intervals during the runs, Safrthe suspension were withdrawn from the
reactorby means of a syringed transferred to a 15 Toonical glass centrifuge tube. The
powders were then separated from the solution by centrifugatior3bni2® with a relative
centrifuge force of 986 x g in a Hettich EBA 20 centrifuge equipped wiphaaa 8ngle rotor
with a radius of 86 mm. TheéhQ cmof the separated supernatant were withdrawn by means of
a syringe and analyzed via spectrophoteraatiysis (using a JASCOA) spectrophotometer)

for the residual Cr(VI) content, using ttediphenylcarbazide meth§d.

All kinetic runs were performed upca70% 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
appropriate volume abncentratetHCIO.. The acidified suspensimas stirredor 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 mitain 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 Langrhlimshelwood mechanism in heterogeneous media, with
the initial raté being
R oW oBE
p LO
wherel represents the Langmuir adsorption cons@mte pr esents a Oreacti v
providing a measure of the reactivity of the photocatalyst with the substiats, thednitial
concentration of the substrate. In the case of dilute solutions, such as those employed under our

experimental conditions, the reactimdelcan be reduced to a first order kirgetic

[

. <0 o
[ 1= Qto o)
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with'Q  "QuUbeing the apparent macroscopic rate conétatite initial Cr(VI) concentration

ando the concentration of dichromate anions atdime

Throughout all experimental runs, tha&ial concentration of Cr(VI) in solution was
determined based on the dichromate concentration afteiodimadiation. This approach was
adopted to enhance the accuracy of theofdst linear fits of the obtained data.

All experimental data elaboration was performed using Microsoft® Excel® spreadsheets.
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Figure3.3.1: Example of a Cr(VI) photocatalytic reduction run illustrating the absorption spectra of the mageontdoured
complex formed via reaction of Cr(VI) with 1;8iphenylcarbazide in acidic solution¥ as a function of irradiation time
(a) and data elaboration according to firsbrder plots (b).

3.4 Hydrogen production by photosteam reforming of methanol

3.4.1 Introduction

Low temperature production of hydrogen through photocatalytic steam reforming of organics
on metal oxide semiconductors is ailipeaction that provides a way to convert solar energy
into chemical energy with a smalk @@pact compared to the use of fossil fuels. In fact, contrarily
to traditional steam reforming, phaissisted processes occur at room temperature, atmospheric
pressure and no feed stock needs to be burnt because the required energy is totally supplied by
photons??4

Organic compounds also deriving from renewable souecégsomasses, acting as hole
scavengers, can play an essential role in increasing the overall rate of photocatalytic hydrogen
evolutiont™ For instance, methanol is widely used as a sacrificial agent in ghdisgid

photocatalytic production of hydrogen, for which the overall reaction is represented by

# (1 ( (1 o 1 #I 08 &
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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 generationfof E  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:

%! A ©00jp 08 &
%$ E ©0n 088

As illustrated irFigure3.41, 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 diofidence formed, products or intermediate species then

desorb from the surface of the photocatalyst (# 0y andO, # 0 p).

H,CO

CH3OH ¢ -

CHOH g = H:C0uy —2o HCOMH .y —os €O < CO29

N N K o s
A G 4 A

/
hv3+ (Ol’ 'OH) hVB++ H2Oad "E?VB+ (CII' ‘OH) l
\/  (or+OH) V V
H* (or H,0) H* (or H,0) H* (or H,0)

Figur8.41: Reaction scheme of the photocatalytic oxidation of mgthafadenriteri@atdyconditidns.

The recombination of the elect#oole 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 prodéasdification of the Ti@surface with noble
metal nanoparticles can significantly improve the photoefficiency of the photocatalysts for
methanol photsteam reforming due to the electron trapping effect played by the formed
Schottky barrier, resulting in a possiblyorgat charge separation ability of the photocatalyst,
accompanied by a more efficient electron transfer towards adsorbed protons, both limiting
unwanted recombination proce$&&s*>2
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3.4.2 Experimental Procedure

Photocatalytic methanol steam reforming kinetic runs Photoreactor

performed using a bench scalepy@se setup operating in continuc u '
W

feeding mode of the gas mixture to the reactor. The setup consi:

stainless steel photoreactor in which the photocdialyss loaded Uan

consisting in a stainlegsel body (A) with a front round hollow clos (/T-(\ N

4 ~“\W\

|

—
S
—

!

by a Pyrex glass window (C), allowing the illumination o

photocatalyst (BFigure3.42). = TlJ
C
B

L]
During each photocatalytic test, the reactor bed was prepa
mixing 14 mg of photocatalyst with 7.5 g of quartz sand. A
photocatalyst was properly dispersed over the quartz beads by addinn 2

Figure 3.4.2: Schematics of the
cn? of milli-Q water to the mixture over a laboratory watch glas¢hotoreactor — used in  th

photocatalytic methanol stean
carefully stirred with the help of a lab spoon. Photocdtalgiet] reforming.
guartz 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 bdeigure3.43a). 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, LOTOriel), characterized by a broad emission spectrum ranging from 350 to 1000 nm
and maximum emission intensity around 80@-igure3.43b).

The photoreactor is then connected to a stastiesisgas insulated circuit operating in
continuous feeding mode composed of three mass flow meters and relative control (MFC,
Bronkhorst) for thesupply 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®/CH ;OH molar ratio equal to 1.1) fed by a pressurized (3
bar) 500 cAtank, 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, ad iliisSgate3.44.
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Figure 3.4.3: Quartz beads before and after deposition of the photocataly$a). Normalized emission spectrum of the
300 W Xe arc lamp used for methanol photsteam reforming tests(b).
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Figure3.4.4: Schematic representation of the experimental setp used for the photocatalytic methanol steam
reforming kinetic runs.

Before the beginning of irradiation, a reductiver@gaément was performed with all samples
aimed at ensuring the complete reduction of the metal nanoparticles to thalezeiam (V)
and avoid any sintering or thermally induced morphological change of the photocatalyst during
irradiation. The preatment procedure consisted in flowing a 5 vol#4eHnixture in the
photoreactor with a flowrate of 50°amin* at 100 °C for 1 hour.

In each photocatalytic run, a stream of He contaiaid@vol.% and 2.2 vol.% with a
flow rate of 50 cAmin® 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 multipledighigsla
consisting of 2 hours of irradiation followed by 15 min of dark conditions. During each run,
temperature was kept fixed at 3§Gneans 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
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information regarding both the; lgroduction rate and the selectivity to each photocatalytic
oxidation product (CO, 0, HCOOH, CQ).

3.4.3 Datatreatment

The photocatalytic activity of the investigated materials in methanedtphotaeforming
was compared in terms of their pdoduction rate normalized by the amount of photocatalyst
used during each photocatalytic run, expreséetl s tE tC . In all photocatalytic tests
H,, CO, and CO evolution occurred at constant rate under full lamp irradiation, as in previous
studies?®***¢4ho hydrogen production was observed under visible light irradiatiod20 nm).
The rate of hydrogen production was calculated from the slope of the linear regression curve

obtained through linearly fitting the amount of evdlveéhi 1 T iC vsOE idaka.

The percent selectivity to partially oxidated subpro8yctghere Q # /,( #/, # |,
( #/ I,(( , was calculated according to the following equati@®@s-(08 &):

R 3 O'ti
#(0( (/ aum o( #/ 1 p T o8&
. i
h -
#O0Camm (0 (#I 3 i pTm o8 &)
R Ctl
#(0(au g #1 305 p T o8 &
" 3 ctl— mmn o8
# (0 (F w o ( (#11( 1 P &
where i S andi are the rates of formation#®f/ ,( # L# ,( # 1 | (

and( , respectively.

3.5 Photocatalytic hydroxylation ofterephthalic acid

3.5.1 Introduction

In heterogeneous photocatalysis, illumination of a semiconductor with photons of sufficient
energy results in the formation of electrole pairs capable of reacting with species adsorbed on
the photocatalyst surface. Thus, unstable and highly reagtjga sgecies known as ROS
(reactive oxygen species) can be formed. Among these, hydroxyl rad)calsu@li® formed
through oxidation of water molecules adsorbed at the photocatalyst surface with photogenerated
holes or via reaction with the® species formed via adsorbed oxygen reduction by conduction
band electronsare considered the main reactive species responsible for the photocatalytic

107



processes in agueous médfaDue 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 cépability o
semiconductor materials, especially towards substrates the degradation of which mainly proceeds

through a hydroxyl radicatgediated oxidation path.

Due to their unstable nature, all #@tection methods involve their reactidgih a probe
compound which forms a stable sp&di@se concentration can be monitorednigans of
traditional instrumental analytical techniques such as$®®ERR/-Vis spectroscopy or
fluorescence spectroscéffy.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 radictast, Itheir reaction with H@brms
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 photocat&I§&t.

0o.__0 0O OH
Coumarin (COUM) Terephtalic acid (TA)

Figure3.5.1: Molecular structure of H@radicals probe compounds coumarin (COUM) artgrephthalicacid (TA)

Among the two compounds, terephthalic acid is a more robust and more reliable substrate for
the detection of hydroxyl radicals siitseindirectoxidationleads to the formation dhe
photoluminescer@-hydroxyterephthalic acidTAOH)as theonly hydroxylatiomproduct®In
contrast, COUM reaction with HBrings to the formation of several different hydroxylation
products, among which onihydroxycoumarin is photoluminescent; this nthk€0OUM test
less robust and more prone to experimentalitcor sl variations compared to terephthalic
acid’*™

COO- CoO
OH

COO- COO-
Terephtalic acid (TA) 2-Hydroxyterephtalic acid (2-TaOH)
(non fluorescent) (fluorescent, <. = 425 nm)

Figure3.5.2: Photocatalytic hydroxylationof terephthalic acid
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TA, however, is only soluble in highly alkaline solutionsygimakossible to measure the
relativeabilityof photocatalytic materials to produce/r@licals under acidic pH conditiéhs.
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 presensarfaedeposited Au
nanoparticles may affect the relative abilitlyegfreparednaterials to produce highly reactive

ROS species such as Méxicals.

3.5.2 Experimental setup and procedure

Photocatalytic hydroxylation of terdyatht 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 literdt(tta.each photocatalytic run, 10 mg of
photocatalyst was suspended in £otoitrapure miliQ water via ultrasound sonication for 30
min. Then, 5 chof a 5- 10° M terephthalic Acid solution in 20° M NaOH was added to the
suspension, obtaininglarsy composed of 0.5 g ditanium dioxide and-5.0* 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 stirrinBuring the tests, samples were withdrawn from the suspension at regular
time intervals by means ayringe, separating the solid powders from the liquid ploytion
centrifugation for 280 min as described in sec8ah 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 wavstength

315 nm and reading at the maximum emission intepsit$25 nm.

3.5.3 Data treatment

The concentration of fluorescenhyroxyterephthalic acid-T2OH) in solution was
determined using a calibration curve constructed by measuring the integrated area underneath the
emission spectrum of standard solgtasrknown 2TaOH concentration between 375 and 570
nm (Figure3.53). 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 MathWAKsAB®.

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:

6 0 10 to odP

109



where0 is the ZTaOH concentration at tinke 0 is the2-TaOH concentratioato = 0 s and

0

is the pseudaeroth 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 zerotbrder rate constants obtained by fittingegrgentab vs time data.

a) Terephtalic acid photocatalytic hydroxilation calibration b) 35
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Figure 3.5.3: Calibration curve correlating the integratedmission 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 22TaOH as a function of timgb).
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Chapter 4:Effect of N,F-Doping and
Au Nanoparticles Deposition on the
Photocatalytic Activity of TiO, Anatase
Materials

4.1 Introduction

Over the past years, researchers worldwide have focused on developing methods and strategies
aimed at boosting the photocatalytic performance aflfi@ct, despite different materials and
technologies have been proposed as alternative promising semiconductor phdtdcatalysts,
titanium dioxide in powder form still represents nowadays the most widely employed, studied and
costeffective semiconductor photocatalyst for many photocatalytic applié¢diotisermore,
the material is also particularlyesufor largescale usage and to produce patented commercial

products’®

Among the possiblsemiconductor 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 photogeneratedietsarge ca
both representing the main drawbacks limiting its performance as a photétdtaystver,
the optimal amount of dopant included in a semiconductor should be thoughtfully examined and
evaluated, as the introduction of point defects assagititedntroduction of extdattice species
within the bulk structure of a semiconductor may result in favouring charge recombination rather
thantheir 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 theemetahductor
interfaceé**® Such heterostructure usually favours the separation of free charge carriers within the
semiconductor thanks to the fast and efficient ability of noble metal nanopatrticles (Au, Pt, Ag) to
scavenge electrons in the semicondwctoduction band, with an overall limitation of their
recombination witthe holes photoproduced in the valence band.



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 cgseupf iRible 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/TiQ SMSI was observedly 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 nanopatrticles on T¥Obut also in evidencing the extremely marked stability of the resulting
composite material towards CO oxidatidfore 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 tetad2Qty
Kydd et al*®the electron portioning effect involved in the conventional photodeposition process
causes Au nanoparticles to nucleate and grow on specifioriaCe 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 thedri@ce is different, which
means that the density of nucleation sites for Pt nanoparticles may be dissimilar from those
available for golde. resulting in a greater level of dispersion for Pt compared to Au nanoparticles
for the same nominal metal loading. Later observations from scanning tunnelling rticroscopy
and Raman investigati&mve shown that gold nanoclusters have a unigue tendency to grow on
electronrich defective sites of TiGspecifically 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 slifbadening of TiORaman 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 golthenssRtathnoparticles.

In a paper published by our research group irf2Da8zi 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 betweemdimgahfTi
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 weagilyeinfluenced 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 methanatpaoto
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

dopantinduced 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-dafpaiFtitanium
dioxide upon noble metal nanoparticles deposition. In fact, both theuplmescence (PL)
intensity and temporal evolution of the PL signal of barddpéd titanium dioxide resulted to
be quenched upon metal nanopatrticles deposition. However, such quenching effect resulted to be
much more marked when the properly N,F dopedriabwas 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 photoluminéstaptstates
towards photodeposited Au nanoparticles.

However, the choice tifie photodeposition method may have played a significant role in
observing such cooperation between photoluminedmeant inducedi®** trap states and Au
nanoparticles. In fact, it is extensively reported in literature that the propertiesodffid
TiO, materials are heavily influenced by the method adopted for the deposition of metallic
nanoparticle¥?’ In particular, photodeposition represents a unigue deposition technigue since,
by employing the intrinsic reducing powethe metal oxide semiconductor to trigger the
nucleation and growth of the noble metal nanopatrticles on the surface of the support, it allows for
a preferential deposition of metals on those regions where photogenerated electrons can be more
efficiently tapped®® In particular, the photodeposition technique may allow the preferential Au
nanoparticles fixation in the proximity of dopadticed photoluminescent trap states, which
cannot be achieved by adopting a different aneselective Au nanopatéis 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 ofdéged TiQ samples, by the use of a 1safective
Au nanoparticles deposition method, i.e. depopitamipitation (DP), in comparison to those
deriving by adopting the selective photodeposition (P) method. In this way it should be possible
to shedight on the importance played by the chosen noble metal nanoparticles deposition route
in maximizing the photoefficiency of metaldified and bulk doped titanium dioxide.
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4.2 Experimental section

4.2.1 Synthesis of N,Fdoped TiO2 powders

The syntheses of Ti®,F-doped powders were carried out as described in detail in section
2.1.1(paged4?7). The obtained Ti&¥loped 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 NH.F added during the synthesis of each material, as well as their calcination temperature, are
reported inTable4.21. Reference undoped materials prepared by the same synthetic route in the
absence of NHF are named as DO_Y.

Table4.2.1: NHiF amounts and calcination temperature employed in the synthesis of the investigated samples

Sample  Nominal Ti amount F' amount NH 4F mass Calcination
Ti/F ratio / mol /mol /g temperature
DO_500 - 0.0328 - - 500 °C
D0O_600 - 0.0328 - - 600 °C
DO_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 TiQ powders

Two series of Amodified photocatalysts with Au loading equal to 0.5 wt%, labelled as
DX_Y_DPand DX_Y_P, were also prepared by modifying DX_Y materials using the deposition
precipitation (DP, as described in se@i8ri page4) and the photodeposition (P, as described
in sectiork.4.1 page6), 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 secbdlfpages3)

Specific surface area (SSA) measurement, as described h&é(pages9)
UV-Visible DR Spectroscopy, as described in s@ctid{pager?)

ICP-OES analysjss described in sectiB.1(pagerd)

HRTEM imaging, as described in se@idnl(pager9)

TimeResolved Photoluminescence Spectroscopy, as described iR.$8cijpage
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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-estalvkdihed procedure
described in detalil in sect®i.3(paged6).??"2 Experimental runs were also performed with a
photocatalyst concentration equal to 0.063 Y idnaddition to the 0.1 g dnsoncentration

commonly employed throughout this thesis.

4.2.6 Photocatalytic Reduction of Cr(VI)
Photocatalytic Cr(VI) reduction runs were performed as described in detail i13.8e2tion
(pagel 0%

4.3 Results and Discussion

4.3.1.1 Materials Characterization

Homeprepared N, foped titanium dioxide materials were fully characterized by means of
the main physieohemical characterization techniques. In particuRay>oowder diffraction
analysis was carried out to monitor the phase composition of thespasewall as to calculate
the average size of anatase phase crystallites by using the Scherrer equation.

As shown inFigure4.31, 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 amalyled.81). As expeed from
literature dat®,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 Ti@ctahedra 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 phiessatakicallyactive 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 presenceesirath mixed phase
composition of both DO_600 and DO_700 materials, the DO_500 specimen was preferred as a
reference undoped material to be compared with taaaéiise doped titania powders. In fact,

despite the different calcination temperature eetpbhyring the thermal treatment procedure,
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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 introddion 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,Fdoped TiQ-based materials. Thus, reference undoped materials calcined above 500
°C will be only briefly discesswithin this thesis and will not be considered as appropriate

reference undoped materials to be compared witidgdel 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 fri&terials. Furthermore, similar results were
attained with increasing the calcination temperature due to the favored nanoparticles sintering at

relatively high temperaturéalfle4.31).
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Figure4.3.1: X-Ray Powder Diffraction patterns of Tigpowders obtained by adding different nominal amounts of NifF
and calcined at different temperatures
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Table 4.3.1: Phase composition, crystallite size, cell parameters (for trenatase phase) and quality of the Rietveld
refinement obtained from XRD Analysis. The anatase phase structure was always refined in théad space group

(number 141), while the rutile phase, when present, was refined in thefhm space group in each case (number 136).

Sample Anatase Rutile da(nm) aa (nm) ca (nm) Rp (%)

content (%) content (%)

DO_500 99.6 0.4 14.8 0.3786 0.9507 7.49
D0_600 20.1 70.9 30.5 0.3876 0.9518 9.60
DO_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 dopa&et| fegameters of
the anatase phase did not undergo any appreciable variation with increasing F/Ti nominal molar
ratio. This result is consistent with the structural modetlopéd TiQdepicted by Czoska et
al.* in which fluorine doping results in the latigestitution of @ ions by E ions, leading to
the formation of bridging -R-Ti bonds. As differences in lengths betwednTiiand T+O-Ti
bonds are very small, the introduction of the dopant does not result in a significant variation of
thelattice 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 structueeTo®toctahedraas not
been affected by the thermal treatment, which instead resulted to deeply affect the crystallite size
and the crystallinity degree of the prepared samples.

Unfortunatelythe 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\Rsgudianction
through the WIinPLOTR software. This leads to data calculation of unrelidyl@mpiavere
therefore not considered.

The pecific surface area of the materials, evaluated according to the BET method, showed a
progressiveecreaswith increasing the materials calcination temperaalyke4.32), which is
in line with the increased crystallite size attained at higher calcination temperature, as demonstrated

by the XRPD analysisgble4.31). As a consequence, the reference undoped DO_500 material,

121



being calcined at 500 °C, is characterized by a much larger specific surfa66 afeg)(
compared to Nfdoped TiQ 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 ntg'range), i.e. perfectly consistent with those reported in literature for similafsamples.

Table4.3.2: BET specific surface area of the bare Ndoped TiQ powders.

Sample Calcination Specific Surface

temperature  Area (n¥g?)

DO_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 isotherfigufe4.32) can be classified as type IVa
according to the IUPAC classification, which are typical of mesoporodstégdidsesis loops,
instead, are of type H2, which are characteristic of a complex system of pores with a bottleneck
type geometryf.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 DO_500 sample, instead, could be ascribed foealdlugef 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 asmt t i on of t HFigurep.83rleds di a
such analysis, all curves relative to doped samplesssimilar behaviour, characterized by the
presence of a maximum in the region of the micropores and in the range beiG/eam 3Bor
the DO_500 sample, instead, the maximum in the range bebwveris2nuch more pronounced
with respect to that shown bther samples, indicating a pore distribution mainly shifted towards
relatively smaller micropores diameter, consistently with what observed through the

adsorption/desorption isotherms measurements.
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Figure4.3.2: Nitrogen adsorptiondesorption isotherms of NHF doped TiQ powders.
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Figure4.3.3: Variation of the porosity of the analysed samples in terms of volume as a functiontb& pore diameter
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The UV-Visible absorption spectra of mdétaé N,Fdoped titanium dioxide materials are
characterized by the typical spectroscopic features of pure emdidieep-no absorption for
k > 400 nm and a mar ked ab480mm absorption onéEiure wa v e |
4.34) >3 The same behavior was observed in the case of reference undbpédniaferial,
being also fully composed by anatase phase. Congruently with our previous investigations, the
presence of rutile as majority phase in undoped samples calcined at terapersus68 °C
leads to a bathochromic shift in the powders absorption edges, passingd®omm (for full
anatase samples)td10 nm in the case of materials mainly composed of rutile, as determined
through the calculation of the numerical first diver of the absorption spectra of the powders
(Figure4.35).¥ In fact, the position of the adsorption edges allows to qualitatively estimate the
absorption band gap of the semiconductors prepared-t®i@eV and 3.06 eV for anatase

and rutile phase, respectively, as confirmed by literatfe data.

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 réfforise 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.
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Figure4.3.4: UMVis DRS absorption spectra of metdtee NH:F-doped TiQ powders.
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Figure4.3.5: First derivative plot of the DRS absorption spectra of Ngleped bare TiQ samples.

The UWVis absorption spectra of the doped ;fi@wvders modified with 0.5 wt.% of Au
nanoparticles by means of the deposjtienipitation method are reported-igure4.36. The
deposition of Au metal nanoparticles resulted in a chromatic shift of the powders, passing from
brilliant white to deep purple. The W6 absorption spectra show the typical localized surface
plasmon resonance (LSPR) absorption of Au metal nazlepactiusing the appearance of a very
distinct absorption peak with a maximum in the region betwe80®G8&6T: which is totally
absent in the corresponding bare pow@égsie4.34). This effect is at the origin of the above

mentioned chromatic shift thfe 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, respéetively
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 DO_500
sample, instead, is characterized by a slight red shift asitioe pf the absorption maximum
of the LSPR, possibly indicating the dejom of Au nanoparticles with sizes somewhat differing
from those anchored on Ngéped TiQ powders?

The obtainment of pretty similar maximum intensities of Au plasmon absorption bands
indirectly confirmed the deposition of comparable Au loading estoNgel materials. This can
be better appreciated by comparinghiserption difference spectra, i.e., calculated by subtracting
the spectrum of bare Ti®ample from that of the corresponding reiataining oneF{gure
4.37). 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 DO_500 sample can be somehow attributed to differanegudperties 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 affégteéde chemical environment surrounding the noble

metal nanoparticles themselves. Therefore, Au NPs supported, sarmples with different

surface properties may be characterized by LSPR NPs with different shape and/or maximum

wavelength position or intensity.
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Figure 4.3.6: U\MVis DRS spectra of selected differently doped Ti@owders modified with 0.5 wt.% Au surface metal
nanoparticles by means of the deposition precipitation method.

1.0
—DO0_500_DP
—D7_700_DP
0.8 } D18_700_DP
—D50_700_DP
g —D80_700_DP
= 0.6 |
o
a
204 |
<
'
0.2
0.0 1 1 1
300 400 500 600 700

F nm

Figure4.3.7: Absorption difference spectra of selected differently doped BRodified TiQ: 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 degoitipitation
bearing the same amount of dopant confegti(e4.38).

In the case of Njdoped materials, except floe 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 averagedsmgbatidn Figure4.38 c-e).
Differently, in the case of both reference undoped DO_500 and lowest doped D7_700 materials,
significant differensén the absorption profiles are observable betweeomaining materials
modified with the two different deposition techniques, possibly unveiling an effective role played
by the adopted deposition route on the resultant ploygoaical properties ofelanchored Au
NPs Figure4.38 ab).

Anyway, the actual loading of Au NPs, pretty close to the nominal 0.5 wt% vbken ha
confirmed through ICG®ES analysis for all prepared samples, regardless of the adopted
deposition method employaddthe N,F dopant amount introduced in the b0k structure
(Table4.33).

Table 4.3.3: ICROES analysis results evidencing the deposition of similar amounts of Au wt% among selected Au
modified materials regardless of the method employed for their depositicand the dopant content included within the
TiO, samples.

Sample Au content (wt%)
DO_500 DP 0.42(2)
DO 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 DO_500 (a), D7_700 (b), D18_700 (c), D50_700 (d), D80_700 (e) materials modified
with 0.5 wt% of Au through thephotodeposition (P, green curves) or the depositigorecipitation (DP, red curves)
methods.

The actual deposition of noble metal nanoparticles over the surface of titanium dioxide
materials was also confirmed throughTHRI imaging, which clearly illuststtee deposition
of finely dispersed and spherically shaped Au nanoparticles over the surface of all the investigated

specimend={gure4.39 - Figure4.311)

Figure4.39 shows TEM images recorded on DO_500_DP. As can be seen, the powder is
characterized by small, highly agglomerated spélesigatl TiQcrystallites with averagjeeof
about 120 nm Figure4.39a). This result is consistent with the average crysizditdculated
by applying the Scherrer equation to XRPD analhte §4.31). 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 saRiglee4.310 and Figure
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4.311). This may be ascribed to the relative higher SSA of DO_500 powder, compared DX_700

samples, thus leading to a relatively lower Au NPs surface concentration.

The lower Au surface concentration achieved with the DO_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 materialBigure4.36), regardless of the same Au nanopatrticles loading, as
evidenced by IGRES analysis reportedliable4.33.

Unfortunately, TEM images of DO_500_P were characterized by a not sufficient amount of
observable noble metal nanopatrticles to perform a statistical investigation of the average size of
the deposited nanoparticles, thus not allowirgsdertainf and how the lower calcination
temperature of undoped Ti@nfluenced the properties of Au NPs deposited through the

photodeposition method.

In line with the calculated average crystallites dimensions obtained through XRPD analysis
(Table4.31), TEM images of D18 700, D50_700 and D80_700 mateigate4.39 - Figure
4.311) confirmed the@resence of Tiggrains with ca. 480 nm mean diameter, being larger with
respect to that attained in the case of the reference DO_500 sample. At the same time, due to their
relativéy lower SSA, all doped materials exhibited a higher Au NPs surface concentration
compared to the undoped-fodified DO_500 photocatalyst.

More importantly, thanks to TEM analysis we were also able to better evaluate the effective
Au NPs size distribution by meansaiinting methods

In particular, we observed that-Bi®dified 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 siz&fnanoparticle§ able4.31), i.e. passing from ca. 6 nm
to ca. 13 nnfior reference undoped DO_500 DP and highly doped D80 700 DP, respectively.
Differently, the average size of Au nanoparticles deposited through the photoreduction method
resulted to be independentiwe relative dopant amount included within the go@ders. 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 photodegabsitinanoparticles, however, was unexpected.

In fact, a previous work on photodeposited Au nanoparticles aopkH titania carried out in
our research grotipclearly 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 phoimalemagiclosely
interacting with them. In contrast, in this case, we observed a uniformity in the average sizes of
the photodeposited Au nanopatrticles, regardless of the dopant content within the titanium dioxide
structure. This possibly suggests thatnmoparticles in this study were not grown in close
proximity to or closely interacting with electron trap states, as observed in the aforementioned
research work.

DO_500_DP

NPs average size: 6 N3 nm

0123456 7 8 91011121314151617181920
Diameter / nm

D7_700_DP

60 | NPs average size: 7 N3 nm

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Diameter / nm

Figure4.3.9: Transition Electron Microscopy imaging and Au nanoparticles diameter distribution of DO_500_DP (a) and
D7_700_DP (b) material§ he total Au NPs counts ranged from 300 to 500 counts.
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Figure 4.3.10: Transition ElectronMicroscopy imaging and Au nanoparticles diameter distribution of D18_700_DP (a),
D50_700_DP (b) and D80_700_DP (c) materidlse total Au NPs counts ranged from 300 to 500 counts.
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D7_700 P
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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) materidlfie 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 singtep direct oxidation only, witlh formation of stable intermediates
possibly interfering during the degradation run (mdega discussion on formic acid oxidation
is provided in sectioB.1 page93. The photoactivity of the materials was firstly tested by
employing a 0.1 ghphotocatalyst concentration and the zevodler rate constanti:{) for
the photocatalytic oxidation of formic acid attained under such experimental conditions with both
metalfree and Atcontaining samples are reportedigure4.312

6.0
mBare TiO2
@DP
50 } @pP
40 1 3.64
2.84

2.68
2.42

Keo, * 107/ M 571
w
o

1.84

N
o

11

=
o

0.0
DO 500 D7 700 D18 700 D50 700 D80 _700

Figure 4.3.12: Pseudozero-order rate constants for photocatalytic oxidation of formic acid with differently N-&oped
TiO, powders calcined at 500 or 700 °C (blue bars) and their corresponding 0.5 wt%nAadified materials prepared
through the depositionprecipitation (orange bars) or the photoreduction (green bars) deposition routes. 7iO
concentration: 0.1 g dn®.

A volcano shaped trend of the zerottler 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 (cd.F3% molar ratio), as
reported by previous workS.hough 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 amountlopant 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 solgel synthesis possibly resulting in a higher removal of fluoride anions from the liquid
phase with a consequent lower dopants incorporation inQhéulk structure compared to

previous works. In fact, the g@l 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 ofeliesulting materials (sectof) paget3).

Surely, the introduction of a relatively low dopant content (up to a nominal F/Ti ratio equal
to 18%) resulted in producing Ti@aterials with higher photoactivity compared to the reference
undoped DO_500. Differently, a further increase of dopant content determined a systematic
photoactivity decrease, with both D50_700 and D80_700 samples peefcemimgrsthenthe
undoped DO_500 material, possibly as a consequence of the introduction of an excess of defective
sites within the Ti@structure. In facts previously reported, an optimal/moderate amount of
defective Pi states, accompanied by the N,F doping, may positively act in capturing electrons
photopromoted to the Ti&zonduction band, thus resulting in a net delay of ekacti®nouples
recombination, as demonstrated by an increase of the average lifetime of charge carriers
photogenerated on doped T&ystems compared to the undoped &nes.

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 rdtéit the same time, a further increase of flu@mamgaining 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 adsioF#tio
molecules on the photocatalyst surface avitonsequent substrate photodegradation rate
decrease, as the investigated reaction mainly proceeds via the direct interaction of adsorbed formic

acid with holes photogenerated on the photocatalyst $urface.

Concerning the undoped DO _500 sample, we should correlate its quite satisfying FA
mineralization photoactivity to the relatively high specific surface area (SSA), Eetnges. 4
larger than that of all doped samples calcined at 70@l5i€4(32). 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 largersohsubstrates 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 Tigpohotoactivity. The SS#ormalized FA oxidation rate constants attained

with the investigated materials can be compalréglire4.313

Interestingly, in this way we can observe that all dopgadi€ials outperform the undoped
one, i.e. N,floping coupled with high calcination temperature possibly being beneficial in
favoring TiQ charge carriers separation on the whole investigated dopant content&@nge (7
at%)

At the same time, Acontaining D7_700 materials exhibited the highest@8xwlized rate
constants for the photocatalytic degradation of formic acid.
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Figure 4.3.13: SSA normalized pseudaeroth order rate constants for formic acid photocatalytic oxidation with
differently N,Fdoped TiQ powders calcined at 500 or 700 °C (blue bars) and their corresponding 0.5 wt%madified
materials prepared through the depositioprecipitation (orange bare) or the photoreduction (green bars) deposition
routes. TiQ concentration: 0.1 g dn?.

As expected, all Aeontaining materials resulted to be more photoactive than the
corresponding bare TiONevertheless, apart from the heavily doped D80_700 material, which
mostbenefitted 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 bétwtsasTiintroduced 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/Ti@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 lowgrafi@unt), the overall
photoactivity rate may be mainly affected by intrinsic charge recombination phenomena instead
of mass diffusionelated effects (possibly related to asufiiciently fast replenishment of the
adsorbed substrate at the surface of stmmiconduor photocatalyst under illumination
conditions). In these new experimental conditions, we thus would try to better unveil potential
photoactivity variations among the differently preparedo8iified samples.

Therefore, we fixed the photocatalyst concentration at 0.063 gndncheokd the
photoactivity of formic acid degradation with both bare andodtaining photocatalysts
belonging to the DO_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 luegell systems.

The so obtained and S8Armalized zerorder rate constants for formic acid oxidation with
the selected samples are reportédgare4.314. 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 deépdgdexh
effect onthe materials photoactivity in the investigated test reaction.
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Figure4.3.14: Formic acid photocatalytic oxidatiorpseudo-zeroth rate constants (a) and SSA normalized rate constants
(b) of differently N,Fdoped TiQ powders calcined at 500 or 700 °C (blue bars) and their corresponding 0.5 wt% Au
modified materials prepared through the depositioprecipitation (orange bars) or the photoreduction (green bars)
deposition routes. TiQ concentration: 0.063 g dn?.
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Next, we decided to investigate possible effects induced-doped-TiQ 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 efm@dified mateais as reported in sect@d.] pages6) may
determine the generation of a relatively low extent of eleoteopairs on Ti@surface, which
may thus interfere on the effective fixation of Au NPs in the proximity cit&s, 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 experifhémimodify 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 seprepared specimen, labelled as UV_D7_700_P, was pigpateotodeposition
starting from 10 a vol% methadwéater suspension containing 3 g*diD7_700 and the
amount of NM precursor, HAuChecessary to obtain a fixed nominal metal loading of 0.5 wt%.
Au(lll) 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 thé800D nm rage, 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 stoiiadhe absence of light and humidity. Additional information on the
properties of UV_D7_700_P are provided in the appendix 9getgai6Q 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 0.063tadaohthe resultant zeooder rate constant can
be compared to those attained under the same experimental conditions by D7_700 and D7_700_P
samples ifrigure4.315 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 betwegstfMiQural 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-eHieilyst species

in reductive photocatalytic reaction, we supposed that the cdnSAleradation test reaction
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may not be so suitable for our investigation purposes, so to unveil potential synergic effects
occurring between *Tidefective states and selectively deposited Au NPs. Therefore, we decided
to systematically study the activity of the hoade Au/TiQ samples on Cr(VI) photoreduction,

i.e. a photocatalytic process mainly proceeding via a direct reductive pathway.
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Figure4.3.15: Photocatalytic formic acid oxidation rate constants for bare D7_700 Ndeped 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 antehative 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 -®fitst rate law. In particular,
the calculated specific surface-aoemalized photocatalytieaction rates, collectedRigure
4.316, evidence the typichellshapedrend, 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 TiO
dopant content. In fact, by considering the calculated photoactivity improvement ratios attained
upon Au NPs depositioRigure4.317), while the undoped DO_500 sample exhibits skail&r
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 gtamad WPs deposition

for the D80 sample, especially by employing the DP technique.
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Figure4.3.16: Cr(VI) photocatalytic reduction pseuddrst order rate constants (a) and SSA normalized rate constants
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Figure4.3.17: Photocatalytic activity improvement ratio of DP(orange bars) and P(green bars) Aumodified N,~doped
TiO, 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 T&dructure 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 TiQlefective 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 depositigorecipitation DP method (wittka/ k equal to ca. 3.3). Finally, the absence
of defective trap states in reference undoped DO_500 did not produce any significant variation in
the photoactivity improvement ratios attained with both DP or P methods, suggesting that
specific/peculiar effectsquuced by Au NPs (photo)deposition may be mostly attained with TiO
materials clearly exhibiting a defective crystalline structure. It is important to note, moreover, that
such preferential efficient electron transfer path have been observed only whestitieted
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 bukctigity 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 Tistates 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-8igped TiQ powders, we decided to
investigate the photoluminescent properties of the prepared materials through photoluminescence
spectroscopy analysis. Such tegcieniin fact, being able to provide useful information on the
dynamics of radiative decay paths in photoexcited semicorffitictoas;, allow to gather
information on the presence of specific electron transfer paths occurring between defective TiO
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 @sagelrit powders were
previously performed in our research group by compressing the photocatalysts powders in the
form of small, thin, circular pell&t&However, in the present work, such sample preparation
technique led to unreliable results, éspeconcerning 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-aladmenicroscopy 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 intensitylodlthpellets (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 majaifaonity in the PL emission

of the pellets due to theAeemission intensity of the samples, requiring long exposure times for
the acquisition of low PL emission intensity, especially in the caseanfifed titanium dioxide
(Figure4.318).

a)

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 metadlified powders presented -dgéectable 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 retteiighalr or darker region through
laser spot excitatioRrigure4.320 a). Differently, when the powders were directly deposited in
homemade sample holders in the form of thick, dense films of the same height (analogous to the
sample preparation technique commonly employed during XRPBWs DRS analyses), the
reproducibity in emission intensity resulted to be immensely improved, as illustrated by the
astonishing reproducibility in PL emission intensity obtained when acquiring spectra in multiple
randomlychosen spots over the whole exposed surface of the sampléFnpldes.320 b).

Thus, throughout this study, the previous pellet preparation route was discarded and all the PL
spectroscopy analyses were carried out on powders directly placedriadessnple holders,
developed within this projg€igure4.319).
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Figure4.3.19: Picture of the empty (a) and filled (b) PL sample holder
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Figure4.3.20: Intensity of photoluminescent emission of the DO_700_P sample acquired in a bright smgpeén) and in
a dark spot {ellow) 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 hommade sample holder(b).

4.3.3.2 Photoluminescence spectroscopy of N foped metalfree TiO>

Photoluminescence (PL) emission intensities under -si@adyrradiation 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 imthidetthe 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 speciméngure4.321a). 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 prales trend as a function of the dopant contagti(e4.321b) somewhat resembled
thatobserved in the case of SSA normalized kinetic rate constants in both formic acid oxidation
and Cr(VI) photocatalytic reductiofrigure 4.314, Figure 4.316), 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.
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Figure4.3.21: Steadystate photoluminescence emission spectra (a) and integrated intensity (b) of mefate N,Fdoped
titanium dioxide materials

The photoluminescent emission of dd@ped anatase, which has already been extensively
rationalized and explained by our research group for similar niiacamalst be attributed to
the the direct recombination of electrons photoexcited into thedr@uction band with holes
photogenerated in TiOvalence band, such radiative emission being very weak at room
temperature due to the indirect band gap natutkecdfiO. semiconductor. As electronic
transitions in indirect band gap semiconductors nesfsect 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 electronransitions renders such b&adde emission ondeof
magnitude less efficient compared to direct band gap semiconitittitophoton 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 themmam PL emission intensity, located around 2.5 eV,
is bathochromically shifted compared to the anatase band gap, usually located ardéind 3.2 eV.

Thus, it is not energetically quahble with a direct band gap recombination emission.

On the other handelaxed 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 defestimesTEilstructurédSince
the main effect of Olattice substitution with fluoride anions is that of introducigldfiect

states in the materfalan 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 Maeddherefore a reduction in the

PL intensity is observed.
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Figure4.3.22: Normalized PL emission spectra of differently N- phase  composition, DO0_700 being
doped titanium dioxide samples . . .
composed mainly of rutile, while all other

samples are composed of pure anafabéed.31).

For all investigated materials, the temporal evolution of the integrated intensity of PL emission
between 45650 nm was then gathered via TiResolved Photoluminescence Spectroscopy
(TRPL) with pulsed laser excitation and the results obtained in teomsadized intensity decay
curves can be directly compare@igure4.323
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Figure 4.3.23: Temporal evolution of the integrated intensity of PL emission between 4560 nm of differently N,F
doped titanium dioxide specimenga). Temporal evolution of the integrated intensity of PL emission between 4560
nm of selected mostly significant N,Floped titanium dioxide specimengb).

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 DO 500 is

characterized not only by a much weaker photoluminescent emission undstatgteady
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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 casestdady stat@hotoluminescent 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 materiase characterized by the most intense and longer lasting photoluminescent
emission, followed by the highly dop&@ 700 and D80_700 samples, and then by the reference
undoped DO_500 sample. Such trend becomes even clearer when considering the decay curves of
the selected mostly relevant samplesfeigiyré4.323).

The behaviour of the reference undoped material calcined at 700 °C, DO_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 itdyhotescent emission.

The difference in the behaviour of the temporal evolution of the PL emission compared to other
DX_Y samples, however, can be easily addtwits different phase composition, i.e., being the
only sample characterized by a mixathaautile phase composition, mainly composed of rutile
(Table4.31). Such strikingly different behaviour in its PL emission further supports the previously
mentioned consideration of the material being not suitable to be compared “diped,F
materials as reference undoped titanium dioxide, as such strikingly ffexeeokdn 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

3
FO = ) Aie™R(1 = e™W/m) + Woppser
i=1

allowed us to better appreciate the effects eflbpig on structural TEproperties, 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 kineticgg, the relative population of tf&h emitting staté and its average lifetinhe

As appreciable ifable4.34, 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 averdgaidatioh

1 ns, an intermediate living state of average lifetam@und 6 ns and a longer emitting state with

an average lifetinfe of about 30 ns.
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On the other hand, rather than increasing the average lifetime of the emitting stiatpmg\,F
seems to mainly affect the relative populatiohsuch trap states within the THilk structure.
In particular, the cumulative relative population of the longer lasting emitting states, determined
aso 0 , significantly increases when passing from the reference undoped DO_500 material to
the slightly doped D7_700 matergadd 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 towatdstitang
photoluminesent T#* trap states, where they can be efficiently trapped, with a beneficial resultant
charge carrier separation and overall pffatiency improvement.

When an excessive doping amount is introdhoeagver 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.

Itis also important to note, that all doped samples are characterized by a much higher population
of long emitting states compared to the reference undoped DO_500 material, whose
photoluminescent emission is instead characterized by the total absenlcagért lasting

component and by a very low relative population of the intermediat® limgponent.

Table4.3.4: TRPL decay kineticparameters for metalfree N,Fdoped titanium dioxide materias.

| sample [AL(%) [Ac(%) [As(%) [ a(ns) | .2(ns) | s(ns) [Ae+ A (%) |

DO 500 99.7(1) 0.3(1) - 1.0(1) 6.5(1) - 0.3(1)
DO 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) 1.31) 5.6(2) 23(2) 8.4(1)
D18 700  93(1) 6.3(2) 0.4(1) 1.31) 6.13) 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 Photoluminescencespectroscopy of metaimodified N,F-doped TiO>
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 deposibictipitation (DP) nate.

As reported in a preliminary work published by our research'ghmuigeposition of Au
nanoparticles on the TiGurface determined a significant PL emission intensity decrease. In fact,
the formation of a metabmiconductor interface is always accompanied by a fast and efficient
transfer of photoexcited el ectronstedinobtem t he
metal nanoparticlé&sAu deposition, thus, introduces an additionatradiative decay path,
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which causes a rapid depopulation of the lumines&esiialés, with a consequent reduction of
the materials PL emission intensitgure4.324).

In order to investigate if and how the extent of the observed photoluminescent emission
guenching may be influenced by the relative dopant ¢cémtexaich materiale calculatethe
ratio between the integrated area underneath the emission profilughtuified powder and
that acquired with the corresponding unmodified sample (defibedfas ). The interest
towards such parameter, here better represented in terms etaledsphotoluminescence
quenching dé@®Bg definedas $ p O 70 , arises from the possibility of probing the
eventual presence of preferential electron exchange channels originating upon a close, synergic
interaction between dopantiuced 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 froii Siiates to noble metal nanoparticles.

However, as illustrated Figure4.325 all DPmodified samples exhibited very similar
photoluminescence quenching degrees, being almost indepéntientdopant amount
introduced within the Tikpowders. 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, Bi®¥face, it is reasonable to expect that the interaction
betweerdopant inducedi®** species and deposited Au NPs resulted to be almost unchanged for
all samples, regardless of the charge carrier separation properties of the starting bare TiO
materials. Therefore, PL experiments did not unveil aafis@and/or preferential electron
transfer paths between structural defective states and Au NPs deposited by means of the DP
technique. Consequently, the obtainment of simifastdiies depopulation degrhee 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 steadystate PL emission of bare and corresponding Amodifed N,Fdoped TiQ
materials through the depositiorprecipitation (DP) method.
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Figure 4.3.25: PL emission intensity quenching degree attained for differently N,F doped J&amples upon Au
nanoparticles deposition through the depositiofprecipitation (DP) method.

It is fundamental to note that, differently from what observed in terms of PL intensity
guenching degree, the variation of the PL decay temporal profile attainedocwittaiAing
samples seemed to be influenced by the relative doping amount intratiucedevstarting
TiO2 photocatalysts. In particular, the bare unmodified D7_700 material, characterized by a longer
lasting PL emission, was also characterized by a more markeuiy dgasy kinetics upon

deposition of Au metal nanoparticléigire4.326).

In the light of the obtained results, it is likely that the presence of specific electron transfer
channels between defectivedriitting states and the deposited Au nanoparticles may possibly
be better and/or exclusively unveiled by analysing the tiotgoewval 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 aboeationed triexponential decagdel, thus obtaining

most relevant TRPL parametews,the relative population of tf@h emitting staté and its

average lifetinte (Table4.35).
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Figure 4.3.26: Temporalevolution of the PL emission intensityintegrated between 456550 nm, of the bare andthe
corresponding N,Fdoped TiQ 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 DPRmodified materials. Peculiarly, in the case of refenethaped DO_500, only the faster

0 component is preserved upon noble metal nanoparticles depositiory i.eéntbenediate

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 baredp&d titanium dioxide materials, but rather
profoundly affects the relative population of such emititessThis may be related to the fact

that, upon irradiation, the photoexcited electinstead of being trapped at' Btatesmay be

directly transferred towards deposited Au NPs, determining the complete or partial depopulation

of the longetasting 6 and the intermediatasting 0 ) states, respectively.

Table4.3.5: TRPL decay kinetics parameters calculated for the BRodified N,~doped TiQ materials.

| Sample (A®%) [A®%) [A®) [1(s) [2ms) [sms) [A+a© |
DO 500 DP 100 - - 0.8 - - -

D7 _700 _DP 95.8 4.2 - 1.3 56 - 4.2
D18 700 DP 94.8 52 - 1.4 7.3 - 53
D50 700 _DP 97.6 24 - 1.5 74 - 2.4
D80_700_DP 97.9 2.1 - 1.2 74 - 2.1

To better appreciate the effects of doping on the photoluminescent propertiesoafiiidel
N,F-doped titanium dioxide materials, we compared the overall relative population of the longer
lasting emitting components 0 of the bare N,féloped TiQ materials with those of the
corresponding Dimmodified specimensidble 4.36). 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 S&#malized photoefficiency, exhibited the largest depopulation extent of
the longetasting emitting state3 0 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, occuwimyg 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 eleadn transfer from Ti states towards noble metal nanopartigtesncreasing
dopant content as a consequence of the lower population-tsitimg photoluminescent trap
states within the titanium dioxide support deriving from the increased bulk charge recombination.
As the initial population of longer lasting phohinescent trap states is lowetleglelectron
transfer probability from such trap states towards noble metal nanoparticles is thus consequently
reduced, leading to a lower extent of depopulation of the-lastygy emitting states compared
to D7_700.
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Table4.3.6: Relative population of the longelasting PL emitting states for bare, metafree N,Fdoped materials and DP
modified materials and their relative percent difference.

| Sample | Ao+ A (%) Bare | Ao+ A (%) DP | Relative difference (%) |
DO_500 03 - -
D7_700 8.4 4.2 67
D18_700 6.7 53 25
D50 700 4.1 0.7 41
D80_700 3.2 2.1 44

100
OA2 + A3 (%) Bare
+ 0,
80 k BA2 + A3 (%) DP
o7 @ Relative difference (%)
60
41 44
40
25
20
8.40
6.70
4.2 5.3 4.10 3.20
0.30 0.7 21
. ]
DO_500 D7_700 D18 700 D50_700 D80_700

Figure4.3.27: Relative population of the longelasting PL emitting states for bare, metaifree N,Fdoped materials and
DP-modified materials and their relative percent difference

As demonstrated in a paper previously published by our researcthgreujglence of a
significant interaction between photodeposited Au NPs and electrons trapped at the defect sites
in N,F~doped TiQ 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 safpiefact, the normalized PL spectrum ofrAadified
doped system usually shows arermab | v | ower emi ssion in the 5¢C
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
electons trapped at the TiQdefect 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_¥tdoBtplysts series
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are compared to those of the corresponding DX_Y orkegure4.328 We can clearly notice

that there is no a systematic PL emission intensity lowering in®0€ B@®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 81700 and the D80_700 samples.
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Figure 4.3.28: Intensitynormalized steadystate PL emission profiles of differently N 8oped TiQ materials modified
with 0.5 wt% of Au through the depositioprecipitation (DP) method.
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The effects induced by the use of different Au nanoparticles deposition methods on the
photoluminescence properties of differentlyddfed TiQ materials were also investigated via
TRPL. In doing so, we compared both the emission intensity undessisteadyadiation
conditions and the temporal evolution of the photoluminescence signal of materials modified with
0.5 wt% of Au nanopatrticles angh depositioprecipitation (DP) or photoreduction (P) for
selected materials with fixed dopant contentt{e reference undoped DO_500 and the relatively
less doped D7_700 and D18_700 materials). As appredtadpieeth 329 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 Ti©@sample. In particular, whereas for either the undoped DO_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 dopadticed photoluminescentTirap states and Au nanoparticles
deposited through a selective deposition metegahotodeposition, only in the case of defective
TiO, 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 photoluminescetittiip state$. Thanks to such spatial
proximity, only gained by applying the P method, the photodeposited Au NPs may thus more
efficiently scavenge the photoexcited electrons trapped &t hatds$, with a consequent more
marked PL intensity quenching (exhibited bR Th&00_P sample). This phenomenon is instead
not achieved with both DO_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 ofreliigme population of emitting states
0 or average lifetimie induced by using different Au nanoparticle deposition techniques for any
of the investigated materidhble4.37). Observinguch 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 thegsence of the forehand mentioned synergic exchange mechanisms.
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In the light of the experimental results previously obtained in both photoluminescent emission
guenching and photoactivity of the powders in Cr(VI) photocatalytic redkiciior4.316),
the inabilityo probe significant differences either in termslative population of emitting states
0 or average lifetimeinduced by using different Au nanoparticle deposition techniques through
TRPL measurements may midstly 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
occuron a shorter time scale and might not be detected with the here employed experimental
setup. A more suitable experimental setup for the detection ofasu@tettron 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 ufpQgtharie
scale.

Table 4.3.7: TRPL decay kinetics parameters for Niffoped titanium dioxide materials modified with 0.5 wt% of Au
through the depositionprecipitation (DP) andohotodeposition (P) technique

sample (A% [A®%) [A®%) [10s) [ 2ms) [sns) [A+Aa) |
DO 500 DP 100 - - 0.8 - - -

DO 500 P 100 - - 09 - - -

D7_700_DP 95.8 4.2 - 1.3 56 - 4.2
D7 _700 P 94.6 54 - 14 57 - 54
D18 700 _DP 94.8 52 - 14 7.3 - 53
D18 700 P 95.7 43 - 1.4 74 - 4.3
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Figure4.3.29: Steadystate PL emission spectra (a,c,e) and PL decay profiles (b,d,f) of selected-tigped TiQ materials,
also further modified with 0.5 wt% of Au NPS by means tife DP and P methods.
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4.5 Appendix

Figure A1 Emission spectrum of theimmersion fluorescent, low pressure mercury arc lamp (Jelosil), emitting in the
3007400 nm range,employed for the deposition of Au nanoparticles on the UV_D7_700_P surface through the
photodeposition technique.
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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 Amodified UV_D7_700_P material.
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Chapter 5&ffects of /n-Situ Surface

Fluorination on the Photocatalytic

Activity of Differently Shaped TIiO,
Materials

5.1 Introduction

The design and synthesis of cost effective, efficient, and scalabés&dnaterials able to
convert light into chemical energy thropglotocatalytic processes is a key challenge for a
sustainable energy economy. A wide variety of synthetic routes has been developed to prepare
TiO, in different forms and shapes, with different surface area and pbavgityo improve its
photocatalytic activity, either by enhancing light absdéfmiiobny improving the separation of
photoproduced charge coupgt¥s.

In particular, shapmontrolled anatase Ti®as 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-{ikatshapeRigure5.11).****Suchfacets,
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 tamdatyree 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®

a)

<y

Figure5.1.1: Equilibrium crystal shape(a) and plateletlike morphology of anatase crystal with the indication of the types
of exposed facets(b).



At the same time, another strategy that may be pursued to improve the photocatalytic
performance of Ti@consists in thénsitusurface fluorinatiofi!® implying a simple ligand
exchange reaction between fluoride anions and surface hydroxyl groups (at acidic pH):

K4E/ ( & O K4E& / ( LPP

This method was found to induce different effects on photocatalysis, depending not only on the
main degradation paths of different substfatiest also on the surface area and phase
composition of Ti@*

On the other hand, fluoride anions are often used as capping agents in the synthesis of shape
controlled anata®é 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, platdike materials are usually synthesized in the presence of a higtieridisr
concentration with respect to spherically shapednia@rial$3*>**The different amount of
residual adsorbed fluoride anitorsthe 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,fi@sed materiadfs.

In this framework we investigated the effects that $u®face fluorination has on
photocatalytic oxidation and reduction reactions in relation to the amount of exposed anatase
{001} facets. Fluorinee TiQ materials with diffent morphologies were obtained through
postsynthesis washing to efficiently remove the capping agent. Such materials were eventually
successivelyrsiture-fluorinated. Under such conditions the honaele photocatalysts were
systematically tested in formic acid photo oxidation, Rhodamine B photobleaching and Cr(VI)
photoreduction, proceeding through completely different mechanistié’?élilese model test
reactions find an important application of photocatalysis as innovative and clean/environmentally
friendly technology for industrial wastewaters decontamifi&tinfiact, hexavalent Cr(VI) ions,
notoriously toxic and carcinogéh@and genergllreleased in effluents by various industrial
activities€.gelectroplating, leather tanning, textile production, steel fabrication), can be efficiently
converted by photocatalytic reduction on semiconductors into Cr(lll) species, exhibiting lower
toxicity and mobility in the environmé&hat 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 xanthelezived dyes in food, paper, textile and leathestry. The undesired
presence of RhiFigures.12) 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 neurottiXfdiRhodamine B decomposition is thus highly required

also to gain a sustainable recycling of industrial wastewaters.

Figure5.1.2: Rhodamine B (RhB)

5.2 Experimental section

5.2.1 Photocatalyst preparation
Differently shaped Tisamples, characterized by a psepHberical shape or a nanosheet
structure, were prepared through the hydrothermal route as described i2.2d¢pagesl).

The seobtained 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 secbdlfpages3
Specific surface area (SSA) measurement, as described h&apiayes9)
UV-Visible DR Spectroscopy, as described in s@ctid{pager?)

ICP-OES analysisis described in sectidB.1(pagerd)

HRTEM imaging, as described in se@idnl(pager9)

= =4 =4 -4 2

Additionally, Thermogravimetric Analysis (TGvgs carried out on a Mettldioledo
TGA/DSC 2 STARe system. Thermograms were recorded in-83 3Q temperature range,
with a heating ramp of 10 °C rhimder a 50 ctmin™ air flux.

X-Ray photoemission spectra (XPS) were recorded -®tr@bapparatus, Surface Science
Instruments, equipped with arkdl monochromatic radiation-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 Fouriettransform infrared (FIR) spectroscopy measurements the samples were pressed
inselfisupporting pell ets ( ¢0’papdplacedihquatte aels equippéd o f
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 vacuunegidual pressure < 1 x“Iifibaj). At the end of each treatment step, the
samples were contacted withe®©10 mbato restore the stoichiometry of the TiDhe spectra
were obtained using a Bruker Equinox 55 spectrometer with a resolutiort ah@ ameraging

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-estalvkdihed procedure
described in detail in secthi.3(paged6).*** The photocatalyst concentration was set to 0.17 g
dm?, differently from the 0.1 g dnconcentration reported in the general description of the

experimental procedure.

5.2.4 Photocatalytic activity in the absence or upowm-situ addition of fluorides

The photocatalytic activity of homade samples was tested in agueous suspensions,
employing the dye Rhodamine B (RhB) or dichromat®-{Cions as organic or inorganic
degradation substrates, respectively. The photostability of both substrates in agueous 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 Se2tibfpage99 for RhB
photodegradation and sect®B.2(pagel02 for Cr(VI) photoreduction.

5.2.5 Substrates adsorption measurements on Tg@nd fluorinated TiO>

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 rups fextee amount of Tig)
which was fixed at 1.0 §*LThe 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 thepernatant. Adsorption equilibrium was attained in
1530 min, though the adsorption data afterl@f equilibration were considered as most

reliable, as in previous studies.

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 shéigure5.31, all diffraction

patterns perfectly matched those of pure anatase.
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Quantitative phase analy3iake5.31), performed through Rietveld refinentéshowed
that rutile or brookite was naietectable, nor appreciable presence of other phases such as TiOF
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 withl & h,K broadenedaccompanied by a shrinking of the peaks characterized by a
strongh componentjn the 3550° Z5range, indicating a change in crystal growth along specific
crystallographic directiofis.

Table5.3.1: Averagenanoparticles 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.

Sample thickness width {001} SSA Total
/ nm / nm (%) (m?g? 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

The nanoparticles size and the relative amount of exposed {001} facets in the different
samples, calculated by applying a Ridtesktl XRPD approathare collected ifable5.31.
The so obtained values clearly demonstrate that the anatase {001} facets percentage increased by
increasing the HF amount during the syntheasigassing froncal5% for HT_0.1 to 65% for
HT 1.

The latter sample incontrovertibly consisted of-lifatemanocrystals, as confirmed by the
HR-TEM images reported frigure5.35a,b. In line with previous findirdghe platdike crystals
of HT_1 appeared piled up faoegace, one above the other, thus minimizing the total surface
energy>*°On the contrary, the casual distribution of particles displayed by HT 0.1 aggregates
(Figure5.35b) is coherent with an isotropic shape of cryFiglsré5.35a).

At the same time, HREM images further confirmed both crystal thickness and width values

of platelefike HT_1 nanoparticles, calculated from XRPD*tletaresponding toa8 and 40
nm, respectivelyféble5.31). More interestingly, the capping agent removal procedure did not
significantly alter the percentage of exposed {001} facets in any of the investigatedadalterials (
5.31), the specific Ti@crystal shape being entirely preserved even after the samples washing
(Figure5.35¢-f).
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Figure5.3.1: XRPD patterns of samples of the HT_X series evidencing (103), (004), (112), and (200) anatase reflections.

BET analysis confirmed similar SSA in th@382t g* 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 SEbI€5.31). 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 findifg8ET adsorption/desorption isotherms can be
classified as of type 1V, according to IUPAC classifichtipmes.32).° 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*jpdmwever, increasing the
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amount of nominal F/Ti ratio employed during the synthesis of the materials results in a shift
fronrH2t ype pores, associated to o0ink bottl ed6 p
like particles, towards e pores, which are instead usubbgrved due to the packing of

platelike particles forming shaped pores. This finding is in line with both XRD an@ER
measurements, further confirming the morphological evolution of the materials, undoubtedly

passing from pseudpheres to a narfeets shape.
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Figure5.3.2: BET adsorptiordesorption isotherms of samples of the HT_X_ W series

Diffuse Reflectance UVis absorption spectra of the investigated samples are characterized
by a very mar ked a bnmosimjatto thahof pure srettSigiyre5.83). k < 4 C
The absorption onset was found to be independent of the F/Ti ratio employed during the
synthesis,e.jt is unaffected by the relative amount of exposed crystal facetsKigsee¢ni33).
In the literature the anatase band gap has been reported te té bk shifted or
unmodified*’by an increase in the {001} facets content. Moreover, the washing procedure did
not produce any absorption edge variation for any of the prepared, shogplkesulting in an
overall preservation of the original optical properties also upon the application of the here adopted
fluorine removal treatmemtigures.33).

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, M@ull DR spectra},in line with the finding

that pretty similar percentages of total mass losses were obtained by thermogravimetric analysis
(TGA) of all sampleJ éble5.31).
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Figure5.3.3: 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.
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Figure 5.34: Example TGA analysis of HT_0.1_NaQ#) and HT_1_NaOHb) indicating similar percent carbon loss
among the synthesized materials
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Figure5.3.5: HRTEM images of HT_0.(a), HT_1(b), HT_0.1_NaOKkt, d)and HT_1_NaOHe, f)

171



The surface chemical composition of the homee samples was assegisetPS analysis
(Figureb.36).
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Figure 5.3.6: XPS survey spectrga) and quantitative surface F/Ti molar percentages obtained for the HT_X and
HT_X_NaOH samplegb). 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) atca458.8 eV (T2p), 531 eV (@s) and 284.5 eV (8), respectively. Spectra of HT_1 and
HT 0.1 also show a small peak at binding energy 68% at¥ibuted 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 [atGce, was detected, possibly always being below
the detection limit of thXPS technigué®

As reported ifrigures.36b, 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
postsynthesis washing procedure. In fact, the overall surface F/Ti ratios passad6f6rto

ca2% 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 pseaetoth order kinetic rate coastske, (Figure5.37),
highlight that shifting the anatase morphology towards narsisdyeed crystallites results in
slightly worsening the photoefficiency of the semiconductor photocatalyst for both surface
fluorinated and washed materials. More surprisingly, cleasunggite 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®*%?However, these results are rather surprising since, as surface adsorbed fluoride anions
are welknown to prevent the adsorption of formic acid very efficiently on the surface of titanium
dioxide5*®*an improvement of the photocatalytic activity of the materials should be naturally
expected upon fluoride rewad theadsorption of formic acid on anatase being mandatory for its
photocatalytic degradatién.
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Figure5.3.7: Pseudozeroth 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 platel#ke materials at 500 °C, despite provokiaglaubled 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 calcinedlkplatelet
materials bearing a much highestptatalytic activity than psetgfherically shaped mainly
exposing (101) facétsThus, 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 efficientgnttize
small amount of fluoride anions residual after the washing procedure withFAp@25.36)
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, hotwaven 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 treatmesuch morphology changes.

5.3.3 Cr(VI) adsorption and photocatalytic reduction

The effects induced on Cr(VI) adsorption on the investigated samplegHsituberface
fluorination and by the Ti®norphology can be appreciateBigure5.38, 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.
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Figure5.3.8: 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 undersitu fluorinated conditions with a F/Ti ratio equal to 0.1 at
the same pH (yellow).

The adsorption of dichromate species is strongly hamperehsipasurface 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 terminak 4 E / ( groups, which play a key role in ensuring dichromate adsorption on
TiO, by means of surface complexatidvioreover, at pH 3.7, the titanium dioxide surface is
expected to be positively charged, this pH being below the zero chadoef (pB., generally
located for TiGbased materials at pH %.6hese combined effects of course allow for a fast

and significant (almost quantitative) adsorption of negatively é@fgedanions orthe TiO
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surfacé®®” Differently,inssitufluorination implies the formation of staklé E & termination

on the TiQ surface, with a consequent shift of the surface charge towards more negative values,
which hinders the dichromate anions adsorption on the surface of titaniuni®disxadielenced

in Figure5.38.

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 Ti@hotocatalysts seems not to be affected by the relative {001} facets
exposuregitherin the absence or in the presendasituadded fluoride ions.

The activity of the here investigated.B@mples in Cr(VI) photocatalytic reduction can be
compared in terms of first order rate constants, measured either in aqueous suspensions at pH 3.7
(ka9 and at pH 3.7 in the presence of fluoride aniesgufluorinated surfac&g), as shown in
Figure5.39.

Firstly, among the HT_X_NaOH samples showing different relative percensarjelean
{001} facets, the pladike material is by far the best photocatalyst, with an activity double to that
of commercial benchmark P25 T{@r whichk..= 3.37 10*s?).

Interestingly, the outstanding photoactivity attained by increasing the percentage of exposed
{001} TiO, facets, th&.cattained with HT_1_NaOH being thitmes 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 platikketand the spheriestiaped washed samples
(Figureb.38). Such a significant photoactivity improvement should result from multiple positive

effects related to the titania crystal morphology.
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Figure 5.3.9: First order rate constants of Cr(VI) photoreduction at pH 3.74¢kin blue) and upon irsitu fluorination at
the same pH (k, 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,ife@ding to plateléke better
performing materials®*’* Interestingly, anatase crystals with differeakposed facets can be
envisaged f or mi ng 8%vithrtHe seteetive megtateom af phatogeneraterin s 6
holes and electrons towards {001} and {101} facets, respectively, being driven by the minimization
of their respectevenergies. In particular, an optimal percent mixture of different anatase facets
might have positive effects in electnole pair separation, as in mixed anattige systens.

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) sermeactions involved in the overall investigatedopatalytic process, the best
charge carrier separation being generalgdgimir anatase samples with c&66 of {001}

facets content. Interestingly, étet’ reported a maximum photoactivity in Cr(VI) reduction for

TiO, 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 gitiaticoh of

electrons and holes between them, possibly depending on the peculiar investigated substra
sensitive process.

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 faceaistiiifesurface atomic
structureg’™

In the specific case of Cr(VI) photocatalytic reduction, {001} facets, displaying 100%
unsaturated surface-3@¢ and undercoordinated20 atoms, tend to favour the dissociative
adsorption/chemisorption of water (or methanol) molecules, accompaniedobydtien of
terminal T P {p@&sibly sSnpadacger exdent under irradiation conditions. Such TiO
surface bouneOH moieties may thus behave as crucial adsorption sites for promoting fast and
efficient dichromate anions adsorptit$fresulthg in their faster conversion to Cr(lll) through
their direct interaction with electrons photopromoted in thecoit@uction banél.The presence
of a relatively high amount of {001} facets may be necessary in order to promote the overall water
oxidation semrieaction, 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 {08aget enriched TiOmaterial, highlighting a TA0
facetdependent photoactivity in the photocatalytic degradation of Cr(VI).
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Regardless of the specific Fi@orphologyinsitusurface fluorination of washed samples
leads to a conspicuousa.60-70%) photoactivity decrease, most probably consequent to a
dramatically reduced adsorption of negatively char@®d iGns Figure5.39). This confirms
the major role played by the specific substr@gnteractions on the overall efficiency of Cr(VI)
photocatalytic reduction. However, the photoactivity decrease, though clearly evident, is not as
strong as thea 90% substrate adsorption inhibition effect inducassityfluorination Figure
5.38). This finding is in line with a previous research carried outdiyaRlin which the pH
effect on the photocatalytic reduction of Cr(VI) was found to have aliffenghtthan the
Cr(VI) adsorption capability on the Tirface. Thus, dichromate anions adsorption on TiO
does not represent the only parameter determining the rate of Cr(VI) photoredeciarall
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

Figure5.310 showsthe relative percent amounts of RhB adsorbed qusthlespherical
and platelelike shaped materialse(HT_0.1_NaOH and HT_1 NaOH, respectiveiy)
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, Bi@face at pH 3.7 is rather poor and further
inhibited byinsituTiO- fluorination, most likely due to alterations ofaiti&orption equilibrium
at the wateTiO. interface induced upon substitutiok of E / ( terminal groups with 4 E
& moieties, in line with previous findings achiestdother organic dy&s’The adsorption of
the organic substrate seems to be slightly hindered by aliat&l€ morphology and this
effect is maintained upamsitufluorination of the Ti@surface. In fact, as evidence&igure
5.310 the relative percent amounts of adsorbed RhB decreeag@%yand 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 setfegradation), the photostability of Rhodamine B was confirmdubbss6
long experiments at pH 3.7, both in the absence and in the preflence®fnions, under the

here adopted irradiation conditions.
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Figure5.3.10: Percent amounts of adsorbed RhB oHT_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-todefirst

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 theaabspgetrum,

without the appearance of any other absorption feakigese®.311a). 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.
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Figure5.3.11: RhB absorption spectra recorded during its photocatalytic degradation in aqueous suspension at pH 3.7
on HT_0.1_NaOHa) and data elaboration according to first order plots obtained in two runs under identical conditions

(b).

This finding, in line the literature d&f&’®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 baftgghples
photogenerated on the semiconductor syac® through the indire@®H radicalsmediated

degradation mechanism.
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The photoactivity trend of the hommade photocatalysts in RhB bleaching is shdviguire
5.312 in terms of first order rate constants, determined in aqueous suspensions at natural pH
(kna), Oor measured at pH 3.7 in the absekg@eof in the presence of fluoride iomss{tu
fluorinated surfacé&s). The photoefficiency shown by the plikee sample at natural or acidic
pH is quite similar to that attained with samples mainly exposing {101] facetee specific
TiO, morphology does not significantly affect RhB photodegradation, at difference with respect
to Cr(VI) photoreduction. Moreovevhile lowering the pH has a negligible effect on the reaction
rate, than-situfluorination is beneficial, although it hinders RhB surface adsorption.
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Figure5.3.12: Firstorder rate constants of RhB photodegradation for the HT series samples in the absence of fluorides
at natural pH (red, ka), at acidic pH (blue, &) or at acidic pH in the presence of a F/Ti ratio equal to 2 (yellow).k

Due to the relatively poor RhB adsorption on the investigated materials surface, it is likely to
expect thatdifferently from Cr(VI) photoreduction, a direct reaction mechanism occurring
between the positive valence band hole9 {thotogenerated on the photocatalyst surface and
the adsorbed substrate molecules cannot be envisaged as the main RhB photoble@bking path.
interaction of the dye molecules with hydroxyl radicals, formedwpordtced oxidation of
water molecules, may play a more important role on the overall photocatalytic degradation
mechanism of the organic substrate, especially in theinasgeftuorinated TiQ materials, for
which the RhB surface adsorption capability resulted to be extremely tiigleesd310).

In this context, an increase in RhB degradation rate upgsufi@re fluorination can only
be explained by considering an enhanced photoprodud@hraidicals, which may attack RhB
molecules, thus promoting their photodegrad&tiofin fact, fluoride ions substituting for £iO
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surffacdOH groups inhibit surface tQ"spegcies thrgughof ph
the following reaction:
k4E/ ( E OKk4E/E ( L&D

At the same time, by considering that E & species are stable and cannot be oxidized by
valence band holes even at the here employed acitlsudbicedF ions favour the desorption
of photogenerated active spediedDH free radicals, which can thus accumulate in the aqueous

phas# as follows:
k4E& E (/O9K4E& (/% ( LD,

In particular, an outstanding photoactivity increase is observed upon surface fluorination of
the {O01}facet enriched HT_1 NaOH sample, wikty/&..ratio of 4.52Table5.32). Thus, a
synergistic effect induced by the gdla&e anatase TiOmorphology and it&nsitu surface
fluorination is clearly outlined in RhB degradation. Moreover, as rep®ebtein3l2, similar
Ke/ kac ratios were obtained for both HT_1_NaOH and HT_1, which were significantly higher
than theke/ k. 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 morphdégegndent RhB adsorption effect on
fluorinated TiQ surfaces suggests that such rate increase is related to the intrinsic ability of F
{001} facets of boostin@H 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{86&# enriched materials may be at the
origin d the here observed morpholatgpendst synergistic effect, as previously reported by
Chenet alfor the gas phase photocatalytic oxidation of amPA@hiespontaneous tendency of
photogenerated holes to migrate towards {001} Yaéts amplified by the electfield effect
induced by fluorinatidf,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-bkelaie,
in RhB degradation may originate from the presence of specific surface defects and/or the
enhanced initial exposure of surface OH gfo(thee to favored water molecules dissociation),
leading to a higher surface density of fluorinated sites, which are involved in the production and

accumulation of reacti{®H 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 Ke/ Kac

HT_O 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+0.09 452 +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 spectroscopyas employed to get better insight at the molecular level into the
differences in surface hydration and hydroxylation betifeénl NaOH and HT_1 NaOH.
From the black spectrarigures.313 obtained after outgassing at room temperature, we observe
that both samples show an evident band at 1620asoribed tofH:0), bending mode of
adsorbed watétThe HO molecules are not isolated, but are interacting via hydrogen bonds as
testified by the intense and bro@H) band in the 3668000 crm rangé 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 Figure5.313 considerably decreases the intensity gg#@) band, which finally disappears
at 300 °C (grey curvesHigure5.313, molecular water being completely removed from both
samples by outgassing at such temperature. Interestingly, from the grey spe¢t@Hh the

spectral region, we note that HT_0.1_NaOH shows only some weak and sharp coatponents

2 3600 cm due to few isolated OH groufs$>Conversel{iT_1 NaOH still exhibits a broad
andquite intense band in the 3&WO0 cm 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 wd¥%°Finally, outgassing at 500 °C (red curvegyime5.313 nearly completely

removes the OH groups from both samples.

The IR results thus confirm that plbke TiO, shows a considerably higher concentration of
OH groups that can be fluorinated and lead to a significantly enhanced production of hydroxyl
radicalsyhich are considered the main oxygen reactive species involved in the photocatalytic
oxidation of Rhodamine B molecules.
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Figure 5.3.13: FTFIR 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/n-si/tu Surface
Fluorination on the Photocatalytic
Activity of Differently Shaped TiO,
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 sustéashiidri® Moreover, the quest
for sustainable energy solutions has driven researchers to explore alternative energy sources suck
as the conversion of light into chemical energy through photocatalytic prtid@asesf the
key challenges in thisldies the development of cadtective and scalable materials. Among
these, Ti@based materials are particularly attractive for photocatalytic applications due to their

many advantageous properties such as versatility, low costs, chemical stabilityicity Hoh

In the recent years, many resources have been expended searching for strategies to overcome
the main shortcomings of the transition metal oxide in photocaitalyhis,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, siuplled anatase Tihas emerged as a
promising candidate for improving the photoactivity of the metal oxide semiconductor in a wide
variety of process&s® By preérentially stabilizing {001} facets during crystal growth/ipéate
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
dioxidebased materials in photocatalysis is represented by the modification of its surface with
noble metal nanoparticfé®. In fact, metasemiconductor 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 bairges potential energy barrier causing the trapping

of electrons within theanoparticle, possibly improving the charge separation of the materials. In



addition,inssitusurface fluorination has been proposed as a strategy capable of enhancing the
photocatalytic performance of Ti@specially in the case of hydroxy racliediated degradation
paths?*3

The effects on Ti@photoactivity induced by both the modification strategies are rather far
from trivial andhas been found to depend not only on the properties of the specific titanium
dioxide support €(g. its phase composition, extent of surface exposure, or its specific
morphology¥>*®but also on the specific investigated test reaction. For example, we have recently
found that whereas thmsitu TiO, surface fluorination is beneficial for rhodamine B
photocatalytic oxidation, especially whenegpfainanosheshaped materials, the photoactivity
of the metal oxide semiconductor drastically dropped upon fluorination in both Cr(VI)
photocatalytic reduction and formic acid oxid&ti®averal other studies have also reported that
the specific effects induced by Js0rface fluorination need to be evaluated on the basis of either
the specific test reaction and the physhiemical properties of the employed titanium dioxide
materiaf>374041

The effects on photoactivity deriving from the deposition of noble metal nanoparticles have
also been reported to depend on several factors including (but not limttezl plogse
composition of the Ti@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 nanopartict&8.Yet, literature reports aimed at systematically investigating the
effects played by different met@noparticles 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 photaatditaty effects indutéy

combining metal nanoparticles depositionrasitusurface fluorination.

In this scenario, the following chapter of this PhD thesis presents a systematic study
concerning the role played by Au nanoparticles deposititime dnO. surface on either
photocatalytic oxidation and reduction reactions, with a particular focus on: i) the influence of the
specific TiGmorpholog; ii) the use of different Au nanoparticles deposition methods and iii) the
potential benefits of coupling surface Au nanoparticles depositiomsitthTiO, surface
fluorination. The aim is that of providing useful information for preparing better performing
titaniumdioxide 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 wastablished hydrothermal process described in dséaition2.2.1
(pagebl). 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 othtsuspension has been then
left under stirring in the dark for 15 min and transferredttondessteelhutoclave 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 rlkvater until the fluoride anion concentration in the supernatant
was below 5 ppm (detected through iohfomatography, Metronm 761 Compact IC equipped
with Metrosep A Supp 4/6 Guard anion column and conductivity detector). Powders were then
suspended 850 cm 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 hdtgolid particles were separated from the sodium hydroxide
solution via centrifugation, washed several times witlfQ mwter until neutrality of the
supernatant was obtained and dried in an electric oven at 70 °C overnight. A fine powder was
lastly obtaied via grinding in an agate mort@amples showing psetghierical morphology
were characterized by a F/Ti molar ratio of 0.1 (HITseries), while materials with a plditetet
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 ardauNPRsf,
namely 0.3 wt% (batch 1), 0.5 wt% (batch 2), and 1.0 wt% (batch 3), employifit(ake DP
described in sectidh3.1 page54) or P* (as described in sectig.l page56) deposition
techniqueThe resulting samples were indicated as % HT_X_ T, where % represents the Au/TiO
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 secbdlfpages3)
Specific surface area (SSA) measurement, as described h&é(pages9)
UV-Visible DR Spectroscopy, as described in s@cfidfpager?)

ICP-OES analysiss described in sectidB.1(pagerd)

= =4 4 =2
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1 HRTEM imaging, as described in se@idril(pager9

6.2.3 Photocatalytic activity tests

6.2.3.1 Photocatalytic oxidation of formic acid

Formic acid photodegradation tests were performed according testabbdhed procedure
described in detail in secthf(paged3d) 3*4°>°The photocatalyst concentration was set to 0.17 ¢
dm?, differently from the 0.1 g dneconcentration 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 hommade samples was tested in agueous suspensions,
employing the dye Rhodamine B (RhB) or dichromat®-ACions as organic or inorganic
degradation substrates, respectively. The photostability of both substrates in agueous 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 in32¢page8) for RhB degradation
and sectio.3(pagel0] for Cr(VI) reduction.

6.2.3.3 Photocatalytic hydroxylation ofterephthalic Acid
The photocatalytic hydroxylation of terdmlic acid (TA) was performed using the

experimental setup and procedure described in detail in 3&pagel0?).

6.2.3.4 Hydrogen production by photo-steam reforming of methanol
The photocatalytic activity in hydrogen production from methanotgtkata reforming was
tested using the experimental setup and procedure described in detail 34¢patieh03.

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 cagesiffraction patterns dheprepared 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 TigFMoreover, 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

190



through XRPD, thus possibly excluding the presence of clustered Au NPs. As observed in our
previous work¥;**'the diffraction patterns of all prepared materials are characterized by a
broadening of reflections with>(hk) with increasing nominal F/Ti ratio employed during the

mat erial sd hydrother mal treat ment , acltompan
component in the 350° 2 range, highlighting the morphological evolution of the synthesized
materials, passing from a psesjloerical shape to a sHédet morphology (sdegure6.31).

Figure6.3.1: XRay powder diffraction pattern of selected Agontaining 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 puanai@se, TiQ
rutile and metallic Au are reported for comparison.

Crystallite dimensions along specific crystallographic directions (representing the thickness
and the widthwof the crystallites), as well as the relative exposure percentage of {001} surfaces
in differently shaped materials, were calculated through a Scherrertepeatiapproatand
are reported ifiable6.31. In line with our previous findingstincreasing 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 cal5% toca65% for all the synthesized materials.
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