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Preface

Environmental pollution caused by human activities is posing serious
problems for the protection of the environment and the protection of
human health; the most important environmental receptors are surface and
groundwater bodies as well as air, because they are the primary sources of
contact for humans with numerous classes of pollutants. The general
categories of contaminants include solvents, volatile organic compounds
(VOCs), volatile chlorinated organic compounds, dioxins, dibenzofurans,
pesticides, PCBs, asbestos, heavy metals, arsenic compounds, etc. It is
therefore urgent to develop new advanced methods of detoxification that
can treat non-biodegradable compounds that result in the total destruction

of the pollutants.

Metal oxides are valid materials for their versatility and functional
properties that can be exploited in several fields of application. Metals are
able to generate a lot of different oxides compounds, and the different
structures and electronic properties of these materials can lead to insulator,
semiconductor or conductor character. These different characteristichs can
be exploited in many technological applications such as the fabrication of
fuel cells, microelectronic circuits, sensors, coatings against corrosion and,

of course, catalysts.

The need of an energy saving, together with an ever-higher environmental
consciousness, led to enhanced interest in the miniaturization of the
technologies with a consequent more and more higher interest for
nanomaterials and nanotechnologies. Metal oxide nanomaterials are among

the most studied nanomaterials. The peculiar properties of these materials,



due to their limited dimensions, opened an extensive research field in the
synthesis and characterization of nano-metal oxides. Indeed, the sizes can
affect the metal oxides functional properties and, the control of the size
could lead to an optimization of the energetic efficiency rather than an
improvement of the catalytic performances, etc. The effect of the
decreasing are structural distortions associated with changes in cell
parameters, the production of stress, defects and perturbations on
structure of the nanomaterials. The electronic properties themselves can
change due to the size reduction, manifesting in quantum confinement
effect, modifications on the band gap of semiconductor and/or the
optimization of the ratio between the interfacial transfer and the
recombination of electrons and holes in the case of photoactive materials.
Moreover, as small are the dimensions, as high become the importance of
the surfaces. Shape can be modified in order to synthetized nanoparticles
with defined surfaces using specific capping agent able to change the free
energies of different facets. Again, different surfaces have different
characteristics, which could have an impact in many applications of these
nanomaterials. Among metal oxides, TiO, have a central role due to his
multifaceted that allows an extended applicability in several scientific and
technological fields. TiO, nanoparticles were deeply investigated in the last
decades, studying the correlation between the morphological and functional

properties of this semiconductor.

In Chapter 1 a general introduction on the TiO, main characteristics and
properties are reported, with an overview of the physical properties of TiO,,
his applications and the light-driven processes that occur in the

nanoparticles under a properly irradiation. Chapter 2 is dedicated to the
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synthetic methodologies of TiO, nanoparticles. In the first paragraph a brief
view on the main synthetic methods. The second paragraph is devoted to a
general description of the surfaces exposed by TiO, and the state of the art
on the synthesis of shape-controlled nanoparticles. Moving to the
experimental section, in Chapter 3 are described the synthetic procedures
carried out to obtain shape controlled nanoparticles and all the
characterization done on the nanoparticles. Finally, in Chapter 4 are shown
the results of the photocatalytic tests performed on selected synthetic TiO,
nanoparticles and then, in the last pages, the conclusions of the entire

work are summarized.
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Introductory Section




Chapter 1

1.1.Titanium Dioxide — TiO,

Titanium dioxide (TiO,, titania) is one of the most studied semiconductor
oxides due to potential multisectorial applications of TiO, NPs! in several
technological fields, including energy, healthcare/medical, engineering and
consumer goods domains®. The awareness of emerging needs and
challenges in strategic sectors for humanity, like energy production and
employment, sustainable development, healthcare systems, is increasing a
new and renewed interest towards the possibility to use TiO,, and in special

way systems based on nano-TiO,, to attain real and efficient innovation.

The commercial production of TiO, grew during the twentieth century in
order to meet the world’s need in several applications like pigments,
toothpaste and sunscreens. Fujishima and Honda gave a new impulse to
research after the discovery of the photocatalytic water splitting on TiO;
electrodes in 19723. Moreover, the increasing of energetic demand and
environmental pollution result in new applications for TiO, like
heterogeneous photocatalysis (for the clean-up of environmental
compartments exploiting the sunlight throughout the so-called Advanced
Oxidation Processes (AOP)) and electrical energy production with the Dye
Sensitized Solar Cell, which exploits the coupling of a dye with a TiO;
nanoparticles film for producing energy. Nevertheless, TiO, nanoparticles
are exploited for the production of smart materials with super-hydrophilic

or super-hydrophobic surfaces or coatings for human bone implants.
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The pioneering works of Fujishima and Honda® and O'Regan and Graetzel
have highlighted the role of TiO, as a key material for the exploitation of
sunlight irradiation in a crucial sector such as the energetic one.
Furthermore, the interaction with “light” enables the use of TiO, as

photocatalyst for the abatement of air and water pollutants®.

Titanium (and titanium alloys) are among the few metals in which the
oxidized surface can support osseointegration, which can be (and
positively) affected significantly by the nanostructuration of the surface
oxidic layer®. Improvement of the effectiveness of healthcare treatments,
indeed the development of implants or restoration materials with a better
prognosis, a longer durability and with less failures is achievable only with a

good understanding of TiO, surface properties’.

These inputs are resulting in a flourish of both fundamental and
technological studies devoted to TiO,, with in a consequent increase in
reports dealing with new functional behaviors and improved performances.
However, it can be difficult to attain an objective and comprehensive
evaluation of the impact of the proposed novelties, due to the wide
heterogeneity of measurement conditions of the functional performances of
these systems and of the material used. An example of such difficulties
occurs in the field of heterogeneous photocatalysis, where an emerging
issue was the establishment of true photocatalytic normalized tests to
prove the real catalytic activity of the materials®. Furthermore, the
possibility to perform a critical assessment of properties and performances
of nanomaterials and derived nanosystems is among the basic
requirements for an effective knowledge transfer from the nanoscience to a

nanotechnological expertise, scalable at industrial level.
13



1.1.1.  Physical and Chemical Properties

Titanium dioxide presents as mineral under three distinct allotropic forms:
rutile, anatase and brookite. The three polymorphs have a TiOg” distorted
octahedral structure. The three forms differ both for the structure distortion
extent and for the type of elementary cell in which these structures are
organized. Anatase and rutile have a tetragonal cell (Anatase: a = b =
4,584 R ec = 2,953 A; Rutile: a = b = 3,782 A ec = 9,502 A), brookite has
an orthorhombic cell (a = 5,436 A = b = 9.166 A; c = 5.135 R). Figure 1
shows the tetragonal cells of rutile and anatase and the respective
representation of the crystalline structures.

Rutile
[100] 1.983A (010]  [100]
[001]
[010] Anatase
A’;_
q ‘! 1.966 A
|' “rozz08°
e
l' 92.604"‘\
"ii 61.937/&
[oo1] -

Qo]

Figure 1. Rutile and anatase tetragonal cells and crystalline structures °
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The more stable phase of titanium dioxide is rutile, but anatase although
less stable is kinetically very stable, so its transformation to rutile at room
temperature is negligible. Only reaching temperatures above 873K the
processing rate becomes appreciable!®. This represents the limit
temperature, above which the phase transformation from anatase to rutile
occurs'2, Moreover, this transition is strongly influenced by particle size,

pressure and concentration of surface and bulk defects.

From a chemical point of view, the acid-base properties of TiO, surfaces
are of primary importance in determining the surface behavior. The most
stable (not reconstructed) surfaces of rutile (100) and anatase (101)
contain penta-coordinated titanium atoms that are able to adsorb water in
both dissociated and non-dissociated form. The most important surface
groups are therefore surface hydroxides, which are involved in two base

acid equilibria:
. + PKi i PK; o
=TiOH,” & =TiOH < =TiO

Therefore, when TiO; is in contact with an aqueous solvent, its surface may
be positively or negatively charged H H H
depending on pH of the aqueous O H o H o H

solution. Hydroxide ions establish an 0 0 0
interaction with Ti** atoms that are Lewis T Ti Ti
acids, while protons interact with sites .

P Solid

. . 2-
that act as Lewis bases, i.e. O° atoms Figure 2. Surface of Ti0, crystal
(Figure 2). And they are the most

important potential determining ions.
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The study of the surface characteristics is fundamental, especially in
photocatalysis where the surface properties influence the ions adsorption
on the surface of the oxide which in turn change the surface electronic

states.

A complete knowledge of all the TiO, surface aspects is still far from
complete understanding, in particular for nanocrystals in which the
presence of a wide heterogeneity of surface sites can play different roles on
the surface reactivity. Moreover, surface roughness and edges imply the
presence of defective sites that result in a different reactivity and behavior
in the interaction with molecules. Finally, different crystallographic surfaces
have different properties due to the different structures and surface
electronic states; these properties imply a difference in the surface

behavior in several applications.®!!

The possibility to study TiO, nanocrystals with a defined shape allows
setting a relation among the functional properties of a TiO, nanoparticle
and his shape. In turn the properties of TiO, NPs can be engineered for a

given application.
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1.2. Light Driven Processes on TiO, — A Brief

Introduction

Figure 3 shows a scheme of the light driven processes that could take place
on TiO, when a photon with energy greater than the band gap is absorbed
and an electron—hole couple is generated (a). The charge carriers can then
migrate towards the surface of the nanoparticles where they can be
trapped and/or react with species at the surface (d) (e). Reactive Oxygen
Species (ROS) can be generated, and the degradation of pollutants occurs.
From the environmental point of view, this phenomenon can be very useful
and effective, since the harmful pollutant is often decomposed to non-

Red harmful inorganic compounds.
Often though, photogenerated
electrons and holes can undergo
a mechanism of recombination
in the bulk (b) or at the surface
(c) of the nanoparticles. These
recombinations decrease the

photonic efficiencies of the TiO;

nanoparticles and consequently

h*
Ox (e) - .
Red photocatalytic mechanism.

the efficiency of the

Figure 3. Processes occurringonTiO. under UV irradiation: (a) UV light absorption and electron-
hole couple generation; (b) bulk recombination; (c) surface recombination; (d) electron migration
to the surface, trapping and reaction with species in solution; (e) hole migration to the surface,
trapping and reaction with species in solution.
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The commercial and industrial exploitation of technologies based on these
photoeffects at TiO, NPs is indeed due to:****

Potential / V vs NHE

v

the light absorption is limited by the fact that TiO; is an indirect
band gap semiconductor

TiO, has a wide band gap (Figure 4), so the light absorption is
limited only at the UV fraction of the solar spectrum

TiO, has a quite high refractive index and light absorption is
limited by light reflection at the surface of the crystal

the efficiencies are limited by the high rate of the charge
carriers recombination

the morphological characteristics of the nanoparticles could
affect the amount of the absorbed light like the crystallographic
phase’, the carrier mobility inside the crystal'®, the

aggregation/agglomeration level’, etc.

Rutile Anatase  Brookite
-1 : Ti 3d

Ti 3d Ti3d N

0 -— e e e e —— [ ——
+1
3.0eV 3.2eV 3.3eV

+2
+3 — N v

02p 02p 02p

Figure 4. Band Gaps of the three different polymorphs of TiO, at pH = 07

18



In order to improve all aspects that limit the efficiency of the light driven
processes on TiO,, several solutions were proposed. For example, the TiO;
doping with cations or anions can reduce the band gap of the
semiconductor, extending the band gap absorption into the visible portion
of the solar spectrum. Moreover, it is possible the coupling of the TiO, with
organic dyes (like in the DSSC, Dye-Sensitized Solar Cell) or metals (Ag, Pd,
Au, etc.) able to absorb light in the Vis range and then transfer the
electrons to the TiO,, favoring charge separation processes versus the
recombination. Moreover, it is possible to act directly on the morphological
characteristics of the TiO, crystals; it is known that anatase is the more
active allotropic form due to his structure that allow a higher mobility of the
charge carriers'>. Other way are the control of the shape and of the size,
that could minimize the electron-hole couple recombination, promoting the
interfacial transfer of the charge carriers, and favor oxidative or reductive

processes depending on which surface is most exposed®.

1.3. The Photocatalytic Processes on TiO,

The term “photocatalysis” refers to a catalyzed reaction that involves light
adsorption by a catalyst in order to activate/accelerate the process itself. In
this work the term “photocatalysis” will be used to identify all the processes
activated on a semiconductor by the adsorption of a photon with energy

higher than its band gap.*®

The heterogeneous photocatalytic process is pretty complex, in order to
rationalize the entire mechanism; we can split it in several single

elementary steps that can take place in different space-time locations. I

19



order to optimize the process, a spatial and kinetic control of each single
step is mandatory, with the final aim to avoid or at least minimize the
recombination of the charge carriers generated at the beginning of the
process. The first photochemical step is the absorption of a photon with hv
= E4 by the semiconductor particle, where Eq4 indicates the energy band
gap (reaction 1.1). The absorption allows to generate an electron/hole
couple (the so-called exciton, €7, h*,) which can dissociate to generate
thermalized conduction band electron (e”w) and valence band hole (h*y)

(reaction 1.2).%

Light Absorption

TiO, + hv > Eg—ep+ h*, (1.1)

Thermalization of hot carriers

e€p—€ew hph—h'y (1.2)

The thermalized carriers can either recombine in the bulk or migrate to the
surface where they are trapped or can recombine. The main recombination

processes are:

1) Radiative recombination, in which a photon is emitted with the
wavelength corresponding to the energy released. Because the
photon carries relatively little momentum, radiative recombination is
significant only in direct band-gap materials (for indirect band
semiconductor like TiO; is not allowed);

2) Defect mediated recombination in the bulk of the crystal, a non-
radiative process described by the Shockley-Read-Hall mechanism.

Briefly, the carrier in transition between the bands passes through a
20



localized state created within the band gap due to the presence of
an impurity in the lattice (defects). The localized states can absorb
differences in momentum between the carriers, and so this process
is the dominant generation and recombination process in indirect
bandgap materials;

3) Auger recombination, a non-radiative process in which an electron
and a hole recombine in a band-to-band transition, but now the
resulting energy is given off to another electron or hole instead of
just emitting the energy as a photon. The newly excited electron
then gives up its additional energy in a series of collisions with the
lattice, relaxing back to the edge of the band. The process involves
three particles and therefore scales with the third power of the

carrier densities.

The classification of the different type of recombination is very
important in this context because often, in heterogeneous
photocatalysis, is hiring a priori that free charge carriers recombination
happens through a second order process. The recombination mediated
by the presence of defects that act like recombination centers, is often

completely ignored.'® In fact, some must be taken into account:

i) for recombination event mediated by a recombination center
there are no restriction from momentum conservation and energy
conservation laws. In fact, as reported by Serpone?, band-to-
band recombination requires the fulfillment of two conditions: (1)
the conservation of energy, and (2) the conservation of
momentum, both of which significantly decrease the efficiency of

the band-to-band recombination process. The first condition is, in
21



the radiative process, easily respected by the emission of a
photon with corresponding energy. Conversely, the momentum
conservation law requires that the algebraic sum of two rather
large values must be very small to be equal to the momentum of
the photon. However, because the momentum of the photons is
nearly zero in comparison to the momentum of free charge
carriers, the possibility for recombination through the band-to-
band pathway is restricted only to those electrons and holes that
possess the same momentum. Therefore, the number of charge
carriers having the same momentum will be very small.?

In wide band gap semiconductor, like TiO,, the overlap between
the wave functions of the levels at the bottom of the conduction

band and at the top of the valence band is low.

Migration to the surface

€w—€s h'yp—h (1.3)
Surface charges trapping

es— ey (e7s+ =Ti-OH — =Ti"™ + OH") (1.4)
h*s — h*y (h*s + =Ti-OH — =Ti-O" + H*) (1.5)
Surface recombination

e s+ =Ti-O' + H" — =Ti—OH (1.6)
h*s + =Ti"™ + OH" — =Ti-OH (1.7)

22



The chemical nature of trapped charge carriers was deeply investigated.

21,22

For example, Hoffmann and co-workers carried out some laser flash

photolysis measurements and they concluded that electrons present in the
11

conduction band can be trapped in two different Ti*" sites:
e+ =Ti"-OH = =Ti"-OH (1.8)
e+ =TiVS =T (1.9)

where =Ti™ —OH is a surface trapped electron, while =Ti*™ denoted a bulk

or subsurface trapped electron.

The assignment of a well-defined chemical nature to the trapped holes is
more difficult. Some works reported that the holes are trapped at the

surface as weakly adsorbed hydroxyl radicals (reaction 1.10):
h*w + TiV- 0% -TiV-OH — TiV-0*-Ti"V-OH- (1.10)

Others reported that the holes are trapped either in surface bridged oxygen

anions (reaction 1.11) or in terminal hydroxyl groups (reaction 1.12).%3
h*w + TiV- 0% -TiV-OH — TiV-0" -TiV-OH (1.11)
h*w + Ti¥- 0% -TiV-OH — TiV-0*-TiV "0 + H* (1.12)

Photogenerated charges, free or trapped at the surface, can then react
with electron acceptors A (often is O;) or electron donors D (e.g. an
organic substrates, RH) absorbed or near the surface. The adsorbed
species can also act as surface recombination centers, this process is
defined Back Reaction, and can have relevant role in the decrease of the

photocatalytic process efficiency.!*

23



Donor reaction with free or trapped holes

D+ h* - D™ (e.g. =Ti-O" + RH — =Ti-OH + R™) (1.13)

Donor back reaction (donor mediated recombination)

D* +e - D(e.g. =Ti" + R* + H,0 — =Ti-OH + RH)  (1.14)

Acceptor reaction with free or trapped electrons

A+e-—-A(eg. O +e - 0y) (1.15)

Acceptor back reaction (acceptor mediated recombination)

A"+ h* > A(e.g. 0 + =Ti-O' + H* = 0, + =Ti-OH)  (1.16)

Three different mechanisms of the interfacial charge transfer can be

envisaged:

Inner sphere or Direct. acceptors or donors form inner sphere

complexes with surface groups and are located at Inner Helmholtz
Plane (IHP). The efficiency of this charge transfer is usually high
because the substrates are directly adsorbed to the photocatalyst
surface in close proximity of the reagent (e or hw");

Outer sphere or Indirect. donor and/or acceptor substrates are
located at the Outer Helmholtz Plane (OHP), in contact with the

photocatalyst surface with their hydration shell. A substrate that
reacts mainly through an outer sphere mechanism should conform

2529 showing a

to the Marcus-Gerisher theory of electron transfer
quadratic dependence between the logarithm of apparent kinetic

constant and the standard free energy of the process.

24



o Mediated charge transfer. the transfer of the charge carriers to the

substrates is mediated by adsorbed reactive species generally
formed by inner sphere electron or hole transfer to some adsorbates
(mainly water). Those species, that are equivalent to surface holes

or electrons traps, mediate the electron transfer to the substrates.

Clearly, a main transfer mechanism does not exclude the presence of

the others.!?

The radicals formed during the first steps of the photocatalytic process

are further transformed by:

i) subsequent reactions with photogenerated active species (0, ",
H,0,, OH", *0,...) or with solvent;
i) elimination of molecular groups/ions;

i)  dimerization.3%3!

Donor-Acceptor radical ions reaction

A"+ D" — AD (1.17)
Dimerization

D" + D" — D, (1.18)
AT+ A" S A (1.19)

The photocatalytic process is formed from a complex network of

elementary steps each having its own kinetic characteristics strictly

dependent by the process variables (illumination intensity, intrinsic
25



surface properties, presence of adsorbates, the activity of surface
potential determining ions (PDI), presence of bulk defects, etc...). In
this respect, some complex kinetic models, with a good predictable
capacity, were proposed 2223236 byt the complexity of the system lead

to an incomplete description of the phenomenon.*

In the primary step of the process, kinetics of degradations and
products analysis reveal that several organic compounds directly react
with ey either through inner sphere or through outer sphere
mechanism. For example, 1,4-benzoquinone®, tetrachlorometane®,
alomethanes®®, tetranitromethane™ and several nitro aromatic
compounds™ follow a reductive pathway, with a direct electron transfer
from the nanoparticles to the organic substrates. The direct hole
transfer was also reported in many cases. The chloride ions seem to be
directly oxidized by h*,, the formed radical can then react with another
chloride ion to give the radical anions Cl,"” able to oxidize organic
substrate like phenol.*? Direct hole transfer was also observed with
dichloroacetate®, quinoline™, 2,4-dichlorophenoxyacetic acid*, biphenyl
derivatives*, aromatic sulfides*” and the dye X3B*, presumably through
an inner sphere mechanism. The direct electron transfer is, as outlined,
a possible mechanism, but usually the main part of the photocatalyzed

degradations happen via mediated oxidation.®
Hydroxyl Radical, OH"

Hydroxyl radical are probably the principal reactive species in
photocatalysis. It can be present in two different forms: free in solution

or bound to the surface as trapped hole. OH’/OH™ has a standard redox
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potential of 1.9 V vs NHE in homogeneous solution, potential that is
estimated 1.6 V vs NHE when bound at the TiO, surface™. In each case,
the hydroxyl radicals are strong oxidants, they are able to start the
oxidative degradation of several organic substrates. The presence of
free hydroxyl radicals in irradiated TiO, suspension was demonstrated
by several ESR (Electronic Spin Resonance) spectroscopy experiments*®”
>3 and by the detection of the principal products of the photocatalytic
degradation of organic substrates, which are usually hydroxylated. But,
it should be noted that, from the latter evidences, the observation of
hydroxylated products, may not lead to distinguish between a OH®
mediated vs direct hole injection mechanism, because the product of
oxidation can be in some cases the same. Indeed, Nosaka and co-
workers proposed that the hydroxylated DMPO (5,5-Dimethyl-1-
Pyrroline-N-Oxide) product can be also obtained from the direct hole

transfer to the DMPO, followed by the reaction of the oxidized species

with water.
DMPO + h* — DMPO** (1.20)
DMPO** + H,0O — DMPO-OH* + H (1.21)

The EPR (Electronic Paramagnetic Resonance) evaluation of the
hydroxyl radical concentration by DMPO as spin trapping agent can

overestimate the role of this ROS (Reacting Oxygen Species).”*

Hydroxyl radicals can be also been detected in the gas phase using the
Laser Induced Fluorescence (LIF) method. This high sensitivity
technique exploits a pulsed laser irradiation (355 nm) in order to start

the photocatalytic process. The OH radicals released from irradiated
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TiO, are then irradiated with a Dye Laser (281-284 nm) and their
fluorescence appearing at 310 nm.>>*® The LIF application is limited to
the gas phase, due to OH radicals fluorescence quenching by water

molecules.

Hydroxyls radicals can be detected also exploiting the fluorescence
emitted by the hydroxylated products generated during the
photocatalytic process, for example such as 3-(p-hydroxyphenyl)
fluorescein (HPF), Terephtalic Acid and Coumarin are used as molecular

probes for OH radicals (Figure 5).>
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Figure 5. Reactions for detection of OH radical with fluorescence probes, (A) 3-(p-
hydroxyphenyl) fluorescein (HPF), (B) Terephtalic Acid and (C) Coumarin.®

The main pathways of OH® radicals formation are the photo-oxidation of

the hydroxyl group or of the adsorbed water (reaction 1.22a, b).

Nevertheless, hydroxyl radicals can also be formed via a reductive
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mechanism from H,0, via the superoxide O, radical anion (reactions
1.23 and 1.24) and by photolysis of H,0, (reaction 1.25).%’

h*w + (TiV-07-TiV)-OH — (Ti"V-0%-Ti")-OH- (1.22a)

h*y + (TiV-07-TiV)-OH, — (Ti-0*-Ti"V)-OH"+ H* (1.22b)

O2(ads) + € — 02" (ads) (1.23)
H,0; + O, — OH* + OH + O, (1.24)
H,0, + hv — 20H- (1.25)

The possibility of several reaction paths and the influence of several
variables on the process have hindered the formulation of a widely
accepted mechanism of the photocatalytic process. For example OH®

radicals can or cannot be involved, also depending on the substrate
type.>

Superoxide Radical, "0

The radical anion *O,~, obtained from the O, reduction at the titania
surface (reaction 1.23), can be further reduced to the hydrogen
peroxide, H,O, (reaction 1.26). The same product can be obtained by
the hydroxyl radical coupling with the formation of adsorbed peroxo-
species (reactions 1.27 and 1.28) or by the dismutation of ‘O, (reaction
1.29).

'Oz (acs) + € — 027" (1.26)

2(OH")surface — (H202)surface (1.27)
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(HZOZ)surface = 022_ + 2H* (1.28)
20, (ads) + 2H"— Ozads) + (H202)surface (1.29)

The superoxide radical anion is a Brgnsted base that at pH < 3 gives
the hydroperoxyl radical, HO," (pK, 4.88, reaction 1.30.%® Other possible

reactions involving these species are:

‘02 (ads) + HT = O22_(surface) (1.30)
2HO," — H0;, + Oy (131)
‘0O,” + HOy" + H,O — O3 + H,0, + OH (132)

Hydrogen Peroxide, H,0;

Hydrogen Peroxide (H,O,) is another species that is involved in the
photocatalytic process. Among ROS, is the only relatively stable
molecule. Therefore, it could be easily detected after the other ROS

decay.?

The generation of H,0O, can occurs through two different pathways, the
two-electron reduction of O, and the two-hole oxidation of H,0.*® The
reductive path seems to be the dominant one. The processes involved

in the H,0, production are summarized by the following reaction:

Reductive Route
‘O + HOz" + H,O — O3 + Hy0, + OH° (1.32)
‘0O,” + e + 2H" - H,0, (1.33)
Oxidative Route
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2H,0 + 2h* — H,0, + 2H" (1.34)
H,O + h* — OH + H* (1.35)
20H — H,0, (1.36)

The photogenerated H,0, can then follow disproportionation to
generate H,0 and O; (reaction 1.37), but it can be also been oxidized to
‘O~ (reaction 1.38) or generate OH radical due to a reductive

mechanism (reaction 1.39).°

2H,0, — 0, + H,0 (1.37)
H,O, + h+ — '0— + 2H+ (1.38)
H,0; + € — "OH+ OH" (1.39)

Hydrogen peroxide can also react with hydroxyl radical to generate

superoxide radical (reaction 1.40).
HzOz + 'OH — 'Oz_ + H,O + H+ (1.40)

Several works studied the effect of an external addition of H,0; in a
TiO, suspension (rutile, anatase or mixed phase). Usually, the adding of
hydrogen peroxide enhances (not always) the photocatalytic process
rate both for anatase and rutile, but the value of this increment

depends from the catalyst characteristics and the substrate nature.®
Singlet Oxygen, 0,

The formation of singlet oxygen under irradiated semiconductor was

predicted by Munuera and co-workers nearly forty years ago®. The
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presence of this ROS has been a simple hypothesis till Nosaka and co-
workers®® demonstrated its existence detecting the near infrared
phosphorescence at 1270 nm of 'O, in a TiO, suspension under
irradiation. They suggested that 'O, is the product of the oxidation of

O,"" from the valence band hole (reaction 1.41).
‘0" + h* > 10, (1.41)

This mechanism of 'O, generation is supported by experiments
conducted on different kind of TiO, powders, in which the materials that
produce higher amount of ‘0,7, give a higher generation of '0,.%
Comparing anatase and rutile, the generation rate for anatase was

reported to be 15-fold higher than rutile.>®2

1.3.1. Photocatalyst surface properties

The complexity of the photocatalytic processes depends not only from the
catalyst, but also from the surface properties among the same kind of
photocatalyst. In the following it will be highlighted the role of the extrinsic
and intrinsic surface properties of the material on the photocatalytic
process. With the term intrinsic surface properties (ISPs) it is usually
denoted all the properties of the surface catalysts intrinsically related to
their surface structure, i.e. exposed crystallographic planes, surface
crystallographic phase and the degree of hydration/hydroxylation. Instead,
the extrinsic surface properties (ESPs) are the properties related to the
external environment of the catalyst, like pH, adsorption phenomena, ionic

strength, surface complexation and so on.*
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1.3.1.1. Intrinsic Surface Properties, ISPs

Titanium dioxide shows a marked polymorphism, in nature the stable forms
are anatase, rutile and brookite. The most stable allotrope is polymorph
rutile. However, anatase is the most stable phase for very small
nanoparticles (radius below 11 nm)°, while rutile is the predominant phase
for particles above 35 nm in size. However, the crystallographic form is
strictly related to the synthesis mechanism, so often the above reported

rules are not observed.*®

From a photocatalytic point of view only anatase and rutile show high
photocatalytic activity, while brookite usually shows a negligible
photoactivity. Moreover, often anatase is more active than rutile despite the
higher band gap (3.2 eV vs 3.0 eV). One of the explanations at this
apparent contradiction goes back to the different carriers’” mobility inside
the two polymorphs, decidedly higher for anatase. This different behavior is
due to the different hybridization of the orbitals in the two phases, for
which the effective mass of the electrons for anatase results definitely
lower than for rutile. Consequently, the lightest carriers of anatase have a
higher mobility, increasing the transport to the surface and decreasing the
recombination. Obviously, this is not the only reason, indeed the CB level of
rutile is slightly lower than anatase, it follows that rutile is not able to

reduce O, to O,", favoring the recombination.

The study of the relationship between surface and photocatalytic properties
should start from the definitions of the most stable crystallographic planes

for each allotrope.
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Rutile crystal shows three low index crystallographic faces. The (110) and
(100) have the lowest surface energy and for this reason are those
considered more important and more studied in powder materials. When
considering a non-reconstructed and unrelaxed surface in contact with
vacuum, (110) is the most stable. The third rutile low index face is the
(001) which is thermodynamically less stable and restructures above
748K.%% A deep investigation on the photocatalytic properties of the Rutile
phase is beyond the aim of this work and the reader should refer to specific

literature.’

For anatase, the polymorph with the highest photocatalytic activity, the
principal crystallographic planes are the (101) and (001), which are the
faces that natural anatase crystals usually expose. How the crystallographic
facets of anatase nanoparticles can affect the photocatalytic activity is the
main purpose of the next chapters (Chapter 2 and Chapter 4) of this

thesis. !’

1.3.1.2. Extrinsic Surface Properties, ESPs

The principal extrinsic surface properties that can affect the entire

photocatalytic process are:

e pH;
e Ionic Strength
e Adsorption Phenomena

e Surface complexation.

34



All these parameters have an influence on the semiconductor/electrolyte
interface. First, the principal surfaces Potential Determining Ions (PDI) for
the semiconductor oxide surface are H;O' and OH™. It follows that
changing the pH of the solution, it is possible affect the energetic position
of the electronic bands modifying the oxidative and reductive
electrochemical potentials of h™\, and e, respectively. The shift in the
electrochemical potentials changes the driving force of the photochemical

process, favoring or disfavoring it.*

At the semiconductor/electrolyte interface, it is possible define three
different charge layers: one is the space charge region inside the
semiconductor in contact with the solution, the others are called Helmholtz
and Gouy-Chapmann layers, and they are generated at the semiconductor
surface and at the structured electrolyte zone near the surface. It must be
noted that: a) the capacity and charge of the three layers are
interdependent; b) specific adsorption of ions influences the charge located

at the semiconductor surface.*®

The specific adsorption of ions can play a key role on the TiO;
photocatalytic activity,* increasing or decreasing the rate of the
photocatalytic process.®*®® This derives from the influence of the
adsorption on several properties of the semiconductor/electrolyte interface,

i.e.:
I.  the surface charge build-up at a given pH 7°;

II. the flat band potential and consequently the band edge position’?;
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ITI.  the adsorption of substrates which either compete with the ions for
the same sites or, if charged, are affected by the change in surface
charge’?;

IV. the electron transfer kinetic, indeed adsorbed ions could introduce
surface states that can act as carrier trapping sites or recombination
centers. Moreover, redox active ions can generate reactive species

and lead to the formation of undesirable reaction intermediates.”>

For all these reasons, tuning the surface properties of a photocatalyst can
be a way to improve and optimize his efficiency, but it can be also a tool to
study the photocatalytic process, in particular the pathways of the charge

transfer.®

Surface fluorination is one of the most studied cases of effects of an
external ion on the heterogeneous photocatalysis. Minero and co-workers
reported a relevant effect of the surface fluorination on the photocatalytic
process.”* Fluorides adsorption occurs via a ligand exchange reaction
between surface hydroxyl groups and the fluoride ions and it is pH
dependent’”>. Minero et al. tested the effect of fluoride ions on the
photocatalytic degradation of phenol in aqueous TiO, suspensions at
several pH values, observing an increase of the degradation rate on
fluorinated TiO,." Competition degradation experiments on fluorinated
titania between phenol and different alcohols permitted to estimate the
relative weight that the direct hole transfer and the hydroxyl radical
mediated oxidation have on the total degradation rate.”* In fact, over
fluorinated TiO,, the photocatalytic process seems to involve prevalently
free hydroxyl radicals, while direct reaction with holes was suppressed. The

published results show that the fluorination can have opposite effects,
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increasing or decreasing the degradation rate of different substrates. The
fluorides coverage increases the degradation rate of substrates like Acid
Orange 77°, Acid Red 1>”7 benzoic acid””’®, organic dye X3B*, Rhodamine
B’ and gaseous acetaldehyde®® and acetone®. Conversely, on fluorinated
catalysts the degradation rate of hydrogen peroxide®’, cathecol’?,

dichloroacetate’® and formic acid’” are depressed.

Park and Choi observed an increase of the remote photocatalytic
degradation rate of stearic acid in the proximity of a fluorinated thin film of
catalyst and correlated this to an increase of the concentration of hydroxyl
radicals in the gaseous phase because of the fluoride coverage®. Maurino
et al. observed an increase of the hydrogen peroxide accumulation on
fluorinated surfaces in the presence of oxygen and formic acid as hole
scavenger®, Mrowetz and Selli successively confirmed this finding during
the photocatalytic transformation of Acid Red 1, benzoic acid and formic
acid”’. Xu and co-workers®* studied the phenol photocatalytic degradation
in the presence and in the absence of fluoride over different anatase and
rutile powders. The presence of fluorides clearly affected the degradation
rate of phenol, increasing or decreasing the transformation rate depending

on the TiO, nature.'?

From the analysis of all the above-cited data and the relative considerations

reported until now, some conclusions can be drawn:

a) the formation of free OH® radicals seems to be enhanced on fluorinated
TiO,, as described by Mrowetz and Selli by using spin-probe EPR
spectroscopy” or, recently, by Yu and coworkers by photoluminescence

technique®! using terephtalic acid as probe molecule. As a consequence,
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b)

d)

the degradation of substrates that react predominantly by OH® radicals
mediated oxidation seems to be favored over fluorinated TiO,;

the fluorination alters profoundly the surface OH population of the TiO..
The fluoride induces strong modifications to the surface titania
speciation with a decrease of the surface charge in the acidic pH,
because the dominant surface species shift from >Ti—-OH," to >Ti—F.
Marked change in the electrostatic interaction between the surface and
charged substrate are expected;

over fluorinated catalysts, substrates whose degradation is started by a
direct hole transfer (through an inner sphere mechanism, ISM) show
slower degradation kinetics because the complexation of fluoride toward
surface Ti' ions hinders the specific adsorption of substrates;

fluorides inhibit the surface complexation of superoxide/peroxide
species, derived from the e g reduction of O,, thus in turn inhibiting
H,0, degradation and so promoting its accumulation;

the inhibition of the substrates adsorption of species that are able to
back react with e ¢g improves the photocatalytic efficiency enhancing
the degradation rate especially at high substrate concentration;

fluoride ions at the surface decrease the energy of empty surface
electron traps (Ti™-OH vs Ti"-F) slowing down both surface
recombination and electron transfer to molecular oxygen® and
enhancing anodic photocurrents®® as observed studying the photo

electrochemical behavior of polycrystalline TiO; films.

In the experimental section of this work, it will be shown some results that

are in agreement with the just “listed conclusions”, but other results deny

it. It follows that the photocatalytic mechanism of these kinds of systems is
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far from being completely unveiled and rationalized. This is due to the
complexity of the interactions between catalyst, substrate and external
species. The change of one or more of these factors can lead to results

very different from each other.*

1.4. Photocatalytic Hydrogen Production

The increase of the world population and, consequently, of the global
energy consumption (15 TW, 2004) lead to a diminishing of fossil fuels
resources, raising their price and giving rise to various economic-political
instabilities. Moreover, several predictions show that the demand will
probably exceed the supply possibilities within a few years. Actually, near
the 80% of the energy comes from fossil fuels, so governments are every
day more attracted by renewable sources, developing new strategies for
energy production that could be economically and environmentally

sustainable.

In this context, hydrogen is one of the solutions that can contribute to
solve the energy problem. Indeed, the reaction between molecular
hydrogen and oxygen in a fuel cell is able to transform chemical energy in
an electric work, leaving as byproduct only heat and water. Nevertheless,
the impact of the hydrogen production is close to zero if produced starting

from renewable source.

Beside these advantages, there are still some problems:
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1. There is no molecular hydrogen on the Earth (escape velocity too
high in the atmosphere) although it is the main gas in the universe;

2. Its exploitation requires good purity level and it has to be generated
in an efficient way;

3. There are still problems concerning the storage technology and
transport/distribution network avoiding leaks. Actually, this problem
has been bypassed replacing H, distribution infrastructures with on-
board form;

4. Uncertain debates are still open on the consequences of an unmeant
lacks into the atmosphere (interaction with the ozone cycle and

increase of the water vapor).

Nowadays, fossil fuels are the main resource for the hydrogen production
(nearly 95%). The principal technique is the reforming of methane, for
which exist two main routes in order to obtain useful products. The first
one is called /ndirect, it consists in the transformation of the natural gas

into syngas, a mixture of H, and CO at different ratios).®’

The syngas can
be then used as raw material for the production of other valuable products
such as methanol, formaldehyde, ammonia and olefins. Conversely, also a
direct route exist, it consist in a one-step process in which the methane is
directly converted to the final products. Of course, the direct method is
preferred to the indirect one, but his applicability can be limited by low

conversion efficiency and low selectivity.®’

As already mentioned, the importance of the hydrogen as fuel it will
become gradually greater if it will be possible untie its production from
fossil fuel as methane. Therefore, great efforts are actually devoted to

implement methods and technologies in order to produce hydrogen starting
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from renewable resources (biomass steam reforming and gasification,
photochemical approaches, etc.®”-?). The black mark is that, at the current
state, these methods have some limitations (low efficiency and high energy
demand) that impose hard conditions. The big advantage, especially for the
photoelectrochemicals methods, is the possibility to exploit the sunlight as

infinite energy source (at no cost).

The process which makes it possible is the photocatalysis, already widely
discussed in this chapter. Starting from the photon absorption and the
generation of the electron-hole couple, whereas the holes present in the
valence band of the catalyst have the potential for oxidize the water
(producing hydroxyl radicals), at the same time electrons in the conduction
band are involved in the H, production. Obviously, for this to happen the
CB potential of the catalyst must be more negative than the H/H;
reduction potential (EH*/H, = 0.00 V vs NHE at pH 0). Simultaneously, the
VB potential must be more positive than the oxidation potential of H,O so
that oxygen can be generated from water (EoyH,0 = 1.23 V vs NHE at pH
0).%” This process is the so-called photo-water-splitting, in which a catalyst,
suffering the light absorption, splits water molecule into hydrogen and
oxygen. The limitation of the entire process is again the efficiency, due to
recombination processes in the catalyst and the backward reaction among

the two gases.

In this context, a big step forward has been made studying the
photoreformig process (see Figure 6), in which an organic substrate is used
as a sacrificial reagent (often hole scavenger) because it is more easily
oxidized than water from the hole in the VB, meanwhile the hydrogen

reductive process remains untouched. The possibility to choose among
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different sacrificial agents (often alcohols but even other pollutants) and to
control the process in order to increase the selectivity is the main
advantages of the photoreforming. Moreover, in such kind of systems
usually a co-catalyst is utilized in order to decrease the electron-hole couple

recombination.
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Figure 6. Photoreforming process using a hole scavenger for the H, production
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1.4.1. Photocatalytic Hydrogen Production from
TiO,

The photocatalytic production of hydrogen can be performed using several
catalysts; in this paragraph we will limit our description only to TiO, for H,
evolution. In the last decade, several works have been devoted to the
influence of the TiO, structure, dimension and morphology in order to
maximize the charge carrier separation. Similarly, studies on the properties
of the co-catalyst deposed on the oxide surface and the role of the
sacrificial agent were carried out. Nevertheless, the pH, influencing the
surface properties of the catalyst, can have an important impact on the H;

evolution from TiO, slurries.

In 2011, Yi and coworkers®® investigated the role of the TiO, nanoparticles
shape in the photocatalytic hydrogen evolution. They compared nano-
spheres and nanorods using Pt as co-catalyst (1 wt %) and ethanol as
sacrificial agent. They found that TiO, nanorods have a higher
photocatalytic activity due to a decreased probability of e7/h*
recombination. The authors, however, didn't investigate the role of
different surfaces present in their materials, probably responsible of the

different electron hole recombination.

A more accurate work carried out by D’Arienzo et al. in 2015%*, tried to
study the relationship between the different anatase surface and the H,
generation yield in methanol photo-steam reforming. They synthesize three
different anatase crystals with shape nearly rectangular (RC), rhombic (R)
and nanobar (NB). They expose {101}, {001} and, only for the RC, the
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{010} surfaces. They carried out some EPR experiments, correlating the
amount of Ti** (electron traps) with the H, evolution rate, indeed the
hydrogen production involves an electron transfer to a proton. So, higher is
the Ti** EPR signal, higher is the H, evolution rate. As we will see in the
next chapter, the {101} surface for anatase seems to be a reductive
surface, it follows that an high exposition of this kind of facet should induce
a higher presence of Ti** centers under illumination and, therefore, a
higher H, production. From their results, the RC materials are the more
active in the methanol photoreforming and with the higher presence of Ti**
centers, however this material has also the lower {101} surface area,
exposing preferentially the {010} surface. This points out that the H,
production cannot can’t be related only to the reductive {101} surface, but
also the presence of the {010} facet play a role. They suggest the presence
of a “surface hetero-junction” between the {101}, {010} and {001} facets
which drives the electrons photogenerated on the {001} not just toward

the {101} but also to the {010}, favoring the charge separation.

The importance of the exposed surfaces is highlighted also in a recent
paper of Liu, Page and coworkers®™. They synthetized anatase NPs with
different relative amount of the {101} and {001} surfaces. They obtained
that the catalyst with an intermediate amount of the {101} and {001}
surfaces, normalizing for the SSA, shows the best photocatalytic activity in
the H, production from a methanol solution. They conclude that a

synergistic effect may exist between {001} and {101} facets.

The photocatalytic production of hydrogen from methanol steam reforming
was also investigated over a series of fluorinated Pt/TiO, samples (F for O

nominal molar substitution ranging from 5 to 15%) synthesized by flame
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spray pyrolysis by Chiarello et al. in a work published in 2014%. A
substitution lower than 10% leads to an increase of surface hydroxylation
which can favor an indirect hydroxyl mediated mechanism, with the
consequent increase of hydrogen production rate. Conversely, fluorination
higher than 10% introduces an excess of bulk structural defects that can
act as electron—-hole recombination centers. Moreover, an excess of
fluorination increases the F-induced surface electronegativity, inhibiting CB
electron transfer. Both these effects lead to a lower photocatalytic

hydrogen production rate.

In 2012 Gordon et al.”” used TiF4 as precursor in the anatase nanocrystals
synthesis, in order to produce HF in situ during the reaction and having a
controlled release of the acid and allowing an high control of the crystals
shape. Moreover, changing the ratio of TiF4; precursor in combination with
TiCl; and the type of surfactant (oleylamine or octadecanol), a tunability of
the titania shape based on bipyramidal geometry was demonstrated. The
percentage of {101} and {001} facets was therefore well controlled and
depended on the amount of HF released during the reaction, resulting in
samples where F was still present on the surface. Then, a ligand exchange
procedure with NaOH solution exchanged the fluorides at the surface with
OH groups. The materials were then tested for H, production in the
presence of methanol as sacrificial agent and photo-deposited Pt as co-
catalyst under simulated solar light. The results show that the samples with
higher content of {101} facets were better than {001} for this particular
reaction, both with and without fluorine on the surface. This clearly
demonstrates the importance of the presence of the {101} reductive facets

for these kind of systems.
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Chapter 2

2.1. Synthetic methods of nanoscale TiO,

TiO, nanoparticles can be synthetized by a wide variety of methods. In this
paragraph, a brief view on the main TiO, nanoparticles synthesis
techniques is reported. The different methods could result in different TiO,
nanostructures such as bipyramids, nanosheets, nanotubes, nanowires,
nanorods and mesoporous structures. In this work, TiO, nanoparticles were
synthetized using hydrothermal and solvothermal methods, as it will be

described in Chapter 3.

2.1.1. Hydrothermal Synthesis

Hydrothermal synthesis is a method for obtaining TiO, nano and micro
crystals; it exploits the solubility of minerals in hot water under high
pressure. It is carried out in high pressure reactor, in which a precursor is
supplied along with aqueous solution and eventually a shape controller,
under controlled temperature and/or pressure values. The method allows to
synthetize good-quality crystals with a good control over their composition
and morphology. TiO, nanoparticles can be obtained by hydrothermal
treatment of peptized precipitates of a titanium precursor with aqueous
solution. By this method TiO, in form of nanoparticles’, nanorods?’,

nanowires®, etc. are synthetized.



2.1.2. Solvothermal Synthesis

Solvothermal synthesis is very similar to the hydrothermal route, the only
difference being that the precursor solution is not aqueous. The
temperature can be increased more than in hydrothermal method, since a
variety of organic solvents with higher boiling points can be chosen. Using
solvothermal methods, it is possible to gain the benefits of both the sol-gel
and hydrothermal routes. The solvothermal methods normally has high
control on the size and shape distributions of the nanoparticles and on the
crystallinity of the TiO,.* These characteristics can be altered by modifying
certain experimental parameters, including reaction temperature, reaction

time, solvent type, surfactant type, and precursor type.

Figure 7. TEM images of TiO, nanomaterials in EG—-DEA system: (a) 40 nm, (b) 30 nm,
and (c) 22 nm diameter wires, (d) 5 nm diameter rods, (e) 2 nm diameter fibers, and (f)
nanofiber arrays (from ref.4)
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2.1.3. Direct Oxidation

Nanostructured TiO, can be obtained by direct oxidation of titanium metal
using oxidants® or anodization®. Using oxidant (such as H,0), the
formation of crystalline TiO, nanorods occurs through a dissolution and
precipitation mechanism®. The addition of inorganic salts allows controlling
the crystalline phase of the TiO,. The addition of F* and SO4* helps the
formation of pure anatase, while the addition of CI" favours the formation of
rutile. Anodization is realized with a Ti sample in a solution of 0.5 wt%
NH4F and malonic acid using Pt as a counter electrode. Voltages from 5 V

to 20 V were applied and anodizing time from 1 min to 6h.

Figure 8. Surface and cross-sectional morphologies of TiO, nanotubes obtained from
anodizing Ti for 1 h in a solution of 0.5 wt% NH,F and 1 M malonic acid at 20 V (from
ref.6)
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2.1.4. Chemical Vapor Deposition

The term “Vapor deposition” is referred to any process in which a material

in a vapor state is condensed in order to generate a solid-phase material.

These processes are exploited to produce coatings that are able to alter the

mechanical, electrical, thermal, optical, corrosion resistance, and wear

resistance properties of various substrates.

If no chemical reaction occurs, this process is called Physical Vapor

Deposition (PVD); otherwise, it is called Chemical Vapor Deposition (CVD).

In CVD processes, thermal energy heats the gases in the coating chamber

and drives the deposition reaction. In CVD, flow rate, gas composition,

deposition temperature, pressure and deposition chamber geometry are the

process parameters by  which
deposition can be controlled to have
materials with a desired morphology””
°. Moreover, the nature of substrates
could influence the size and
distribution of grains in the films.
Currently, the use of a modified CVD
method in which the process
parameters are adjusted such that
nanoparticles are formed instead of
films is a topic of high interest’. It has

been shown that \variations of

Figure 9. Synthesis of TiO, nanoparticles
by the oxidation of titanium tetrachloride
(TiCl,) in industrial propane/air turbulent

flame (from ref. 9)

precursor delivery and time-temperature profile in CV synthesis have an

influence on the particle and powder characteristics (Figure 9)°.
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2.1.5. Electrodeposition

Electrodeposition is a methodology commonly employed in order to
produce coatings of TiO,. The substrate to be coated is used as cathode
and immersed into a solution that contains a salt of Ti to be deposited.
With the use of the template of an anodic alumina membrane (AAM),1%
TiO, nanowires can be obtained by electrodeposition. In a typical process,
the electrodeposition is carried out using a solution of TiClz 0.2 M at pH =
2, then with a pulsed electrodeposition approach the titanium and/or its
compound are deposited into the pores of the AAM. By heating the above-
deposited template at 500 °C for 4 h and removing the template, pure

anatase TiO, nanowires can be obtained!?.

2.1.6. Sonochemical Methods

A wide range of nanostructured materials is successfully synthetized by
means of ultrasound. The effects of ultrasound do not ensue from a direct
interaction with the molecular species in solution. Instead, the use of the
sonochemistry in the synthesis of metal oxide arises from the exploitation
of the acoustic cavitation effect, which provides the formation, growth, and

implosive collapse of bubbles in a liquid.

Different groups have applied the sonochemical method to prepare various

TiO, nanomaterials'??®,
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2.1.7. Microwave Methods

A dielectric material can be treated with high-frequency electromagnetic
waves. The principal frequencies of microwave heating are between 900
and 2450 MHz. At lower microwave frequencies, the conductive currents
that flow within the material due to the ions movement can directly transfer
energy from the microwave field to the material. At higher frequencies, the
energy absorption is primarily due to molecules with a permanent dipole,
which tend to be re-orientated under the influence of a microwave electric
field. Microwave radiation is applied to prepare various TiO, nanoparticles'®
19 The advantages of this method are the high heating rate due to the
direct absorption of the microwave radiation that allows reaching extremely
high temperature in a short time. Therefore, synthesis of high crystalline
nanoparticles can be quickly performed. Corradi et al. found that colloidal
titania nanoparticle suspensions could be prepared within 5 min to 1 h with
microwave radiation, while 1 to 32 h was needed for the conventional

synthesis method of forced hydrolysis at 468K.’

2.1.8. Sol-Gel Methods

Sol-gel method is one of the most convenient ways to synthesize various
metal oxides due to low cost, ease of fabrication and low processing
temperatures. It is widely used to prepare TiO2 for films, particles or
monoliths. The sol-gel process is one of the main methods for the
manufacture of ceramic materials, typically metal oxides. The process
involves the synthesis of colloidal solutions (sol) (usually from inorganic

metal salts or metal organic compounds such as metal alkoxides) which are
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the precursors for the subsequent formation of a gel through hydrolysis
and condensation reactions. Post-thermal drying and solidifying treatments
are generally employed in order to eliminate the liquid phase and lead to a
complete transition from the liquid sol to the solid gel phase. The
homogeneity of the gels depends on the solubility of reagents in the
solvent, the sequence of addition of reactants, the temperature and the pH
of the colloidal solution. The precursors normally used for the synthesis and
doping of nanoparticles are organic alkoxides, acetates and/or acetyl-
acetonates as well as inorganic salts such as
chlorides. Among the solvents, alcohols are
largely used but other solvents may also be
used. Nanostructured TiO, has been
synthesized with the sol-gel method from
hydrolysis of a titanium precursor’®l. This

process normally proceeds via an acid-

catalyzed hydrolysis step of the titanium (IV) Figure 10. Transmission

. . electron microscopy of TiO,
alkoxide, followed by condensation. The prepared by sol gel method and

. . . . . calcined at 673K (from ref.20)
generation of Ti-O-Ti chains is favored by low
contents of water, low hydrolysis rates and with an excess titanium

alkoxide in the reaction mixture.

2.1.9. Laser Ablation Methods

Pulsed laser ablation of metal targets in liquid (PLAL) recently become a
promising and efficient physical technique for the production of

nanoparticles, due to a number of advantages such as simplicity, low

57



production cost, the absence of chemical reagents in solution, a better
control over stoichiometry and the possibility to synthetize a variety of
materials®*%°. Moreover, the nanoparticles collecting in liquid allow avoiding
the use of vacuum equipment. PLAL operates in water or organic liquids
under ambient conditions. The solvent can provide positive physical and
chemical effects such as plasma confinement, cooling actions, oxidation or
reduction leading to enhancement of ablation efficiency’’°. The process
proceeds in one step and results in immediate formation of nanoparticles in
the liquid in which the target is immersed. For this reason laser ablation of
solids in liquids can be considered as a method of nanoparticle synthesis
alternative to chemical methods. The formation of the mentioned oxides
with certain structural and physical properties is mainly affected by the
laser type (milli-/nano-/pico-/femto-second) and preparation conditions
(frequency, pulse energy, duration of ablation, etc.)*3*. Some authors
assume that the usage of femtosecond lasers can effectively control the
nanoparticle size in comparison to nanosecond laser ablation, and
minimizes laser—plume interaction as well as reduces the heat affected

zones,3>3°

2.1.10. Seeded Growth Methods

In seeded growth method, preformed seeds provide the nuclei for
subsequent growth of metallic nanoparticles. It is not necessary that the
seeds have the same composition of the material deposited upon them.
Seeded growth suits the criteria of separated nucleation and growth
kinetics and may offer a valid strategy for the synthesis of a wide variety of

monodisperse metallic nanoparticles of controlled size. Seeded growth has
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been employed in a few cases for the growth of large metallic nanoparticles
on seeds of the same metal (homogeneous seeded growth).>”"* it has also
been used to prepare core-shell bimetallic nanoparticles in which the cores
constitute a substantial volume fraction of the nanoparticles
(heterogeneous seeded growth)*. In the case of TiO,, this kind of
approach was used by Gordon et al.** to synthetized shape controlled
anatase nanoparticles in an inert atmosphere starting from TiF4 and/or TiCl4
as precursor and 1-octadecanol or oleylamine as co-surfactant. The use of
the seeded growth method leads to synthetize very shape defined
nanoparticles with a high size evenness (Figure 11). Instead, Buonsanti et
al. exploited the seeded growth method to synthetize shape controlled
brookite nanorods®. Phase-controlled nanorods were first prepared in an
independent synthesis step and then employed as the starting seeds for
producing comparatively larger nanorods in fresh  TiCls/Oleic

Acid/Oleylamine mixture.

R-NH,

co-surfactant

R-OH

Figure 11. TEM images of TiO, NCs synthesized using the precursor TiF, (a,d), a mixed
precursor of TiF; and TiCl; (be), and TiCl, (cf). Those depicted in a-—c and d-f are
synthesized in the presence of oleylamine and 1-octadecanol, respectively™
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2.1.11. Microemulsions Methods

The microemulsion method is often employed to synthesize nanoparticles
with specific size and morphology. The advantage of the method is the
possibility to control particle size with narrow size distribution.
Microemulsions are used as nano-reactors for the synthesis of
nanoparticles, without needing expensive or specialized equipment
comparing with other synthesis techniques such as plasma or chemical
vapor deposition. The synthesis take advantage of reverse micelles
characteristics, where it is favored the formation of small crystallites. It is
important in the case of nanoparticles’ preparation the choice of the adapt
microemulsion system, which has to be stable at the temperature needed
for the synthesis. There are two main ways of preparation in order to

obtain nanoparticles from microemulsions:

» By mixing two microemulsions, one is containing the precursor and
the other the precipitating agent;
» By adding the precipitating agent directly to the microemulsion

containing the metal precursor.

The size of the final particle will depend on the size of the droplets in the
microemulsion. The microemulsion is a dynamic system, which means that
during the process a constant collision of the aggregates takes place.

Consequently, the formation of particles proceeds in two steps:

1. first the nucleation process inside the droplet;

2. then the aggregation process to form the final particle.
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The rate of particle growth is controlled by the presence of surfactants,
which sterically prevents the too fast nuclei growth. Therefore, the growth
rate is the same for all the nanoparticles, resulting in the formation of
particles of homogeneous size distribution. The size of the droplet will
influence the size of the nuclei but the surrounding surfactant molecules
will control the size of the final particle. Regarding to titania nanoparticles,
in the last few years reverse micelle method was successfully applied to
synthesize nanosized titania particles in reverse micelles or water/oil (W/O)

microemulsion systems using titanium alkoxides as starting materials***.

Figure 12. TEM micrographs of TiO, NCs prepared by reverse micelle method from
titaniumbutoxide in the presence of different acids: (A) nitric acid, (B) sulfuric acid, and
(C) phosphoric acid.*®

61



2.2. Shape Controlled TiO, NPs — State of
the art

Engineering the shapes of some materials to desirable morphologies was
actively pursued. Many applications, such as heterogeneous catalysis,
molecule adsorption, gas sensing and energy conversion are strongly
dependent from surface atomic structures, which can be finely tailored by
morphology control. Meaningful advancements in this area have been
achieved.**%>* Albeit a large amount of both experimental and
theoretical studies have been carried out on the characteristics and
reactivity of different surfaces of metal oxides,”®* less attention was paid
on the dependence of functional properties on crystal surfaces exposed by
metal oxides.**®® By tuning the ratio of different facets, the functional

properties correspondingly change.

It is generally that a surface with a high percentage of under-coordinated
atoms has a greater reactivity compared to those with a lower percentage
of under-coordinated atoms®®°. A cooperative mechanism involving both
favorable surface atomic structures and surface electronic structures has
been recently proposed in order to explain the differences in reactivity”°.
Unluckily, surface with higher reactivity usually have a high surface energy,
so the possibility to obtain a pristine facet without the use of adsorbates
was questioned®, and upon removing the adsorbates the surface can
reconstruct. Obtaining reactive facets is highly desirable for improving and
tuning functional properties. The shape evolution during the crystal growth

is driven by the continue decrease of the total surface energy until the
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minimum surface energy point. Such process is conditioned by the species
presents in the reaction environment and their concentrations. The growth
of nanocrystals with high percentage of reactive facets is realized using two

different approaches:

> non equilibrium methods, that rely on fast quenching of high
temperature precursors;

» methods with bottom-up or top-down approaches.

In the first case is difficult accurately control all the relevant process
parameters in order to obtain nanoparticles with low polydispersity both of
shape and size. Ohtani et al. used controlled flame pyrolysis of TiCls for the
preparation of truncated anatase bipyramids with reasonable
polydispersity.”* TiCl, vapors were mixed with an oxygen stream, and
feeding into a quartz glass tube heated uniformly and rapidly until 1573 K.
In this manner, it possible to obtain a homogeneous nucleation and the
subsequent growth of well faceted crystals with few defects is favored. The
synthesis of aggregates and large particles is avoided thanks to the low

concentration of TiCl4 and the narrow heating zone.

Bottom-up approach entails the nucleation and growth of shape controlled
nanoparticles. Instead, top-down method occurs with selective etching of
preformed crystal until a desirable shape. These methods are intrinsically
near to the thermodynamic equilibrium, so it is necessary stabilize the
desired surface in the hydrothermal medium using the so called “shape
controllers”. Usually these adsorbates or solvents strongly interact with a
defined surface, supporting the selective growth of a given type of surface.

The pioneering work of Yang et al. used for the first time this paradigm for
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stabilizing the {001} surface of TiO, during crystal growth using fluorides

as capping agent.”?

Concerning the bottom-up approach, the reaction environment strongly
influences the density, the size distribution and the surface chemistry of the
nuclei. Consequently, the growth of the surviving nucleus after the
coarsening and thus the final shape can be very different depending on the
synthesis parameters. Solvents and potential adsorbates act as shape
controllers, capping and inhibiting the growth of the nanoparticles along
given crystallographic axes’®>”®. The solvent effect is generated via the
different interactions with different crystal planes, stabilizing preferentially
one of them”’. Due to the interaction between shape controllers and
surfaces with different atomic arrangements, additives can tune the growth

rates along different axes, tailoring the shape of the crystal.

The top-down route can also be used in order to control the facets of single
crystal particles. This approach has been adopted for the synthesis of some
metal oxide such as Fe,05’%, WOs”® and TiO,%. In this case a partial
dissolution of preformed crystals occurs. The key point is the selection of
an appropriate etching and capping agents. Depending on the properties of
the pre-existing crystal, the etchant and capping agent, the resulting shape
can vary substantially. For example, the etching of TiO, anatase
microcrystals with H,SO4 lead to the formation of high index {112}

surfaces®.
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2.2.1.  The Wulff construction

The equilibrium shape of crystal structures can be predicted by using the
Wulff construction, taking into account the surface energies of the crystal
surfaces in the growth medium, if they are available. In the Wulff
construction, surface energy minimization is used in order to optimize the
composition of the crystal surface. The disadvantage is that only the
surface energies for clean crystal planes in vacuum are readily available,
and only in these conditions the equilibrium shape obtained is valid. As said
in the previous paragraph, the presence of a liquid phase, electrolytes and
adsorbates can change the equilibrium shape. TiO, polymorphs are
anatase, rutile and brookite. All three phases are constituted by TiOe
octahedra, but in the case of anatase and rutile the crystal system is
tetragonal, while for brookite is orthorhombic. The TiOg octahedra have
different arrangements in the three polymorphs, it follows that the surface
terminations in various orientations are different, as well as the equilibrium
morphologies of the crystals.

@ o B) (o)
, ug—

Figure 13. Equilibrium shape using Wulff construction for macroscopic crystals of rutile
(A) and anatase (B) *%5*
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According to the Wulff construction, the equilibrium shape of the anatase is
a lightly truncated bipyramid enclosed with eight trapezoidal {101} surfaces
(>94%) and two top squares {001} surfaces, as shown in Figure 13.
Regarding rutile, the predicted equilibrium shape of a macroscopic crystal
contains (110), (100), (001) and (011) faces (Figure 13)%,

All the above equilibrium shapes predicted must be considered only in
vacuum at absolute zero temperature, which is clearly different from
possible hydrothermal/solvothermal conditions. Barnard et al., by means of
theoretical approaches, found that the presence of water could influence
the equilibrium shapes by changing the size and the aspect ratio of anatase
{001} and rutile®. Despite the high differences among vacuum conditions
used in the calculations and real conditions for crystal growth, the most
stable facets predicted usually represent the largest fraction also in the real

crystal surfaces.

In hydrothermal/solvothermal conditions, TiO, crystals are synthetized in
either acidic or alkaline conditions, their morphologies varies with the
surface chemistry involved and therefore with the pH of the synthesis
environment. Based on surface free energies and interfacial tensions, again
Barnard et al.®* studied the effects of acidic or alkaline conditions on the
morphologies of anatase and rutile nanoparticles. As shown in Figure 14, in
acidic conditions the surface termination by hydrogen result in a little
change in the shapes of both polymorphs relative to vacuum conditions.
However, in water terminated surfaces and/or hydrogen-poor surfaces,
both polymorphs seem to be elongated. New {010} surfaces appear in the
crystal shape of anatase. These predictions are very important to fine-tune

the morphology by controlling surface chemistry.
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Figure 14. Crystal shape predicted for anatase (top) with (a) hydrogenated surfaces, (b)
with hydrogen-rich surface adsorbates, (c) hydrated surfaces, (d) hydrogen-poor
adsorbates and (e) oxygenated surfaces, and rutile (bottom) with (f) hydrogenated
surfaces, (g) with hydrogen rich surface adsorbates, (h) hydrated surfaces, (i) hydrogen-
poor adsorbates and (j) oxygenated surfaces. Adapted from ref. 84.

Rapid growth rates usually lead to crystals exposing a large percentage of
high surface energies facets. Moreover, appropriate shape controllers may
relevantly decrease the surface energy of defined facets and thus lead to
crystal shapes with relatively high percentage of high-energy surfaces.
Yang et al.”? theoretically investigate the influence of some non-metal
atoms on the surface energies of anatase (101) and (001), and found that
surface terminated fluorine could effectively reverse the stabilities of (101)
and (001). Their subsequent experimental results confirmed the key role of

surface fluorine in stabilizing {001}.
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2.2.2. Anatase NPs with high percentage of
{101} surface

{101} facets dominate the surface of most anatase nanoparticles. Through
the Ostwald ripening of amorphous hydrated TiO, it is possible to obtain
regular {101} facets. As early as 1999, lightly truncated bipyramidal
crystals with well-defined {101} surfaces were synthetized by coarsening
pristine titania particles using sol—gel routes under various hydrothermal
conditions®®. The percentage of (101) can be varied changing the growth
rates along <001> and <101> directions during different growth stages. In
all cases, the driving force is the reduction in surface energy. Minimizing
the presence of high energy surfaces allows reducing surface energy,
inducing the morphology evolution. Recently, approaches using titanates as
feeder have been reported to obtain anatase with a high percentage of
{101}. Ohtani et al.®®® reported a hydrothermal transformation directly
from potassium titanate nanowires to bipyramidal anatase single crystals

with predominant {101} surface.

The role of the water in promoting the growth of bipyramidal nanoparticles
that largely expose {101} facets in acidic or neutral media is confirmed by

Liu et al.®®

, Who obtained anatase bipyramids treating at 453 K a
suspension of amorphous Ti(OH)4 in water/ethanol solution. They proposed
to control the shape of the final anatase nanoparticles by adding a capping
reagent able to control the crystal growth. The presence of fluorides
increase the truncation level of the bipyramids, increase the amount of

{001} surface to 30-40%, whereas sulphates allow to synthetize nanorods
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with high percentage of (100) facets. Using oxalate and lactate the

solvothermal treatment leads to rutile and brookite nanorods, respectively.

Dai et al.¥ employed small particles of amorphous TiO, obtained by
electrospinning as precursor to prepare truncated bipyramids of anatase via

a hydrothermal route. Low pH leads to percentages of {101} near 90%.

Sugimoto et al. proposed the use of a gel-sol technique, involving the
jellification of a concentrated water solution of a Ti(IV)-triethanolammine
complex at 373 K. Then the gel is treated at 413 K. Changing the pH from
0.6 to 10 the anatase NPs size increased from 5 to 24 nm, but the shape
seem to remain cuboidal®®®’. Over pH 10 “ellipsoidal” nanoparticles where
synthetized due to the adsorption of triethanolammine along the planes

parallel to the c-axis.

Recently the reproducible preparation of anatase bipyramids with high
percentage of {101} exposed was achieved by hydrothermal treatment of
Ti(IV)-triethanolammine complex aqueous solution at 423-483 K. Variation
of the temperature allows the control of particle size. At 453 K, uniform

bipyramids with 20 nm hydrodynamic radius are obtained.

2.2.3. Anatase NPs with high percentage of
{001} surface

Anatase nanoparticles with a large percentage of {001} facets has become
a target in the synthesis of anatase TiO, crystals since Yang et al. realized

the first case of 47% (001) in uniform crystals. Synthesis procedures
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leading to NPs have been developed with higher {001}

percentages 42,71,89,92-100

Controlling the concentrations of precursors and fluorine species, also with
the synergistic effects of other capping agents, the relative percentage of
(001) surfaces can be tuned. For example, the percentage of {001}
increases from 18% to 72% decreasing the concentration of Ti(SO4), from
100 to 10 mM.* Zhang et al.'®’ showed that the percentage gradually
improved with increasing amount of 1-butyl-3-methylimidazolium

tetrafluoroborate.

It was found that the increase of the surface coverage fractions of fluorine
increase the percentage of (001). Theoretically, different surface coverage
fractions can greatly affect the surface energy and thus the percentage of

{001} during the growth of crystals®>.

By employing alcohol as synergistic capping agent, the percentage can be

further improved.>*%®

The sources of fluorine includes the most frequently used hydrofluoric acid

(HF), 1-butyl-3- methylimidazolium tetrafluoroborate'®?, ammonium bi-

fluoride!®, ammonium fluoride!®, and titanium tetrafluoride (TiF4)
precursor itself!%. It seems that all precursors can be used for tailoring
both the percentage of {001} facets and particle size. Therefore, the type
of precursors is not a decisive factor in growing the desired pure anatase

crystals.

Two other methods have also been developed to synthetize anatase

nanoparticles with a high percentage of {001} facets. The first one
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provides the direct conversion of amorphous TiO, nanotube arrays on Ti foil
to anatase crystals with well-defined {101} and {001} by calcining at a
temperature above 673 K in air for 2 h!%*, The other is to use a gas phase
reaction of TiCl4 with O3 in a non-equilibrium method with fast quenching of
the system from 1473 K as described in the preceding section’*. In this
way, small TiO;, particles (50-250 nm) could be obtained at such high

temperature without using fluorine-containing reactants.

Besides fluoride, other shape controllers were proposed to grow anatase
nanoparticles with high exposition of {001} surfaces. Chen et al. proved
that diethylenetriamine in isopropyl alcohol could act as an alternative
morphology controlling agent in a solvothermal system!®. The freshly
prepared TiO, microspheres consisting of {001} dominant sheets are poor
in crystallinity. Post-calcination at 673 K in air leads to increased

crystallinity without morphology change.

2.2.4. Anatase NPs with high percentage of
{010} surface

Compared to the widely investigated {101} and {001}, the {010} facets are
experimentally less studied. Actually, as far as the density of surface
unsaturated Ti atoms is concerned, {010} has the same 100% Tis. as
{001}. So, {010} surfaces are considered favorable for heterogeneous
reactions, suggesting an improvement of functional properties.
Furthermore, theoretical results have predicted that, water molecules can
be adsorbed dissociatively on (010) face, whereas is molecularly absorbed

on (101) face and partially dissociates on the (001) face.!?”
71



Fabrication of anatase crystals with 43.4% of {010} facets was reported by
Wu et al.!®. Dinh et al. also reported routes to prepare anatase crystals in
various shapes'®. In their approach, the use of water vapor as hydrolysis
agent to accelerate the reaction is crucial, together with the use of both
oleic acid and oleylamine as capping surfactants. Different shapes such as
rhombic, truncated rhombic, spherical, dog-bone, truncated and elongated
rhombic and bars could be synthetized. Although the authors did not
identify crystallographic facets of the exposed surface, it is possible to
conclude, based on the symmetries and predicted morphologies of anatase,

that the elongated crystals expose (010) facets.

Li et al. used sodium titanate nanotubes to prepare uniform anatase
nanorods with a large percentage of (010) facets by a hydrothermal
process in basic solution!!’. The proposed growth mechanism involves the
formation of Ti(OH)s fragments from titanate nanotubes and subsequent
anatase crystal nuclei by dehydration reaction between Ti-OH and HO-Ti.
The continuous release of OH- during the hydrothermal process plays a key
role in generating (010) facets. Barnard et al.®* showed that O-terminated
(010) had a lower surface energy than O-terminated (101) and (001). It
was believed that the preferential adsorption of hydroxyl ion on (010) face
contributed to stabilize the (010) faces.

By controlling carefully the preparation parameters, Pan et al.”’ prepared
anatase single crystals with a predominance of {101}, {001} and {010},
respectively. The synthesis are carried out mixing different amount of HF
solutions (120, 80 and 40 mM) with different quantities of TiOSO4 precursor
(64, 32 and 32 mg) and heating at 453K for 12,12 and 2 hours

respectively.
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Aims of the Thesis

The PhD work is carried out in the framework of a European project named

SETNanoMetro. The project stems from the importance to establish
validated methods and instrumentations for detection, characterization and
analysis of nanoparticles. Central is the development of new synthetic
procedures and paradigms for the production of shape and size controlled
sets of TiO, NPs. The use of various measurement techniques for the
determination of the NPs properties allowed moving from the “trial and
error” approach toward the development of well-defined and controlled

protocols for the production of TiO, NPs.

In this work, different shape and size TiO, nanoparticles were synthetized
by hydrothermal and solvothermal methods. These methods were chosen
due to the possibility to produce good-quality crystals with a good control
over their composition and morphology. Furthermore, the hydro/solvo-
thermal growth of nanoparticles can be easily modeled for obtaining
designed rules for shape and size controlled crystals. Nanoparticles were
then fully characterized from a physico-chemical point of view and a model
was developed in order to predict the shape and the size of TiO;
nanoparticles using a hydrothermal method. Moreover, the functional
properties of selected materials were studied, investigating in particular
how the exposition of different surfaces can affect the TiO, NPs
photocatalytic behavior in heterogeneous photocatalysis, revealing the
mechanisms of degradation of different pollutants both in gas/solid and
liquid/solid systems, and in the photocatalytic production of hydrogen by
formic acid photoreforming, establishing a correlation between developed

hydrogen amount and TiO, shape.



Experimental Section
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Chapter 3

3.1. Hydrothermal Synthesis of TiO,
Bipyramidal NPs

The synthesis of TiO, nanoparticles (NPs) with well-defined morphology
and size is fundamental for the development of advanced nanomaterials in
various application fields. Synthetic routes were developed for bipyramidal
TiO, facet-controlled anatase NPs with low truncation along the c-axis and
acicular morphology, through hydrothermal treatments of aqueous
solutions of Ti"(triethanolamine), complex.” The compounds that are
formed by the complexation of Ti with triethanolamine are called
titanatranes. Titanatranes were studied in detail in the last decades,®* due
to their potential use in the preparation of fine titania particles.>>”
Triethanolamine in these compounds acts as a chelating ligand, with the
three alkoxy groups that are able to coordinate the central Ti atom. This
type of bonding results in moderate stability toward hydrolysis. Moreover,
triethanolamine is able to displace ligands present in common titanium
precursors, such as alkoxy groups, halides, and amides, allowing the easy

production of the stable titanatrane.'®



3.1.1. Precursor and Shape Controller

The precursor used for the hydrothermal synthesis of TiO, nanoparticles is
a complex of Ti(IV) with TeoaHs; with molar ratio 1:2. The synthesis of the
precursor is carried out as follows: in a three-necked (ground joints) round-
bottomed flask a certain amount of TeoaHs (Aldrich Reagent grade 98%) is
poured. One of the grounds joint is equipped with a dropping funnel loaded
with the required quantity of Ti(IV) isopropoxide (Aldrich reagent grade
98%). The flask and the funnels are maintained under a N, flow (O,
concentration under 0.1% mol/mol). The Ti(IV) isopropoxide is then
dropped into the triethanolamine under vigorous stirring. A vacuum pump
is attached to the flask, maintaining a gentle flow of N,, until the isopropyl
alcohol is distilled off. The synthesis product is a pale yellow viscous liquid,

to be stored at 277K under N,. A reaction scheme is reported in Figure 15.

H K\NH
. . ™OH 4
T +2 Nows’ — 4 + 0—Ti—
\_ /\'0 HO" N OH (0
0" 4 06

&

)\ OH HI\'—\//

Figure 15. Synthesis of the Ti(IV) — TeoaHs 1:2 complex

The nominal Ti(IV) content of pure [Ti(TeoaH),] is 14.00%. However the

product IS titrated to determine the Ti content®1°.
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Figure 16. Picture of the yellow viscous liquid
obtained in the Ti(IV) complex synthesis

3.1.1.1.  Characterization of the Ti(IV)-TeoaH; species

A freshly prepared 40 mM Ti(TeoaH), solution in water is diluted 1:100 with
methanol and analysed by ESI-HRMS in order to characterize the Ti(IV)
solution species. The spectrum is reported in Figure 17. The signal at m/z
172.0848 is the TeoaHs - Na* adduct (CsHi503NNa, Ammu = -9.575). It is
present also the signal of protonated TeoaHs; at m/z 150.1040 (CgH1603N,
Ammu = -8.48). The presence of free TeoaHs signals means that the
Ti(TeoaH), complex is partially decomposed. The clusters centred at m/z
343.1126, 365.0963, 381.0693 have all the isotopic pattern of a molecule
containing an atom of Ti (Figure 18). The first signal corresponds to the
empirical formula Ci,H,706N,Ti, the second to Ci2H2606N2TiNa, the third to
C12H2606N,TiK, so they are the Ti(TeoaH), complex cationized with H*, Na*

and K" respectively.
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The clusters centred at m/z 536.1268, 558.1074, 574.0802 have all an
isotopic pattern of a molecule containing two Ti atoms (Figure 19). The m/z
ratios correspond to the empirical formulas C;gH3s09N5Tiz, CigH3709N3TioNa
and CigH3709N3Ti2K, so they can be attributed to the complex Ti;H(Teoa);
cationized with H*, Na* and K" respectively. It is worth to note that the
mass difference between Ti(TeoaH), and TiH(Teoa)s; is 193.0112, that,
obviously, correspond to the mass of Ti plus Teoa (not TeoaHs) minus the
mass of a hydrogen. The series is completed by the clusters centred at
729.1384, 751.1193 and 767.2993, which correspond to Ti3(Teoa)s
(C24H48012N4Ti3) cationized by H*, Na® and K' respectively. It is not
possible to continue the sequence because Tis(Teoa)s has no longer mobile
hydrogens. So the cluster centred at 938.3310 cant be assigned to
protonated Tis(Teoa)s. The mass difference between this ion and
protonated Tis(Teoa)s at m/z 729.1384 is no longer 193.0112, but
209.1926. This corresponds to Ti plus Teoa plus oxygen minus hydrogen.
So with this multinuclear complex the hydrolysis of Ti(IV) is starting. This is
in partial agreement, at least with the stoichiometry, with the reported

structures of titanatranes crystallized from organic solvents'’.

In conclusion, the solutions of Ti(TeoaH), are not thermodynamically stable
already at ambient temperature. However the hydrolysis in these conditions
is slow and it could take days to go to completion. Taking into account that
apparent activation energies of Ti-alkoxides hydrolysis are of the order of
30 kJ mol™? ,*? an increase of temperature of 100 K should increase the
hydrolysis rates of three orders of magnitude in basic conditions, so the

reaction goes to completion within minutes.

84



TITEOA2 h20 pos_orbi_B #151-164 RT: 1.19-1.29 AV: 14 NL: 1.28E8
T: FTMS + p ESI Full ms [100.00-1000.00]
100 365.0963

N

80 . O—(F— 5
75 ﬁ/\ ( O q Na
. j \_///

o0

65 |7

O0—Ti—0
60 F o
O +
55 / H
HN

50
45

172.0848
40

35
30 558.1074

25 536.1268

20 381.0693

15

343.1156
10 B

494.2944 574.0802 7511193
188.0580 :
= 325.1059 403.1198 Lsggosoo | | 7832728 938.3310
™

0 T ! T x“y Hrrprerpeeey B A R RAAN RAA LR LA RAMS MASE AARI aAM A} AR SARE RARS AR RAAI RAAY RAME RARE RARE RAAL RARE RAAL RAAN MR RAME| e T
200 300 400 500 600 700 800 900 1000
m/z

Figure 17. ESI-HRMS spectrum of a 40 mM aqueous solution of Ti(TeoaH);
diluted 1:100 in methanol.
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Figure 18. Isotopic pattern of the peak at m/z 226.0535 (C,H,;0,NTi), at 343.1313
(C15H>5045N>Ti, protonated) in the ESI-HRMS spectrum of the methanolic Ti(TeoaH),
solution (top) and the isotopic pattern of Ti (below).
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Figure 19. Isotopic patterns of the Ti,H(Teoa); complex cationized with H*, Na* and K*.

3.1.2. Synthesis and clean-up procedures

The syntheses were carried out in @ 200 mL Teflon lined stainless steel
high-pressure reactor mod DAB3 (Berghof, Tuebingen, Germany) (Figure
20). The heating/stirring was carried out with an heating mantle mounted
on a magnetic stirrer/heater (Heidolph, Germany, mod MR-HEI standard)
and a temperature controller/programmer mod BTC-3000 (Berghof,
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Germany) equipped with a type K thermocouple (see Figure 20 for the
complete assembly). In Table 1 all the relevant conditions and dimensions

of the high pressure reactors are reported.

Figure 20. Berghof DAB3 Teflon lined stainless steel high-pressure reactor.

Table 1. Characteristics of the high-pressure reactor and of the magnetic stirrer.

High pressure reactor Description

internal height (mm) 100.5
internal diameter (mm) 51.5
volume of liquid (ml £ 10 ml) 150
length (mm) 30
diameter (mm) 6
stirring speed (rpm) 750
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The exact conditions for the preparation of [Ti(TeoaH),] solutions for each
type of NPs are reported in Table 2. In general, after dissolution of the
required mass of [Ti(TeoaH),] and (possibly) of shape controller (TeoaHs)
in ultrapure water (resistivity > 18.2 MQ cm™, TOC < 5 ppb, produced with
a Millipore MilliQ apparatus), pH is adjusted with 1 M carbonate-free NaOH
or 1 M HCI, as required. The solution is then filtered through a 0.45 pm
cellulose acetate membrane filter. The presence of iron in the [Ti(TeoaH);]
solution before hydrothermal treatment is checked by the thiocyanate test
(Fe(IlI) < 0.2 mg L™). The solution is N, purged for at least 10 minutes in
order to eliminate O, before sealing the hydrothermal reactor. The purging
time should be adjusted in order to ensure an O, content of the gaseous
phase in the reactor under 1% mol/mol. The reactor is heated to 313 K for
30 minutes, then to the chosen temperature for the treatment (£1 K) at 1
K min. The temperature is kept for 50 hours. The reactor is then cooled in

air.

At the end of the hydrothermal treatment the nanoparticles suspension is
concentrated using a rotovapor system and then cleaned by dialysis and

recovered by freeze drying.

The choice to carry out dialysis and Freeze-drying in order to wash the NP

and eliminate the solvent was made taking into account that:

> Dialysis and freeze-drying allows recovering all the particles
without changing the size distribution. Centrifugation or filtration
can selectively loose particles on the fine side of the size

distribution.
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» Freeze-drying allows the elimination of water without any thermal
treatment, making no variation in the surface properties of the

nanoparticles.

3.1.3. Experimental Design

Starting from a previously developed synthetic procedure for obtaining TiO,
bipyramidal nanoparticles,” the synthesis conditions were modified by
means of an experimental design. The experimental design technique used
is based on the Responses Surface Method, by using the Box Wilson central
composite designs (CCD) which allows the optimization. According to the
design of experiments theory, a central composite design is a factorial
designs with center points, with a group of axial points, called “star points”,
that allow the estimation of the response surface curvature. If n is the
number of factors, the 2n corner points having the normalized coordinates
+/- 1 while the star points are created by drawing a line from the center
orthogonal on each face. The star points represent new extreme values

(low and high) for each factor in the design.

* ke
TN
*', -,

Figure 21. Example of the generation of a Central Composite Design for Two Factors
(CCC = Circumscribed Central Composite).
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In our case the chosen factors are 4 (n=4) as described below, so the
number of the “star points” is 2n = 8. The distance a from the center of

the eight “star points”, for an orthogonal experiment, in normalized

coordinates, is calculated from the relation®>:
a*+2"1q? —2"2(n+ 0.5N,) = 0

where n is the number of factors (n=4), and N, the number of center
points (Vp = 4).

The experimental plan considers the four independent variables (factors)

that mainly influence the characteristics of the product:

- Zi - [Ti(TeoaH),] initial concentration;
- Z, - Added TeoaHs concentration as shape controller;
- Z3 - Initial pH;

- Z4 - operating temperature.

The predictive soft model developed considers three output variables,
hydrodynamic radius (Y1), polydispersity index (Y,) and a shape parameter
(Y3, see below for its definition and measurement). The polynomial model
is in the functional form Y;=fj(X1, Xz, X3, X4). The variables Xi, Xz, X3, X4 are
the coded factors corresponding to the natural variables Zy (k = 1, 2, 3, 4).

The coded factors are obtained using the general relations:

max 0

0 max min\. _ Zk "2, _
Zp = O.S(Zk + zy ), Az, = T k=

Zk—Zlg_

I (k = 1I2I3I4)

Where z. are the central point coordinates (values chosen slightly

modifying the reference synthesis)?:
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z) = 65mM; z) =40mM; z2 =10 pH; z) = 443 K
Az, represents the distances from the central point:
Az, = 36.07mM; Az, = 26.24 mM; Az = 1.31pH; Az, = 305,94 K

and x, represents the values of the work matrix of the experimental

program expressed in normalized coordinates (Table 5).

The experimental ranges studied were from 28.03 to 120 mM [Ti(TeoaH);],
from 0 to 66.24 mM added TeoaHs, pH between 8.69 and 12.28 and
temperature values from 410 to 493 K. Taking into account the great
complexity of the experimental work involved, a fractional central
composite design was selected with 8 factorial points, 8 star points and 4
central points. For the selected experiment plan ¢ = 1.525. The orthogonal
fractional centered composite design, expressed in real factor values, is

shown in Table 2.

The experimental program adopted allows the investigation in a large range
of operating parameters using a limited number of experiments. This will
give the possibility of process analysis and mathematical modeling in order
to predict final product characteristics in various operating conditions, and
identify the synthesis conditions for a product with predefined final

properties.
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Table 2. Work matrix for the experimental program, based on orthogonal fractional
design Box Wilson (CCD). In the table are also reported the final pH of the synthesis and
the crystallographic phase. HT stands for HydroThermal

Zy Z, Zs . Z, .
Name Ti(TeoaH), TeoaH; initial FF|)r|1_|aI T [Te[c_)rail]—|3]/ Crystglrllc;gne'aphm
(mM) (mM) pH (K)
HTO1 28.93 13.76 8.69 8.77 410 2.49 anatase
HT02 28.93 1376 1131 1156 476  2.48 anatase
HTO3 28.93 66.24 8.69 | 416 421 anatase
HTO4 28.93 6624 1131 1162 410 429 anatase f;lgf‘eces o
HTO05 101.07 13.76 8.69 8.87 476 2.14 anatase
HTO6 101.07 1376 1131 1211 410 214 anatase f&:irf‘eces o
HTO7 101.07 66.24 8.69 8.78 410 2.66 anatase
HTO8 101.07 6624 1131 1218 476 266 a“ataf)ff&gfeces o
HTO9 10.00 4000 1000 1006 443 592 anatase
HT10 120.00 4000 1000 1158 443 234 anatase
HT11 65.00 0.00 1000 1124 443 2.00 anatase
HT12 65.00 8000 1000 1148 443 3.5 anatase
HT13 65.00 40.00 800 819 443 261 anatase
HT14 65.00 40.00 12.00 12.28 443 2.61 anatase & brookite
HT15 65.00 4000 1000 1009 393 262 anatase
HT16 65.00 4000 1000 1097 493 262 anatase
HT17 65.00 4000 1000 1136 443 262 anatase
HT18 65.00 4000 1000 1131 443 262 anatase
HT19 65.00 4000 1000 1138 443 261 anatase
HT20 65.00 4000 1000 1139 443 262 anatase
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3.1.4. Characterization and Image Elaboration

Determination of the crystallographic phase is carried out through X-Ray
Diffraction (XRD) measurements with an Analytical X'Pert Pro equipped
with an X'Celerator detector powder diffractometer using Cu K radiation. In
Table 2 the X-ray diffraction analysis results are summarized. All the
materials synthesized at an initial pH < 10 contain only the anatase phase.
The materials synthesized at an initial pH between 11 and 12 contain
anatase along with traces of brookite, with the exception of the HT02
material and of the HTO8 material (this last one contains a quite negligible
amount of the brookite phase). These two materials were synthesized at
476 K, whereas those containing detectable traces of brookite were
synthesized at 410 K. At an initial pH > 12 the brookite content was
substantial (HT14, 443 K), so pH > 12 and temperatures < 443 K favor the
formation of the brookite phase. Brookite could come from the large
concentration of Na, indeed for obtaining high value of pH NaOH is used;

h 14,15

and Na™ stabilizes the brookite polymorp Figure 22 shown all the

XRD patters of all the synthetized materials.
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Figure 22. XRD patterns of all the synthetized materials. All the samples shown the
anatase phase, only the material HT14 shows a good amount of the brookite phase.
While in materials HT04, HT06 and HTO8 brookite is present in traces. (Up) Anatase XRD
pattern indexing is reported.

Dimensional characterization was performed with two different techniques:
Dynamic Light Scattering (DLS) and Transmission Scanning Electron

Microscopy (T-SEM). Shape characterization only through T-SEM.
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The DLS system is an ALV (Langen Germany), NIBS model (not invasive
backscattering). The hydrodynamic radius Ry of nanoparticles in aqueous
suspension was obtained through the Stokes-Einstein equation. DLS data
were obtained by analyzing the raw suspensions (if necessary diluting it
using 200 mM NHs as a dispersant) after sonication for 10-30 minutes in an
ultrasound bath and in a closed vial to avoid NH3 evaporation (suggested
95 W, 37 kHz). The reported sizes were obtained through the fit of the
decay time distribution function to the integral equation relating the field
correlation function and the said distribution function using a constrained
regularization method (CONTIN DP algorithm) developed by Provencher®®.
The number and mass distribution functions are then obtained. The
measurements and their polydispersity (as standard deviation of the
relevant peak mode) are reported in Table 4 together with the shape and
size parameters obtained through the microscopic analysis (T-SEM plus
image elaboration). Certain distributions are bimodal due to the presence

of agglomerates.

In this study, SEM and TSEM was performed, directly on the raw
suspensions of the nanoparticles as obtained from the hydrothermal
syntheses, through a Zeiss Supra 40 SEM (Zeiss, Oberkochen, Germany)
equipped with a Schottky field emitter and, additionally to the standard
Everhart-Thornley detector, with a high-resolution InLens detector. Hence,
high-resolution SEM imaging of the sample surface morphology at the
nanometer scale is possible. This type of microscopy is especially suited for
nanoparticulate samples to get access to the size and shape of individual
nanoparticle. Usually, the transmission electron microscopy (TEM) - either

as the typical TEM or as the transmission mode at an SEM, i.e. T-SEM - is
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successfully applied for the study of NPs able to be prepared rather
separated on a conventional TEM grid.'”*® The shape parameter can be
defined as the ratio between the size along the c-axis and the size of the
bipyramid to the base (a-axis). Ideally, in the case of a perfect bipyramid,
the shape of the particles may be obtained by processing a three-
dimensional image, adjusting the image of the particle to a truncated
bipyramidal contour. For a perfect bipyramidal crystal, having the anatase
lattice parameters, this ratio is equal 2.51. This procedure, however, is
suitable only on three-dimensional images of excellent quality and requires
ad hoc software. So, the image processing was carried out on two-
dimensional images, by calculating the lengths of the major and minor axes
of the elliptical perimeter fitted to the contours of the 2-D projection of the
nanoparticles (Figure 23). The TSEM micrographs of all samples are

reported in Appendix A.

Figure 23. TEM micrographs and representation of a 2D projection of bipyramidal
nanoparticle on the TEM grid. Figure from Deiana et al.?
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The parameters a and ¢ however, can only be measured on particles
whose c-axis is parallel or perpendicular to the TEM grid. This vision is not
optimal, and leads to an underestimation of the parameters a and ¢ and
the expected shape parameter is therefore 1.5 for a perfect bipyramid
(Figure 23). Results of the dimensional and shape analysis are resumed in
Table 3.

Table 3. Dimensional parameters obtained by T-SEM micrograph analysis with the
corresponding standard deviations. Sample HT14 and HT15 are not listed in the table
because shape and size analysis was not possible

Major = "c",
Experiment Minor = "b", nm c/la=p
nm
HTO1 15+3 237 15+£05
HTO02 45+10 89 + 33 20£09
HTO03 285 38+9 14+04
HT04 204 108 + 47 55+£26
HTO5 21+4 29+8 14+05
HTO06 18+4 100 £ 31 55+21
HTO7 164 27+£10 1.7+0.38
HTO8 35+6 81 +37 23x1.1
HTO9 32+4 43 +11 1.4+04
HT10 305 52 +15 1.8+0.6
HT11 294 39+9 1.3+04
HT12 334 49 +12 15+04
HT13 21+4 29+9 14 +£05
HT16 35+4 49+9 14+03
HT17 31+4 47 £12 15+05
HT18 32+4 45+ 10 1.4+04
HT19 32+4 43+ 10 14+04
HT20 32+4 44 +11 1.4+04
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In order to compare the results of size measurements with DLS and with T-
SEM, the geometrical data determined by T-SEM analysis were converted to
a hydrodynamic radius (assuming the NPs as prolate ellipsoids) with the

Perrin formula:?%%

RH p2_1

R N p1/3 ln(p + \/ﬁ)

p = c/a > 1prolate

where:
- Ry hydrodynamic radius of the ellipsoid,
- Rs radius of the sphere with the same volume

In this way, a direct comparison between DLS measurements (for which
the measurand is the hydrodynamic radius) and T-SEM images (which give
geometric size parameters) is possible. The results of the Perrin analysis
together with the DLS results are reported in Table 4. The second mode
observed in the DLS distributions of samples synthesized at pH < 9 and >
10.5 is due to the formation of agglomerates that the sonication treatment
is not able to decluster. The agreement between the Ry determined by
elaboration of the microscopic data (major and minor axes of the ellipses
fitted to the NP contours) and the Ry of the first mode (for bimodal
distribution) of the DLS size distribution is generally within 2 nm or 10%.
The exceptions are HT02, HT04, HT07 and HTO08 for which larger
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differences are observed, probably due to aggregation/agglomeration

phenomena.

Table 4. Hydrodynamic radii obtained through SEM analysis and DLS of the TiO, samples
considered in the present study.

Ry £ SD number Ry number mode 2
Experiment R,Perrin (SEM), nm

mode 1 (DLS), nm (DLS), nm

HTO1 9 7.0£03 24
HTO02 29 201 58
HTO03 16 15+1 35
HT04 22 171 68
HTO5 12 14+1 35
HTO6 20 18 +2 44
HTO7 10 18+4

HTO8 25 171 126
HTO09 18 20+4

HT10 19 19+4

HT11 16 17+3

HT12 19 21+3

HT13 12 13+1 35
HT14 250 + 20

HT15 20+03 12
HT16 20 20+ 4

HT17 18 19+3

HT18 18 18+4

HT19 18 19+3

HT20 18 19+3
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3.1.5. Prediction Model and Validation

Experiments

The soft model was obtained by using second-degree polynomials for each
of the output functions Y;, Y, and Y; that predicts final product

characteristics by using least square solver built in MathCad 14 software.

The experimental Y; values considered are the measured hydrodynamic
radius (DLS) number mode 1 (Table 4), Y, experimental values represent
the polydispersity taken as standard deviation of the relevant mode. The
experimental Y3 values are the shape parameter in each experiment, as
presented in the Table 4. The coded factors and the corresponding
measured values for the synthesis outcome Y;, Y, and Yz used for

mathematical modeling are presented in Table 5.

As can be noticed, for samples number 14 and 15 (HT14 and HT15), the
missing data for the shape parameter (Table 4) were taken in the range of
the other experimental values, while the outlier values for Y; Ry number
mode 1 (DLS) and Y, SD Ry number mode 1 in HT14 run (Table 4) were
replaced with values in the range of variation in order to avoid a strong

model distortion.
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Table 5. Work matrix of the experimental program, based on orthogonal central
composite fractional design, in normalized coordinates

Experiment Xy X; X3 X4 Yn,nm Y, % Y3
HTO1 -1 -1 -1 -1 7 3.71 1.52
HTO02 -1 -1 +1 +1 20 5.30 1.98
HTO3 -1 +1 -1 +1 15 9.20 1.38
HT04 -1 +1 +1 -1 17 6.59 5.50
HTO5 +1 il -1 +1 14 5.36 1.37
HT06 +1 -1 +1 -1 18 9.17 5.46
HTO07 +1 +1 -1 -1 18 24.5 1.69
HTO8 +1 +1 +1 +1 17 5.82 2.33
HT09 -1.525 0 0 0 20 18.15 1.38
HT10 +1.525 0 0 0 19 19.58 1.76
HT11 0 -1.525 0 0 17 17 1.33
HT12 0 +1.525 0 0 21 16.14 1.50
HT13 0 0 -1.525 0 13 5.23 1.41
HT14 0 0 +1.525 0 19 12.47 4.70
HT15 0 0 0 -1.525 2 14 3.65
HT16 0 0 0 +1.525 20 17.9 1.40
HT17 0 0 0 0 19 17.1 1.49
HT18 0 0 0 0 18 22.8 1.39
HT19 0 0 0 0 19 17.1 1.37
HT20 0 0 0 0 19 16.89 1.38

The general form of the polynomial models is:

The ANOVA analysis proved that all three models obtained were significant

and adequate, according to Fisher tests at a significance level of 0.05.

The validation of the mathematical models was realized by performing new
experiments in the range of interest for the operating parameters. The

experimental outcomes for the obtained TiO, NPs were compared with
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predicted ones (Table 6). The TSEM micrographs of all samples are

reported in Appendix A.

Table 6. Product predicted and measured characteristics in some test points

Product characteristics

Experimentally .
Predicted by the model

_ z., 2, Z. measured

Experiment Z3

mM | mM N T 2 I O R R

nm % - nm % -

HT_VAL_01 85 9.1 8.3 436 13 5.4 1.4 12.2 4.6 141
HT_VAL_02 82 56 8 475 11 5.6 15 14.0 6.2 1.49
HT_VAL_03 66 80 10 473 19 6.6 13 19.8 12.8 1.13
HT_VAL_04 65 20 9.2 488 14 3.2 1.4 145 125 1.24
HT_VAL_05 71.90 39.5 8.2 481 12 3.1 1.4 13.1 55 15
HT_VAL _06 33.37 14.21 8.76 411 7 6.4 15 6.1 5.0 15

The data in Table 6 show a relatively good model prediction capability,
especially for the particle size and shape factor. To increase the reliability of
the mathematical models, the new experimental points were also included
in the regression analysis. The six additional experiments were added to
the initial 20 experimental points and optimized models were obtained.
Having 26 experimental points instead of 20, as had the initial central
composite fractional design, the experiment it is no longer an orthogonal
one, but it has the advantage of including new experimental information.

The final optimized models are:

103



Y, =18.311893+ 0.407102 - X, +1.310852- X, +1.913921- X, + 2.726356 - X, — 0.706556 - X,X,
~1.330618- X,X, —1.873684 - x,X, —0.108507 - X, X, +0.051493 X, X, — +0.547527 - X, X,
+0.732221- X2 +0.773031- X? —1.643796 - x’ — 2.74701- X’

Y, =19.45097 +1.81247 - X, +1.199042 - X, —0.715563- X, —1.435496 - X, — 2.835291- X, X,
+0.134572 - X,X, + 212859 X,X, — 5.337425- X, X, — 2.03686 - X, X, +3.923907 - X, X,
—0.652813- X2 — 2.486142 - 2 — 4.448121 - x — 2.465596 - X

Y, =1.416942 + 0.080658- X, +0.074693- X, +1.13782-X,—0.816469- X, — 0.305752 - X, X,
+0.076544 - X, X, — 0.055872- X, X, +0.082533- X, X, — 0.053355- X, X, — 0.461919 - X,X,

+0.055628 - x” +0.025852 - X2 +0.678453- x +0.49161- X’

The optimized models were used to estimate the influence of operating
parameters over the product characteristics and to propose optimal
operating condition for predefined final product characteristics. Figure 24
and Figure 25 show the influence of pH and temperature, in dimensionless
coordinates, upon the hydrodynamic radius and shape parameter at given

Ti(TeoaH), and added TeoaHs concentrations.
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Figure 24. Variation of hydrodynamic radius (Y1) of TiO, NPs as a function of pH (X3) and
temperature (X,) for (a): Ti(TeoaH), 65 mM (X;=0), TeoaH; 40 mM (X,=0) and (b):
Ti(TeoaH), 120 mM (X,;=1.52), TeoaH; 80 mM (X,=1.52)
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Figure 25. Variation of the shape parameter (Y3) of TiO, NPs as a function of pH (X3) and
temperature (X,) for (a): Ti(TeoaH), 65 mM (X;=0) and TeoaH; 40 mM (X,=0) and (b):
Ti(TeoaH), 120 mM (X,=1.52), TeoaH; 80 mM (X,=1.52)

As Figure 24a shows, very low hydrodynamic radius are expected in a small
region of pH and temperature variation (at low pH and low temperature),
while particles with sizes between 8 and 16 nm can be obtained in several
working conditions. In the whole range of temperatures and pH vales, for
65mM Ti(TeoaH), and 40 mM added TeoaHs; solutions, the expected
particle size would not exceed 20nm. For higher Ti(TeoaH), and higher
added TeoaHs concentrations (Figure 24b) there is a large region in the pH
and temperature variation range as where particles with sizes greater than
20 nm may be obtained. As for the shape parameter (Figure 25), shape
factors between 1 and 2 are expected in a very large region of working

conditions.

The optimized models were used to estimate the influence of operating
parameters over the product characteristics and to propose optimal
operating condition for predefined final product characteristics. Some good
operating conditions can be suggested by formulating optimization
problems with the objective function representing the desired product

properties. For instance, the identification of possible operating condition
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for obtaining TiO, crystals with predefined shape factor of 2, 3 and 4, and
hydrodynamic radius lower than 20 nm, gave the results presented in Table
7. The optimization was performed in the frame of Matlab Release 2013a
using genetic algorithms. The conditions listed in Table 7 are not unique,
and, as revealed by Figure 24 and Figure 25, particles with almost the

same characteristics can be obtained in different operating conditions.

Table 7. Optimal operating conditions identified for TiO, NPs with imposed shape factor

Process operating conditions Product characteristics
Shape .
r ggﬁﬁ?gd T|(Tnef‘cliiH)2, Teoal—r:? Jdded, pH T oC

p=2 117 47 10.9 209 Ry, nm 14.0
Polydisp, % 8.5

p 2.0

p=2 79 24 10.8 190 Ry, nm 18.5
Polydisp, % 17.2

p 2.0

p=3 62.8 42 10.3 142.6 Ry, nm 143
Polydisp, % 19.2

p 3.0

p=4 66.0 28.5 10.25 125.0 Ry, nm 8.1
Polydisp, % 14.8

p 4.0

The results here discussed about the experimental design, validation
experiments and the prediction model are enclosed in a manuscript that is

in preparation.
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3.1.6. Growth Mechanism

The evolution of crystal shape during growth is related to the nature of the
species present in the synthesis environment and their concentration. As
said, these species could modulate the crystal surfaces energy acting as
shape controllers. Moreover, the solvent can affect the final crystals
characteristics via the different interactions with different crystal planes,

stabilizing preferentially one of them.?

Several experimental and theoretical works suggest different mechanism of
TiO, crystal growth using hydrothermal processes.”>?® For hydrothermal
TiO, syntheses carried out in alkaline conditions, at 473 K and times from 2
to 16 hours, seems to be operative a growth mechanism based on
crystallites oriented attachment (OA) along the [001] direction seems to be
operative. This mechanism is then followed by an increase of the size due

to an Ostwald ripening process, as proposed by Cho et al.*

They noticed
that pH and synthesis duration could strongly influence the size and shape
of the crystal formed. Penn and Banfield® first noticed OA in the synthesis
of nano anatase crystals in hydrothermal conditions. This mechanism was
extensively studied by molecular dynamics simulation by Fichthorn et al.
based upon the intrinsic nanocrystal forces that act in vacuum and facilitate

alignment and aggregation®®%,

Moreover, they also introduced in their model the interactions between
water molecules and crystal surface when the process occurs in humid
environment, where the growth is mediated by adsorbed water and

hydroxyls®’.
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Starting from the previously illustrated hydrothermal synthesis methodology
and in order to infer about the growth mechanism, a study on the time
evolution of size and shape of crystallites as well as on the soluble species

was carried out.’

Table 8. Synthesis conditions of the experiments stopped at different time in order to
evaluate the nanoparticles’ growth mechanism

TiO, synthesis Ti(TeoaH), Added Initial Temperature Tre:?ltment Crystallographic
set (mM) TeoaH; H (K) time Phase
(mM) P (hours)
HT_2h 59.2 40.0 10.0 44312 2.00 Anatase
HT_5h 58.8 40.0 10.0 443+2 4.67 Anatase
HT_15h 58.6 40.7 10.0 44312 15.0 Anatase
HT_25h 56.4 40.0 10.0 443+2 25.0 Anatase
HT_35h 60.5 40.3 10.0 44312 35.0 Anatase
HT_50h 59.2 40.0 10.0 443+2 50.0 Anatase

In Table 9 are reported the data concerning the total Ti(IV) measured by
ICP-MS of the filtered mother liquors of the hydrothermal syntheses as a
function of the treatment time. After 2 hours at 443 K soluble Ti(IV) species
are less than 0.3% of the initial Ti(IV) concentration. A minimum is reached
after 15 hours, then, a slight rebound of the soluble Ti(IV) concentration is

observed probably due to primary nuclei re-dissolution.
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Table 9. Time evolution of the soluble Ti(IV) concentration during the hydrothermal
treatment. The data at 50 hours is missing

Time, hours Soluble Ti(IV), mM
0 58.7+0.7
2 0.16 +0.01
5 0.07 £ 0.005
15 0.04 £ 0.005
25 0.09 £ 0.005
35 0.10 £ 0.005

In Figure 26 are reported the mass weighted size distributions of the TiO;
nanoparticles size distributions at different treatment time, obtained by DLS
measurements. All distribution functions are bimodal, except HT_50h,
corresponding to the final synthesis time. Number-weighted size
distribution functions are dominated by a small mode at 1-3 nm, except for
HT_50h. It is possible to see the progressive disappearance of the mode at

small sizes in the distribution function (Figure 4).
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Figure 26. Mass weighted size distribution function for the synthetized materials.
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X-ray diffraction (XRD) patterns of the powders were recorded, all the

samples shown only the anatase phase (Figure 27).
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Figure 27. XRD patterns of the synthetized materials. All the samples shown only the
anatase phase.

Table 10 reports all the output variables determined: average dimension of
the nanoparticles (hydrodynamic radius, both from DLS measurements and
T-SEM characterization), polydispersity index (expressed as standard
deviation, SD, of the relevant mode of the size distribution) and shape

factor.
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Table 10. Time evolution of the morphological characteristics during the hydrothermal

process
(mz!_:)r- RH SD RH
al RH SD RH RH RH
minor) mass mass
Time. h as number number number mode mass mode Sha}pe fa(_:tor
' mode 2 mode 2 mode 1 mode Major/Minor
measured 2 1
/nm /nm /nm 2
by T-SEM /nm / /nm
nm
/nm
2 15 16 3 14 18 4 14 2.60
5 15 17 3 15 19 5 15 2.26
15 20 17 4 1.4 21 6 14 1.60
25 18 19 4 2.1 20 5 2.1 1.58
35 18 20 3 0.9 21 4 0.9 1.47
50 18 18 3 n/a 21 4 n/a 1.38

The shape factor evolves from 2.6 (at 2 hours) to 1.4 (at 50 hours). Prolate
ellipsoids with high shape factors have lower volumes in comparison to
ellipsoids with low shape factor. In Figure 28 and Figure 29 it is possible to

see the TSEM micrographs and a graph of the shape factor evolution.

111



Figure 28. TSEM images of the materials: a. HT_2h; b. HT_5h; c. HT_15h; d. HT_25h; e.
HT_35h; f. HT_50h.”
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Figure 29. Shape factor evolution depending on synthesis time.

112



These evidences suggest that there is a fast nucleation step in the early
stages of the hydrothermal treatment. This fast nucleation step induces the
generation of cuboidal nuclei of TiO,. An oriented attachment (OA) of these
cuboidal nuclei occurs with the generation of elongated nanoparticles.
Increasing the treatment time an Ostwald ripening occurs, with a re-
dissolution of free cuboidal nuclei and evolution of elongated to bipyramidal
NPs.”

Oriented Bipyramidal
Attachment NPs

e -». »@»

Figure 30. Growth mechanism of bipyramidal nanoparticles”

Nucleation

3.2. Solvothermal Synthesis of TiO,

Nanosheets

The synthesis of TiO, nano-sheets was carried out with a solvothermal
method following an established literature procedure.?®*° In a typical
synthesis a precise volume of Ti(OBu)4 (Aldrich reagent grade 97%) was
added in a 150 mL Teflon pot and the desired volume of concentrated
hydrofluoric acid (Aldrich reagent grade 47%) was added dropwise under
stirring. The Teflon pot was sealed and kept under stirring at high
temperature (523 K) for 24 hours in autoclave. The resulting bluish paste
was triply centrifuged and washed with acetone and with water (Milli-Q) to

remove the residual organics. The aqueous suspensions are then freeze-
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dried obtaining a bluish powder. The blue color is due to the CB electron

absorption associated to F* doping.

To remove the fluorides from the surface, the as-synthesized material was
washed with NaOH 0.1 M (2 hours at r.t.). The reaction is an exchange of
the OH™ group with the surface F group. The resulting material was then
washed with 0.1 M HNOs; solution and ultrapure water, finally freeze-dried.
In order to evaluate if the 0.1 M NaOH treatment could modify the NP
morphology by etching the surface, the presence of Ti in the alkaline
solution kept in contact with the TiO, NPs was evaluated by ICP-MS
spectrometry, resulting in the removal of less than 0.015 atoms of Ti for
nm? of TiO,. The data confirm that no significant etching occurs at the
surface of the TiO, NPs.

The other way used to completely remove the fluorides from the
nanoparticles, is a heat treatment at 873 K for 1 hour in air atmosphere
(temperature gradient for 1h 30"). The resulting powder is white. The

fluoride removal was confirmed by chemical analysis.
The three samples obtained will be labeled from now on respectively:

» n-sh: as synthetized nanosheets, this sample has fluorides both on
bulk and surface;

» n-sh_NaOH: sample washed with a 0.1 M NaOH solution (surface
fluoride removal);

» n-sh_873K: sample calcined 1 hour at 873K
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3.2.1. Shape and Size Characterization

Figure 31A shows a SEM image of the as-synthesized TiO, n sh NPs, which
have an average dimension of 75 nm in the basal plane with a thickness
(along the c-axis) of 9 nm (see Table 11). HR-TEM images with lattice
fringes 0.2370 nm apart (d004= 0.2378 nm, PDF 00-021-1272) parallel to
the side view of the basal facets, and related FT (Figure 31B) confirm that
these facets are normal to the c-axis and, thus, should correspond to {001}
surfaces. The lateral boundaries form an angle of ~130°, compatible with
the projection of intersecting (101) and (101) surfaces for a nanoparticle
with the a-axis forming a small angle with the image plane. The sample
washed in a 0.1 M NaOH solution to remove surface fluorides exhibits a
similar morphology (Figure 31C), whereas the pristine nano-sheet shape
was almost lost by subsequent calcination at 873 K (Figure 31D).
Therefore, the calcined TiO, n sh_NaOH will no longer be considered.
Conversely, direct calcination of the fluorinated TiO, n-sh does not lead to
evident morphological changes (Figure 31E), retaining basal {001} surfaces
normal to the c-axis (Figure 31F). It appears that surface fluorides are

essential to stabilize the morphology of these nanosheets.

All samples were found to be pure anatase TiO, phase by XRD (Figure 32).
However, the Scherrer analysis, applied as an integral method, highlights
that the average crystallite dimension in the [001] direction is
approximately doubled for TiO, n-sh_873K (Table 11), suggesting that the
primary nanoparticles could have sintered in pairs along the c-axis. This is

consistent with the decrease of the specific surface area (SSAger) from 53
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to 34 m?/g, despite any significant change in size and shape of

nanoparticles observed as stacked primary particles in SEM/TEM images.

This sintering should have a relevant impact on the relative amount of
lateral {101} surfaces and the basal {001} ones. By a geometric modeling
of nanoparticles pairing (see Appendix B), the {101}:{001} ratio was
estimated to change on an average from 20:80 to 40:60 (Table 11). The
resulting relative change in calculated specific surface area was in excellent

agreement with the experimental one (see APPENDIX B).

Table 11 resumes all the geometrical characteristics of the obtained
nanoparticles and the characteristics of obtained bipyramidal anatase TiO;
nanoparticles (TiO, bipy), mainly exposing {101} facets. For details, see

Deiana et Al.>
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Figure 31. (A) SEM image of the as-synthesized TiO, nanosheets sample. (B) HR-TEM
image and related FT of the as-synthesized TiO, nanosheets sample. (C) SEM image of
the TiO, nanosheets sample washed in a NaOH solution. (D) SEM image of the TiO, n
sh_NaOH sample after subsequent calcination at 873 K. (E) SEM image of the TiO, n sh
calcined at 873 K (F) HR-TEM image and related FT of the TiO, n-sh calcined at 873 K.
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Table 11. Average particle dimension obtained by Scherrer analysis of the (004) and
(200) XRD peaks, particle thickness (T) and basal length (L) measured from SEM
images, specific surface area, calculated average percentage of {001} facets (APPENDIX
B).

doos daoo T L SSAger
samplem)  (m)  (m)  (m) (i) 701001}
n-sh 18  >100 9.4 +16 75 %25 53 78
nsh NaOH 21  >100 84+17 73 27 57 79
n-sh_873K 46 >100 10+2 64 +25 34 58
bipy 36 29 40+9  30%5 43 10
bipy_873K 32 26 35+5  45%9 37 13
1 5000
bipy 873K
. Mmoo ]
bipy
‘g — J\___.__L_Jh A An A
3
[®]
© l n-sh_873K
AAL M A AN Y
A n-sh_NaOH
o A A~ . A P
_A_ A n-sh
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Figure 32. XRD patterns of the n-sh and bipy TiO, samples employed to perform the
Scherrer analysis.
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3.2.2. Fluorides doping measurement

The fluorine content and its evolution after treatments were determined by
complementary techniques, also probing different depths (APPENDIX C). By
ion chromatography, pristine TiO; n sh is found to contain 16 mg F/g TiO,,
decreasing to 7 mg F/g TiO, for TiO, n sh_NaOH, where is expected
fluorides removal only from the surface. As a result, an initial F- surface
concentration of ~5 F/nm? is calculated. This surface fluorination is
relevant since the Ti** density is 7 and 5 nm? on {001} and {101}
surfaces, respectively.! The significant decrease in the ToF-SIMS signal of
F in the mass spectra of n-sh_NaOH sample, normalized to the TiO;
intensity (Table 12), supports partial removal of fluorine as found with IC.
Note that Auger Electron Spectroscopy (probing 3-4 nm depth) as well as
EDX (probing ~1 pm depth) cannot distinguish between the levels of
fluorine signals as detected in the two samples n-sh and n-sh_NaOH. A
reliable quantification into absolute chemical composition of fluorine with all
three techniques, ToF-SIMS, AES and EDX is impossible mainly due to the
strong matrix effect (see APPENDIX C).

All methods agreed in indicating the removal of fluorine in the sample
calcined at 873 K down to or below the detection level of each method
(Table 12), from both the bulk and the surface. Accordingly, the VIS-NIR
electronic absorption due to the presence of Ti**, resulting from the
substitution of O ions by F ions,? present in the optical spectra of pristine

and washed TiO; n-sh, disappeared (Figure 33).
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Table 12. Fluoride concentration for the different samples obtained by ion
chromatography and fluoride signals as detected by ToF-SIMS, AES and EDX.

ToF-SIMS AES EDX
Sample (Mg F-I/g TiO,) e/ 1rioo- IFkLL I¥ Ka
(a. u) (a. u) (a.u)
n-sh 16.1+12(5F/m?)  73+6 Yes Yes
n-sh_NaOH 7.0+£0.8 54+4 Yes Yes
n-sh_873K <0.4 3.6 £0.4* Not Detected Not Detected
bipy <0.4 5.7+£0.6* Not Detected Not Detected

* Specifically for the extremely element-sensitive ToF-SIMS, this concentration level,
differing from ‘zero’ also for the originally F-free TiO, bipy, was found also in the Si (100)
blank substrate used for analysis, i.e. Ir./Iy0,-= 6.5, this demonstrating that this level of F

represents the rest contamination present at the instrument used. LoD= limit of detection.
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Figure 33. Diffuse reflectance Vis-NIR spectra (A) and transmission MIR spectra (B) of
TiO; n-sh, TiO, n-sh_NaOH and TiO, n-sh_873K. On the X-axis of panel B, where spectra
in the MIR range are shown, wavelength values are reported, instead than conventional
wavenumber values, for the sake of consistency with spectra in panel A (being
wavelength values commonly used for electronic spectra in the UV-Vis-NIR ranges).
Note on the MIR spectrum of TiO, n-sh_873K: the apparent decrease in absorbance from
8000 to 2000 nm is the typical effect of decreased scattering of the samples at higher
wavelengths, observed when measuring the spectrum in transmission, instead of in
diffuse reflectance.
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3.3.Spectroscopic Analysis of Bipyramids

and Nanosheets

3.3.1. Interaction of H,O with {001} and {101}

surfaces

The interaction of surfaces with water can impact several functional
properties of TiO,, ranging from surface hole/electron transfer to water and

other adsorbates to osseointegration.

The interaction between water and fluorinated (TiO, n-sh) and F free (TiO-
n-sh_NaOH and TiO, n-sh_873K) was investigated by measuring the
amount of H,O molecules that can be reversibly adsorbed at room
temperature (Figure 34A). This amount depends on the adsorptive
properties of the “first hydroxylation/hydration layers”, constituted by
surface hydroxyl groups and strongly adsorbed water which are not
desorbed by outgassing at r.t. Pristine TiO, n-sh adsorbs up to ~8 H,O
molecules/nm? when in contact with 15 mbar of H,O. The removal of F* by
the two different methods impacts in two opposite directions the surface
hydrophilicity: for TiO, n-sh_NaOH, the substitution of surface F by
exchange with OH results in an increase to ~12 H,O molecules/nm?,
whereas for calcined TiO, n-sh_873K the water adsorption capacity
becomes limited to only ~5 H,O molecules/nm?. This finding is in
agreement with DFT calculations which suggested that in the terrace region
of the (1x4) reconstructed (001) surface, which should be obtained after

calcination, water is physisorbed or not adsorbed at all.®* It is worth
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mentioning that TiO, bipyramids, overwhelmingly exposing {101} surfaces,
adsorbs up to ~10 H,O molecules/nm?. Thus, for TiO, n-sh_873K, where
these facets {101} account on an average for 40% of the surface, the
actual amount of H,O molecules adsorbed on fluorine free calcined {001}
terminations might be of the order of ~2 H,O molecules/nm?. A similar
consideration holds for TiO, n-sh_NaOH, which exposes on average 20% of
{101} facets, but in this case the F free unreconstructed {001} surface
exhibits an affinity towards water similar or slightly higher that the {101}.
No definitive conclusions can be derived for the pristine TiO, n-sh since F

can modify also the properties of {101} surfaces.*

The amount of H,O per nm? found reversibly adsorbed on TiO, bipy in
contact with 15 mbar H,O might correspond to the formation of 2
molecular layers, in addition to the first hydration layer, as evaluated on
the basis of molecular dynamic calculations of H,O on a (101) surface,
resulting in an average density of ~5.3 molecules/nm? for each of the three
layers.>>3® For H,0 on (001) TiO, anatase, a radial distribution function was

found only for an unreconstructed hydroxy-free surface,®

resulting in an
average density of ~9.3 molecules/nm? per each of the first three layers.
This result cannot be compared with experimental results on neither TiO;
n-sh_NaOH nor TiO;, n-sh_873K, where {001} surfaces are expected to be
hydroxylated or (1 x 4) reconstructed, respectively. Nevertheless, an
additional insight on the state of water on TiO, n-sh_873K in comparison
with TiO, bipy was obtained by NIR spectroscopy (Figure 34B). The
vasym+8(H20) band observed for TiO, bipy in equilibrium with 15 mbar H,0
(i.e. ~3 molecular layers of adsorbed water) is composed by a main

absorption at ~5180 cm™, and a shoulder at ~5300 cm™, this latter due to
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the H-bonding free OH pointing towards the exterior of the upmost water
layer.>”° This component accounts for ~3.7% of the overall integrated
intensity, but this value increases to ~8.5% for H,O on TiO, n-sh_873K. In
agreement with the microgravimetric data, this feature should be related to
a decrease of the amount of water molecules underneath the upmost layer,
i.e. a decreased number of H,O layers on TiO, n-sh_873K. Moreover, a
different networking among water molecules on the two samples can also

contribute to the relative change in intensity of the two sub-bands.

Information on the relative amount of water molecules left irreversibly
adsorbed at r.t. on the various samples and on their hydroxylation state
was provided by mid-IR spectroscopy. For direct comparison with
microgravimetric data, which concern H,O reversibly adsorbed at r.t., also
spectra of samples in contact with 15 mbar H,O were collected (Figure
35A). Relevant spectral feature are: i) a weak, sharp band at ~3700 cm™
due to the v(OH) of H-bonding free H,O molecules at the surface of the
upmost water layer (see above), ii) an intense and broad absorption spread
over the 3600-2800 cm™ range, due to the v(OH) of H-bonded water
molecules and surface hydroxyl groups, iii) the 8(H,0) signal of adsorbed
H,O molecules, with maximum at ~1635 cm™.%%*! In addition, also the
3(H,0) of water left adsorbed irreversibly by outgassing at r.t. is reported,
for the sake of comparison (dashed lines). For each sample, the integral of
the area between the full and dotted lines is proportional to the amount of
reversibly adsorbed H,O molecules. The relative values obtained (1.0/bipy,
0.7/n-sh, 0.9/n-sh_NaOH, 0.3/n-sh_873K) are in good agreement with
those provided by microgravimetry (1.0/bipy, 0.7/n-sh, 1.1/n-sh_NaOH,
0.4/n-sh_873K).
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Figure 34. (A) Water adsorption isotherms at 298 K obtained from microgravimetric
data. The samples have been previously outgassed at r.t. (B) Normalized NIR spectra of
the TiO, bipy (black) and TiO, n-sh_873 K (red) samples in contact with 15 mbar of H,0.

Thus, also the relative integrated intensity of the 5(H,O) signals obtained
for samples outgassed at r.t. (Figure 35B) should correspond to the relative

amount of H,O molecules left adsorbed in this condition, that was not
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possible to determine by microgravimetry. With respect to the pristine TiO,
n-sh, the removal of fluorides by NaOH washing resulted in an increased
capability of retaining water in the first hydration layer, becoming similar to
that of TiO, bipy. Moreover, the upshift in position of the 5(H,O) band
indicates that water molecules are experiencing a weaker coordinative
interaction with surface cationic sites.**** Conversely, the amount of water
molecules retained by the surface of TiO, n-sh calcined at 873 K appears
rather low. This well agrees with DFT calculations which suggested that, on
the reconstructed (001) surface in the terrace region, water is physisorbed
or not adsorbed at all.** Concerning the 3800-2700 cm™ v(OH) spectral
profile of samples outgassed at r.t., TiO, bipy exhibits the well-known
pattern made of a series of sharp bands at v> 3600 cm™ due to isolated
hydroxyl groups, a band at 3470 cm™ assigned to water molecules strongly
coordinated with Ti** sites on {101}, superimposed to the onset of a broad
absorption due to an extended network of hydrogen bonding between OH
groups and water molecules.*®*! This absorption becomes the dominant
component of the v(OH) profile of TiO; n-sh, at the expenses of signals due
to isolated hydroxyl groups. These signals are totally absent in the
spectrum of TiO, n-sh_NaOH, indicating that the treatment in basic solution
affected also the hydroxylation of {101} surfaces. Conversely, bands due
to isolated OH are the main feature of the v(OH) pattern of TiO, n-

sh_873K, characterized by an overall weak intensity.
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Figure 35. FT-IR spectra of the samples in contact with 15 mbar of H,O (A) and after
outgassing for 1 hour at r.t. (B). To facilitate the comparison, the spectra after
outgassing for 1 hour are also reported in part (A) as dashed curves in the H,0 bending
region.
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3.3.2. Interaction with CO

Finally, the Lewis acidity of surface Ti*' sites was probed by IR
spectroscopy of adsorbed CO.** This method requires the pre-outgassing
at high temperature, and then it was applied only to TiO; n-sh_873K, that
already experienced a thermal treatment, and to TiO, bipy, for the sake of
comparison. Surprisingly, the main feature of the spectrum of CO adsorbed
at ~100 K on TiO, n-sh_873K is the peak at ~2180 cm™ due to probe

%47 similar in position to the dominant peak

molecules on {101} surfaces,
of CO on TiO; bipy, whereas {001} surfaces seem to be silent (Figure 36A).
Details on the assignment of the other minor components are reported in
Table 13. By further decreasing the adsorption temperature down to ~60 K
(Figure 36B) the dominant spectral feature of CO on TiO, n-sh_873K
becomes a new band at ~2155 cm’, thus falling in a frequency range
expected for CO adsorbed on Ti** sites on (1x4) reconstructed (001)
surface as predicted by DFT calculations.”® This band is fully reversible
upon CO outgassing at 60 K, whereas the peak at ~2180 cm™ remains
almost unaffected (appearing reversible upon outgassing in the experiment
at 100 K). Moreover, the maximum moves from ~2155 to ~2160 cm™,
because of the fading away of adsorbate-adsorbate interactions, i.e.
approaching the singleton v(CO).*® The very limited upshift of the singleton
signal with respect to the stretching mode of CO in gas phase (2143 cm™)
indicates that Ti*" on such surfaces are rather weak as Lewis acid sites.
This agrees with the weakness of their interaction with CO, actually scarce

at a temperature as low as ~100 K.
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Figure 36. IR spectra of CO adsorbed on TiO, bipy (black) and TiO, n-sh_873 K (red) at
100 K (A) ad 60 K (B). In both cases the sample was put in equilibrium with 15 mbar of
CO at 100 K and then, for (B), the temperature was decreased to 60 K. The gray spectra
in part (B) refer to progressive CO outgassing at 60 K for sample TiO, n-sh_873 K.

Thus, calcination at 873 K of F templated TiO, n-sh with prevailing {001}
facets allows the complete removal of fluorides from both surface and bulk
without modifying the NPs morphology. However, the resulting {001}

surfaces are poorly hydroxylated and expose Ti** sites with a weaker Lewis
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acidity than those on {101} ones. This results in a weak interaction with
H,O molecules in forming the first hydration layer that, in turn, decreases
the capability to further adsorb water. These features agree with the
occurrence of a (1x4) reconstruction of {001} surfaces upon calcination, as

predicted by DFT calculations.>**

Conversely, it is possible to obtain TiO, n-sh with highly hydroxylated {001}
surfaces, as hydrophilic as the {101} ones, by washing pristine fluorinated
NPs with a NaOH solution. However, the nanoparticles remain doped with
F~ in their bulk, still affecting the electronic features, and their morphology

is not stable against possible subsequent calcination treatments.

Table 13. Assignment of the main IR spectral features of CO adsorbed on TiO, NPs
(Figure 36).>*

Band position
(cm™)

Assignment
2180-2178  2CO on {101} surfaces
2165-2163  2CO on {100} surfaces
2156-2155  2CO on {001} surfaces
2139-2138 Liquid-like CO

2127-2126  *CO on {101} surfaces
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3.3.3. Electron Paramagnetic Resonance of TiO,

nanosheets

Among the spectroscopic techniques, Electron Magnetic Resonance
techniques can be of fundamental in order to describe at a molecular level
the structure and the reactivity of paramagnetic species. Such species,
which shown the presence of an unpaired electron (at least), are frequently
present in some catalytic systems either as active species or catalytic
intermediates, often associated to transition-metal ions. The structure that
surrounds the active site of the catalyst has a great influence on the
activity, selectivity and specificity of the catalyst.”® If the paramagnetic
species are important within the catalytic cycle, EPR techniques can provide
a unique characterization of the geometric and electronic structure, the
interaction with the environment and the dynamical processes of the active

species.”!

Different EPR approaches can be used for the characterization of
heterogeneous catalysts, ranging from the study of model systems under
ultra-high vacuum conditions®® until real catalysts under operando

>33% or also catalysts under controlled conditions.>>>’ Some

conditions,
methodologies include thermal treatments in a controlled atmosphere,
solid-gas interface reactivity tests and the use of isotopic enrichment.
Moreover, controlled-conditions approaches allow the use of high resolution
pulse EPR techniques, which are able to resolve weak magnetic
interactions, which usually are not resolvable in conventional CW-EPR

experiments. In particular, ENDOR (Electron Nuclear Double Resonance)
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and ESEEM (Electron Spin Echo Envelope Modulation) techniques allow
detecting the nuclear magnetic resonance (NMR) transition frequencies of
those nuclei that are coupled to unpaired electrons, providing information
about the local structure of the chemical bond between the active site and

its ligands.>!

Concerning the chemistry of low valence states of titanium, an important
aspect concerns the photo-catalytic reactions that occur at the surface of
titanium dioxide (TiO;). The TiO, photocatalytic properties are based on the

light-induced charge separation.
TiO, + hv > ey + hvb+

Both charge carriers (if they do not recombine) can be trapped at surface
or bulk position of the solid. Holes are trapped by oxygen anions, while

electrons are trapped by cations forming Ti** ions.
0” + hp' > O
Ti"" + e > Ti®*

This process of charge separation causes the formation of two separated
paramagnetic species; both the trapped electron and the trapped hole are
observed by EPR.>® By means of CW-EPR the rationalization of the g
values of the EPR active species present in the titania crystals is possible.
Table 13 reports the g-tensor values of the main electron trapping sites for

the three natural TiO, polymorphs.
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Table 14. g-tensor values of the main electron trapping sites in titanium dioxide

polymorphs (from >*).
g Matrix
Polymorph Trapping site
g1 92 g3

Regular Lattice Site 1.992 1.992 1.962

Anatase

Surface sites (disordered environment) ga,=1.93
Regular Lattice Site 1.969 1.960 1.949
Rutile

Interstitial Lattice Site 1.9787 1.9750 1.9424
Bulk Lattice Site 1.989 1.989 1.960

Brookite
Surface sites 1.939 1.929 1.893

3.3.3.1. EPR measurements

X-band CW-EPR spectra were detected on a Bruker EMX spectrometer (MW
frequency ~9.75 GHz) equipped with a cylindrical cavity. A modulation
frequency of 100 kHz, a modulation amplitude of 0.2 mT and a microwave
power of 0.1 mW were used. Pulse EPR experiments were performed on an
ELEXYS 580 Bruker spectrometer operating at X-band (MW frequency 9.4
GHz), equipped with a liquid-helium cryostat from Oxford Inc. The
magnetic field was measured by means of a Bruker ERO35 M NMR gauss
meter. Electron-spin-echo (ESE) detected EPR spectra were recorded with

the Hahn echo sequence "/, 7 —m —t —echo. Microwave pulse lengths
tn, = 16 ns, t, = 32 ns, and a shot repetition rate of 0.5 kHz were used.
Two-pulses  electron-spin-echo  envelop  modulation  (2P-ESEEM)

experiments were carried out with the Hahn echo pulse sequence, in which

the m value was incremented in steps of 8 ns starting from 100 ns. The
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time traces of the 2P-ESEEM spectra were baseline corrected, apodized
with a Hamming window and zero filled; after two-dimensional Fourier

transformation, the absolute value spectra were calculated.

The quantification of the amount of EPR-active Ti** centers in the samples
was performed employing as a reference Ti** standard solutions obtained
dissolving the Ti(tmhd); complex in anhydrous toluene at five different
molar concentrations in the range 2 - 20 mM. The standard solutions were
prepared operating in glove-box. The EPR spectra of the standard frozen
solutions were recorded under the same experimental conditions used for
the samples (the microwave power was selected in order to avoid

saturation effects of both the standard and the samples).

3.3.3.2. EPR Characterization. Ti** in Anatase

Generated by Valence Induction

The alteration of the ionic charge caused by the presence of an aliovalent
element into an ionic lattice is a well-known phenomenon in solid-state
chemistry. In the case of titanium dioxide, the introduction of F ions in the
oxide matrix during the synthesis, leads to the formation of Ti** ions
revealed by characteristic EPR spectra®>*°. The concentration of F~ (hence
Ti**) in the solid can be tuned using different preparation methods. In
particular, in the present work high doping levels are achieved via a
hydrothermal synthesis leading to highly fluorinated, blue coloured, TiO,

platelets exposing {001} facets.
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After high vacuum treatments at 373 K (residual pressure <10 mbar) to
remove surface adsorbates, the as prepared F-TiO, samples display EPR
spectra (Figure 37a) characterized by a powder-like axial pattern with g, =
g = 1.962 and g« = gyy = g1 = 1.992, in line with typical F-doped TiO;
systems, although displaying unusually broad line widths, associated to
dipole-dipole broadening and indicating a large concentration of Ti®*
species. Quantitative evaluations indicate a Ti** concentration of the order
of 1.14 x 10 spin/g. In the case of F-TiO, prepared by wet chemistry
methods, it is crucial to discriminate between the possible formation of
both surface and bulk F~ dopants and the correlated Ti** surface and bulk
states. Clearly surface states will deeply affect the chemistry at the
solid/adsorbate interface, while bulk impurities will alter the electronic
structure of the solid, both situations impacting, in different ways, on the
chemical reactivity of the modified solid. The insertion of fluorine in the
TiO, matrix has been demonstrated to generate localized electrons in the
t,g orbitals of the cations without generating oxygen vacancies. On the
other hand, surface diamagnetic Fq,+TiO, centres have been identified by
the X-ray photoemission spectroscopy technique (XPS)*2. However, no
evidence of surface Ti** ions has been obtained so far for F doped TiO,

samples.

Reduced titanium species localized at the surface are characterized by
distinctive broad EPR spectra, which are best observed by means of
electron spin echo (ESE) detected EPR experiments™. The ESE-detected
EPR spectrum corresponds to the absorption of the conventional CW-EPR

spectrum and is more effective in detecting broad signals, which become

134



hardly observed in conventional CW-EPR experiments, which provide the

absorption derivative.
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Figure 37. X-band CW EPR spectra of different F-TiO, samples recorded at 77 K of a) F-
TiO, as prepared; b) NaOH washed; c) calcined. All samples were treated under high
vacuum at 373 K.

The ESE detected EPR spectrum is reported in Figure 38a and clearly shows
the presence of a broad absorption centered approximately at g=1.93. This
broad signal, undetectable in the conventional CW EPR experiment, has
been assigned to a collection of surface and subsurface reduced Ti**
centers whose heterogeneity derives from several factors including the
local coordination of the ion, the symmetry of the particular crystal face

hosting the reduced ion, and the presence of magnetically active nuclei
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located in the vicinity of the paramagnetic centers. In our case magnetically
active nuclei are associated to surface F ions, whose presence can be
revealed by means of Electron Spin Echo Envelope Modulation (ESEEM)
experiments. Two-pulse ESEEM (2P-ESEEM) spectra were then taken at
magnetic field settings corresponding to the maximum absorption of bulk
Ti** and of the broad resonance at g=1.93 (indicated by the arrows in
Figure 38a), respectively. The 2P-ESEEM measurements of '°F modulation
of the two different Ti** provide compelling evidence of the surface nature
of the broad species, which is characterized by a *F rich environment. The
2P-ESEEM patterns recorded at field positions corresponding to the two
different species are shown in Figure 38c,e respectively, whereas the
corresponding Fourier transform is shown in Figure 38d,f. Despite the low
echo intensity, the °F modulations are clearly visible, indicating a high
number of °F nuclei interacting with the Ti** centers. The same
experiment, performed at a magnetic field setting corresponding to the
narrow feature of the Ti** bulk species, does not show such modulations,

as already observed in the past.

Further evidence of the surface nature of the Ti** species is obtained by
performing the same experiment after washing the sample with a NaOH
solution (0.1 M). This treatment removes surface F ions oxidizing the
associated Ti** species to diamagnetic Ti** ions. As a result the spectral
intensity is decreased to approximately 25% of the initial value (inset in
Figure 37), with a strong depletion of the broad absorption feature (Figure
2b). Finally, calcination of the sample at high temperature leads to a strong
depletion of the Ti** centers, which are reduced to approximately 5% of

the initial value (inset in Figure 37) and diluted in the diamagnetic host
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matrix as reflected by the drastic decrease of the spectral line width. In
summary, combined CW and pulse EPR experiments indicate that before
illumination the F-TiO, sample exhibits both terminating surface Ti**
centers and bulk Ti** due to F-doping during the synthesis. To test the
photochemical reactivity towards electron and hole transfer experiments
were carried out under UV irradiation in vacuum and in the presence of O,

and H;, which act as electron and hole scavengers respectively.
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Figure 38. ESE-detected EPR spectra of F-TiO, as prepared (a) and NaOH washed (b).
2P-EESEEM spectra of F-TiO, as prepared, taken at OP1 (c) and OP2 (e) and their
corresponding Fourier transform (d,f). All of the spectra were recorded at T = 10 K.

Irradiation under vacuum with above band gap energies is expected to
generate paramagnetic charge separated states, which can be described in
chemical terms as Ti°* and O transient species. After 10 min of UV
illumination under vacuum at 77 K of the as prepared sample, we observe
the appearance of weak EPR signals at g > g and g values typical of
60-62

surface O~ species formed by hole trapping at surface 0> sites

Irradiation of the same sample under O, and H, atmosphere, leads to
137



similar results, indicating that the surface fluorinated sample with exposed
{001} facets displays a negligible photochemical reactivity. A different
situation is observed upon removal of the fluorinated surface by means of
NaOH washing. Under these circumstances UV irradiation under vacuum
induces minor changes in the original EPR spectrum associates to a new
signal at g=2.007 and a shoulder at g= 1.999. The first peak may be
ascribed to one of the spectral components of an oxygen based radical,
while the signal at g=2 is likely to be associated to electrons at oxygen
vacancies or so-called V,' centers. More interestingly, after irradiation
under H,, the EPR signals associated to localized hole centers completely
disappear, while the intensity of the Ti** signal increases of a factor of 3.
This result indicates that surface holes are formed, which react with H,

according to the following reactions as already observed by Diwald et al.®

The complementary experiment involving O, as an electron scavenger,
leads to the appearance of a new signal characterized by g, = 2.036 an g,
= 2.005, which is due to surface adsorbed superoxide ions, formed via a
direct surface to molecule electron transfer, according to the following

reaction:
Tigt face + 02 = Ti** + 05 (surface)

The intensity of the superoxide signal corresponds thus to the fraction of
surface reactive Ti°* species generated under irradiation. Quantitative
evaluation of the EPR spectra obtained upon irradiation under H, and O,
indicates that the fraction of chemically reactive surface hole centers

generated under irradiation is slightly higher (approximately 1.7 times) than
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that of the surface Ti** centers, suggesting a moderately higher oxidative

capacity of the sample.

Finally, we notice that the reactivity of the calcined samples is strongly
inhibited, and no significant spectral changes are observed upon UV

illumination under the above reported conditions.
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Figure 39. CW-EPR spectra of F-TiO; as prepared (a), NaOH washed (b) and calcined (c),

wr

recorded in dark upon 10 minutes irradiation in vacuum ('), in H, (") and in O, (). All of
the spectra were recorded at T = 77 K.
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3.4. Effect of fluorination on the photo-
electrochemical properties of nanosheets

TiO, electrodes

In order to evaluate the rate constant of recombination and transfer to
solution for electrons and holes generated upon illumination of the studied
TiO, nanoparticles, we carried out electrochemical measurements. For this
purpose, the method developed by Gomez®* was used. It is based on the
combination of voltammetric measurements (CV) in the dark and open
circuit photopotential (OCP) relaxation tests. In this way, it is possible to
obtain the density of charge carriers generated and their recombination
rate. In our specific case, the fluorination of the TiO, nanoparticles can
change the recombination rate of the photogenerated electrons and holes
and the carrier transfer to solution. The complete theory used by Gomez is
beyond the purpose of this thesis, where only the measurements and the

results obtained following this model are reported.

3.4.1. Preparation of TiO, films

TiO, electrodes were prepared following the procedure described below:

e Preparation of 5 mL of TiO, suspension 10 g L' and sonication for
30 min;

e Deposition of a thin TiO; film on a fluorine doped tin oxide (FTO)
glass using the doctor-blade technique and drying in air at room

temperature;
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e Dropping of the TiO, suspension over the first layer until the
generation of a thick film and drying in air at room temperature. In
this way all the UV irradiation was extinguished and it was possible
to weight the deposited sample, but only the first layers of the film
are effectively active in the photocatalytic process, decreasing the
yield of the reaction;

e The illuminated area of the electrodes is 4 cm™;

3.4.2. Apparatus and Test Conditions

The electrochemical measurements were performed using a standard
photo-electrochemical setup, composed of a computer-controlled
potentiostat, AUTOLAB PGSTAT12, and a fluorescent source with Amax =
365 nm (Philips PL-S 9W BLB, integrated irradiance = 20 W m™). The
electrochemical cell was a conventional three-electrode cell with a 1 mm
thick fused silica window. The counter and reference electrodes were a
Glassy Carbon and a Ag/AgCI/KCI (3M) electrode, respectively. Both CV and
OCP measurements were carried out under a N, atmosphere (flux 100 mL
min™); also the solution (KNOs 0.1 M as electrolyte) was purged with N, for
20 min before each measurement in order to eliminate the residual O;
present in the solution, to obtain the recombination rate of the
photogenerated carriers. The experiments are carried out at unadjusted pH

(i.e. without any correction) and at pH 3.5.
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3.4.3. Results

Figure 40 shows the OCP measurements of the three considered materials

at unadjusted pH.
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Figure 40. Open Circuit Potential (OCP) of the three considered materials under N,
atmosphere and an UV illumination (365 nm) of 20 W m2. Unadjusted pH.

The OCP measurements carried out under a N, atmosphere can be used to
evaluated the effect of fluorides on the charge carriers recombination in the
semiconductor and on the ability of the materials to accumulate electrons.
Indeed, the potential obtained under irradiation, is an equilibrium between

electrons accumulation (hole are transferred to the solution with faster
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timescales) and recombination.®® If the rate of the recombination process is
lower than the electrons accumulation rate, the result is a net storage of
electrons that pushes the photo-potential towards more negative values.
In order to evaluate the effect of the fluorides, the comparison between the
materials n-sh and n-sh_NaOH was carried out. Figure 40 highlights that
decreasing the presence of fluorides lowers the photo-potential (AV= Vjignt-
Vaark). This means that fluorides stabilize the photogenerated electrons
that, consequently, are less reducing. As a consequence the fluorides slow
down the recombination rate of the carriers when the irradiation is turned
off (lower recovery rate of the potential). This phenomenon was already

observed®*®

and it is relevant on the photocatalytic activity of fluorinated
materials as we will see later in the chapter dedicated to the photocatalysis.
Figure 40 reports also the OCP of the material n-sh_873K, the photo-
potential obtained for this material is higher than for the fluorinated

materials, and with an apparent increased recombination rate.

In order to quantify the charge carrier recombination and the density of
photo-generated carriers, the method developed by Gomez® was used,
based on the combination of CV in the dark and the rates of OCP rise and

decay.
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Figure 41. CV carried out on the three materials under a N, atmosphere. Unadjusted pH
In Figure 41 the CVs carried out on the three materials under a N;
atmosphere are shown. The relevant information is given by the cathodic

branch, in particular between Vgark and Viign: Obtained in the OCP test.

The integration of the cathodic branch voltammogram gives the charge
accumulated in the electrode in a defined AV or, equivalently, the electron

density as a function of the applied potential.
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Integrating from Vgark to Vignt, it is possible to calculate the density (cm™)
of photoelectrons produced under illumination. Whereupon it is possible to
monitor the decay of the carriers’ density integrating gradually a lower area
in the CV, following the return of the Vign: to more positive potential. The
integration process is well described in Figure 43 for the material n-
sh_873K.

From the decay curve of the photogenerated carriers density it is possible
to calculate a recombination rate constant for the materials considered.
Table 15 reports the photogenerated carriers density (npn) at steady-state
irradiation and the photogenerated carriers density at the same potential (-
0.5 V), the recombination rate constant calculated taking into account the
linear decay trend of the process in the OCP measurements and the photo-
potential induced by an irradiation of 20 W m™ under a N, atmosphere at

unadjusted pH.

Table 15. Resume of the results obtained applying the Gomez model to the material n-
sh, n-sh_NaOH and n-sh_873K at unadjusted pH.

) 3 nphat-0.5Vv N
Material nNph (cM™) 3 Kk, AV (mV)
(cm™)
n-sh 8.56%10 8.11*10% 2.7%107 525
n-sh_NaOH 6.59*10% 6.24*10 6.5%1073 581
n-sh_873K  8.45%10'° 5.82*10% 2.4%107? 694

*k, is calculated using data from n,, max to 4.0¥10'® cm?
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In Figure 44 are shown the trends of the charge carriers density decay and
the trends of the k; vs nyh (inset). As already seen in Table 15 the charge
carrier density generated is near the same for the fluorinated material and
the calcined one, slightly lower for the n-sh_NaOH. However, the
recombination rate is very low for the material n-sh comparing to the
others, due to the higher presence of fluorides. The ratio between the kr of
the materials n-sh and n-sh_NaOH is near 1 in the early stages of the
process, to become about 2.5 after some seconds. The material n-sh_873K

presents always a very high recombination rate, near 10 time than n-sh.
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Figure 44. Charge carriers density decay vs time and trends of the k. vs ny, (inset) at
unadjusted pH.

Figure 44 highlights the higher recombination rate of the material n-
sh_NaOH compared with n-sh that, in effect, presents higher charge carrier
density. The material n-sh_873K has the highest recombination, but also a

high charge carriers density.
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The OCP and CV tests were carried out also in acidic condition, pH 3.5 with
HCIO4. The same model previously used was applied in order to quantify
the charge carriers density and their recombination rate. The results are

shown in Figure 45 and Table 16.
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Figure 45. Open Circuit Potential (OCP) of the three considered materials under N,
atmosphere and an UV illumination (365 nm) of 20 W m™. pH 3.5.

Table 16. Resume of the results obtained applying the Gomez model to the material n-
sh, n-sh_NaOH and n-sh_873K at pH 3.5.

) 3 nphat -0.4 v N
Material Nph (cM™) 3 k. AV (mV)
(cm™)
n-sh 1.49%10"/ 1.44*10% 5.6%107 420
n-sh_ NaOH  5.18*10%° 4.87%10% 1.1%107? 478
n-sh_873K  1.19*%10Y 1.06%10 1.0%107 606

*xk, is calculated using data from n,, max to 4.0¥10'° cm™
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Figure 46. CV carried out on the three materials under a N, atmosphere. pH 3.5

The results reported in Table 16 highlight that at acidic pH the materials n-
sh and n-sh_NaOH increase their average recombination rate constant (Kr),
Krp3.5/Krunadjusted p 2.1 @nd 1.7 respectively. The material n-sh_NaOH starts
its recombination very slowly, however it increases its rate in few seconds
after the turn off of the UV irradiation. Curiously, the calcined material
greatly decrease its recombination rate, with a final ratio Krpus.s/Krunadjusted
pi Of 0.4. This reduction of the recombination rate can be responsible of its
great increase of the photocatalytic activity at acidic pH (see following
chapter). Figure 47 shows the charge carriers density decay with time and

the trends of the Kr vs np, at acidic pH.
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Figure 47. Charge carriers density decay vs time and trends of the k. vs n,, (inset) at pH
3.5,

In conclusion, from the electrochemical measurements carried out on TiO,
electrodes produced starting from the three different nanosheets, it was
possible evaluate the effect of the fluorides on the recombination kinetics
of the photogenerated carriers. As expected, the general effect of the
fluorides is a reduction of the recombination rate of the carriers due to the
stabilizing effect on CB electrons. In the case of the material n-sh_873K at
circumneutral natural pH the charge carriers recombination is very high due
to a surface passivation. However, acidic conditions (pH 3.5) are able to
modify the surface properties (surface charge) of the material decreasing
the recombination rate and largely increasing its photocatalytic activity (see
next chapter). Obviously, during the photocatalytic tests other factors

intervene in the mechanism that can modify the results obtained in the
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electrochemical tests. Indeed, the presence of different kinds of electron

and hole scavengers greatly influences the material’s photo-activity.

3.5. ¢ Potential and PZC

The measurement of the C potential of the four studied colloids (n-sh, n-
sh_NaOH, n-sh_873K, bipy) was carried out with a Zetasizer Nano—ZS
(Malvern Instruments, Worcestershire, U.K.) in order to evaluate the
changes in the surface charge at different pHs, and the role of the fluorides
at the surface. The behavior of the C potential as a function of pH was
reported in Figure 48. Some differences are apparent. This measure gives

also the pH of zero charge (point of zero charge, pzc) of the materials.
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Figure 48. { potential values as a function of pH for the four selected materials.
Conditions: TiO, concentration 0.01 g dm™, electrolyte NaCl 0.1 M, pH adjusted with
NaOH 0.1 M or HCI 0.1 M.

From the analysis of the C potential — pH profiles of the samples reported in

Figure 48, it is possible to see that all the samples have their ¢ potentials in
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the range of £ 50 mV, with pH values from 3 to 11. At extreme pH values
the C potentials are all similar, so in such conditions all the materials have
near the same surface charge. Moreover, it should be remembered that at
basic and acidic pH, ions exchange on the surface take place. A saturative
behavior of C potential, at around —50 mV, was observed only in basic
solution at pH higher than 9. Conversely, on acidic solutions the saturation
was not obtained in the range of pH explored. The presence of the
fluorides in the sample n-sh has a significant impact on the surface charge
of the material at extreme pHs. The differences in the { potential between
the nanosheets systems disappear at pH > 9. However, at lower pH values,
in particular for pHs near the neutrality the differences are marked.
Consequently, the PZC of the four considered materials (Table 17) obtained
from the results shown in Figure 48 have a significant difference. As
expected, the presence of a certain amount of fluorides at the surface of
the nanosheets decrease the PZC of the material. The treatments carried
out in order to remove the fluorides increase the PZC, to 6.2 with the
calcination at 873K and until 6.6 washing with NaOH 0.1 M. In particular,
the higher value obtained for the calcined nanoparticles can be ascribed to
a real modification of the surface characteristics, i.e. a reconstruction of the
(001) surface.

Table 17. PZC of the selected materials

Material PZC, pH
n-sh 6.0
n-sh_NaOH 6.6
n-sh_873K 6.2
bipy 7.0
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Chapter 4

4.1. Photocatalytic Activity

Correct comparison of photocatalytic activity should be carried out
measuring quantum vyields for a given substrate in given conditions.
Measurement of quantum yields (QY) is very difficult due to scattering.
Besides this problem, fluid dynamic of the photoreactors used influences
mass transfer and the wavelength of radiation influences the fraction of
light absorbed or scattered, as well as QY. It is fundamental to choose
correct set of experimental conditions to correctly define and measure

photocatalytic activity.

4.2.Gas/Solid Photocatalysis

4.2.1. Gas/Solid Photoreactor

For gas/solid experiments different reactors could be envisaged, like
. Batch reactors
. Flow-through reactors:

1. CSTR (Continuous Stirred-Tank Reactor)

2. PFR (Plug Flow Reactor),

The basic equations governing these reactors and the rate expression for
them are here presented. Batch reactors have the drawback that minimal

leaks or adsorption phenomena on the reactor walls make difficult the



measure. Steady state flow-through reactors are not plagued by this
problem thanks to the continuous flow of substrate. Experiments shows
that a CSTR configuration presents a number of advantages for practical
use, as any volume, any shape of catalyst, and any flow of gas into the
reactor can be used. A CSTR configuration can be used in a turbulent fluid-
dynamic regime, so is superior to the PFR as it is less dominated by
resistance to mass transfer and, consequently, gives an evaluation of the
photocatalytic rate more close to the intrinsic one of the material tested.
For these reasons we have chosen a CSTR photo-reactor for our

photocatalytic tests?.

PER Photocatalyst

Figure 49. Models for a CSTR and a PFR reactor®

A CSTR reactor is normally operated:

1. Purging it with air (or some other diluent gas if needed) without the
pollutant under examination (NO, NO,, VOC etc.). This stage is required
to clean the reactor form previous runs. At the end of this stage the

pollutant concentration in the reactor is null.
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2.

3.

The subsequent filling with the pollutants at the proper concentration Cy
in the diluent gas under dark. From the mass balance per unit time

inside the reactor.

d
Vi acdark (t) = F(CO - Cdark(t))

where Cgak is the concentration measured at the output after
exponential dilution inside the reactor. The straightforward solution

under the initial condition that Cyark(0)=0 gives

Caarc(®) = G [1 ~ exp (~ 12|

R

from which it is evident that the equilibration time depends on the flow
F and the reactor volume Vk. As larger is the reactor volume, the used
flow must be larger, to avoid excessive equilibration times. From this it
is evident the difficulty (and costs) to work with excessive Vg, although
somehow they are unavoidable, as for performance assessment of bulky

devices®.

After stages (1) and (2) for a CSTR, two ways of operation are then
possible: (a) batch experiments; (b) flow-through operation. The time
evolution of the concentration inside the reactor under ways of
operation (1) and (2) after filling and light on is reported below and

exemplified in Figure 50
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Light ON

Flow-through Co - Cout
operation Co

reactor filling

Figure 50. Time evolution of the concentration inside the reactor after filling and light
on: flow-throw operation (green) and batch operation (yellow)*

4. The input flow is maintained, and light powered on. The output
concentration of pollutant Cyy is measured as a function of time. If the
amount of pollutant consumed by the photocatalytic reaction (or other
possible thermal and photolytic reactions) is constant over time, a
steady state is reached at which Co is constant’.

5. Keeping the light on, step-by-step the fan speed is decreased,
continuously monitoring the pollutant concentration (Figure 51). Finally
for each pollutant concentration, a fan speed is associated. A plot of the
inverse of the Pollutant Degradation Rate vs the inverse of the Fan
Speed (Figure 52) allow us to linearly extrapolate the degradation rate
at fan infinite speed, deleting limitations due to mass transfer at the
gas/solid limit layer, because for the fan speed that tends to infinity the

limit layer tends to be null.
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Figure 51. Example of a test using NO as substrate, note the decrease of the NO
degradation decreasing the fan flow from 5000 to 1000 rpm.
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Figure 52. LEFT: A plot of the Pollutant Degradation Rate vs the Fan Speed; RIGHT:
linearization of the NO degradation rate in order to extrapolate the rate at infinite fan
speed, where the thickness of the limit layer is null.

The photocatalytic tests were carried out using a purposely designed
reactor,? equipped with NO, NO,, CO and VOC sensors (PID). The internal
volume of the reactor is 15 ml, so a short time (10-30 s) is necessary for
the stationary state. The humidity and temperature inside the reactor are
continuously monitored, as well as the irradiation. The reaction gas mixture
at proper concentrations was prepared using a Entech dynamic diluter

model 4460. Total flux 0.5 |/min. The gas mixture enters the reaction
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chamber where a turbine, made with UV-transparent polymer, keeps it in
turbulent motion. The possibility to rotate the turbine at controlled speeds
allows to reduce the diffusion limit layer above the catalytic surface, as
previously described in the model. The key points of this photoreactor are
the strong versatility and maneuverability due to its small size, that allow

also a great measurement speed.
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Figure 53. UP: Photoreactor scheme. BOTTOM: Photocatalytic reactor used for the gas-
solid photocatalytic test (LEFT) (For a full description see Ref.2) and UV spectra
emission centered at 365 nm of the photoreactor (right).
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4.2.2. TiO, Films

TiO2 films are prepared depositing a concentrated (10 g L™) suspension of

the materials on a round glass support following the here reported

procedure:

1.
2.

Repeated wash of the glass support with water;

Preparation and sonication (1 hour) of a suspension of TiO, 10 g L™
in water;

Drip of 300 pL of the suspension on the support and spread using
the doctor-blade technique in order to produce a thin film that
adheres well at the surface of the support;

Drying of the film at environmental temperature;

5. Drip of the suspension until a complete coverage of the support

The choice to use thick films is due to the
need to issue independence of the measure
by the amount of deposited material, in
fact thick films completely absorbs the
incident radiation (checked by UV-Vis
absorption spectra). So, a comparison

between the materials without influences

surface and drying at environmental temperature;
Repetition the last operation until an homogenous thick film is

observed after the drying.

by different film thickness or by small Figure 54. Example of the TiO,

film used for the gas-solid

losses of material during the experiments photodegradation experiments.
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it's possible. In Figure 54 is reported an example of the final film

obtained following the described procedure.

4.2.3. NO photodegradation Background

Nitrogen oxides (NOx, which refers to NO and NO,) are among the most
harmful atmospheric pollutant gases. They are emitted by combustions, like
for example in coal plants and automobile engines. Moreover, they
contribute to several other pollution problems like acid rains, nitrogen
pollution in water, smog and greenhouse effect®®. They also have a
relevant impact on the human health, causing diseases such as
emphysema and bronchitis, but also aggravating existing heart disorders®.
There is, therefore, a great interest in reducing the concentration of NOx

especially in urban areas’.

The photocatalytic degradation of these pollutants is a valid method for the
abatement of NOx level in the atmosphere. Various studies have been
carried out on the exploitation of TiO, as photocatalyst for the degradation
of NOx, in particular on the abatement of NO, the major emission product
of combustion®. Several investigation have shown that N,O is the major
product of the photodecomposition of NO on rutile®° through a reductive
pathway whereas the presence of nitrate NOs;~ and nitrite NO,™ has been
reported as major degradation products on the anatase phase, via an

oxidative process!!?,

In presence of water, NO seems to be
photocatalytically oxidized to nitric acid’. In Figure 55 is reported the
degradation pathway under UV irradiation of nitric oxide proposed by

Freitag et al. in 2015’.
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Figure 55. Scheme of the proposed degradation pathway of NO on TiO, under UV
irradiation. From Freitag et al.”

In the proposed scheme the NO could be oxidized both by a direct hole
transfer and an OH radical attack to generate NO,, HNO;, and HNO:s.

NO degradation mechanism under visible light was also described by

13-15

several works, using doped TiO; or coupling TiO, nanoparticles with

noble metals'®, oxide!” and other nanostructure'®. Nakamura et al.'®
attribute the photocatalytic activity of pure TiO, nanomaterials to the
presence of oxygen vacancies in a plasma-treated material, able to
generate infra band gap states that allow a visible light activity. This
conclusion confirm the importance of the material synthesis because the
presence of defects could affects the final photo-activity. In their work in
2015, Freitag et al.” obtained good photoactivity against NO under visible
light (Amax = 455 nm) using three commercial materials (P25 Evonik, UV100
Hombikat and a rutile sample by Alfa Aesar). They attributed these

photoactivity to the occurrence of a charge transfer (CT) mechanism due to
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the generation of a TiO, - NO complex. The pathway include the formation

of a nitrosonium ion (NO™) which reacting with water gives nitrous acid.

4.2.4. Results

The photocatalytic tests using NO as substrate were carried out on the four
selected materials (n-sh, n-sh_NaOH, n-sh_873K and bipy) in order to
investigate both the effect of the progressive defluorination of the
nanosheets on the photoactivity and the effect of the shape of anatase

nanoparticles (comparing nanosheets and bipyramids).

It has been decided to investigate the materials’ photoactivity under four
different irradiance and four different initial NO concentration, in order to
monitor the effect on the activity of these two parameters. Indeed, the
irradiance increment could lead to recombination phenomena, reducing the
NO degradation rate until a plateau. Nevertheless, high concentration of
NO could lead to a fast saturation of the active sites of the films,
decreasing the resulting photocatalytic activity. To avoid the deactivation
due the byproducts, each analysis was followed by a cleaning step: 30 min
at 50 W m™ (365 nm) under a flux of 0.5 L of pure air (79% N, and 21%
0,).

Table 18 reports all the experiments conditions and results of the NO
photo-degradation using the four selected materials. The temperature is
constantly monitored and maintained at ~298 K, while the relative humidity
at ~50%.
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Table 18. Experiments conditions and results of the NO photo-degradation

Material NO Concentration, Irradiance, NO Degradation Rate,
ppmv W m> mg min* m™

1.10 + 0.02 10 0.148 + 0.006

1.10 £ 0.02 22 0.183 + 0.001

1.10 + 0.02 48 0.245 + 0.001

n-sh 1.10 + 0.02 82 0.297 + 0.009
0.55 + 0.01 22 0.142 + 0.001

2.15 + 0.01 22 0.270 + 0.006

4,20 + 0.02 22 0.331 £ 0.005

1.10 £ 0.02 10 0.182 £ 0.019

1.10 £ 0.02 22 0.205 + 0.008

1.10 £ 0.02 48 0.277 + 0.001

n-sh_NaOH 1.10 + 0.02 82 0.315 + 0.003
0.55 + 0.01 22 0.146 % 0.007

2.15 + 0.01 22 0.298 + 0.012

4,20 + 0.02 22 0.345 % 0.012

1.10 + 0.02 10 0.097 % 0.007

1.10 + 0.02 22 0.124 + 0.005

1.10 + 0.02 48 0.159 + 0.000

n-sh_873K 1.10 + 0.02 82 0.178 £ 0.001
0.55 + 0.01 22 0.102 + 0.003

2.15 + 0.01 22 0.181 + 0.011

4,20 + 0.02 22 0.216 + 0.001

1.10 £ 0.02 10 0.271 + 0.013

1.10 £ 0.02 22 0.312 + 0.011

1.10 £ 0.02 48 0.411 % 0.009

bipy 1.10 £ 0.02 82 0.462 + 0.025
0.55 + 0.01 22 0.165 + 0.014

2.15 + 0.01 22 0.372 + 0.001

4,20 + 0.02 22 0.438 + 0.027
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Figure 56. Dependence of the NO degradation rate from the NO initial concentration
(ppmv) for the four considered materials
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Figure 56 and Figure 57 reports the trends of the NO photodegradation
rate using different initial NO concentration (respectively 0.5, 1 and 2
ppmv) and irradiance intensity (respectively 10, 22 and 48 W m™). Figure
56 shows the common saturation-type kinetics, highlighting that at low NO
initial concentration the differences between the materials are no
significant, but increasing the NO initial concentration the differences
become evident: the bipyramids shows the higher activity at these
concentrations, whereas the nanosheets present a different photocatalytic
activity depending on the treatment they have undergone, if the fluorides
are removed only from the surface of the nanoparticles (n-sh_NaOH) an
increase of the activity is obtained, conversely the calcination at 873K (n-
sh_873K) largely decrease the activity against NO of the nanosheets.
Similar trends are obtained using different irradiance (Figure 57), also in
this case the bipyramidal nanoparticles shown the higher photoactivity. The
nanosheets calcination drastically reduces the photoactivity, whereas the

treatment with NaOH slightly increase the NO degradation.

Influence of Shape

In order to investigate the impact of the TiO, surface properties on the NO
photocatalytic activity, features bare TiO, nanoparticles mainly terminated
by {101} (TiO, bipy) or (1x4) reconstructed {001} surfaces (TiO, n-
sh_873K) must be compared, freeing of the influence of fluorides. As it is
possible to see in Figure 56 and Figure 57, the bipy sample is always more
active than the calcined nanosheets. This behavior is probably due to the
low concentration hydroxyl group at the surface of the material n-sh_873K
that limits its hydrophilicity and its surface reactivity. Indeed, as seen in

paragraph 3.3, the heating treatment reduces the affinity of nanosheets to
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water, this dramatically decreases the reactivity of the TiO, (see EPR
paragraph). Therefore, since one of the main NO degradation mechanism is
the reaction with OH radicals, hydrophilicity can have a high impact on the
photocatalytic degradation of NO on TiO,. Moreover, the low hydrophilicity
of the material n-sh_873K decrease the presence of H,O molecules that
can react directly with the nitrosonium ion to generate nitrous acid as

described in Figure 55.
Influence of Fluorides

The influence of the fluorides on the NO photocatalytic degradation was
carried out comparing the fluorinated and washed with NaOH nanosheets.
Fluorides have an high impact on the surface characteristics (Chapter 3)
and the photocatalytic activity of TiO, nanoparticles (Chapter 1). In our
photocatalytic tests, de-fluorinated nanoparticles have a slightly higher
activity against NO in all the conditions. The results can explained again
referring to the different affinity with water of the nanoparticles due to the
presence (or not) of fluorides at the surface of the material, always in the
context of OH radical production mechanism. On the other hand, however,
fluorination can improve the OH radical production due the lower
recombination rate (see photo-electrochemical measurements). These two
contrasting mechanism are responsible of the slight difference on the NO

degradation rates obtained.
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4.3. Liquid/Solid Photocatalysis

4.3.1. Liquid/Solid Photoreactor

The liquid/solid photocatalytic activity was evaluated by means of a
purposely designed reactor using different substrates, in order to evaluate
the influence of the shape and of the fluorides on the different
photodegradation mechanisms. Figure 58 shows the photo-reactor setup

during a test.

Figure 58. Home-built photoreactor used for the liquid/solid photocatalytic tests.

The freshly prepared TiO, suspension (sonicated 30 min and then added
with the substrate) was poured in the vessel (50 ml) under stirring. A

peristaltic pump (flux 40 ml/min) recirculates the suspension between the
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vessel and channel photoreactor. Channel photoreactor consists in two
removable polyoxymethylene (POM) covers in which two UV transparent
glasses are inserted. The distance between the two glasses can be changed
with a PMMA spacer. The suspension flows between the two glasses and is
irradiated with a light source perpendicularly to the flow direction. A

simplified scheme of the photoreactor is reported in Figure 59.

UV LED
365 nm

Channel
. Photoreactor

Peristaltic
Pump

Vessel

Figure 59. Scheme of the photo-reactor used for the liquid-solid photocatalytic tests

The uniformity offlow inside the photoreactor channel is assured by a flow
distribution system composed by the saw tooth profile of the spacer (Figure

60a) and the flux splitters made directly on the POM structure(Figure 60b).
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Figure 60. Particulars of the reactor’s internal: a) saw tooth profile of the spacer; b) flux
splitters engraved on the POM structure

The advantage of this setup is the possibility, using an external vessel, to
monitor constantly the suspension for example using an electrode and/or
to carried out experiments in a controlled atmosphere, sparging directly the

gas in the suspension during the test.

The design of the photoreactor allows also the monitoring of the incident
and transmitted radiation.
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4.3.2. Phenol Photodegradation

The photocatalytic activity of TiO, was evaluated by irradiating the anatase
bipyramids and nano-sheets suspensions (loading 100 mg I) in the
previously described photoreactor, using a fluorescent source with Anax =
365 nm (Philips PL-S 9W BLB, integrated irradiance = 10 W m™). Substrate
absorption at this wavelength is negligible. Photocatalytic activity was
measured as the initial rate of phenol photo-transformation, by fitting
disappearance curves to an exponential decay. Incident radiant power was
measured in the range 290-400 nm with an Oceans Optics USB2000
spectrophotometer equipped with a cosine corrected optical fiber probe,
spectroradiometrically calibrated with a NIST traceable DH-2000 CAL UV-
Vis source (Ocean Optics). The initial concentration of phenol is 0.1 mM.
Time profiles of phenol decay where obtained as average of three
irradiation runs. Measurements at two different pH were carried out, at the
natural pH of the nanoparticles (i.e. without any addiction) and at pH 3.5

for HCIO4. Reactor’s spacer 2 mm.

HPLC determination of phenol has been carried out with an Agilent
Technologies HPLC chromatograph 1200 Series equipped with a diode
array detector, binary gradient high-pressure pump and an automatic
sampler. Isocratic elution was carried out with a mixture of 15/85
acetonitrile/formic acid aqueous solution (0.05 % w/v), flow rate 0.5 ml
min™, injection volume 20 pl. The column used was a Kinetex C18 150-2
(150 mm length, 2 mm 1.D., 2.6 um core-shell particles, Phenomenex). The

detection was carried out at 220 nm.
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4.3.2.1. Results

The phenol photo-degradation in the presence of fluorinated and pristine
TiO, nanoparticles was of the most studied system.?*?! The photocatalytic
degradation of phenol is enhanced on fluorinated TiO,. Taking into account
the high reactivity of phenol with OH* and the electrochemical properties of

the F/F" couple this effect was attributed to:**

e Elimination of the surface hole deep traps associated to the terminal Ti—
OH groups (ca. 1.5 V vs NHE potential on the electrochemical scale).*
The terminal hydroxy groups act as surface recombination centers. The
substitution of Ti—-OH with Ti—F should slow down the recombination
rate, as seen in the photo-electrochemical characterization;

e Enhancement of production of free OH® on TiO,—F surfaces;

The phenol disappearance profiles at the two different pH for the selected
materials are shown in Figure 61. The phenol disappearance profiles follow
a pseudo first order kinetic for the bipyramids, meanwhile the low rates
obtained in some tests for the nanosheets can be described with a pseudo-

zero order kinetic.
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Figure 61. Phenol disappearance profiles at the two different pH for the selected
materials: a) bipy; b) n-sh; c) n-sh_NaOH; d) n-sh_873K.

Table 19. Initial disappearance rates of phenol for the considered materials

Unadjusted pH pH 3.5
. Rate Rate
Material Rate, mM min ! Rate, mM min™! !
mM min*m mM min?*m
bipy (1.28+0.06)x10”*  (5.62+0.28)x10” = (2.51#0.13)x10* = (1.17+0.06)x10°
n-sh (7.94+0.40)x10°  (2.88+0.14)x10” = (1.02+0.05)x10*  (3.83+0.19)x10"

n-sh_NaOH (1.17:0.06)x10" = (4.0840.20)x10* = (1.14#0.06)x10"  (4.02+0.20)x10™

n-sh_873K  (2.040.10)x10° = (1.13£0.06)x10* = (1.1940.06)x10”  (6.87%0.34)x10™
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Figure 62. Initial phenol photodegradation rates, normalized by specific surface area of
the samples of nanoparticles, obtained at two different pH for the four studied
materials.

Table 19 and Figure 62 summarize the initial disappearance rates of phenol

over the four catalysts in the two pHs conditions adopted.

Influence of shape

To investigate the impact of the differences in surface features between
bare TiO, nanoparticles mainly terminated by {101} or (1x4) reconstructed
{001} surfaces, TiO; bipy and TiO, n sh_873K must be compared, freeing
of the influence of fluorides. The mechanism of phenol degradation has
been widely studied demonstrating that for pure TiO, under UV irradiation
"OH radicals are the primary active species,® but the mechanism include

also direct hole transfer to the substrate?®?l. Recent studies highlighted the
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crucial role of both hydroxyls and adsorbed water in stabilizing the surface
hole centers.’® Moreover, also the amount of water adsorbed at the
photocatalyst surface was found to strongly influence the efficiency of the
phenol degradation process.” Thus, hydroxylation and surface affinity
towards H,O molecules are expected to have both a relevant influence on
this process. Figure 61 and Figure 62 show respectively the phenol
photodegradation curves and the related initial degradation rates,
normalized by specific surface area of the samples of nanoparticles.
Considering the degradation carried out at unadjusted pH, i.e. without any
other addiction), the effectiveness of TiO, n sh_873K (Panel D in Figure 61)
in the phenol photodegradation is very limited, whereas TiO, bipy (Panel A
in Figure 61) appears significantly more active (ca. 6% and 23% of
CeHsOH, respectively, after 180 min irradiation). Noteworthy, TiO, bipy has
an initial degradation rate ca. 5 times higher than TiO, n sh_873 K. Thus,
the collection of data on surface features of these two types of
nanoparticles carried out in the previous chapter, allows to state that low
hydrophilicity, poor hydroxylation, and weak Lewis acidity of Ti sites
exhibited by reconstructed {001} surfaces affect negatively at unadjusted
pH the photocatalytic performance of bare TiO, nano sheet particles in the
tested reaction with respect to the TiO, bipy ones, mainly exposing {101}

facets.

Interestingly, the pH has a high impact on the photocatalytic performances
of the two materials, mostly for the n-sh_873K TiO, nanoparticles. This
material seems to have a sort of superficial “passivation”, probably due to
the surface reconstruction and reduced surface stress that can decrease

the surface activity.?®*° Acidic pH increase the phenol photodegradation
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rates both for bipyramidal nanoparticles and nanosheets, but the ratio
Mipy/Tn-sh_s73k decreases from 5 to 1.7. The behavior can be partially
explained with the different  potentials at these two different pH. Indeed,
at the unadjusted pH (that is a little bit more acid that the neutrality in our
tests conditions) the surface of the two materials is charged in the opposite
way, negatively for the calcined nanosheets and positively for the bipy. At
acidic conditions (pH 3.5) instead, the C potentials of the two materials are
similar, so we have in this case a reduction of the rate ratio. Moreover, as
seen in the electrochemical paragraph, the change of the pH induces the
surface activation of the material (previously passivated), decreasing its

recombination rate.
Influence of fluorides

The influence of the fluorides on the phenol photocatalytic degradation was
carried out comparing the other two selected materials, i.e. n-sh and n-
sh_NaOH. As we have seen in the previous chapter, the basic treatment of
the nanosheets exchange the fluorides of the surface with OH groups, this
enrichment induce a higher hydrophilicity of the surface due to the higher
hydroxylation. This higher affinity to water results in a higher
photodegradation rate for the nanoparticles treated with NaOH. The pH has
not high influence on the degradation; indeed the experiments performed
at pH 3.5 do not affect the activity of the n-sh_NaOH (see Figure 61 and
Figure 62) and slightly increase the performance of the fluorinated
material. The ratio rnsn naon/n-sh decreases from 1.40 to 1.05, i.e. the two

materials in acidic conditions have near the same performances.
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These results are different from some of those reported in literature,?*2®

where fluorides seem increase the photocatalytic degradation of phenol due
to the higher production of OH radicals at the surface of the nanoparticles
(lower recombination rate) and because they inhibit the adsorption of
species that are able to back react with e ¢g, increasing the recombination.
These differences can explained with the higher hydrophilicity induced by
the fluorides removal that contrasts the lower recombination rate of the
fluorinated material.>® Moreover, the fluorination reduce the direct hole
transfer (DHT) mechanism that can occur on the TiO; surface during the
phenol degradation. The entire photocatalytic process is resumed in Figure
63.

H,0, O2 HO; on

Figure 63. Schematic description of the photocatalytic phenol degradation process onto
pristine (up) and fluorinated (down) TiO,. The main mechanism (at unadjusted pH) for
these studied materials is the photo-oxidation of water to produce OH radical.
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It must be noted that at unadjusted pH, the photocatalytic trends shown in
Figure 61 and Figure 62 follow the same order of hydrophilicity presented
in Figure 34, however the change of the pH can modify this trend inducing
an high increase of the photocatalytic activity of the de-fluorinated
materials. The fluorination therefore mitigates the effect of the pH on the

phenol degradation rate for the studied systems.

4.3.3. Melamine Photodegradation

Melamine photodegradation was evaluated using the same apparatus
previously described for the phenol photodegradation. However, some

conditions are different:

e Suspension: 500 mg I'};
e Integrate irradiance: 20 W m’;

e Reactor’s spacer: 5 mm;

HPLC determination of melamine has been carried out by ion pair
chromatography with a bonded phase octadecylsilica column (LiChrospher
R100-CH 18/2 by Merck, 250 mm length, 10 mm i.d., 5 ym packing); the
mobile phase was 0.01 M sodium hexane sulfonate (Aldrich ion-pair
reagent 99+%) and 0.014 M Hs;PO4 dissolved in water aqueous solution
(0.05 % wy/v), flow rate 0.4 ml min, injection volume 20 pl. The detection

was carried out at 200 nm.
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4.3.3.1. Results

In the first chapter of this work, it was highlighted how the intrinsic and
extrinsic surface properties can affect the selectivity of the photocatalytic
degradation toward different substrates. This selectivity is the result of the
different ability of catalysts with different surface properties to promote
free OH® mediated or direct/indirect hole transfer oxidation. The availability
of a substrate not reactive toward OH radicals and not adsorbed onto TiO;
can help to probe the participation of a mechanism that involves an outer
sphere direct hole transfer (likely promoted by shallow surface traps, also

)31-34

called indirect hole transfer (IHT) in photocatalysis.

The 1,3,5-triazines (s-triazines) are organic chemical compounds with a six-
membered heterocyclic aromatic ring, they are useful in a variety of
applications in organic chemistry. The photocatalytic transformation of
several s-triazine derivatives has been extensively investigated.*> Moreover,
its derivatives loose easily the substituents, but they retain the s-triazine
ring untill to the formation of cyanuric acid, which is stable to further
photocatalytic oxidation.® Interestingly, some advanced oxidation process
like UV/H,0, and Fenton reaction lead to stable products that retain the
amino group and the cyanuric acid generation is not reached.*®*” These
evidences suggest to study the behavior of Melamine (2,4,6-triamino-1,3,5-
triazine) under photocatalytic conditions and in OH® generating systems. A
preliminary investigation about the UV/TiO,/H,0, melamine degradation
was proposed by Bozzi and co-workers:® a not complete mineralization
was reported due to the formation of cyanuric acid as last product. Nothing

was reported about the nature of the first steps of the photocatalytic
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reaction. Studies carried out in our research group lead to the conclusion
that the photocatalytic degradation of the melamine occurs with IHT,

indeed Maurino et al.*

in 2015 performed the photo-induced
transformation of melamine using different advanced oxidation
technologies under a variety of experimental conditions. The systems
involving homogeneous hydroxyl radicals, as generated by H,0,/hv, Fenton
reagent, and sonocatalysis are ineffective. They described a mechanism in
which the first event is the oxidation of the amino-group to nitro-group
through several consecutive fast oxidation steps, and that a hydrolytic step
leads to the release of nitrite in solution. The experimental evidences
suggest that the photocatalytic mechanism is based on an outer sphere

direct hole transfer from trapped holes at the TiO, surface to the melamine.

This paragraph presents the study of the transformation of melamine using
the four selected materials under two different pH. The melamine
disappearance profiles follow a pseudo zero order due to the low
photocatalytic rate obtained (Figure 64). As a measure of photocatalytic

activity, the initial disappearance rate obtained was used.
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materials: a) bipy; b) n-sh; c) n-sh_NaOH; d) n-sh_873K.

Table 20. Initial disappearance rates of melamine for the considered materials

Material
Bipy
n-sh
n-sh_NaOH
n-sh_873K

(1.69+0.07)x10°
(9.83+0.39)x10”
(3.45£0.14)x10°

(1.43+0.06)x10°®

Unadjusted pH

Rate,

Rate, mM min™ )
mM minim?

4

185

(1.58+0.06)x10°

4

(7.36£0.29)x10”
(2.40£0.10)x10°

(1.68+0.07)x10°®

pH 3.5

Rate, mM min™*

(1.1940.04)x10” = (1.10+0.04)x10°
(5.73+0.20)x10°  (4.34+0.15)x10™
(8.68+0.30)x10°  (6.12+0.21)x10”

(2.0240.07)x10°  (2.37+0.08)x10™

Rate,

mM min?*m™
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Figure 65. Initial melamine photodegradation rates, normalized by specific surface area
of the samples of nanoparticles, obtained at two different pH for the four studied
materials.

Table 20 and Figure 62 summarize the initial disappearance rates of phenol

over the four catalysts in the two pH conditions adopted.

Influence of shape

As well as for the case of phenol, in order to investigate the impact of the
differences in surface features between bare TiO, nanoparticles mainly
terminated by {101} or (1x4) reconstructed {001} surfaces, TiO, bipy and
TiO, n-sh_873K must be compared. As seen, the photodegradation
mechanism of melamine over TiO, nanoparticles occurs with an indirect
hole transfer (IHT), in which the holes generated by the UV irradiation are

primary trapped at the surface and then transferred to the substrate that is
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not absorbed at the surface. Therefore, we would expect that a {001}
surfaces rich material has a higher photocatalytic activity against these kind
of substrates, due to their oxidative behavior in photocatalysis as reported
in chapter 1 and 2. However, in our tests the photoactivity of the bipy is
widely higher for the bipy in which the {101} are predominant. Even, at
unadjusted pH the activity of the material n-sh_873K is negligible. These
results can be rationalize looking at the surface of the materials, indeed in
IHT mechanism the holes must be trapped at the surface for initiating the
photocatalytic process. Charge carriers are often trapped on defective sites
like dopants or vacancies presents in the bulk, in the subsurface or at the
surface of the crystal.*® From all our results (IR, EPR, microbalance,
electrochemistry, photocatalysis), seems that the material n-sh_873K at
unadjusted pH has a sort of surface passivation induced by the thermic
treatment, consistent even with a considerable reduction of bulk and
surface defects that reduces the surface hole trapping increasing the

recombination rate of the material.

Influence of pH

The melamine initial transformation rate is a complex function of the pH, in
fact the change in the valence band position explains only partially the
relationship between the melamine degradation rate and the pH. The
higher rate observed at unadjusted pH can be explained as the result of the
interplay among the valence band edge potential shift, the substrate acid —
base properties and the amphoteric characteristics of the titania surface.
The pKa; of melamine is 5.05,%® so at pH below 4 more than the 90% is
protonated. The reduction of the rate at acidic pH is probably due to the

electrostatic repulsion between the catalysts (pzc~6-7) and the protonated
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melamine, giving a slightly decrease of the carriers transfer rate. As seen
for phenol, the acidic conditions largely increase the activity (even if the
rates remain very low) of the calcined nanosheets. In this case seems that
the acidic conditions are able to break the “passivation status” of this
material, increasing its photocatalytic activity (Figure 65). This “de-
passivation” effect is so high (because this material seems to have higher
UV absorption respect to n-sh and n-sh_NaOH) that can contrast the
electrostatic repulsion which, instead, would tend to decrease the melamine

degradation.
Influence of fluorides

The influence of the fluorides on the melamine photocatalytic degradation
was, again, carried out comparing the other two selected materials, i.e. n-
sh and n-sh_NaOH. It was reported that for those substrates that are
oxidized through an IHT mechanism, the carriers trapping at the surface is
fundamental. Surface fluorination stabilizes electron trapped at the surface
of the material, decreasing the rate of the electron transfer to acceptors
like molecular oxygen but decreasing also the recombination rate.
Hindering of recombination favors hole transfer to solution, with a
consequent increasing of the substrate photo-oxidation. Indeed, as
reported in Figure 65, fluorinated nanosheets (n-sh) has higher
photocatalytic activity against melamine compared to the NaOH treated
ones (n-sh_NaOH) both at natural and acidic pH. However, the high level
of doping of these materials are responsible of the lower photocatalytic
activity compared to bipyramids, indeed the presence of fluorides at the
surface favor the degradation of the substrate but when present in large

amount on the crystal bulk, the can act as recombination centers. The
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recombination of the carriers greatly decrease the efficiency of the entire

process.

4.3.4. Formic Acid Photodegradation

Melamine photodegradation was evaluated using the same apparatus
previously described for the phenol photodegradation. However, some

conditions are different:

e Suspension: 500 mg I'};
e Substrate concentration: 0.5 mM;
e Integrate irradiance: 20 W m;

e Reactor’s spacer: 5 mm;

Each time the suspension was filtered and the solution analyzed by Ion
Chromatography (IC) as formate. The instrument (DIONEX DX 500) is
equipped with a GP40 pump, AS9-HC column (Dionex, length 25 cm and
internal diameter of 4 mm), Suppressor ASRS-Ultra II autosuppression
mode, electrochemical detection system ED40, LC30 column thermostat
(temperature 303 K). The mobile phase consists of 9 mM K,COs and the

eluent flow is equal to 1 mL min™.

4.3.4.1. Results

Carboxylic acids allow to probe different aspects of the photocatalytic
mechanism. Indeed, a dual direct hole transfer (DHT) and a OH radical
mediated oxidation of carboxylic acid was demonstrated over irradiated P25

Degussa.”! In particular, the direct hole transfer (with an inner sphere
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mechanism) is operative when the carboxylate is adsorbed over the TiO;

surface, i.e. at pH between 3 and 5.

Direct Hole Transfer DHT

HCOO-

H,0

OH Radical Mediated Oxidation

Figure 66. Schematic description of the photocatalytic formate ion degradation process
through OH radical mediated oxidation and direct hole transfer (DHT).

In order to describe the formate oxidation mechanism, Perissinotti and co-
workers™ carried out a kinetic analysis of the photocatalytic degradation on
TiO, P25 based on EPR experiments. In their conditions, 30% of formate

ions oxidation occurs through the reaction with hydroxyl radicals.

HCOO" + OH" = CO,” + H,0 (4.1)
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The carboxyl anion radicals are then oxidized by O, (reaction 4.2) or

through the electron injection into the conduction band (reaction 4.3).
CO;" + O » CO; + O (4.2)
CO;" > COy + e (4.3)

Direct hole transfer, instead, involves a surface carboxylate complex that
gives formyl-oxyl radical (reaction 4.4), that can be further oxidized by
electron transfer to adsorbed O, (reaction 4.5) or by electron injection into

the conduction band (reaction 4.6).

HCOO™ + hyg* > HCOO' (4.4)
HCOO" + 0, > H* + CO, + 0;” (4.5)
HCOO" = H* + CO, + ecs’ (4.6)

The electron injection into the conduction band by the oxidized

intermediate results is called “current doubling”.*?

Figure 67 reports the formic acid/formate disappearance profiles in the
presence of O, at natural and 3.5 pHs for the four tested materials. Table
21 and Figure 68 summarize the initial degradation rates obtained from the

fit of each degradation experiment to an exponential decay.
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Figure 67. Formic acid/formate disappearance profiles at the two different pH for the
selected materials: a) bipy; b) n-sh; c) n-sh_NaOH; d) n-sh_873K.

Table 21. Initial disappearance rates of formic acid/formate for the considered materials

Unadjusted pH

O Rate,
Material Rate, mM min™ !

mM mintm?
bipy (1.35£0.08)x10° = (1.25¢0.07)x10”
n-s .40+0.31)x10 .05+0.23)x10

h (5.40+0.31)x10°  (4.05+0.23)x10”
n-s a .71+0.40)x10" 4.69+0.28)x10"
h_NaOH (6.71£0.40)x10°  (4.690.28)x10”
n-sh_873K  (1.56:0.08)x10°  (1.84%0.10)x10°
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(1.71+0.10)x10”
(5.640.37)x10°
(6.72+0.06)x10°

(1.40+0.58)x10”

pH 3.5

Rate,

Rate, mM min™*

mM min?*m

(1.58+0.09)x10”
(4.29+0.28)x10°
(4.70£0.43)x10°

(1.61+0.07)x10”
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Figure 68. Initial formic/formate photodegradation rates, normalized by specific surface
area of the samples of nanoparticles, obtained at two different pH for the four studied
materials.

Influence of shape

As well as for phenol and melamine, in order to investigate the influence of
the different surfaces, a comparison between bare TiO, nanoparticles
mainly terminated by {101} or (1x4) reconstructed {001} surfaces must be
done, i.e. a comparison between TiO, bipy and TiO, n-sh_873K. The
photodegradation mechanism of the formic acid over TiO, nanoparticles
occurs with an direct hole transfer (DHT), in which the holes generated by
the UV irradiation are directly transferred to the substrate absorbed at the
surface. Therefore, we would expect that a {001} surfaces rich material

has a higher photocatalytic activity against these kind of substrate, due to
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their oxidative behavior in photocatalysis as reported in chapter 1 and 2. In
our tests with formic acid the photoactivity is widely higher at unadjusted
pH for the bipy in which the {101} are predominant, the ratio between the
rates is ~ 7.2. Once again, a sort of “passivation” of the surface for the
sample n-sh_873K largely decreases the activity against formic
acid/formate. Also in this case, seems that the acidic conditions are able to
break the “passivation status” of this material (Figure 65 and Table 21),
decreasing the recombination rate of the charge carriers and increasing its
photoactivity. Moreover, with the pH decreasing, there is also a
modification of the degradation mechanism of formate, passing from an OH
radical mediated oxidation to a DHT. The low hydrophilicity and
hydroxylation of the material n-sh_873K influence negatively the
photocatalytic activity at unadjusted pH. Conversely at acidic pH the DHT
mechanism become more and more important and the lower recombination
in the calcined nanosheets allows an high improvement of the formate

photodegradation, reaching the activity of the bipyramids.
Influence of fluorides

The influence of the fluorides on the formate/formic acid photocatalytic
degradation was, again, carried out comparing the other two selected
materials, i.e. n-sh and n-sh_NaOH. As previously seen, fluorination should
decrease the photo-oxidation of species that are oxidized throughout the
direct hole transfer model, which provides a strong and direct interaction of
the substrate with the TiO, surface.’*** The surface fluorides are able to
avoid that of the organic substrates can be absorbed, precluding the direct
transfer of holes to the adsorbed species. This results in a change of the

mechanism from direct to indirect, which is intrinsically less effective. This
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change of the mechanism explain the lower photodegradation rates
obtained for the fluorinated nanosheets. The lower presence of fluorides for
n-sh_NaOH induces a higher photoactivity for this material both at natural
and acidic pH values. At unadjusted pH this behavior can be ascribed to the
increased hydrophilicity that results in higher production of hydroxyl
radicals. For the tests carried out at pH 3.5, the higher photoactivity of the
material n-sh_NaOH is probably due to the slightly higher absorption of the

formic acid on the TiO; surface, that favors the direct hole transfer.

4.3.5. Liquid/Solid Photocatalysis: Summary

The following scheme summarizes the results obtained on the three probe

molecules in the liquid/solid photocatalysis.
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4.4. Photocatalytic hydrogen production on
Pt-loaded TiO, shape controlled NPs

Hydrogen production experiments were performed irradiating with UV light
slurries containing 1.0 g L™ of TiO, powder of the four selected materials
and 2.0 mg L of Pt, added as H,PtCls, which is reduced to Pt° (by the
photoelectrons produced in the semiconductor) and deposited onto TiO;
upon irradiation. The use of a co-catalyst was discussed in Chapter 1.
Briefly, it helps to increase the photogenerated carriers separation
improving the kinetics of H,O reduction, which would be very slow on
pristine TiO,. Formic acid (0.1 M) was used as hole scavengers in order to
reduce the electron-hole recombination. The experiments were carried out
at two different pH, at pH 3.5 using formate buffer (that is also the hole
scavenger) and at unadjusted pH. The irradiation experiments were carried
out in magnetically stirred, cylindrical quartz cells (3.5 cm inner diameter, 2
cm height), containing 5 mL of slurry. Before irradiation the cell containing
the slurry was carefully purged with nitrogen to remove oxygen from the
reaction environment. The removal of oxygen is fundamental in order to
obtain higher H, production yields, indeed the reaction of light generated
electrons can react with oxygen giving rise to a competitive reaction. The
photocatalytic mechanism of H, production was already represented in

Figure 6 in the first chapter of this thesis.

Hydrogen evolution was followed withdrawing periodically 2.5 mL of gas
from the irradiation cell and replacing it with the same volume of N,. The

gas sample was analyzed with an Agilent 490 Micro GC gas chromatograph
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equipped with a Molsieve 5A for H, analysis. During the analysis the
columns were kept at a temperature of 363 K and 313 K and at a pressure
of 200 kPa and 150 kPa, the carrier gases was argon. The total amount of
H, produced as a function of time was calculated from the concentration in
the sampled gas, considering the total volume of gas in the irradiation cell
and the previous samplings. The irradiation was carried out with a LED

source centered at 365 nm with an irradiance of 15 W m™.

The reactions that occurs at the TiO, surface are:

hv > e +h? (4.7)
e + H,0 > 1/2H, + OH’ (4.8)
h* + HCOOH - HCOO' + H* (4.9)
HCOO' - e + CO; + H* (4.10)

4.4.1. Results

The results obtained for the H, production by formic acid photoreforming
on Pt-TiO, in absence of oxygen under UV irradiation are represented in
Figure 69 and Figure 70. They show the H, production curves and rates
(normalized for both the weight and the surface area) obtained for the four
considered materials at two different pHs. Table 22 summarizes the H,

production rates obtained at the studied conditions.
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Figure 69. Photocatalytic H, production curves and rates obtained at pH 3.5 for the
studied materials. The results are normalized for the weight (up) and for the SSA
(bottom) of the TiO, material used.

198



mmol H, g min™
mmol H, / g catalyst

(=3 [=] (=} =] [=]
8 3 2 2 S © © © o°o o = o 9o
o (8] o o o o N > (=] @ o N L.
1 1 i 1 Ay T B = SR et e | 1
n | -
2 o
172
=2
4 peon
g7
T voovon
w | SR =
3 o lmlz
> ~N o
1 KO
=z Ax
o
o =
T 3
o
_‘Do_ 4 -
P 5
172
l:’
©
3
= P < -
o
5 o 4
3 o <4
L 1 1 1 1 1 1
-2 s -1 -2
mmol H, m™ min mmol H, m
= N w > - N w S
54 54 54 54 54 54 54 54
° =) ) =] 3 ° =) =) =) =)
o 8 8 8 8 o % 3 3 %
1 1 1 1 1 1
2 < .
17
-
<penm
g3 33
Emwm
? 1 Oonid 1
172 mz
= 2%
4 xo
[ X
o
I

ulw ‘awinj

MELEUS-U

Adiq

Figure 70. Photocatalytic H, production curves and rates obtained at unadjusted pH for
the studied materials. The results are normalized for the weight (up) and for the SSA
(bottom) of the TiO, material used.

199



Table 22. Photocatalytic H, rate evolution from the four Pt-TiO, samples considered at
two different pH under an irradiation of 15 W m™ centered at 365 nm.

Unadjusted pH pH 3.5
. Rate, Rate, Rate, Rate,
gL mM H; g* min™ mM H, m? min mM H; g* min™* mM H, m? min?
bipy (1.2¢0.2)x10” (2.9+0.4)x10™ (4.4+0.6)x10” (1.0£0.2)x10°
n-sh (3.640.5)x10” (7+1)x10” (1.540.2)x10™ (2.940.4)x10™
n-sh_NaOH (2.8+0.4)x10° (5.0¢0.7)x10° (1.7+0.2)x10™ (2.9+0.4)x10™
n-sh_873K (6.6+0.9)x10° (1.9+0.3)x10™ (2.40.4)x10™ (7+1)x10™

In the first step of the irradiation, the photoelectrons produced reduce
Pt(IV) to Pt(0), inducing the deposition of Pt islands on TiO,. As seen in the
first chapter, controlling the shape of the TiO, nanoparticles it is possible
direct the deposition on a given surface. Therefore, it is expected that
those facets that favor the electron transfer to the solution are more
efficient in the Pt reduction. In the case of anatase NPs, the surface (101)
is the reducing facet. During the photo-deposition, the formate buffer has
the function of hole scavenger. Once the Pt is deposited and the
suspension turned to a pale grey, the production of hydrogen started. The
“induction time” is the reason of the non-linearity of hydrogen production in
the very first minutes of irradiation, after which it follows a linear trend.
The duration of the induction time depends also on the photo-activity of
the material, indeed the higher is the H, evolution rate, lower is the
induction time. This phenomenon is probably due to the slower Pt
deposition rate for the lest active materials. Evidences of this mechanism
are showed in the H, evolution curves of Figure 69 and Figure 70, where

the change in the pH reduces the photocatalytic rates and increases the
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induction time from 10 to 20 min. Indeed, at acidic pH the electrostatic
force between TiO, and formate become larger, increasing the direct hole
transfer (DHT) from the semiconductor to the substrate and reducing,

consequently, the time of Pt reduction and deposition.
Influence of Fluorides

In order to evaluate the influence of fluorides on the H;, evolution from
formic acid photoreforming on Pt-TiO,, the materials n-sh and n-sh_NaOH
must be compared. From the results resumed in Table 22, Figure 69 and
Figure 70 it is possible to conclude that fluorides has not high impact on
the photocatalytic process. There is a slightly higher rate for the washed
NPs at pH 3.5 (normalizing for the TiO, weight), but at unadjusted pH the
situation is reversed. This reversal is probably due to the change on the
surface charge on the catalysts and to the different hole scavenging
mechanism at different pHs. However, the differences in the results are so
low to be within the uncertainty range of the measurements, so they can
be neglected. The reason of a so small influence of fluorides can be
ascribed to the low coverage of the fluorides on the (101) for the
nanosheets, which is the main active surface on the H, production. Indeed,
as already explained, fluorides are used as shape controllers for obtaining
(001) surfaces, so the large amounts of the fluorides present in the n-sh
material are present on these facets, which are marginally involved on the

photocatalytic process.

Influence of Shape

Given the little influence of fluorides on the entire process, in order to

evaluate the influence of the shape on H, evolution rates, all the material
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can be compared. As said, the main active surface in this process is the
(101) that is a reducing facet. As a consequence, the 2 nm Pt nanoparticles
are deposited predominantly on the (101) surface (see Figure 72). It
follows that higher is the amount of the (101) surface on the material, the
higher is the rate of the H, evolution. The results obtained on the four
materials considered confirm the increase of the H, production rates with
the increase of the (101) percentage in the material. Indeed, the highest
rate is obtained for the bipy that has near the 90% of its surface composed
by (101) facets (38.7 m?> g'). Whereupon, among nanosheets NPs, the
calcined sample has the highest photoactivity due to its larger amount of
(101) surfaces (14.3 m? g*) induced by the thermal treatment. Meanwhile,
n-sh and n-sh_NaOH that have near the same percentage of (101) surface
(6.4 and 6.3 m? g respectively), present near the same photocatalytic H,
evolution rate. Figure 71 shows the trend of the H, evolution rates vs the

calculated (101) specific surface area at the two different pH used.
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Figure 71. Trend of the H, evolution rate vs (101) specific surface area at the two
different pH used
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Figure 72. HR-TEM micrographs of the Pt nanoparticles deposited on the materials bipy
(A and B) and n-sh_873K (C and D). The micrographs highlight that the Pt nanoparticles
photo-deposition occurs mainly on the (101) surfaces of the TiO, nanoparticles. This is
particularly evident in the case of the nanosheets, where Pt nanoparticles are deposited
only on the contours, where (101) surface is present.
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Conclusions

The PhD work is part of a European project named SETNanoMetro. The
project stems from the importance to establish validated methods and
instrumentations for detection, characterization and analysis of
nanoparticles. Central for this project is the development of new synthetic
procedures and paradigms for the production of shape and size controlled
sets of TiO, NPs. In the framework of the SETNanoMetro project, the use
of various measurement techniques for the determination of the NPs
properties allowed to move from the currently used “trial and error”
approach toward the development of well-defined and controlled protocols
for the production of TiO, NPs.

Moreover, this PhD thesis was devoted to the study of the influence of the
TiO, NPs shape and surface properties on their photocatalytic activity. The
importance of surface properties in photocatalysis is further emphasized by
the need of at least two active sites, one for the reductive, the other for the

oxidative process.
The work is divided in two main sections:

1. Synthesis and characterization of shape controlled nanoparticles;

2. Photocatalytic activity characterization.

In the first section a series of design rules are developed in order to obtain
sets of anatase TiO, NPs with low polydispersity and to tune their shape
and their size through hydrothermal processing of Ti(IV)-triethanolamine

complex in the presence of different shape controllers (OH-,

207



triethanolamine). Through a careful experimental design the influence of
many process parameters (pH, temperature, shape controller type and
concentration) on the synthesis outcome (size, shape and polydispersity), a
predictive soft model was developed. The model is able to predict
reasonably well the synthesis outcome allowing to tune the shape factor
from 5.5 (elongated nanoparticles) to 1.5 (perfect bipyramids). The model
was validated, it can be used to guide the synthesis of NPs with precise
characteristics, if the requested morphology falls within the validated
range, i.e. NP size between 2 and 25 nanometers and shape parameter
between 1 and 5.5. The results here presented are valuable per se,
because the NP materials of this kind can find application in catalysis and
energy harvesting, but, more importantly, because these results can be
extended widening the experimental ranges or applying the same
procedure to different synthetic procedure or to other materials, e.g. a-
Fe,0s; ZnO, WO, etc. In all these cases, the possibility to rely on materials
composed of monodisperse, size and shape-controlled NPs will allow the
connection between macroscopic properties and morphology at the

nanoscale, with benefits for both fundamental and applied research.

In the synthesis and characterization section is also included the method
employed to obtain TiO, nanosheets that expose the {001} surfaces.
Fluorides are used in order to control the shape of TiO,, they are selectively
absorbed on the {001} surface, modifying the growth mechanism of the
NPs. Whereupon it is reported a comprehensive experimental study at the
molecular level of the evolution of interfacial/surface features of TiO,
anatase nano-sheets with dominant {001} facets from the pristine

fluorinated to the F'-free nanoparticles, obtained by calcination at 873 K. A
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comparison with bipyramidal TiO, anatase nanoparticles highlights that the
resulting reconstructed {001} surfaces are poorly hydroxylated, show a
limited capability to adsorb water and expose Ti** sites with a weaker
Lewis acidity than those on {101} ones. Conversely, by washing pristine
fluorinated nano-sheets with a NaOH solution, it is possible to remove
fluorine from the surface, obtaining highly hydroxylated {001} surfaces, as
hydrophilic as the {101} ones. However, the nanoparticles remain doped
with F in their bulk, which affects their electronic properties. Moreover, the
three materials obtained (pristine, washed with NaOH and calcined) were
characterized both by EPR spectroscopy and electrochemical methods in
order to study the effect of the fluorides and of the calcination from an
electronic point of view. In particular, it was assigned with high certaintly

III

the signal due to Ti*" surface and bulk centres.

The second section is dedicated to the photocatalytic activity of shape
controlled nanoparticles. The tests were carried on four selected materials:
one material (named “bipy”) that largely expose the {101} facets, and the
three materials which expose mainly {001} facets (n-sh, n-sh_NaOH, n-
sh_873K). The four considered materials were already characterized in the
previous section. The photocatalytic tests were carried out both in gas-solid
(nitric oxide, NO) and liquid-solid systems (phenol, melamine and formic
acid). The substrates was chosen in order to study the behavior of the
catalysts with different photocatalytic mechanisms. The results can be

summarized as follow:

o for the NO degradation, that could be oxidized both by a direct hole
transfer and an OH radical attack, the photo-activity order is bipy >

n-sh_NaOH > n-sh > n-sh_873K; this is same order of hydrophilicity
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obtained using spectroscopic methods (Figure 34 and Figure 35).
This result suggests that the different surface hydrophilicity and
Lewis acidity of the samples in dependence on the post-synthesis
treatments have a strong impact on the resulting photocatalytic
activity against NO;

the same conclusions can be drawn for the photocatalytic
degradation of phenol (in which OH radicals have a crucial role)
carried out at unadjusted pH. The data highlight that the lower
Lewis acidity of the Ti centers exposed by the reconstructed {001}
surfaces and their lower affinity towards water result in an evident
decrease of the photocatalytic performance with respect to the
{101} facets. These evidences suggest that a higher affinity towards
water can facilitate the hole transfer process, resulting in a more
abundant formation of OH:--like species. Conversely, at acidic pH the
highest increase of the activity was obtained for the calcined
material, it seems to have a surface “passivation” induced by the
thermal treatment that is eliminated at low pHs. Acidic pH values
are, indeed, able to decrease the charge carrier recombination rate
in the material;

in the case of melamine, the photodegradation occurs with an
indirect hole transfer (IHT) mechanism. Fluorides, reducing the
carriers’ recombination rate and acting as hole traps at the surface,
increase the photodegradation of the melamine, which is not
strongly absorbed at the TiO, surface. The highest activity is
obtained for the bipyramidal nanoparticles; the material n-sh_873K

presents again different behavior respect to the others, increasing
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incredibly its activity at pH 3.5 due to the lower recombination rate
at this pH value;

e formic acid, instead, is oxidized with a direct hole transfer (DHT)
mechanism, in which it is absorbed at the TiO, surface. Fluorides
hinder the surface absorption of the substrate, slightly reducing the
photodegradation rate for the material n-sh respect to n-sh_NaOH.
Once again the material bipy presents the highest photoactivity at
unadjusted pH and the calcined sample improves drastically is

photoactivity at acidic pH.

From the obtained results of the photocatalytic tests, it is possible to
conclude that the material bipy, which presents the larger amount of {101}
surfaces, is almost always the most active sample in the conditions and
with the used substrates. This result is in contrast with many (not all)
works so far seen in literature, in which is reported that materials that
largely expose {001} surfaces present a superior photo-activity. This
discrepancy can be rationalized looking at the rate of electrons transfer to
oxygen for n-type catalyst. As said, under irradiation, in these
semiconductors there is a net accumulation of electrons due to their lower
transfer rate to the solution, in particular to the dissolved oxygen. The
higher presence of the reductive {101} surface increases the oxygen
reduction, in this manner the recombination rate of the charge carriers is
reduced and the production of reactive species in solution is enhanced.
Moreover, it must be taking into account the different synthetic strategies
that were used for obtaining the TiO2 materials and the high impact that
the post-synthesis treatment can have on the final TiO2 sample at

molecular level. In particular, as seen, the post-synthesis treatment can

211



affect the photoactivity of a material depending on the degradation

mechanism and the conditions of the experiments.

Finally, the selected materials were tested for the H, production in formic
acid photoreforming under UV irradiation and using Pt as co-catalyst. The
results show the high influence of the shape on the H, evolution,
confirming the increase of the H, production rates with the increase of the
{101} surfaces amount in the material, due to the reducing character of
this facet. HR-TEM micrographs highlight that 2 nm Pt nanoparticles are
deposited mainly on the {101} surfaces. Therefore, the possibility to tune
the shape of TiO, NPs obtained in this PhD work, allows to improve the

hydrogen production modulating the exposition of the surface {101}.

The main result of this doctoral thesis was to demonstrate the high
importance of the shape and the surface properties of TiO, nanoparticles in
several aspects of its chemistry in fields like photocatalysis and H,
evolution. The results obtained in this work can be employed in order to
improve the exploitation of TiO, nanoparticles in several fields that can vary
from photocatalysis to other technological applications such as the
fabrication of fuel cells, microelectronic circuits, sensors, coatings against

corrosion and, of course, catalysts.
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APPENDIX A

Below are reported TSEM micrographs of all the materials synthetize.

Figure Appendix A2. T-SEM images of sample HT02.
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Figure Appendix A5. T-SEM images of sample HT05.
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Figure Appendix A 8. T-SEM images of sample HTO0S.
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Figure Appendix A10. T-SEM images of sample HT10.
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Figure Appendix A11. T-SEM images of sample HT11.
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Figure Appendix A14. T-SEM images of sample HT14.
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Figure Appendix A17. T-SEM images of sample HT17.
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Figure Appendix A20. T-SEM images of sample HT20.
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Figure Appendix A23. T-SEM images of sample HT_VAL_03.
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Figure Appendix A24. T-SEM images of sample HT_VAL_04.
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Figure Appendix A26. T-SEM images of sample HT_VAL_06.
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APPENDIX B
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Figure Appendix B1. Schematic representation of the effect of the treatments performed
to remove fluorides from the as-synthesized TiO, n-sh. T and L are the thickness and

length of the NPs determined by electron microscopy (see Table 11).

To calculate the expected specific surface area (SSAe) and percentage of

exposed {001} surfaces, we built a geometric model using the electron

microscopy dimensional data (see Table 11). The formulas employed in the

calculations are reported in the following:
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[ = —
101 ™ 9sina

l001 =L - leolcosa

(4L + 4lgo1) * Lio1
2

Avor = 2lgo1” +2

1T
Viot = §§(L2 +loor” + VL * loo1) * 2

SSA, = A
¢ tot * P * Viot

where p is the TiO, density and the other symbols are reported in Figure
Appendix B2.

The result of the calculation is SS4.= 66 m?/g for the TiO, n-sh sample.

For the TiO, n-sh_873K sample we considered a model in which couples of
NPs share one (001) facet (see Figure Appendix B1l) and therefore we
employed a modified formula to calculate the total exposed surface area for
a pair of sintered NPs:
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(4L + 4lgo1) * Lion
2

Ator = 2loo12 + 4

In this case the result of the calculation is SS4. = 41 mz/g. The trend is in
excellent agreement with the experimental SSAger data (see Table 11) and
confirms the XRD data which suggest that the primary NPs could have

sintered in pairs.

1001
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L

Figure Appendix B1. Schematic representation of the geometrical model employed to
calculate the expected specific surface area (SSA.) and percentage of exposed {001}
surfaces.
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APPENDIX C

IC

In order to evaluate the total amount of fluorides a complete mineralization
in microwave was performed heating the samples for 90 min at 473 K
under vigorous stirring in NaOH 10 M. After the treatment a dilution 1:10 of
the solution was analyzed by Ionic Chromatography (IC). The instrument
(DIONEX DX 500) is equipped with a GP40 pump, AS9-HC column (Dionex,
length 25 cm and internal diameter of 4 mm), Suppressor ASRS-Ultra II
autosuppression mode, electrochemical detection system ED40, LC30
column thermostat (temperature 303 K). The mobile phase consists of 9

mM K,COs and the eluent flow is equal to 1 mL min™.

SEM/EDX

For SEM and EDX sand paper Al holders were used, then they were cleaned
by sonication in ethanol and subsequently sample powder was pressed on
the Al holder with spatula. SEM images and EDX spectra have been
collected with a Zeiss Supra 40 (Carl Zeiss, Oberkochen, Germany),
equipped with a Schottky field emitter and having attached a silicon drift
detector energy dispersive X-ray spectrometer (SDD-EDS) from Thermo
Fisher Scientific (Thermo Fisher Scientific Inc., Waltham, MA, USA, energy
resolution at Mn Ka of 128 eV and 100 mm2 crystal active area). SEM

images were acquired with an accelerating voltage of 10 kV for all samples.

Energy dispersive X-ray spectroscopy has been applied on microscopic (500

pMm x 500 pm) sample areas defined on scanning electron micrographs. The
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information depth associated to the X-ray signals reaches typically the sub-
micrometer range. F K X-ray line was detected only in the samples n-sh
and n-sh_NaOH at a comparable intensity level. Similar to the AES analysis,
the other two samples n-sh_873K and bipy have provided only ‘noise’
signals. The limit of detections of electron probe microanalysis are in the
range of 0.1 mass-%. The quantification of the X-ray signals detected
cannot be applied accurately due to the strong sample morphology at the

sub-micrometer scale.
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Figure Appendix C1. 10 kV EDX spectra of the samples n-sh, n-sh_NaOH, n-sh_873K and
bipy (measured over a 500 um by 500 um area of the nanoparticulate material prepared
on silicon wafer as a substrate). The spectra have been normalized to the background
signal between 0.79 and 0.95 keV.
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Auger electron spectroscopy

The powder was deposited on a cleaned Si-wafer (sonicated in isopropanol)
by slightly pressing the powder with a spatula on the wafer surface. AES
analysis was carried out with a PHI 700 Auger Scanning Probe (ULVAC-PHI
Inc.) equipped with a coaxial cylindrical mirror analyzer. Auger electrons
spectra were excited by a primary electron beam at different locations on
the sample surface. To evaluate the presence of Fluorine on the TiO2 NPs
surface, AES survey spectra as well as window spectra (5 keV, 20 nA and

20 keV, 1 nA) of energy region corresponding to F KLL were recorded.

Auger electron spectroscopy (AES) has been applied in order to take
advantage of both excellent lateral resolution of the Auger probe (in the
range of 10 nm) as well as of the information depth (about 3-4 nm).
Hence, areas significantly smaller than that of individual TiO, nano-sheets
could be analyzed. Figure S6 shows two examples of AES analysis where
individual nano-sheets of the samples n-sh and n-sh_873K have been
inspected. Note the distinct Auger signal detected on the n-sh sample.
Under the same analysis conditions, the calcined sample does not show any
F KLL signal. It should be noticed that the limits of detection of AES are in
the range of sub-percent, so that any presence of fluorine at ultra-trace

level cannot be detected.

In general, a level of fluorine similar to that in the sample n-sh has been
detected in n-sh_NaOH sample. The quantification of the Auger signals into
absolute concentrations constitutes a challenging task. Particularly for the
TiO, nano-sheets as in the present study, the strong sample morphology at

the nanometer scale makes the reliability of quantification very poor, so
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that direct comparison of spectra taken under same experimental
conditions remains a means for reliable semi-quantitative evaluation.
Further, the ‘noise’ level of fluorine as detected for the n-sh_873K sample,
indicating the removal of fluorine from the 3-4 nm depth sampled by AES,
has been confirmed by measurements on the bipy sample, also showing no
F KLL signal.

n-sh 873K
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Figure Appendix C2. 25 kV Auger electron spectra of the samples n-sh and n-sh_873K
(measured over a 400 nm by 400 nm area on two nano-sheets, respectively). Due to the

poor (typically) signal-to-background Auger peaks, the Auger spectra have been
differentiated.
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ToF-SIMS

Samples were prepared on silver foil as well as on silicon wafers by slightly
pressing the powder with a spatula on the wafer surface. The substrates
were cleaned by sonication in isopropanol prior to sample deposition. ToF-
SIMS measurements were performed on a ToF-SIMS 1V instrument (ION-
TOF GmbH, Minster, Germany) of the reflectron type, equipped with a 25

keV bismuth liquid metal ion gun as a primary ion source.

The highest elemental sensitivity of all analytical methods employed in the
present study is offered by ToF-SIMS (time-of-flight secondary ion mass
spectrometry). Elements present in the outermost 1 nm at the sample
surface can be detected at the ppm (sometimes even ppb) level. The
strong matrix effects are well-known to hamper seriously an accurate SIMS
quantification. Similar to the other analytical techniques, in order to be able
to compare the results obtained for different samples at least in a semi-
quantitative manner, normalization to a signal of an internal element
and/or relation to reference materials measured under the same conditions
are necessary. Figure Appendix C3 shows the peak of the negative fluorine
ion as detected in the samples n-sh and n-sh_873K after normalization to
the TiO, signal from each ToF-SIMS spectrum acquired at different 9
locations on each sample. Note the clear difference by a factor of about 20
between the F intensity corresponding to sample n-sh and the n-sh_873K
sample. As resumed in Table 12, sample n-sh_NaOH provides a
significantly lower signal of F". Further, the low level of F found in sample
n-sh_NaOH is comparable to the level of F* detected in the sample bipy,
but also in the fluorine-free silicon substrate. Hence, the conclusion drawn

is that this fluorine level is sample independent and shows the limits of
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detection of the ToF-SIMS instrument used in the conditions given as a rest
level. Note that all the other analytical techniques IC, EDX, and AES could
not detect presence of fluorine in both samples n-sh_873K and the

reference bipy.

The reproducibility of the ToF-SIMS results has been confirmed by
measurements carried out at different times and by preparing the samples

on alternative substrates (e.g. silver foils).
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Figure Appendix C3. Fluorine signal in the ToF-SIMS spectra of the samples n-sh (blue)
and n-sh_873K (green) measured over a 100 um x 100 um area at nine different
locations on each sample prepared on a silicon substrate. For comparison purpose, the F
signal (recorded in a window around 18.9916 a.m.u.) has been normalized to the TiO,
signal at 79.9374 a.m.u.
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