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Abstract

During this century, rapid population growth has led to an
increased exploitation of oil and nuclear power to satisfy energy
demands. This situation has created a growing tension between the
deteriorating condition of the natural environment and the needs of
society. Several research projects have sought to improve the
situation through the development of innovative products and eco-
friendly technologies: for example, the purification of the gaseous
emissions emitted by industrial sources, or the manufacture of
vehicles using sunlight as a renewable and clean energy. In addition,
newly created materials are able to reduce air pollutants (organic

and inorganic) through the process of photocatalysis, which consists



of using solid semiconductors able to oxidize harmful substances
until complete mineralization. In this context, the production of
photocatalytic building materials could constitute a very interesting
solution, and become an integral part of the strategy to reduce
environmental pollution. Titanium dioxide (TiOz) is one of the most
common photocatalytic materials. It can be used in many fields of
application, including the building industry. The combination of
titanium dioxide with cement makes it possible to obtain a binder
that has both traditional properties, such as mechanical strength and
durability, and new properties allowing the preservation of the
environment and the conservation of the aesthetic value of the
buildings. For instance, researchers have managed to create a
material capable of accelerating the oxidation of the organic

pollutants that are deposited on the external walls of the buildings.

This dissertation focused on the design, synthesis and
characterization of a new family of titanium dioxide 1D, 2D and 3D
nano-systems, doped with lithium and some transition metals in
order to decrease the band gap and to enable visible light

photoactivation even in indoor conditions.



All materials were studied by different techniques. Brunauer—
Emmett—Teller (BET) method was used in order to obtain relative
surface areas. When compared with the standard samples, the NPs
samples showed an increment of the relative surface areas that was
better than the increments observed in all the nanosheet samples
(446 m?/gt). The use of lithium, cobalt, cerium, and tungsten ions as
dopants was evaluated through the UV-Vis absorption technique.
The results showed both an increased absorption in the visible range
and a decrease of band gap for the doped samples in comparison to

the sample of pure TiO..

We used several methods to evaluate the photocatalytic efficiency
of all the nanoparticles and nanosheets we produced. The Li-Co and
Li-Ce doped nanoparticles showed very good results both in water
solution and in gas phase. The photocatalytic activity of our
nanosystems was comparable with the standard samples under UVb
light, but the doped NPs, in particular those doped with Au@TiLi(5)
and TiLi(5)Co(5), showed better results under visible light than the
control samples. In conclusion, the NP and nanosheet materials we

produced may be very good candidates for use under visible light.

Xl



Our new synthesis method achieved very interesting results. It
allowed us to obtain nanoparticles, nanosheets, xerogels, and
aerogels covered with Li* ions in place of the H" ion at the surface in
order to maintain them in a good dispersion in solution. In effect, it
has been shown that lithium ions are able to maintain nanoparticles
in dispersion by electrostatic repulsion. Furthermore, it has been
shown that lithium ions have a higher mobility than H* ions at the
surface of nanoparticles. Lithium can also be considered as a dopant

because it reduces the energy gap of the system.

In order to evaluate the toxicity of the NPs, a comparative study on
human lung cells and E. coli cells was carried out in vitro. All the
analyzed nanoparticles exhibited different photocatalytic activities
for human cells and bacteria, in particular under irradiation. Some
transition metal ions doped nanoparticles exhibited cytotoxicity
even in absence of illumination, a phenomenon that was probably
caused by their dopant content. The use of such systems could
constitute a risk for human health; however, once inhaled, the lack
of illumination within the human body could reduce such a risk, and
for TiLi and Au@TiLi(5) groups the danger is virtually absent. The

toxicity on Escherichia coli cells is significantly higher in almost all

X1



cases. In the case of the TiLiCo group, in particular, there is a high
contrast between the low toxicity for human cells and the high
toxicity for Escherichia coli. This can suggest the possible use of this
material as a bactericide in biological contaminated contexts. These
nanosystems are very effective as photocatalysts or bactericidal
systems, but require the inclusion of an adequate nano-filtration
device at the exit of the reaction chambers to prevent the dispersion

of nanoparticles in the environment.

Finally, | can say that the production of the new Li-M co-doped TiO;
family, active under visible light, represents a remarkable

advancement in this area of research.
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Preface

In recent years, global population has contributed to the rising
demand for housing units, energy, food, and soil. According to
demographic forecasts made by the United Nations, the world
population could reach 9.8 billion people by 2050, mostly clustered
in urban areas [1]. This demographic boom will increase the demand
for basic goods. The building materials industry is highly energy
intensive; its large consumption of fossil fuels contributes to the
release of many pollutants, including CO, SOx NOx, particulates and
heavy metals [2]. Consequently, along with transportation and
energy sectors, the construction industry is identified as one of the
major contributors to greenhouse gas (GHG) emissions and

pollutants [3]. Therefore, in the next few years, new energy



strategies, together with new materials, and new process designs,

will have to be devised in order to take up these new challenges.

In architecture, great strides have been made towards the
functionality of materials. In this field, the primary objective is the
development and use of smart materials that require less energy to
be produced, assembled, and maintained. Promising results have
already been achieved concerning the use of photocatalyzers, which

constitute self-cleaning and self-healing materials [4].

The development and application of nano-engineered surface
treatments on outdoor materials will become a useful tool for smart
systems to better preserve and maintain architectural surfaces. So
far, strategies and routes to reach these goals have often employed
new nanotechnologies. Titanium dioxide nanoparticles can be used
as transparent, self-cleaning coatings applied directly on pre-existing
surfaces, limiting cleaning actions and maintenance processes, thus
reducing their costs. This self-cleaning ability is due to photo-
induced hydrophilicity on treated surfaces. However, the high band
gap of the anatase phase titanium dioxide (TiO2) nanoparticles
greatly reduces the efficiency of these systems due to the low

content of UV radiation in the sun light [5].



Superhydrophilic, superhydrophobic, antifogging, and antireflective
materials can be combined together to create materials with new

properties [6], [7], [8].

Self-healing materials are able to partially or completely heal
damage inflicted on them (in particular, crack formation) in situ, and
to such a degree that the original functionality is restored — not
necessarily the outer or inner microstructure [9], [10], [11]. The
healed functionalities range from mechanical properties to
aesthetics, barrier function, conductivity, optical properties, etc.
Such materials would greatly improve the reliability and durability of
buildings by reversing the deterioration process, once or multiple
times. Self-healing ability is not limited to a specific class of
materials; it is applicable to concrete, polymers (including their

composites), metals, and ceramics.

Objectives
The main objectives of this project are:

(1) to study and provide a new generation of adaptive high-

performance materials that can be used for various applications in



technology and buildings,
(2) to elucidate fundamental cross-disciplinary, material-

independent principles and green design strategies,

(3) to apply this knowledge to new approaches in green design

strategies in different material classes.

The research program will be devoted to the investigation of the
basic principles for all classes of building materials, and for the
application of new principles for the synthesis/fabrication of
photocatalytic  nanomaterials with  anti-pollution  effects.
Interdisciplinary integration of the different material classes will

occur in three cross-sectional areas:

« Investigation of fundamental principles
This research will focus on the chemical and physical processes
that are susceptible to lead to local healing without the
subsequent intentional addition of new substances. Such
processes will include chemical reactions (including, but not
limited to polymerizations, redox reactions, and cross-linking
reactions), phase transitions (e.g. martensitic transformation),

flow and sinter processes, as well as stress relaxation.



Production of materials (synthesis/fabrication and
characterization)

The synthesis and fabrication of different nanomaterials (1D, 2D,
3D), based on the fundamental concepts mentioned above, will
be investigated. The use of bio-inspired structural models for the
design of synthetic self-healing materials could be one of the
challenges dealt with here. One of the main goals of this
research is to investigate methods for optimizing the properties
of materials (e.g. mechanical properties, conductivity, or optical
properties), extending their durability, and improving their
reliability under static and cyclic stress (i.e. mechanical stress,
outdoor and other harmful environmental conditions). Some
examples of further new systems could be: nanoparticles of TiO2
used as hydrophilic and antipollution additive in concrete,
mortars and glass; nanoparticles of Sr(OH). used for the
elimination of sulphates in indoor and outdoor materials;
synthesis of superhydrophobic and superhydrophilic switching
materials, using functionalized silica nanoparticles with
azobenzene containing hydrophobic groups or different chains;
aFe;0s3 and yFe,03 nanoparticles used as fillers for concrete and

mortars in order to increase their mechanical properties,



workability, and durability; functionalized SiO, for the
improvement of the compressive strength of self-compacting

concrete.

» Targeting the requirements of potential applications.
The second part of the research will focus on the practical
requirements needed for any real world application of the
concepts we mentioned earlier. Basic, common concepts will be
used to design new nanomaterials for potential application in
construction. The study of healing and cleaning processes will
take into consideration the requirements and constraints
associated with a potential application, the elaboration of
strategies to ensure the production of such material is
sustainable, and the selection of the material properties required

for the active reduction of the pollutants.

During the first year of the PhD, we focused on points 1 and 2. After
a long period of study of all the procedures that had been used so
far, we proceeded to make the first set of synthesis of doped-TiO;
NPs. We also performed all the characterizations needed to obtain

information about the usability of these materials for our purposes.



During the second year of the PhD we focused on points 2 and 3.
Once we had completed the study of the first set of doped-TiO, NPs,
we made a new set with different syntheses, together with a set of
doped-TiO, nanosheets, a set of doped-TiO, xerogel, and a set of
doped-TiO, aerogel. All the materials were thoroughly studied; we
also investigated their photocatalytic efficiency both in liquid and in

gas phases.

During the third year, in order to validate the method, we produced
a new set of NP synthesis, a set of Aerogel material, and a set of core-
shell NPs. Some new synthesis modifications were experimented
and the kinetics of photocatalytic processes were investigated. An in
vitro comparative study about the cytotoxicity on human tissue and
bacteria cells was carried out to determine any possible effect these
materials might have when used in public environments, and any

related risks.

During these three years, we have achieved these objectives through
several national and international collaborations: in particular, in
phase one, with the CNR-IMC of Rome (Dr. Donatella Capitani group
and Dr. Valeria Di Tullio), the French CNRS (Dr. Fabio Ziarelli), the

University of Aix-Marseille, France (Prof. Stephane Viél group), the



Department of Environmental Sciences and Engineering of Peking
University in Beijing, China (Prof. Jing Shang group), and the
Department of Chemistry of University of South Florida in Tampa,

United States of America (Prof. loannis Gelis group).



Introduction

During this century, rapid population growth has led to an
increased exploitation of oil and nuclear power for energy purposes,
creating a growing tension between the deteriorating condition of
the natural environment and the needs of society [1]. Several
research projects have sought to improve the situation through the
development of innovative processes and eco-friendly technologies:
for example, the purification of the gaseous emissions emitted by
industrial sources, or the manufacture of vehicles using sunlight as a
renewable and clean energy. In addition, newly created materials
are able to reduce air pollutants (organic and inorganic) through the
process of photocatalysis, which consists of using solids
semiconductors able to oxidize harmful substances until complete

mineralization [12] [13] [14] [15]. In this context, the photocatalysis



applied to building materials could become a very interesting
solution, becoming an integral part of the strategy to reduce
environmental pollution. Titanium dioxide (TiOz) is one of the most
common photocatalytic materials. It can be used in many fields of
application, including the building industry. The combination of
titanium dioxide with cement makes it possible to obtain a binder
that has both traditional properties, such as mechanical strength and
durability, and new properties allowing for the preservation of the
environment and the conservation of the aesthetic value of the
buildings. For instance, researchers have managed to create a
material capable of accelerating the oxidation of the organic
pollutants that are deposited on the external walls of the buildings
[16]. Many environment friendly concrete formulations have been
designed to degrade the numerous chemicals present in the air,
which attack the respiratory system and leave discernible traces on
buildings and monuments. The first large scale application took
place in September 2002 in Milan, as 6000 square meters of road
surface with a vehicle traffic rate of 1200 units/h were covered with
a photo-catalytic cement. A reduction of up to 50% of the
concentration of nitrogen oxides could be observed at street level

during a sunny summer day, at a wind speed of less than 0.7 m/s [17]
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[18]. The same results were achieved in Japan [19] and Bergamo
(Italy) [20]. From 2003 to 2014, similar experiments occurred in Paris
(France) [21], Athens (Greece) [22] [23], Copenhagen (Denmark)
[24], Antwerp (Belgium) [25] and in particular in Rome (Italy), with
the realization of the Dives in Misericordia Church. This building,
designed by Richard Meier, consists of four large shells made of
reinforced white concrete enriched with titanium, which provide a
total volume of more than 20.000 m? [26]. Remarkably, only slight
differences in color between the inner and the outer concrete walls
of the building could be observed six years after the inauguration of
the building [23]. Other examples of the use of titanium enriched
concrete in the city of Rome include residential buildings [26] [27],

as well as the Umberto | pilot city tunnel [28].

This type of innovative construction materials and coatings have the
potential to contribute substantially to the attainment of the
objective of the EU (within the EU strategy Europe2020 [29] and
application of the Kyoto protocol [30] and Paris Agreement [31]) to
reduce NOy levels less than 20 ppb by 2020.

11



Titanium Dioxide

Titanium dioxide is an oxide semiconductor that has the appearance
of a colorless crystalline powder. In natural conditions, three
different mineral polymorphs exist: anatase [32], rutile [33] and
brookite [34]. Anatase and rutile are the most commonly forms used
in research and real-life applications. Not only are they widespread
and easy to obtain, but they also possess the best photocatalytic
properties. All phases of TiO, can be described as consisting of an
arrangement of the same "building blocks": TiOs octohedra, where a
single Ti atom is surrounded by a distorted octahedron of six O
atoms. The three forms of TiO2 differ by the arrangement and the

orientation of the various chains of octahedra (fig. 1).

‘r‘-h

Anatase Rutile Brookite

Fig. 1: Polymorphic forms of titanium dioxide: anatase, rutile and brookite.
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Brookite (fig. 2) has an orthorhombic structure, each octahedron
sharing three sides with neighboring units [34]. It turns into rutile at
about 750° C. Its mechanical properties are similar to those of the
rutile phase, but it is less common, and is seldom used commercially.
Pure brookite is very difficult to synthesize, which makes it difficult

to study its properties.

azb=#c

b

Fig. 2: Brookite structure.

Rutile (fig. 3) is the most thermodynamically stable form in natural
conditions. It has a tetragonal structure in which each atom of Ti is
coordinated to six O atoms by four equatorial and two longer apical
bonds, forming a slightly distorted octahedron [33]. Each

octahedron shares eight corners and two sides with other

13



octahedral units; forming a linear chain that runs parallel to the ¢

axis of the unit cell, composed of two units of TiO,.

/
ANZaN\\"7s

e
Rutile

Q000
0000
e OO0

Fig. 3: Rutile structure.

Anatase (fig. 4) has a tetragonal structure; Ti and O atoms are
arranged in a similar fashion to rutile [32]. However, the distortion
of the TiOs octahedron is more pronounced. Each octahedron shares
four corners and four sides with four other octahedra, forming a “z2”
shaped structure perpendicular to the ¢ axis. Each unit cell consists

of four units of TiOa.
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Fig. 4: Anatase structure.

Compared to rutile, anatase (fig. 5) has a closer packed structure, as
the contraction of its C axis involves a contraction of the volume by
about 9%. The different geometrical arrangement of the two
polymorphs is reflected by their different density, with a value of

4.250 g/cm? for rutile and 3.899 g/cm? for anatase.

At all temperatures (fig. 6), at pressures up to 60 kbars, rutile is more

stable than anatase, and as such, is thermodynamically favored [35].
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0101  Anatase

Rutile
[001]
[
| 1.946 A titanium 1.966 A
_ : o
s ' 102.308°
~ ’_j
92 604%_)
[010] s DT
[100] 1.983A

[100]

Fig. 5: Bulk structure of rutile and anatase. The tetragonal bulk unit cell of rutile has

the dimensions a = b=4.857 A, c = 2.953 A and the one of anatasea=b =3.782A, c =

9.502 A. In both structures, slightly distorted octahedra constitute the basic building
units [36].

-100 -
-120 4

-140 -

-160 4 Anatase
--------- Rutile

-180 -

-200 -

Gibbs Free Energy (KJ/Mol)

220 L=

=240

0 500 1000 1500 2000 2500
Temperature (K)

Fig. 6: Gibbs free energy for anatase and rutile versus temperature [35].
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However, some synthesis techniques, which involve the use of high
temperatures, have produced particles of anatase [37]. From a
structural point of view, this may be due to the fact that the short-
range order TiOe octahedra prefer the anatase phase during the
formation of crystal structures, as it is less restrictive than the rutile
phase, and more affine to the amorphous phase. From a
thermodynamic point of view, this phenomenon is attributed to the
fact that anatase, despite generally having an amount of Gibbs free
energy higher than rutile, seems to have a lower amount of surface
energy [35]. Since smaller particles, with a higher surface/volume
ratio, make a relatively more important contribution to the total
energy surface, it can be assumed that below a certain critical
threshold, the size of the particles becomes a decisive factor,

leading to reverse stability [38].

Lazzeri et al. [39] conducted a theoretical study on the structure and
the energetic properties of some of the surfaces of anatase and
rutile. In particular, in anatase, the only exposed surfaces are (101)
and (001), the first being the most stable and representing more
than 94% of the surface. In rutile, the exposed surfaces are (110),

(101), and (100). (110) is the most stable of the three, and

17



constitutes more than 56% of the total surface. The crystallographic

surfaces of rutile and anatase are schematized in fig. 7.

(001)
/

(a) {001)

(110) (19

N

Fig. 7: Crystal surfaces of Rutile (left) and Anatase (right) [39].

(100)
N —

Fig. 8 shows how variables such as temperature and pressure

determine the existence of TiO; as rutile, anatase, or a mixture of

both [40].
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Fig. 8: The pressure—temperature phase diagram of nanocrystalline TiO; sol-gel
powders [40].
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Heterogeneous Photocatalysis

Photocatalysis is defined as the acceleration of the speed of a
photoreaction due to the presence of a catalyst [14] [12] [41]. In fact,
the oxidation of most of the hydrocarbons would proceed rather
slowly in the absence of catalytic active substances. A photocatalyst
decreases the activation energy of a given reaction. A system
consists of heterogeneous photocatalytic semiconductor particles
(called photocatalysts), which are in close contact with half of the
reaction liquid or gas. When exposed to light, the catalysts enter an
excited state, and are able to start chain processes such as redox

reactions and molecular transformations [42] [43] (fig. 9).

acceptor”

Reduction (jii)
acceptor

Energy level doror +
Oxidation (jii)
donor
Fig. 9: Photon absorption mechanism by a particle of semiconductor:
photon absorption and charge separation (i), migration of charges to the surface (ii)a
or recombination of the charges (ii)b, redox reactions on the surface obtaining
reducing and oxidizing species (iii) [43].
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The figure above (fig. 10) depicts a simplified reaction scheme of
photocatalysis. Due to their electronic structure, which is
characterized by a full valence band (VB) and an empty conduction
band (CB), semiconductors (metal oxides or sulfides such as ZnO,
TiO2 and ZnS) can act as sensitizers for photo-induced redox
processes. The difference between the lowest energy level (LUMO)
of the CB and the highest energy level (HOMO) of the VB is the so-
called "energy gap" Eg. It corresponds to the minimum amount of

light energy required to make the material conductive.

E E E
N conduction
. band
forbidden band conduction band conduction
band
electron
distribution
valance band
// valance / / valance
band band
% 7 7
Insulator Semiconductor Conductor

Fig. 10: Energy gap and the valence band and conduction of a semiconductor.

Mobile charge carriers can be generated by three different

mechanisms: thermal excitation, photoexcitation, and doping. If the

21



energy gap is sufficiently small (<0.5 eV), then the thermal excitation
can promote an electron from the valence band to the conduction
band [44] (fig. 11). Likewise, the promotion of the electron to the
conduction band can occur by absorption of a photon of light,
photoexcitation, provided that hv> E;. The third mechanism of
generation of mobile charge carriers is doping. Such a charge
transfer presents non-equilibrium conditions, which leads to the
reduction or the oxidation of the species absorbed on the surface of

the semiconductor.

NN NN
A A

« hv>E,

Thermal Generation Photoexcitation

Doping

Fig. 11: The three mechanisms of generation of the charge carriers.
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If the photon energy hv is greater than the value of Eg (energy gap),
an electron (e7) is promoted from the valence band to the conduction
band, leaving behind a vacancy (h*). In semiconductors, some of
these pairs of photoexcited electron-hole spread on the surface of
the catalytic particle, and take part in the chemical reaction with the
molecules absorbed: donor (D) or acceptor (A) (1). TiO2 is a
semiconductor with an energy gap equal to Eg = 3.2 eV [45]; when
irradiated by a photon with an amount of energy greater than Eg
(shorter wavelength of 388 nm), a TiO; electron is able to overcome
the energy gap, and is promoted from the valence band to the
conduction. Consequently, the primary process is the generation of

a charge carrier.

TiO, + hv 2 hfy + es, (1) [46]
The following reactions [46] [47] [14] [13] illustrate how the
vacancies can oxidize the molecules of the donor D (2), while the

electrons of the conduction band can reduce the molecules of the

electron acceptor A (3).

D+h, > Dt (2)
A+em > A (3)

23



A feature of semiconductors metal oxides is the strong oxidizing
power of their vacancies h*, which can react with water absorbed on
their surface, as shown in reaction (4). This leads to the formation of
a highly reactive hydroxyl radical (*OH). Both electron vacancies and
hydroxyl radicals are strong oxidizing agents, and as such they may

be used to oxidize most organic contaminants.

HZOads + h;b - .OHads + H(-ll-ds (4)

Reaction (5) shows how the oxygen in the air acts as an electron

acceptor, leading to the formation of a super-oxide anion.

02 teqp—~ "0, (5)

Superoxide anions are highly reactive particles, capable of oxidizing
organic materials. For this reason, the use of TiO; is very important
for the purification of water and air. For thermodynamic reasons,
vacancies can only be created or be filled when the level of the
electric potential of the acceptor species is lower than the level of
the conduction band of the semiconductor, or when the level of the

electric potential of the donor is higher than the level of the valence
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band of the semiconductor. The limit of the bands of different

semiconductors is shown in the figure below (fig. 12) [48].
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Fig. 12: Limit value bands of different semiconductors [48].

In TiO,, electrons and vacancies do not combine immediately but
trigger photocatalytic reactions at the surface of the particles, as

shown in fig. 13.
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Fig. 13: Oxidation-reduction processes on TiO, NPs [49].

The water absorbed at the surface of the titanium oxide is oxidized
by the vacancy and creates a hydroxyl radical (*OH) (6). Later on, this
radical reacts with organic matter. If oxygen is present during this
reactive process, the radicals present among the organic compounds
and oxygen molecules start a chain reaction [reactions from (2) to
(5)]. Finally, the organic materials decompose into carbon dioxide
and water. Meanwhile, the electron deoxidizes and generates super

oxide ions (*0%) as shown in reaction (7).

OH(;ds + h;b - .OHads (6)

O, +eqy — "0, (7)
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The surface of TiO; is covered with hydroxyl groups when it comes
into contact with water: in effect, two distinct hydroxyl groups are

formed when water is dissociated at the surface of pure TiO; (figs.
14 a, b, c).
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Figs. 14 a, b, c: Hydroxyl groups produced on the surface of TiO,.
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Another very interesting property of titania is their super-
hydrophilicity [8] [6], which manifests itself at the surface of the
material after exposure to UV light. Super-hydrophilic and
hydrophobic behaviors are the two main ways to create self-cleaning
materials. Wetting a solid with the water, where the air is the
surrounding medium, is dependent on the relationship existing
between the surface tensions at the interface (air-water, water-
solid, solid-to-air). The relationship between these two voltages

determines a contact angle 0.

=0 BNy B0
Repelling Spreading Wetting

Hydrophilicity

Hydrophobicity

Fig. 15: Water drop shapes and contact angle values at solids of different
hydrophobicity [50].

If & is zero, then the wettability is complete, but if it has a value of

180° it is not. The higher the contact angle, the lower the adhesion
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is (fig. 15). To create hydrophilic surfaces, one must decrease &,
which increases the efficiency of adhesion. The water-repelling
property that characterizes the surfaces of plants has long been

known.

ordinary hydrophobic

Surface Surface

L)

Figs. 16 a, b: "Lotus" effect, respectively, on an ordinary surface and on a hydrophobic
surface [51].

Recently, the correlation between microstructure, wettability, and
pollutants has been the object of several studies, with a particular
focus on lotus leaves (also known as Lotus effect figs. 16 a, b) [52]
[53] [54]. The micro-irregularities of its surface show contact angles
higher than 130°; as a consequence the adhesion of water is notably

reduced. Transferring such microstructures to artificial materials

29



could allow the development of hydrophobic surfaces. When water
comes in contact with such surfaces, it is immediately contracted
into droplets. Then, the particles of pollutants adhere to the surface

of the droplets, and are removed when these roll away [51].

If the TiO; in the crystalline form of anatase is exposed to UV light,
one can obtain very low (<1 °) contact angles. These materials have
the rare property of attracting rather than repelling water. This
characteristic is defined as super-hydrophilicity [53] [54]; water
remains static at the surface, instead of forming droplets. The
material remains super-hydrophilic for about two days after the end
of the exposure to light [53]. Furthermore, UV illumination of the
titanium dioxide leads to the formation of powerful agents that have
the ability to oxidize and decompose many types of bacteria, as well
as organic and inorganic materials [55] [56]. Super-hydrophilicity
derives from the production of electrons and vacancies following the
irradiation of the material by ultraviolet light, but the reactions that
take place are different from those induced by photocatalysis. The
electrons, in fact, reduce the cation Ti** to Ti**, while vacancies
oxidize the anions O?%. This process results in the ejection of an

oxygen atom, creating the so-called "oxygen hole" (8-9).
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Ti** + e~ > Ti3t (8)

202" + 4ht 50,1 (9)

The oxygen vacancies are replaced by dissociated water molecules,
OH groups, which makes the surface hydrophilic. The increased
exposure of the surface to UV radiation makes the contact angle
between water and the surface smaller. After about thirty minutes
of exposure under a UV light source of moderate intensity, the
contact angle tends to approach zero, which means that the water
has a tendency to cover the surface completely. A schematic
representation of photoinduced hydrophilic conversion is depicted

in fig. 17 [57].
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Fig. 17: Representation of the mechanism of photoinduced hydrophilicity [57].

organic
contaminants
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Main uses of photocatalysis for sustainable architecture

The previously described mechanisms of photocatalysis on titanium
dioxide materials have been widely studied, and several applications
have been developed during the last two decades:

e air purification: a substantial reduction of organic volatile
compounds (VOCs) and inorganic substances originating from
human activities that cause air pollution, such as industrial
production, cars, and home heating, was documented both in indoor
and outdoor contexts [58] [59];

e deodorant: decomposing organic toxic gases that are a source of
domestic discomfort (thiols/mercaptans, formaldehyde, and odors
from fungal growths) [44] [60] [61] [62];

e antimicrobial action: the strong oxidizing power of photocatalysts
was studied on both gram negative and gram positive bacterial
strains (Escherichia coli, Staphylococcus aureus, Pseudomonas
aeruginosa) [63], algae (Chlorella vulgaris) [64], and fungi (Candida
Albicans) [65]. TiO, photocatalysis has  strong bactericidal
properties, due to the damage caused to the cell membrane caused
by lipid peroxidation [56]. It has been evidenced that titania have

stronger antibacterial effects than any other antimicrobial agent,
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because the photocatalytic reaction works even when cells are
covering the surface, and when bacteria are actively propagating
[55];

¢ anti-fogging and other surface properties: when exposed to UV
illumination, the photochemically-active TiO, can potentially
convert a hydrophobic surface to a superhydrophilic surface,
creating a water contact angle of 9=0° [66]. Once UV illumination is
switched off, the TiO; film tends to lose its superhydrophilic
qualities. A permanent superhydrophilic state has been obtained by

assembling TiO, NPs with polyethylene glycol (PEG) [67], figs. 18 a,

Uncoated

Figs. 18 a, b: Comparison of (a) wetting behavior and
(b) antifogging properties between a TiO; coated and uncoated glass slide [67].
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One of the objectives of this project is to develop a self-cleaning
material surface coated with our doped titania material, which
would show a total lack of water repellency and exhibit
photocatalytic properties under visible light at the same time. It
could be possible to use, for example, a coated mirror or glass in
indoor environments without any blurring of the surface caused by
water steam or vapor. On the coated surface, the water would
become a thin, highly uniform layer, which would prevent it from
fogging.

Most of outer building walls are fouled by the exhaust gases of
vehicles and micro-organisms, whose growth is favored by the
accumulations of fat and atmospheric dust. If these surfaces were
coated with photocatalytic material, the dust would be washed away
by the rain, and it would be possible to preserve the aesthetic
characteristics of the buildings, at the same time to improve the

quality of life and of the environment.
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Fig. 19: Dives in Misericordia church in Rome, Tor Tre Teste district, it was designed by
Richard Meier architect for the Jubilee 2000, and built between 1998 and 2003.
OGetty images
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Experimental and Comments

Synthesis methods

The choice of the synthesis method for the production of
nanoparticles is of fundamental importance regarding their
characteristics and the application for which they are designed. In
effect, through the synthesis method, we are able to control basic
parameters such as the crystalline phase, the size, the crystallinity,
and the chemical properties of the surface, which all are related to

the photocatalytic activity.

Concerning the use of the material as a photocatalyst, the main

features to be achieved to obtain a satisfactory efficiency were a
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high surface area and the ability to relocate the e’/h* pair, so as to
reduce the processes of recombination of the charge carriers. The
strong tendency of nanoparticles to aggregate in solution if there is
a surface protection, which allows the dispersion, constitutes the
main obstacle to be overcome in order to provide a material with
these desired characteristics. To date, most methodologies are
based on the use of organic surfactants, such as oleic acid [68] and
polyethylene glycol [69], to obtain the dispersion of the particles in
the solution [37] [70] [71] [72] [73]. The use of such organic
compounds, however, causes a partial passivation of the surface,
triggering the loss of active sites, and the consequent reduction of
the catalytic activity [37] [73] [74]. In addition, normal processes of
synthesis, such as sol-gel, require a calcination treatment at high
temperature to transform the amorphous-phase in anatase-phase,
which causes the growth of the size of the grains, and further

decreases the relative surface area [75] [76] [77].

These reasons have led the research towards the study of a synthesis
method that would allow us to obtain nanoparticles dispersed in

aqueous solution at low temperature.
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During the first phase of work, we used a sol-gel synthesis method
such as reported in the literature [78], which allows the direct
synthesis of nanoparticles of anatase dispersed in water at low
temperature without the use of organic surfactants and treatments
of calcination, and, subsequently, we modified this procedure in
order to fit better to our purposes. Dispersion in solution is obtained
by electrostatic repulsion. Synthesis of nanoparticles by sol-gel
involves the hydrolysis of precursors of titanium and condensation
of the formed species. These processes, which use alkoxides as
precursors, have been well studied, and many works on this subject
can be found in the literature [79]. The reaction between titanium
alkoxides and water proceeds through a nucleophilic substitution
mechanism, and can be represented by the following equilibrium

reactions:

M(OR),, + H,0 - M(OR),,_,(OH) + ROH (10)

2M(OR),,_,OH = (OR),,_{MOM(OR),,_, + H,0 (11)

M(OR),,_,(OH) + M(OR),, - (OR),,_4MOM(OR),,_, + ROH
(12)
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Hydrolysis (10) and condensation (11-12) reactions can take place in
acidic or basic environment. Their succession leads to the formation

of the gel.

The nature of the alkoxides strongly influences the magnitude of the
reaction, since the difference in polarity between M and O has an
influence on the nature of their bond, and, therefore, on the kinetics
of the three reactions. Another important factor is the nature of the
R group: it also influences the polarity of the M-0 bond, and affects

the solubility of the alkoxide molecules.

Other influencing parameters are the temperature, the pH, and the
possible use of catalysts. An acidic catalyst increases the rate of the

hydrolysis reaction (13):
(OR),M(OR) + H;0" -» (OR),M(OH) + ROH + H* (13)
Conversely, a basic catalyst increases the condensation rate:
(OR),M(OH) + OH™ - (OR),MO~ + H,0 (14)
(OR),MO~ + (OR),M(OR) + H,0 —

- (OR),MOM(OR),, + ROH + OH"
(15)
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The type of catalysis influences the speed of the reactions, and the
structure of the products obtained (14-15). As a consequence of the
extreme sensitivity to water of these precursors in the conventional
synthetic routes, a minimum amount of water has been used
together with an organic solvent that inhibits the hydrolysis. This
method, however, involves obtaining amorphous phase particles at
a low temperature, and a post synthesis heat treatment must be

applied to obtain the crystalline phase [37] [80].

In addition, the selection of a solvent removal method is also critical

for the final outcome [81] [82].

At the end of the condensation phase, the gel will be in wet form; if
water is used as the solvent, we will have a structure called hydrogel.
If the solvent is removed by evaporation in an oven or under
vacuum, the gel structure collapses, increasing its density and
forming a xerogel [83]. If the removal of the solvent occurs by
extraction with supercritical fluids, no collapse will occur, and a low-

density structure called aerogel will form [83].

On the contrary, our synthesis method uses a reaction environment
with an excess of water for all the doped and non-doped NPs,

nanosheets, xerogels, and aerogels, and an alcoholic environment
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with a very small amount of water for all the syntheses indicated
with the suffix —prop (2-propanol). The precursor is added to an
excess amount of water so that the process of hydrolysis is rapid and
leads to an intermediate, totally hydrolyzed compound (16) before
the condensation phase (17). The reactions that occur are the

following:

Ti(0C,Hy), + 4H,0 - Ti(OH), + 4C,H,OH (16)

mTi(OH), —» (Ti0O,)m+ 4mH,0 (17)

In this case, Ti exists in the form of [Ti(OH)n(H20)s.n]*™*, which is
crucial for the formation of the octahedral units of TiOe [84]. As it is
known, the anatase phase is obtained when an octahedron shares
its edges with four other units [36]. Therefore, more 0% ions should
be removed from TiOg in the case of formation of the anatase phase,
which means that one needs to remove more H,O molecules during

the formation phase.

In our main synthesis process, the pH is maintained around 1.3,
which means that there is a high concentration of protons in the

reaction. In this situation, the hydroxyl group of the Ti-OH is
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protonated, and it generates a large amount of Ti-OH%, which
promotes the loss of water molecules when condensation occurs. In
addition, the surface of the anatase nanoparticles obtained under
these conditions are covered with H* ions, and all of them are all
positively charged. This involves the electrostatic repulsion between
particles, and allows the maintenance of the same effect during the

dispersion. The mechanism is shown schematically in fig. 20.
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Fig. 20: Schematic illustration of the synthesis of TiO, nanoparticles dispersed in water.

In order to maintain the high concentration of positive charges in the
environment during the reaction, while at the same time eliminating

the use of H" sources, we replaced nitric acid with a lithium salt.
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Thus, the surface of the nanoparticles always maintains a positive
charge by avoiding aggregation, and the lithium ions also enter the
lattice as a dopant. Other metals, acting as dopants and co-dopants,
were inserted during the different stages of the syntheses, as

explained later.

After the synthesis of the first group of nanoparticles, we published
this new sol-gel method, which includes the use of Li* instead of H*

[85]

Doping

The main purpose of titanium dioxide doping is to lower the energy
gap in order to activate photocatalysis processes using visible light
radiation. These materials can be used more effectively under solar
light, or in indoor environments with a low quantity of UV radiation.
Doping a material means inserting different species within the

crystalline lattice so as to modify its electronic structure.

The dopants of a semiconductor may either be n-type (negative) or

p-type (positive). N-dopants are dopants that possess one or more
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electrons in excess of the substituted atom, introducing a negative
charge that will be free to move across the material.

In contrast, a p-type dopant has less electrons than the atom it
replaces, thus introducing a positive potential hole into the material.
In order to maintain the crystalline structure of the semiconductor
(in the case of bulk materials), it is preferable that the doping species
be placed near the surface of the material, as such a location is more
beneficial when one deals with nanoparticles rather than larger
structures [86].

Doping the material can be done by replacing Ti** ion with metal
ions [87], as well as by replacing oxygen with anions [88].

In cationic doping, the dopant often ends up within the TiO: lattice,
where it acts as a recombination center e /h*; such a situation must
be avoided. Consequently, making the doping process occur at the
surface is equally important in this case. A high concentration of the
dopant is another factor increasing the number of e/h*
recombination cases, and should be avoided too.

The equation (18)

W = 2oV (18)
eNg
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where W represents the thickness of the space-charge layer, ¢ is the
surface potential, and N4 is the number of doping atoms, gives us the
correlation for this phenomenon: when W is approximately equal to
the penetration depth of the adsorbed photons in the solid, the
photogenic electrons and the positive potential hole are sufficiently
separated to make a recombination phenomenon improbable [89].

It is therefore necessary to find the right concentration of dopant,
since too low a concentration may not bring any benefit, but a
concentration that is too high may even inhibit the photocatalytic
activity of the semiconductor [90].

Metal ion dopants like Co3*, Ce**, Li* influence the photoreactivity of
TiO2 by acting as electron (19) or hole (20) traps, and by altering the
e’/h* pair recombination rate through the following process [87] [91]

[92] [93] [94]:

M™ + e » M@~D+ (19)

Mn+_|_h;-b _)M(n+1)+ (20)

where the energy level for M™/M™* [ies below the conduction

band edge (Ew) and the energy level for M™/M™1* above the
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valence band edge (Ew). The introduction of such energy levels in the
band gap induces a red shift in the band gap transition, and the
visible light absorption through a charge transfer between a dopant
and CB (or VB) or a d-d transition in the crystal field. According to the
energy level reported by Choi et al. [87], Co®*" can act as both hole
and electron traps.

Although it is widely accepted that the photoreactivities of doped
TiO, are related to the dopant trap site, the fact that the trapped
charges should be transferred to the interface to start the
photoreactions is often neglected. In this context, the energetics of
the charge release and migration in the lattice as well as the charge-
trapping energetics are equally important. A general photochemical
charge-pair generation (21-23), charge-trapping (24-27), charge
release and migration (28-29), recombination (30-35) and interfacial
charge transfer (36-37) in the presence of metal ion dopants can be

explained as follows [87]:
TiO, + hv - ez, + h}, (21)

M™ + hy > MOFD+ 4o (22)
M™ + hy » MOV —p¥ - (23)
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Ti** + e — Ti3t (24)
M™ + ey » M@-D+ (25)
Mn++h;-b - M+D)+ (26)

OH™ + h}), » OH® (27)

M@=D+ 4 Ti4+ 5 M 4 Ti3+  (28)
M®+D*+ 4+ O~ - M™ + OH® (29)

e, + hly = Tio, (30)
Ti3* + OH® - Ti** + OH~ (31)
M@=D+ 4 pr 5 M (32)
M®-V+ L OH* - M™  (33)
M(n+1)+ +e; — M (34)

M(n+1)++Ti3+ — M"t 4 Ti4t (35)

eq, (or MWD Ti3%) + 4 5 A~ (36)
hi, (or M~V 0H*)+ D > D* (37)

Where M"* is a metal ion dopant, A is an electron acceptor, and D is

an electron donor.
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Some other general trends are apparently related to the electronic
configuration of the dopants. All dopants with a closed-shell
electronic configuration (Li*, Mg?*, AI¥*, Zn**, Ga3*, zr**, Nb>*, Sn*,
Sb>*, and Ta>*) have little effect on the observed photoreactivity [95]
[96] [97]. Thus, the stability of a closed electronic shell makes
electron (or hole) trapping unfavorable. The second prerequisite for
being an effective dopant may involve the possibility of charge
detrapping and migration to the surface of previously trapped
charges. It is also important to notice that all energetic
considerations are valid only for dopants located close to the surface
site at which the interfacial charge transfer occurs. Since the
diameter of the exciton in nanosized TiO, is approximately 20 A, the
prerequisites are met within a nanosecond of excitation [87].

A nano-sized particle represents an unusual case with respect to
electron transfer at the semiconductor-liquid interface compared to
their bulk-phase counterparts. A distinctive feature of nano-sized
semiconductors is the lack of appreciable band bending. The total

potential drop occurring within a nanoparticle is given by (38) [98]:

Ap = kT/6e(Lr—;)2 (38)
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where ro is the radius of the particle, and Lp is the Debye length. For
a particle of 3 nm diameter with 0.5 at.% of dopants, Ag is calculated
to be 0.01 V. Considering that the magnitude of the potential drop
across the space-charge layer should not be less than 0.1 V for an
efficient e/h* separation [99], the small potential drop for nano-
sized TiO2 (0.01 V) constitutes an insufficient driving force for the
charge pair separation within a particle. Moreover, in nano-sized
particles, the wave function of the charge carrier spreads over the
entire semiconductor cluster [100]. As a result, both electrons and
holes are readily available at the interface. Oxidation reactions by VB
holes and reduction reactions by CB electrons can thus occur
concurrently, thereby satisfying the condition of electro-neutrality
on a semiconductor particle, in which an e reacts (36) for each
reacted h* (37).

Finally, the photo-reactivities of doped TiO; can vary widely in
function of the specific dopant. The origin of these different photo-
reactivities appears to be related to the effectiveness of the dopants
in trapping charge carriers and mediating interfacial charge transfer.
This idea is supported by the transient absorption decays of the
trapped electron [87]. The trapped electron in TiO2 colloids gives rise

to a broad absorption band (400-1000 nm) with a nominal maximum
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around 600 nm [101], while the trapped hole exhibits a broad
absorption (400-800 nm) band with Amax=475 nm [102]. The overlap
of absorption bands near 600 nm seems to be negligible over the
nanosecond time-frame because electron trapping is much faster (t
=~ 30 ps) than the hole trapping (t = 250 ns) [103]. However, this
overlap may not be negligible at the microsecond time scale, and the
presence of metal ion dopants provides more traps sites for holes,

in addition to the original surface traps sites (OH’) (39-40) [87] [103]:

ech = €irap (as M™@ V¥ or Ti3*)  7230ps (39)
hiy, = hirap (as M™*D* or OH*) T~ 250ns (40)
eirap + My > Ti0,  T=30ns (41)

etrap + Nirap = Ti0; slow (microsecond domain) (42)

Considering that the mean lifetime of a single electron-hole pairin a
TiO2 particle (12 nm diameter) was determined to be 30 ns (41)
[103], the appearance of a plateau in the absorption decay curves
(microsecond domain) of the doped TiO, NPs [87] indicates a slow

recombination process described by (42). The follow equation (43)
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show that all the excited-state decays in the microsecond time

region were fitted as double exponential [101] [104]:

A(t) = Ay + Ciexp(—kqt) + Coexp(—k,t) (43)

the A~ (which represents the residual absorption by the trapped
charge carriers that survive recombination over the nano to
microsecond time domain) should be regarded as the relative
absorption by both e’tap and h*uap, even though their proportions are
unknown. The trapped charge carriers have a sufficiently long
lifetime to reach the surface by detrapping (28-29) and electron
tunneling. Consequently, the higher the A~ value, the higher the
observed photo-reactivity.

A metal ion dopant assumes the role of a direct mediator of the
interfacial charge transfer. Given the size of nano-sized particles, the
dopants are located within 10-20 A from the surface. Under these
conditions, all dopants can be considered as located in the surface
region, where charge transfer to the interface is easily achieved. As
the small nano-sized particles agglomerate upon heating, dopants
that are isolated far from the surface stand a much lower chance of

transferring trapped charge carriers to the interface. Choi et al. [87]
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showed that a steady decrease in the photo-reactivity of doped TiO;
was concomitant with an increase in sintering temperature. Because
of particle agglomeration, dopants are more likely to act as
recombination centers than as trap sites for possible charge transfer

at the interface.

During the past twenty years, the role of Co?* as a dopant for titania
lattice have also received a huge amount of attention for its
ferromagnetism property, which was reported for the first time by
Matsumoto et al. [105]. However, few studies have been made

about its role as co-dopant with Li* for the bandgap lowering.

Bellardita et al. [106] clearly explained the role of W as a dopant: it
works as protector of e~, trapping the electrons according to the
reaction (44):

Wet +e” - W (44)
and then releasing them into contact with the oxygen forming the

superoxide radical (45):

Wt +0, > Wé* + °0,” (45)
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However, tungsten behaviors could act as potential recombination

centers, in accordance with the reactions 46-47:

Wt +e” - W (46)
Wt + ht - Wé* (47)

showing that they are in competition with redox reactions to the
interface.

Not all dopants exert a positive influence on the semiconductor.
Some species such as Ga3*, Cr3*,and Sb°' always act as
recombination sites due to the high recombination rate of the
electrons contained within their orbits with the holes h*, which is
then canceled out before it can spread to the surface [89].

Unlike metal cations, anion doping does not behave as a
recombination center; consequently, its only effect is to raise the
energy level of the valence bandwidth by blending its oxygen 2p
orbitals with the ones of the dopant, resulting in a decrease in band
gap [107].

Co-doping (doping with more than one element) is another valid
option for modifying a semiconductor. With the right combination

of dopants, this route can sometimes be even more convenient than
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just doping. In [108], a strongly improved photocatalytic activity due
to co-doping with Fe3* and Eu3*' is reported, which can be
explained by the different behaviors of the ions, leading in both
cases to an improvement of the photocatalysis. The behavior of this
co-doping reaction is similar to the introduction of a n-dopant and a
p-dopant into the lattice; in effect, Fe3*, as discussed in [87], always

acts as a trap for h™:

Fe3* + h* — Fe*t (48)

while Eu3* will act as a trap for electrons:

Eu3* + e~ — Eu?* (49)

therefore, the simultaneous action of the two dopants will
drastically reduce the possibility of e~ /h* recombination.
Fe** and Eu?* will then react at the interface, by forming species

that are susceptible to degrade pollutants (50-51):

Eu?* + 0, -» Eut + 0,7 (50)
Fe*t + OH™ - Fe3* + OH® (51)
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Experimental procedures and analyses

The first group of syntheses of titanium dioxides nanoparticles (NPs)
was carried out with an excess of water, using titanium
tetrabutoxide (TBot) as a precursor, and with a molar ratio between
precursor, water, isopropanol, and nitric acid equal to 1: 155: 1.5:
0.1. After having carefully washed and dried the glassware used
during the synthesis, 3 ml of the precursor TBot (Sigma-Aldrich, >
97%, MM = 340.32 g mol?, d = 1.00 g ml?) were placed, together
with 0.96 ml of 2-propanol (Lab-Scan, > 99.7%, d = 0.785 g mL?), in
a dropping funnel. The funnel was then mounted above a 100 ml
flask containing 24.7 ml of deionized water and 0.3 ml of nitric acid
(Baker, 65%, d=1,40 g mll), so as to obtain a pH of 1.3. The flask,
placed within a magnetic stirrer, was placed into an oil bath so as to
keep the temperature constant during all the time necessary for the
synthesis. After reaching a temperature of 80° C, the tap funnel
containing the solution of the precursor was opened, allowing the
solution to drip slowly (1 ml min?) into the flask containing the
aqueous solution, which had been kept under vigorous stirring for
24 hours. At the end of the process, the colloidal solution of anatase

was allowed to cool down to room temperature. The particles
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remained dispersed in the solution for several months without
showing any noticeable sign of agglomeration. To obtain dry
particles, the colloidal solution was first subjected to cycles of
centrifugation (Beckman microfuge E™) at 14000 rpm for 30
minutes. At the end of each spin cycle, the supernatant solution was
removed, and replaced with ultrapure water to proceed to
additional washes through other spin cycles. After a number of three
washes, a gel was formed, which was then dried under vacuum at
25° C, so as to obtain the nanoparticles in powder form. This

synthesis represents the basis for subsequent modifications.

In order to remove nitric acid from the synthesis, we used two
different lithium salts in substitution. The synthesis was then
repeated with the same modalities and amounts previously used,
but without using the acidic source of H*. In this case, the nitric acid

was replaced by a suitable amount of LiCl or LiNOs.

In order to improve the photocatalytic properties of the particles of
TiO2, we made several other syntheses in which, besides the use of
the lithium salt in place of the nitric acid, we added CoCl,, CeO,, and
WoCl¢ in different w/w percentages as dopants, as reported in table

1. The experimental procedure was the same as the one described
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above, the only difference being that 1 — 3 - 5 % w/w of Li* (as LiCl
or LiNOs) (respect to TBot), 1 —3 -5 % w/w of Co?* (as CoCl,) (respect
to TBot), 1 —3 — 5 % w/w of Ce** (as CeO>) (respect to TBot), and 3 —
5—7 % w/w of W®" (as WClg) (respect to TBot) were also added to

the aqueous solution.

Fig. 21: Samples of nanoparticles of ND-TiO; (left) and TiLi(5)Co(5) (right).

Once the sol-gel suspensions had been obtained, we proceeded with
a series of two-steps desolvation procedures under vacuum in order

to obtain the nanosheets.

A 470° annealing was also applied for 2 hours, in order to dry the gel

and obtain a transparent xerogel monolith.
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The synthesis of Au@TiLi(5) NPs started with the synthesis of citrate-
stabilized Au NPs based on the single-phase aqueous reduction of
tetracholoauric acid (HAuCls) by sodium citrate. This procedure,
initially developed by Turkevich et al. [109] and further refined by
Frens [110], still remains the most commonly employed aqueous
method. It is possible to control the size of Au NPs from 5to 150 nm
by simply varying the reaction conditions, such as sodium citrate to
gold salt ratio [110], solution pH [111], and solvent [112]. In order to
increase the quality (i.e. the size and the size distribution) of the
particles, we followed the synthesis refined by Bastus et al. [113], as
it provides higher monodispersity, higher concentrations, and a
better control of the gold nanoparticles size distribution. In a second
step, the Au nanoparticles were used as seed for the growth of the
anatase phase, using our modified agqueous method and the

alcoholic synthesis.

The concentration of the Au nanoparticles was determined in
approximation using the plasmon resonance peak at the surface.

In accordance with what was described in [114], the average
diameter of nanoparticles of gold was first determined by the

formula:
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B1Aprs

d=e Ao 2 (52)

where B; and B, are the constants experimentally obtained in [114],

which are respectively 3,00 e 2,20, Ay, is the absorbance value at
the wavelength of the resonant plasmon, and A,z is the absorbance

value at 450 nm (fig. 22).
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Fig. 22: Plasmon resonance of the Au NPs, solution diluted 10 times.
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According to this equation, the value is 11 nm. It is then possible to
calculate the concentration, always in accordance with formula 53

[114]:

_ (Aspr(5,89-107°)
C_( dcz ec1 ) (53)

where c;and c, are experimental constants with the value of -4,74
e 0,314, respectively.

The resulting concentration, expressed in molarity, is about 3 -
1073M.

Knowing the nano-gold solution concentration, the number of
nanoparticles was obtained by dividing the total weight of the gold
contained in the solution, which can be easily derived from the
concentration, in order to estimate the average weight of each single
nanoparticle in function of its diameter. From the number of cores
to be coated, we calculated the amount of precursor needed to
obtain the same number of Ti0, nanoparticles with an approximate
diameter of 100nm.

We used 1 ml of Titanium butoxide. The synthesis apparatus was the

same as the previous ones: 100 ml of Millipore water was poured
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into the balloon, in which 0.07g LiNOsz was solubilized. When the
temperature of the solution in the flask was near 80° C, the nano-Au
suspension was added. Subsequently, the tap of the funnel charger
was opened to drip Titanium (IV) butoxide.

The initially pinkish reaction mixture for the presence of gold then
began to opacify, and the color of the solution quickly acquired a lilac
hue, almost tending to gray.

Once the synthesis was completed, washes were performed in the
same manner as for the precedent synthesis, and the solution was

centrifuged and then dried in a drying oven (fig. 23).

Fig. 23: Au@TiLi(5) NPs.
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Table 1: list of all the syntheses prepared.

Anatase TiO; and dopant precursor Name (as used
used during the preparation in the text)
Not doped TiO; (control sample) ND-TiO;
TiO, + LiCl (Li 5% w/w) + HNO3 TiLiCl-acid
(intermediate) intermediate
TiO, + LiCl (Li 1% w/w) TiLiCl(1)
TiO, + LiCl (Li 3% w/w) TiLiCl(3)
TiO, + LiCl (Li 5% w/w) TiLiCI(5)
TiO, + LiNOs (Li 5% w/w) + HNOs TiLiNOs-acid
(intermediate) intermediate
TiO2 + LiNOs (Li 1% w/w) TiLi(1)
TiO2 + LiNOs (Li 3% w/w) TiLi(3)
TiO, + LiNO3 (Li 5% w/w) TiLi(5)
TiO, + LiNOs (Li 5% w/w) TiLi(5)Co(1)
+ CoCl, (Co 1% w/w)
TiO2 + LiNOs (Li 5% w/w) TiLi(5)Co(3)
+ CoCl, (Co 3% w/w)
TiO2 + LiNOs (Li 5% w/w) TiLi(5)Co(5)
+ CoCl, (Co 5% w/w)
TiO2 + LiNOs (Li 5% w/w) TiLi(5)Ce(1)
+ Ce0; (Ce 1% w/w)
TiOz + LiNOs3 (Li 5% w/w) TiLi(5)Ce(3)
+ CeO; (Ce 3% w/w)
TiOz + LiNO3 (Li 5% w/w) TiLi(5)Ce(5)
+ CeO; (Ce 5% w/w)
TiO + LiCl (Li 5% w/w) TiLi(5)W(3)
+ WClg (W 3% w/w)
TiO, + LiCl (Li 5% w/w) TiLi(5)W(5)
+ WClg (W 5% w/w)
TiO, + LiCl (Li 5% w/w) TiLi(5)W(7)

+ WClg (W 7% w/w)
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TiO2 + CoCl, (Co 5% w/w) in 2-propanol

TiCo(5)-prop

TiO, + WClg (W 5% w/w) in 2-propanol TiW(5)-prop
TiO + LiNOs (Li 5% w/w) nanosheets TiLi(5)-

nanosheets

TiOz + LiNOs3 (Li 5% w/w) TiLi(5)Co(5)-

+ CoCl; (Co 5% w/w) nanosheets nanosheets

TiO2 + (Li 5% w/w) TiLi(5)Ce(5)-

+ CeO; (Ce 5% w/w) nanosheets nanosheets

TiO, + LiNO3 (Li 5% w/w) xerogel
TiO, + LiNO; (Li 5% w/w)

TiLi(5)-xerogel
TiLi(5)Co(5)-

+ CoCl, (Co 5% w/w) xerogel xerogel

TiOz + (Li 5% w/w) TiLi(5)Ce(5)-
+ Ce0; (Ce 5% w/w) xerogel xerogel

TiO; + LiNOs3 (Li 5% w/w) TiLi(5)Co(5)-
+ CoCl; (Co 5% w/w) aerogel aerogel

TiO2 + WClg (W 5% w/w) in 2-propanol TiW(5)-prop-
aerogel aerogel

Au@TiO; + (Li 5% w/w) Au@TiLi(5)

All the materials obtained (table 1) by the different syntheses were
subjected to characterization. In this study, we used as control
samples the Degussa P25° (Evonik Degussa GmbH), which is the
most common material used for photocatalysis studies [16] [115]
[116], with an 80:20 anatase-rutile composition, and an average

dimension of the particles of 25 nm.
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Fig. 24: TiLi(5)Co(5) doped nanosheet.

The XRD instrument used for the diffractometric measurements was
a Bruker-AXS D8. The spectra were obtained with an 26 angle
between 20° and 70°, using the Ka radiation of Cu (1,542 A), with a

scanning speed of 1°/min.

Raman spectra were recorded using a micro-Raman spectrometer
made up of an argon laser source Spectra-physics with A =514.5 nm,
an optical microscope with objectives ranging from 10 to 100 x, and

a CCD detector Jobin Yvon hr 460 cooled with liquid nitrogen.
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Scanning Electron Microscopy images of the powdered sample were
recorded with a microscope FEDSEM LEO Supra 55 VP, combined
with a Carl Zeiss column GEMINI, and an Oxford EDX (Energy
dispersive spectroscopy) analytical instrument, to obtain
information about the quantitative distribution and the amount of

the metallic species present in the samples.

Trasmission Electron Microscopy of the powered sample were
recorded on a copper grid with a FElI Tecnai F20 Field Emission
microscope, equipped with a Gatan Image Filter and an Edam EDX

analytical instrument.

Nitrogen adsorption — desorption isotherms were measured at -196
°C by using a Micromeritics Tristar 3000 system. The samples were
then degassed at 160 °C overnight on a vacuum line. To calculate the
specific surface area, we used the standard multi-points Brunauer—
Emmett-Teller (BET) method [117], with some further modifications
[118] [119] [120]. The pore size distributions of the materials were
derived from the adsorption branches of the isotherms, based on

the Barrett—Joyner—Halenda (BJH) model [121].

Optical absorption spectra were recorded at room temperature with

a Jasco V-650 UV-Vis-NIR spectrophotometer.
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Samples for ’Li MAS NMR spectroscopy analysis were prepared in a
dry box in N2 atmosphere, inserted in 4 mm zirconia rotors with a

available volume reduced to 20 ul, and sealed with kel-F caps.

’Li magic angle spinning (MAS) NMR (1=3/2, 92.6% abundance)
spectra were recorded at 155.50 MHz on a Bruker Avance 400
spectrometer. The m/2 pulse width was 5.5 ps. Spectra were
acquired with a time domain of 4 k data points, zero filled, and
Fourier transformed with a size of 16 k data points. The spin-rate was
kept at 5500 Hz. The ppm scale was created using LiCl as an external
reference. The longitudinal relaxation time T1 was measured using
the saturation recovery pulse sequence. The measurement of the
longitudinal relaxation times allowed the optimization of the recycle
delay to be used for collecting ’Li spectra. The transverse relaxation
time T. was determined using the quadrupolar Carr-Purcell-

Meiboom-Gill (QCPMG) pulse sequence.
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Discussion

Phase characterization — XRD, Raman

X-ray diffraction was used to verify that the crystalline phase is
anatase, as it was designed in the synthesis step. In figure 25, the
diffractogram of a TiW(5)-prop sample is reported; its most intense
peak assumes a value of 20 = 25.32°, and was assigned to the lattice
plane (101) of anatase. The presence of rutile cannot be proved with
this technique, since the dimension of the nanoparticles make its
peaks very broad. The peak situated at a value of 20 = 54,18° could
indicate the presence of a small percentage of rutile, probably
formed during the synthesis phase, or through the conversion of the

anatase phase to rutile resulting from light exposure.
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Fig. 25: Diffractogram of TiW(5)-prop compared to Anatase and Rutile.
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Fig. 26: Diffractogram of Au@TiLi(5) compared to Anatase and Rutile.
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We analyzed all the materials, but no evidence of the doping species
appeared on the diffractograms. The spectra of all the doped TiO;
samples almost perfectly matched with the spectrum of pure
Anatase TiO,. lonic radius is one of the most important factors
determining the possibility of a dopant to enter the lattice of the
crystal of TiO2 in order to form a stable lattice. If the ionic radius of
the dopant is too large or too small compared to Ti** (0,64 A), the
input of the dopant in the crystal leads to a distortion of similar
proportion. This is not the case here, because the ionic radius of Co?*
(0.65 A) is comparable with Ti**; in fact, no appreciable difference

between the diffractograms could be be noticed at all.

However, we used these diffractograms to calculate the size of the
nanoparticles, using Scherrer’s equation (54) [122], as modified by
Monshi et al. (55-57) [123], in order to reduce the error and obtain
a more accurate value for L. The results are summarized in table 2,

in comparison with other techniques.

KA
L =
B-cosV

(54)
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= L-cos? = T cos?9 (55)
KA KA 1
Ing = lnL 5= T+ln—19 (56)
KA
e =K1 (59

The modified Scherrer’s equation provides the advantage of
decreasing the sum of the absolute values of errors, Y.(+A1nf)?,

and of producing a single line running through all the points to give

: K .
a unique value, In o to the intercept.

In fig. 27, the Raman spectrum of the ND-TiO; is reported. Its
comparison with the spectra of pure phases of rutile and anatase
makes it clear that the spectra of the synthesis produced
nanoparticles are comparable to those of the anatase phase. In
effect, the bands of our sample are located at 417 cm™, 527 cm* and

645 cm™.

All peaks appear very wide; in particular, the 645 cm™ peak shows a
raising of the base line, which is probably due to the overlap of its
signal with the signal of rutile, which is located to 610 cm™. The

presence of a small amount of rutile does not constitute an issue,
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since it has been shown that the best catalytic activity is obtained by
using a mixture of anatase-rutile 4:1, as in the commercial product

Degussa P25.

ND-TiOz
TiLi(5)Co(5)
Rutile standard

Anatase standard

Intensity (a.u.)

400 500 600 700 800

Raman Shift (cm")

Fig. 27: Comparison of the Raman spectra of the ND-TiO; (black), TiLi(5)Co(5) (green),
rutile (red) and anatase (blue).

71



Scanning Electron Microscopy

Electron microscopy characterization allowed us to determine the
size and the morphology of the nanoparticles produced with the
various synthesis procedures. The measurements were performed
on powder samples. The preparation of the samples was sometimes
difficult, because nanoparticles are well dispersed in aqueous
solution, and tend to form aggregates when dried; consequently, it
is very difficult to observe isolated nanoparticles. During the first
phase, we used SEM to characterize the synthetized NPs. During the
second phase, we chose to use TEM for the NPs, and SEM for the

nanosheets.

Date :23 Feb 2016
Time :16:24.08

Fig. 28: TiLi(5)Ce(3)-NS nanosheets.
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Figs. 28 and 29 show the very fragile structure of the nanosheets we

obtained as described above.

WD = 6.7 mm Photo No. = 2593 Time :16:28:12

EHT =15.00 kV Signal A = SE2 Date :23 Feb 2016 ﬂ

Fig. 29: TiLi(5)Ce(3)-NS nanosheets.

Date :19 Jul 2016

STMicroelectronics 1pm Mag= 626KX  FEHT= 3.00kV
‘ CTMB8" Physics Lab |—] Signal A=InLens WD= 2mm

Fig. 30: TiLi(5)Co(5)-NS nanosheets.
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Fig. 31: TiLi(5)Co(5)-NS nanosheets.
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Fig. 32: TiLi(5)Co(5)-NS nanosheets.
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Figs. 30, 31 and 32 show the layered structure of the nanosheets
from an angular point of view, as well as the surface of the upper
sheet. Itis important to notice how the layers of this material are not
too heavily packed, as this helps increasing the porosity and the

relative surface area.

= o A
X Signal A = InLens Date :29 May 2017 ZEISS
WD = 34mm Mag= 55.00 K X Time :12:16:02

Fig. 33: TiLi(5)W(5) NPs

In fig. 33, small aggregates of particles, between 50 and 100 nm in

size, can be observed on the TiLi(5)W(5) sample.
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Fig. 34: Au@TiLi(5)

In fig. 34, aggregates of nanoparticles, approximatively 100-150 nm

in size, can be noticed on the Au@TiLi(5) sample.

In figs. 35 a, b, ¢, and d, EDX 2D mapping shows the distribution of

Ti, O and W on the TiLi(5)W(5) sample.
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Fig. 35: TiLi(5)W(5) (a) and Titanium (b), Oxigen (c), Tungsten (d) mapping.

Fig. 35 d shows how the tungsten is equally spread over the entire

sample, and does not show any sign of segregation.

Figs. 36 a, b shows clearly the nanoporosity in the sample of

TiLi(5)Co(5)-aerogel at 80000 and 300000 magnifications.
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Figs. 36: TiLi(5)Co(5)-aerogel nanoporosity at 80000 (a) and 300000 (b) magnifications
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Transmission Electron Microscopy

Figs. 37, 38 and 39 show the morphology of the synthetized NPs. It
is possible to see that the dimensions are very uniform, and that the
shapes are pseudo-octagonal in most cases. The presence of
interference edges makes the nano-crystalline phase is clearly visible
in figs. 37b-c, 38b and 39d-e-f. Is it also important to notice the net
structure existing between the NPs, resulting from the fact that each

NP shares one or more of its facets with another NP.
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Figs. 37 a, b, c: TiLi(5) NPs.
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Figs. 38 a, b, ¢, d: TilLi(5)Ce(5) NPs
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Figs. 39 a, b, ¢, d, e, f: TiLi(5)Co(5) NPs.
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Nitrogen Sorption Isotherms and Brunauer-Emmett-Teller

calculation

The specific surface areas and pore size distributions of all the
materials were characterized using Nitrogen Gas Sorption. The
results were elaborated using the Brunauer—-Emmett—Teller (BET)
method (58) [117], with further modifications [118] [119] [120]; they

are shown in figures 40, 41, and 42.
A, =n,Nsa (58)

where As is the surface area, nn is the number of moles of the
adsorbate in a monolayer, and a is the cross-sectional area of the
adsorbate molecule. For a more extensive dissertation, we refer to

the Condon method [124].

For the commercial TiO2 (P25), the specific surface area was only
61.1 m? g1, and there was no obvious porous characteristic shown
in the corresponding pore size distribution curve that was
established according to the Barrett—Joyner—Halenda (BJH) model
[121]. This suggests the existence of a dense structure of amorphous
hybrid particles. The new materials we synthetized show type IV

isotherms [124] with a sharp capillary condensation step at high
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relative pressures (P/P, from 0.7 to 0.9). Moreover, H1 type
hysteresis loops were observed for all the nanosheets, but were not
as obvious for the nanoparticles; their relatively large pore sizes can
be observed in fig. 34 [124] [125]. As summarized in table 2, the best
sample was the TiLi(5)Co(5)-nanosheet, with a specific surface area
of 446.0 m? g* and a narrow pore size distribution centered at 8.0
nm. The enlargement in pore size, alongside with an increase in
crystal size (table 2), resulted in a corollary decrease in specific

surface area, from 446.0 to 109.4 m? g1,

Nitrogen Sorption Isotherms for
Li[5] doped TiO, NPs and Nanosheets
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Fig. 40: Nitrogen sorption isotherms for TiLi(5) NPs and Nanosheets.
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Nitrogen Sorption Isotherms for
Li-Co[5] doped TiO, NPs and Nanosheets
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Fig. 41: Nitrogen sorption isotherms for TiLi(5)Co(5) NPs and Nanosheets.

Nitrogen Sorption Isotherms for
Li-Ce[5] doped TiO, NPs and Nanosheets
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Fig. 42: Nitrogen sorption isotherms for TiLi(5)Ce(5) NPs and Nanosheets.
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Table 2: Surface area and Pore size calculated by different techniques

Sample Surface area Pore size Pore size Pore size

(m2g?) (nm)BET  (nm)XRD  (nm)SEM

ND-TiO; (control sample) 61.1+£0.2 283+0.1 241+03 29.2%1.2
TiLiCI(5) 109.4 + 0.6 19.4+0.2 17.2+0.2 214+1.1

TiLi(5) 123.2+0.6 21.5+0.2 19.2+0.2 20.8+1.0
TiLi(5)Co(5) 162.4+0.8 17.3+03 13.7+0.3 18.8+1.0
TiLi(5)Ce(5) 141.8+0.7 16.1+0.2 122+0.2 17.4+0.9
TiLi(5)-nanosheets 288.9+0.8 11.1+0.3 10.7+0.2 12.6*0.8
TiLi(5)Co(5)-nanosheets 446.0+0.9 8.0+0.4 7.1+0.1 9.8+0.9
TiLi(5)Ce(5)-nanosheets 315.4+0.8 9.8+0.3 8.4+0.2 10.8+0.9
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Zeta Potential

The Zeta potential is one of the main factors defining the behavior
of suspended particles. In effect, it constitutes an important index of
the intensity of the repulsive forces existing between the particles,
and can be useful for understanding the stability of the colloidal

suspension [126].
Electrical double-layer

A dispersed particle in a liquid generally has electrostatic surface
charges, which create an electric field responsible for the
redistribution of the ions present in the space surrounding the

particle [126].

The electrical double-layer is defined as the layer of liquid containing
the ions surrounding the particle, and is composed of two distinct
regions. In the inner region, known as the stationary layer or Stern
layer, the opposing ions are strongly bound to the charged particle,
while in the outer region, called diffuse layer or Gouy-Chapman
layer, these interactions are weaker. The latter is constituted by ions
of both signs but with a predominance of the ions that also form the

Stern layer. This prevalence is more marked near the stationary
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layer, and decreases towards the end of the diffuse layer. In effect,
the end of the latter is represented by the point where there is a
perfect balance between the two opposite charge ions. Moving
away from the surface of the particle, this balance will obviously be
maintained. As can be seen in fig. 43, these two regions form a
double layer around each particle. In particular, within the diffused
layer, ions form metastable structures so that when the particle
moves into the fluid, the ion that is located within the boundary

called the slipping plane will move with it as a single object.

Conversely, the ions located outside the Stern layer are continuously
replaced by the free ions present in the liquid. The diffused layer, as
shown in fig. 43, can be divided into two parts. The innermost layer,
rich in Stern layer charges, is always bound to the particle, whereas
the outer layer is not bound to the colloid particle; it is therefore
called a mobile layer. The interface separation point is known as the
slipping plane, so called because only the inner layer will move with

the colloid if a tangential force is applied [126].

87



@
® Y.
N @Qt 1 - @
LB " _(+) - Stern layer
° (% ' @ Q Slipping plane
P D @
. o - L G(-)b\ e
+ o :
® e {8 403 @
@ ) A 5 ~'e
@

Surface potential
w { potential

L

mV

0 Distance from particle surface

Fig. 43: Representation of the double-layer, the slippling plane, its correlation to zeta
potential and the variation of electric potential related to the distance from particle
surface.

In fig. 43, it is possible to observe the trend of the electrical potential
generated by the formation of the double layer, starting from the
surface of the particle down. The electrical potential assumes a
certain value at the surface of the particle, depending on its charge,
which decreases as it moves away from the surface, as a result of the
higher concentration of the opposing charge ions. This phenomenon

occurs because the opposite end of the diffused layer returns to
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neutrality, which generates a potential difference between the

various layers and the bulk solvent. We can distinguish:

- Surface potential: the difference in potential between the surface

of the colloid and the bulk solvent;

- Stern Potential: difference in potential between the Stern layer and

the bulk solvent;

- Zeta potential: difference in potential between the slipping plane

of the diffused layer and the bulk solvent.

It can be seen, therefore, how the value of the electrical potential at
first decreases rapidly within the stationary layer, and then
decreases at a gradually slower rate within the diffused layer and
beyond until it is annulled tending toward infinity by definition.
Within the diffused layer, the potential measured at the slipping
plane is known as the Zeta potential () [126]. It represents the
potential attributed to the particle and to its charge. This potential
gives us information on the stability of the colloid, and allows us to
estimate the critical concentration threshold at which the

nanoparticles tend to agglomerate.
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Stability of a colloid solution

The presence and the magnitude of the charges located on particles
dispersed in a liquid constitutes an important factor for the stability
of colloidal systems. The zeta potential is a measure of the repulsive
force between the particles, and also an indicator index of the
stability of the colloids. When the value of the zeta potential falls
below 30mV, the system becomes unstable. The particles tend to
aggregate, since the forces of attraction begin to prevail when two

particles get close to one another during their Brownian movements.

Derjaguin, Landau, Verwey, and Overbeek developed a theory of the
stability of colloidal systems [127] [128], called DLVO. The authors
claim that the stability of a particle in a solution is function of its total
potential energy VT, which is determined by different contributions,

as shown in the equation (59):

VT =VA+VR+VS (59)

where VS is the potential energy of the solvent, which usually leads

to a marginal contribution to the total potential energy, and only
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close to the separation surface. Most important is the relationship
between VA (attractive contributions) and VR (repulsive
contributions), in which the zeta potential is involved. The DLVO
theory states that the stability of a colloidal system is determined by
the comparison between the attractive forces of London-Van der
Waals (VA) and the particle (VR) surrounding electric double layer
repulsion forces that become important when two or more particles,
due to their Brownian motion, get so close to one another that their
electric double-layers overlap. According to this theory, there is a
potential barrier, resulting from repulsive forces, which prevents
two particles from aggregating. However, if the particle collision
energy can overcome the potential barrier, the forces of attraction
bring the particles into an indissoluble contact. This model is valid
only in the case of spherical and smooth particles immersed in water

[129].

The zeta potential value provides information on the stability of
colloidal systems. If all the suspended particles possess a high
negative or positive potential, then they tend to repel one another
and to become more stable, with a low tendency to aggregate.

Instead, if particles exhibit a low zeta potential, flocculation
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becomes easier. Generally, preparations with an absolute zeta

potential of approximately 30mV are considered stable.

As a result, when the dispersion of the nanoparticles is desired, the
goal is to maximize the value of that zeta potential, which depends
on several factors. Theoretical studies and experimental results have
shown that the value of the zeta potential is influenced not only by
the conditions of the suspension, such as pH, temperature, ionic
strength, and type of ions, but also by the intrinsic properties of the
particle, such as the size and the concentration [130]. Bourikas et al.
demonstrated that the position of the slipping plane was linearly

dependent, on a logarithmic scale, on the value of ionic force [131].

Among the factors that strongly affect the stability of colloid systems
made up of nanoparticles, the pH is one of the most important.
Dispersed TiO; particles in water are generally coated by hydroxyl

groups (60):

Ti** + H,0 - Ti**OH™ + H* (60)
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The surface charge of the particles is function of the pH of the
solution, which influences the reactions occurring at the surface of

the particles, as shown by reactions (61) and (62) [132].

TiO” + H* 2 TiOH (61)
TiOH + H* 2 TiOH; (62)

The pH value for which the TiO> NPs surface is free of charge, and
therefore neutral, and for which the zeta potential is null defines the
isoelectric point (IEP) of the dispersed system. The isoelectric point
is a property of the surface of the particle, and is the value around
which there is little stability, since the Van der Waals forces are more
influential. When the pH of the solution is lower than the pH value
at the isoelectric point, there will be a positive charge at the surface
of the nanoparticles, and, consequently, a positive zeta potential.
Conversely, for a pH value greater than the isoelectric point, we will
have particles with a negative surface charge and a negative zeta

potential [133].
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Zeta Potential Measurements

Zeta potential measurements were made using nanoparticle
dispersions at different concentrations. We started with a
concentration of 0.750 g/L, and progressively diluted it to avoid the

saturation of the electrodes.

The first measurement, reported in fig. 44, shows the zeta potential
of any impurities present in the Millipore water used to disperse the
nanoparticles. As it can be seen from the graph, the potential is well

centered at the value of 0 mV.
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Fig. 44: zeta potential in Millipore water.
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The histogram shown in fig. 45 refers to the dispersion in aqueous
solution of the ND-TiO; nanoparticles, for an initial concentration of
0.750 g/L. The curve seems to have a Gaussian distribution centered
around the value of +38 mV. This value is in agreement with
literature data indicating the minimum value needed to obtain
dispersed nanoparticles is +30 mV [126] [132]. These data confirmed
the experimental evidence on the stability of the suspensions, which

were still stable several months after the initial observation.
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Fig. 45: Zeta potential of the ND-TiO, suspension at a concentration of 0.750 g/L.
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Fig. 46 shows the histogram for the zeta potential measurement
performed on another suspension of a ND-TiO; sample, which was
diluted ten times with respect to the previous case. We can see how,
in this case, the distribution of zeta potential values is less spread,
and how the maximum value is located at +57 mV. This is caused by
the lower concentration of suspended particles, associated with a

lower chance of saturation of the electrodes.
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Fig. 46: Zeta potential of the ND- TiO; suspension at a concentration of 0.075 g/L.
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After carrying out potential measurements on non-doped samples,
we analyzed the lithium doped samples in order to verify their
capacity to keep the nanoparticles in dispersion.

Fig. 47 shows the measurement made on the TilLi(3) sample at a
concentration of 0.750 g/L. Even in this case, we can notice a
Gaussian distribution with predominant values of +78 and +107 mV.
These values are higher than those reported in the case of ND-TiO;,
demonstrating that the Li* ions adsorbed at the surface of the
particles can give them a charge such as to guarantee electrostatic

repulsion.
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Fig. 47: Zeta potential of the TiLi(3) suspension at a concentration of 0.750 g/L.
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Fig. 48 shows the measurement of zeta potential performed on a
suspension of TiLi(3) NPs diluted ten times as compared to the
previously analyzed sample (0.075 g/L). In this case, the distribution
is centered on the maximum value of +92 mV. This value is much
higher than the +30 mV value reported in the literature as the
minimal threshold value required to obtain a stable nanoparticle

suspension.
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Fig. 48: Zeta potential of the TiLi(3) suspension at a concentration of 0.075 g/L.
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We also carried out a test on the co-doped sample TiLi(5)Co(5), as
reported in fig. 49. In this case, the distribution appears similar to
the distribution exhibited by the samples doped only with lithium,
with a maximum value of +110 mV. The similarity with TiLi(3)
samples indicates that this ion allows the dispersion of

nanoparticles, and does not conflict with any co-dopants that are

located inside the system.
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Fig. 49: Zeta potential of the TiLi(5)Co(5) suspension at a concentration of 0.750 g/L.
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’Li MAS NMR spectroscopy

Samples for ’Li MAS NMR spectroscopy analysis were prepared in a
dry box in N, atmosphere, inserted in 4 mm zirconia rotors with the
available volume reduced to 20 pl, and sealed with kel-F caps.

’Li magic angle spinning (MAS) NMR (I1=3/2, 92.6% abundance)
spectra were recorded at 155.50 MHz on a Bruker Advance 400
spectrometer. The m/2 pulse width was 5.5 us. Spectra were
acquired with a time domain of 4 k data points, zero filled, and
Fourier transformed with a size of 16 k data points. The spin-rate was
kept at 5500 Hz. The ppm scale was made using LiCl as an external
reference. The longitudinal relaxation time T1 was measured using
the saturation recovery pulse sequence [134]. The measurement of
the longitudinal relaxation times allowed the optimization of the
recycle delay to be used for collecting ’Li spectra. The transverse
relaxation time T, was determined using the quadrupolar Carr-

Purcell-Meiboom-Gill (QCPMG) pulse sequence [135].
Figs. 50 a, b, and ¢ shows ’Li MAS spectra of LiCl (a), TiO:

nanoparticles synthesized with LiCl (TiLiCl(5) synthesis) (b), and TiO;
nanoparticles synthesized with LiCI+HNOs; (the TilLiCl-acid
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intermediate) (c). The spectrum of LiCl shows a peak at 0 ppm with
a linewidth of about 287 Hz. The spectrum of TiO, nanoparticles
synthesized with LiCl shows a peak at -0.05 ppm, with a linewidth of
10 Hz indicating the high mobility of lithium ions (fig. 36b). The
spectrum of the TiO; nanoparticles that were synthesized with LiCl +
HNOs was deconvoluted to obtain a sharp and a broad peak
centered at -0.08 and -0.06 ppm, respectively. The line width of the
sharp peak was found to be 6 Hz, whereas that of the broad one was
37 Hz; see the insert in fig. 1c. In this case, the broad peak was
ascribed to Li* interacting with H* at the nanoparticles surface,
whereas the sharp peak was ascribed to the other Li* moving at the
surface of the nanoparticles and inside the porous matrix of the
nanoparticles.

To investigate Li* mobility, the longitudinal (T1) and the transverse

(T2) relaxation times were measured.
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Figs. 50 a, b, c: ’Li MAS spectra of a standard of LiCl (a), TiO2 nanoparticles synthesized
with LiCl, TiLiCI(5) synthesis) (b), and TiO; nanoparticles synthesized with LiCl + HNO;
(TiLiCl-acid intermediate) (c). The deconvolution of the spectrum of TilLiCl-acid
intermediate is reported in the insert.
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Figs. 51 and 52 report the longitudinal relaxation decays of ’Li
magnetization measured in LiCl and Li-doped TiO, NPs, and in Li-
doped TiO xerogel. In all samples, a mono-exponential decay of the
longitudinal magnetization M,(t) vs. time was obtained. T1 values
reported in table 3 were obtained fitting experimental data to the

following equation (63):

Mz(t) = lv[z,eq - [Mz,eq - Mz(o)]e_t/T1 (63)
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Fig. 51: Longitudinal relaxation decay measured in LiCl (grey circles), Li-doped TiO>
NPs, TiLiCl(5) synthesis (black circles) and Li-doped TiO, xerogel, TiLi(5)-xerogel (white
circles).
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Fig. 52: Longitudinal relaxation decay measured in Li-doped TiO, NPs, TiLiCl(5) synthesis
(black circles) and Li-doped TiO; xerogel, TiLi(5)-xerogel (white circles) in logarithmic scale.

Table 3. Longitudinal relaxation times measured in LiCl and in TiLiCl(5) nanoparticles.

Sample Ta(s) R?
TiLiCI(5) 2.160£0.010 0.9999
TiLiCl-acid intermediate 2.168+0.018 0.9999
TiLi(5)-xerogel 4.33020.061 0.9992
LiCl standard >268 0.9999
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It is worth noting that ’Li exhibited a definitely higher mobility in
TiLiCl(5) NPs (about 2.2 s) and in TiLi(5)-xerogel (about 4.3 s) than in

LiCl, which was used as precursor during the synthesis (> 268 s).

In order to evaluate the presence of different lithium domains and
their relative motions, transverse relaxation times were measured.
With respect to Ty, T. yields a more detailed information on
molecular motions occurring in domains with reduced dimensions.
In effect, in the case of TiLiCI(5) NPs, the decay of the longitudinal
magnetization was averaged out to a mono-exponential decay,
whereas the transverse magnetization showed a bi-exponential
decay corresponding to two distinct values of the transverse
relaxation time. T, values reported in table 4 were obtained fitting

experimental data to the equation 64:

My (8) = Moy el 712) 4 My, o7 12)  (64)

where My; and M,, are the spin densities of the two components
corresponding to two lithium domains, and T,; and T,, are the

transverse relaxation times of each component. Therefore,
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transverse relaxation time measurements allowed the detection of
two Li* domains and the evaluation of the relative amount of Li* in

each domain.

Table 4. Transverse relaxation times measured in Li-doped TiO, nanoparticles.

Sample My, Ta(s) My, Ta(s) R?
TiLiCI(5) 0.76 0.022+0.001 0.24 0.111+0.006 0.9993
TiLiCl-acid intermediate 0.46 0.010+0.010 0.54 0.069+0.003 0.9970

TiLi(5)Co(5) 0.67 0.025+0.001 0.33 0.098+0.004 0.9979
TiLi(5)-nanosheets 0.28 0.124+0.003 0.72 0.176+0.003 0.9998
TiLi(5)-xerogel 0.17 0.017+0.005 0.83 0.203+0.004 0.9997

The fast relaxing component was assigned to Li* at the surface of
nanoparticles, and the slow relaxing one to Li* ions confined into the
porous nanoparticles. In the case of TiLiCl(5) nanoparticles, the
amount of Li* ions at the surface of the nanoparticles was found to
be higher at the surface (76%) than inside the nanoparticles (24%),
whereas in the case of TiLiCl-acid intermediate nanoparticles the
presence of H* ions at the surface of the nanoparticles possibly
reduced the presence of Li* ions moving at the surface of the
nanoparticles (46%). In the case of TiLi(5)-xerogel nanoparticles, the

amount of Li* ions moving atthe surface of the nanoparticles was
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found to be strongly reduced (17%) compared to the amount of Li*

ions inside the nanoparticles (83%).

T, relaxation time and diffusion measurements as a function of
temperature will allow a detailed investigation of Li* motions in Li-
doped TiO2 nanoparticles.

Fig. 53 reports the longitudinal relaxation decays of ’Li
magnetization measured in TiLi(5)-nanosheets, in TiLi(5)Co(5), and
in LINOs that it was used as precursor in these samples. In LiNOs, a
bi-exponential decay of the longitudinal magnetization Mz(t) vs time
was obtained. In TiLi(5)-nanosheets and in TiLi(5)Co(5) a mono-
exponential decay of the longitudinal magnetization was found
(table 5).

Table 5. Longitudinal relaxation decay measured in TiLi(5) and TiLi(5)Co(5)

nanoparticles.

Sample Tu(s) R?
TiLi(5)-nanosheets 4.33+0.06 0.9992
TiLi(5)Co(5) 2.168+£0.018 0.9999

Sample T1a(s) Mia Tis(s) Mg R?

LiNOs std 115+27.03 0.56 2.38+0.51 0.44 0.9999
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Fig. 53: Longitudinal relaxation decay measured in LiNOs (black circles) and Li-doped
TiO2 nanoparticles with CoCl; and LiNOs (white circles).

Also in this case, ’Li exhibited a definitely higher mobility in TiLi(5)

NPs than in LiNOs3, which was used as precursor.

To evaluate the presence of different lithium domains and their

relative motions, transverse relaxation times were measured.
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Table 6. Transverse relaxation times measured in Li-doped TiO, nanoparticles.

Sample Ta(s) R®
TiLi(5)-nanosheets 0.164+0.005 0.9954
TiLi(5)Co(5) 0.025+0.001 0.9879

In all samples, the transverse magnetization showed a mono-
exponential decay. T, values reported in table 6 were obtained

fitting experimental data to the equation (65):
(“%r,)
Mxy(t) = Mxy(O) ev /T2 (65)

In order to better understand the lithium domains, their motion and
the behavior of the materials we measured T1 and T; as functions of
temperature.

In figs. 54 a, b, and ¢ T1 as function of temperature is reported for
samples TiLi(5) NPs, TiLiNOs-acid intermediate NPs, and TiLi(5)Co(5)
NPs.
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Figs. 54: Longitudinal relaxation decay as function of temperature measured in
a) TiLi(5) NPs, b) TiLiNOs-acid intermediate NPs and c) TiLi(5)Co(5)NPs.

In table 7, transverse relaxation times as function of temperature,
measured in TiLiNOs-acid intermediate are reported.

In figs. 55 a, b the transverse relaxation times measured for the
TiLi(5) NPs and TiLi(5)Co(5) NPs samples are reported. In both cases,
the behavior of the transverse relaxation time is not linear, and a

dynamic simulation is currently being performed in order to better
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understand this behavior. The 'H MAS NMR spectra for the same

samples are available in the appendix.

Table 7. Transverse relaxation times measured in Li-doped TiO, + HNOs (intermediate)

nanoparticles.

Li-doped TiO2 + Moz Ta(s) Moz T2a(s) R?
HNO3
T=273 K 0.27 0.017£0.001 0.73 0.06210.001 0.9999
T=283 K 0.42 0.017+0.002 0.58 0.056+0.003 0.9998
T=293 K 0.32 0.020+0.006 0.68 0.089+0.008 0.9984
T=303 K 0.25 0.017+0.003 0.75 0.089+0.003 0.9996
T=313 K 0.25 0.019+0.003 0.75 0.086%0.004 0.9997
T=323 K 0.17 0.016%0.003 0.83 0.083%0.002 0.9997
T=333 K 0.15 0.022+0.006 0.85 0.073+0.002 0.9986
T=343 K 0.36 0.024+0.005 0.64 0.071+0.006 0.9997
T=353 K 0.27 0.030+0.009 0.73 0.072+0.006 0.9998
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Figs. 55 a, b: Transverse relaxation times measured in TiLi(5)Co(5) NPs (top) and
TiLi(5) NPs (bottom).
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UV-VIS spectroscopy

UV-VIS spectroscopy was used to characterize the synthesized
nanoparticles in order to check the absorption in the visible region.
Fig. 56 shows the comparison between the absorption spectra of the
commercial product Degussa P25 and the samples that we
synthetized and doped with Li or Li and Co ions. As it can be seen in
the graph, the spectrum of the Degussa P25 sample exhibits a
maximum peak of absorption at around 309 nm, and then decreases
rapidly until it reaches 400 nm. This means that its activity is

conducted mainly in the region of the near UV spectrum.

The two doped TiO, samples that we synthesized show different
levels of absorption. In the case of the sample doped with Li, a
maximum absorption peak can be observed around 379 nm, shifted
by about 70nm with respect to Degussa P25. This sample also has
absorption in the visible up to above 500 nm, which means that its
activity also takes place in the yellow-green region of the light

spectrum.

The sample that was doped with Li and Co shows a maximum
absorption around 353 nm, with a clear tail in the visible range up to

about 730 nm. This range indicates that doping with Co makes it
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possible to obtain extremely noticeable absorption in the range of

yellow-green light spectrum, with a tail to red.
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Fig. 56: Comparison of the absorption spectra of Degussa P25 NPs (black), of the
TiLi(5) NPs (red) and the TiLi(5)Co(5) NPs (blue).

Fig. 57 shows the comparison between the absorption spectra of the

commercial product Degussa P25 and the samples.
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Fig. 57: Comparison of the absorption spectra of Degussa P25 NPs (black), of the
TiLi(5)W(5) NPs (violet) and the TiW(5)-prop NPs (pink).

In the case of the sample doped with W in aqueous solution, a
maximum absorption can be observed around 375 nm, shifted by
about 65 nm respect to Degussa P25. The sample also has absorption
in the visible up to above 400 and 500 nm, which means that its

activity also takes place in the blue-green region of the spectrum.
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Fig. 58: Comparison of the absorption spectra of Degussa P25 NPs (black) and the
Au@TilLi(5) core-shells NPs (orange).

Fig. 58. shows the comparison between the absorption spectra of
Degussa P25 and the Au@TilLi(5) core shells. The maximum
absorption of both samples is around 309 nm, but the Au@TiLi(5)
sample shows an absorption peak around 530 nm. This means that
its activity is very similar to the standard in the UV region, but it also

absorb in the green-yellow region.
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Fig. 59 shows the comparison between the Degussa P25 and the
TiLi(5)-xerogel. The xerogel spectra shows a maximum absorption
around 346 nm with a shift of 33 nm compared to P25 and a little

peak around 400 nm, which represent the minimum for P25.
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Fig. 59: Comparison of the absorption spectra of Degussa P25 (black) and the Tili(5)-
xerogel (green).

In order to obtain the energy gap value for each sample we applied
the Kubelka-Munk function (66) [136]:

ahv = A(hv — E;)*?  (66)
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Table 8. Energy Gap (Eg) calculation, best results in grey

Samples Eg (eV)
TiO2 (Degussa P25) 3.24
TiLiCI(5) 3.19
TiLi(1) 3.22
TiLi(3) 3.20
TiLi(5) 3.18
TiLi(5)Co(1) 3.22
TiLi(5)Co(3) 3.14
TiLi(5)Co(5) 3.05
TiLi(5)Ce(1) 3.21
TiLi(5)Ce(3) 3.18
TiLi(5)Ce(5) 3.13
TiLi(5)W(3) 3.19
TiLi(5)W(5) 3.17
TiLi(5)W(7) 3.14
TiCo(5)-prop 3.09
TiW(5)-prop 3.14
TiLi(5)-nanosheets 3.19
TiLi(5)Co(5)-nanosheets 3.08
TiLi(5)Ce(5)-nanosheets 3.14
TiLi(5)-xerogel 3.20
TiLi(5)Co(5)-xerogel 3.10
TiLi(5)Ce(5)-xerogel 3.15
TiLi(5)Co(5)-aerogel 3.11
Au@TiLi(5) 3.04
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Contact angles and wettability

The mechanism for the development of superhydrophilicity of TiO;
by UV irradiation is believed to involve the formation of either
oxygen defects [137] [138] or dangling bonds [139]. Some
researchers have been able to synthetize a TiO, surface with a
modified shape plane, which has a large number of oxygen defects
or dangling bonds [140]. Theoretically, this kind of TiO; should show

superhydrophilic properties without the need for any UV irradiation.

Tilt: 0.8 ded Til- -0.2 ded

Fig. 60: Measurement of the contact angle of water (a) and hexadecane (b) on a glass
surface coated with P25 NPs.
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Fig. 61: Measurement of the contact angle of water (a) and hexadecane (b) on a glass
surface with ND-TiO;.

Figs. 60 and 61 show the contact angle of a drop of water (a) and
hexadecane (b) on a P25 and ND-TiO; coated glass surface. The
wettability seems to be normal and the contact angles are between

48° and 56°.
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Fig. 62: Measurement of the contact angle of water (a) and hexadecane (b) on a glass
surface with TiLi(5).

Fig. 63: Measurement of the contact angle of water (a) and hexadecane (b) a glass
surface with TilLi(5)Co(5).

Figs. 62 and 63 show the superhydrophilicity and the
superoleophilicity of the glass surface coated respectively with

TiLi(5) and TiLi(5)Co(5) NPs, using water (a) and hexadecane (b).
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These materials show an amphiphilic behavior and antifogging

properties (fig. 69).

Fig. 64: Measurement of the contact angle of water (a) and hexadecane (b) a glass
surface with TiLi(5)Ce(5).

Tik 09deg

Fig. 65: Measurement of the contact angle of water (a) and hexadecane (b) a glass
surface with TiLi(5)W(7).

Figs. 64 and 65 show the superhydrophilicity and the

superoleophilicity of the glass surface coated respectively with
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TiLi(5)Co(5) and TiLi(5)W(7) NPs, using water (a) and hexadecane (b).

These materials show an amphiphilic behavior.

Fig. 66: Measurement of the contact angle of water (a) and hexadecane (b) on a glass
surface with TiCo(5)prop.

Fig. 67: Measurement of the contact angle of water (a) and hexadecane (b) a glass
surface with TiW(5)prop.
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Figs. 66 and 67 show the normal wettability with water (a) and
superoleophilicity with hexadecane (b) of the glass surface coated

with TiCo(5)-prop and TiW(5)-prop.

Fig. 68: Measurement of the contact angle of water (a) and hexadecane (b) a glass
surface with Au@TiLi(5)

The glass surface coated with the Au@TiLi(5) nanoshells (fig. 68)
shows superhydrophilicity and superoleophilicity using water (a) and
hexadecane (b). The material also show amphiphilic behavior in this

case.

125



Table 9. Contact angles between functionalized glass and water drop

Contact Contact

Samples Angles with Angles with
water hexadecane

Not treated glass 48.63° 56.11°
P25 49.69° 65.60°
ND-TiO2 48.62° 66.90°
TiLi(5) 6.35° 8.54°
TiLi(5)Co(5) <1° 6.79°
TiLi(5)Ce(5) 9.11° 26.95°
TiLi(5)W(7) 9.70° 29.90°
TiCo(5)-prop 59.56° 17.30°
TiW(5)-prop 60.17° 21.91°
Au@TilLi(5) 3.05 <1°
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Fig. 69: Comparison of antifogging properties between uncoated (left) and TiLi(5)Co(5)
NPs coated glass slide in steamed environment
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Degradation of Rhodamine B in aqueous

solution

The photocatalytic activities of doped TiO, NPs and
nanosheets were evaluated by degrading a dye (Rhodamine B), in
aqueous solution (10 mg/l), using UVb light (254 nm) and visible light
(420 nm of maximum peak and a bandpass filter on 400 nm)
irradiation. For photocatalytic process, 10 mg of each material were

put into a 200 ml solution in a cylindrical glass reactor.

The solutions were irradiated in the horizontal direction, and the
distance between the UV lamp and the solution was kept within 5
cm. Then, the solution had to be kept in a dark room and well stirred

with the magnetic stirrer for more than 20 minutes to attain
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equilibrium conditions throughout the solution. The concentration
of the aqueous-dye suspensions in each sample was measured using
UV-Vis spectrophotometer at a wave-length of 553 nm. The

photocatalytic efficiency was calculated from the expression (66):
c
n=~0--) (66)
0

where Co is the concentration of dyes before illumination, and C is
the concentration of dyes after a given irradiation time. The aqueous
suspensions were measured every 5 min during the process of

photodegradation.

Degradation of Rhodamine B under UVb light

The results in fig. 75 show that the length of illumination and the
quantity of the photocatalyst have an obvious influence on the
degradation of the reactive dye. In general, the effect of the
photocatalyst is evident in the results showed in these figures.
Figs. 70, 71, 72, 73, and 74 present the degradation profiles of
Rhodamine B in presence of the different groups of doped-TiO, NPs
under UVb light at 254 nm. The TilLi group shows a similar behavior

compared to the control group (Degussa P25 and ND-TiOz). In the
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cases of TiLiCe and TiLiW groups, the behavior is similar, but the
kinetic is slower in comparison to the control group. The TilLiCo
group shows a very slow kinetic compared to the controls, but the
Au@TiLi(5) sample degradates most of the RhB in 30 minutes. At the
reaction time of 60 min, the RhB degradation efficiencies of most of
the samples are comparable with the standard sample. It is possible
that the TiLiCo groups are shifted in the absorbance because of the
color of the NPs themselves. The whole testing procedure was
repeated three times. The standard deviation for the three
experiments indicates a confidence level of 4,5% at the time of 60

min.

Degradation of Rhodamine B [10 mg/I] - UVb 254nm
Control group vs. TiLi group

Fig. 70: Degradation of Rh. B under UVb light: comparison between the control group
and the Li-doped NPs group.
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Degradation of Rhodamine B [10 mg/l] - UVb 254nm
Control group vs. TiLiCo group
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Fig. 71: Degradation of Rh. B under UVb light: comparison between the control group
and the Li-Co doped NPs group.

Degradation of Rhodamine B [10 mg/I] - UVb 254nm
Control group vs. TiLiCe group
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Fig. 72: Degradation of Rh. B under UVb light: comparison between the control group
and the Li-Ce doped NPs group.
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Degradation of Rhodamine B [10 mg/I] - UVb 254nm
Control group vs. TIiLIW group
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Fig. 73: Degradation of Rh. B under UVb light: comparison between the control group
and the Li-W doped NPs group.

Degradation of Rhodamine B [10 mg/I] - UVb 254nm
Control group vs. Au@TiO,
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Fig. 74: Degradation of Rh. B under UVb light: comparison between the control group
and the Au@TilLi(5) core shell group.
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Degradation of Rhodamine B [10 mg/I] - UVb 254nm

Fig. 75: Degradation of Rh. B under UVb light and comparison between all groups.

Degradation of Rhodamine B under visible light

Figs. 76, 77, 78, 79 and 80 show the degradation profiles of
Rhodamine B in presence of the different doped-TiO, NPs groups
under visible light at 420 nm of maximum peak and a bandpass filter
at 400 nm. In this case, it is possible to see that the standard samples
(P25 and ND-TiO;) do not show any photocatalytic activity after 60
minutes of reaction. The photocatalytic activity of TiLiCo NPs group
is much greater than the standard TiO; group, in particular for the

sample TiLi(5)Co(5), which shows the best activity in comparison to
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all other samples. It is important to notice that all the samples with
1% of dopants present a similar behavior of the standard group. All
the samples with 5% of dopants show the best photocatalytic
activity in each group. The best kinetic is reported for the samples
Au@TiLi(5), TiW-prop, and TiLi(5)Co(5). The whole testing procedure
was repeated three times. The standard deviation for all three tests

indicates a confidence of 4,3% at the time of 60 min.

Degradation of Rhodamine B [10 mg/I] - VIS 420 nm
Control group vs. TiLi group

Y - TiLi{5)

Fig. 76: Degradation of Rh. B under VIS light: comparison between the control group
and the Li-doped NPs group.
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Degradation of Rhodamine B [10 mg/I] - VIS 420 hm
Control group vs. TiLiCo group

—P25
1 ~ —
~ .
N . ND-TiO2
08 \
- \
206 v
S
\ — TiLi(5)Co(5)
04 \ 0
~
-~
~ A TiLi{5)Co(3)
02 ™~
~
0 TiLi{5)Co(1)
0 5 10 1 0 2 30 3 20 2 0 60
Minutes

Fig. 77: Degradation of Rh. B under VIS light: comparison between the control group
and the Li-Co doped NPs group.

Degradation of Rhodamine B [10 mg/I] - VIS 420 nm
Control group vs. TiLiCe group
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Fig. 78: Degradation of Rh. B under VIS light: comparison between the control group
and the Li-Ce doped NPs group.
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Degradation of Rhodamine B [10 mg/I] - VIS 420nm

Control group vs. TiLiW group
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Fig. 79: Degradation of Rh. B under VIS light: comparison between the control group
and the Li-W doped NPs group.

Degradation of Rhodamine B [10 mg/I] - VIS 420 nm
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Fig. 80: Degradation of Rh. B under VIS light: comparison between the control group
and the Au@TilLi(5) core shell group.
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Degradation of Rhodamine B [10 mg/I] - VIS 420 nm
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Fig. 81: Degradation of Rh. B under VIS light and comparison between all groups.
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Degradation of formaldehyde under visible light

Volatile organic compounds (VOCs) are generally considered
as key pollutants in the atmosphere, and play a crucial role in the
formation and aging of fine particulate matter (PM). They can also
react with oxidizing gases (e.g. ozone) and radicals (e.g. OH radicals
and HO; radicals), contributing to the growth of fine PM.
Heterogeneous reactions on PM can involves VOCs and other
substances. These processes increase the dimensions of the
particles, and change their chemical composition as well as their

physical properties [141].
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To simulate the impact of our catalyzer in the atmosphere, we chose
to experiment it on formaldehyde (HCHO), since this compound is
the most abundant carbonyl-containing VOC in the atmosphere
[142] [143]. Atmospheric HCHO comes either from the oxidation of
organic compounds or is directly emitted by industrial sources [15].
Its reactions with OH radicals, photolysis, and dry or wet deposition
are well known, as well its removal pathways. However, Liu et al.
found those sinks insufficient to improve the air quality during the
large pollution controls enforced in Beijing for two months in order
to reduce the emission of HCHO before the 2008 Olympic Games
[143]. The heterogeneous processes between HCHO and other
atmospheric aerosol compounds like sulfate aerosols [144] [145],
mineral dust aerosols [146] [147] [148] [149], and organic aerosols
[150] have been widely studied recently, and their contribution to
the degradation of HCHO was evidenced [148]. Several of these
studies focused on the oxides dust in aerosols, such as SiO3, TiO-,
Al,O3, and Fe20s.In particular, the adsorptions of HCHO by a- Al,Os,
a- Fe;0s3, and TiO, were found to be irreversible [146] [147],
permanently affecting their hygroscopicity and their optical

properties [148]. The principal meteorological factors such as
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temperature (T), relative humidity (RH), and light radiation also have

an impact on the heterogeneous reactions of VOCs [151] [152].

However, in this study, we realized a model to simulate a specific
percentage of formaldehyde in a chamber. A realistic model of the
atmosphere is multicomponent and more complex, and our
laboratory experiments represent only a foundation to test the

photocatalytic systems in a real environment.

The kinetic of the photocatalytic effect of the NPs we made (under
visible light at 420 nm of maximum peak and a bandpass filter on
400 nm) with HCHO (4 ppm) inside an environmental chamber (4000
cm?3) was simulated for 120 minutes on each sample. We used the
acetylacetone method [153] and the absorption of the reaction
product 2,6-dimethyl-3,5-diacetyl-1,4-dihydropyridin in water at
413 nm (molar absorptivity 6.639 - 10® L-mol™*-cm™) [154]. The decay
rates of HCHO and the primary degradation products (CO,) were
measured using a GC-MS, and then compared with the Degussa P25
and the NP-TiO.. All the tests made with the acetylacetone method
were repeated three times, providing a standard deviation that

indicates a confidence level of 4,8% at the time of 60 min. The GC-
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MS test for the detection of CO;, was carried out just once to verify

that the conversion of HCHO into CO; actually took place.

The TilLi group showed a low conversion rate of HCHO in COy; in
particular, the sample TiLi(1) shows the same behavior as the control
group. The best result is achieved by the TiLi(5)Co(5) sample, which

reaches the maximum conversion rate in around 100 minutes.

Degradation of Formaldehyde gas [4 ppm] - Vis 420 nm
Control group vs. TiLi group
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Fig. 82: Degradation of HCHO under visible light and comparison between the control
group and the TilLi group.
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Degradation of Formaldehyde gas [4 ppm] - Vis 420 nm
Control group vs. TiLiCo group
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Fig. 83: Degradation of HCHO under visible light and comparison between the control
group and the TiLiCo group.

Degradation of Formaldehyde gas [4 ppm] - Vis 420 nm
Control group vs. TiLiCe group
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Fig. 84: Degradation of HCHO under visible light and comparison between the control
group and the TiLiCe group.

141



Degradation of Formaldeide gas [4 ppm] - Vis 420 hm
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Fig. 85: Degradation of HCHO under visible light and comparison between all groups.

In addition, the primary product of HCHO degradation (CO2) was
investigated. In fig. 86, the Gas Chromatography standard curve for
CO; between 0 and 43 ppm concentration is depicted. Thefitis linear
(R?=0,9997), which allows us to use the GC data without any

modification.
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Fig. 86: Gas chromatography standard curve for CO,.

Degradation of Formaldeide gas [4 ppm] - Vis 420 nm
CO, Gas chromatography
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Fig. 87: CO; production during photocatalytic reaction for the Li doped NPs and P25.
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Degradation of Formaldeide gas [4 ppm] - Vis 420 nm
CO, Gas chromatography
Control group vs. TiLiCo group
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Fig. 88: CO; production during photocatalytic reaction for the Li-Co doped NPs and
P25,

Degradation of Formaldeide gas [4 ppm] - Vis 420 nm
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Fig. 89: CO; production during photocatalytic reaction for the Li-Ce doped NPs and
P25,
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Fig. 90: CO; production during photocatalytic reaction for all the groups.
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Cytotoxicity of doped NPs on E. coli and Human
Lung Cells

In-vitro tests were carried out in order to determine the
toxicity and the risk related to the use of TiO2 NPs and doped TiO;
NPs in public space (indoor and outdoor) with and without
photocatalytic activation. Nanoparticles smaller than 100 nm have a
high deposition efficiency through the respiratory tract [155] [156];
however, their toxicity is not only related to their size [157] [158]
[159] [160].

In this study, cytotoxicity was evaluated through the cellular survival
rate using a WST-1 assay, which is a colorimetric method based on

the conversion of the tetrazolium salt WST-1 and of the sodium salt
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of 4-[3-(4iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-
benzene disulfonate [161] (Roche) into a soluble colored formazan
by a cellular reduction system. For this test, we used human
Caucasian fibroblast-like lung cells (WI-38 cell Line, Sigma-Aldrich)
and Escherichia coli cells (E. coli K12 strain, Sigma-Aldrich) [162]
[163].

Intracellular Lactate Dehydrogenase (LDH) was also used as a marker
of membrane integrity. LDH leakage assay provides information on
membrane integrity because this enzyme is normally present in the
cytosol of mammalian cells and released into the extracellular
medium through the damaged plasma membrane [164]. Some
studies showed that some cytotoxicity assays were not suitable for
assessing nanoparticles’ toxicity, because of their possible role in the
oxidation of NADH to NAD" [165] [166] or in the adsorption of LDH
molecules on the surface of NPs [167] [168] [169]; however, Han et
al. [170] validated the LDH assay for TiO; toxicity.

All methods are well reported in the literature [155] [160] [164]
[170] [171].
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WST-1 assay

For the WST-1 assay, eight groups of tests in triplicate were carried

out:

group zero (G0): WI38-GO (3 plate) and ECK12-GO (3 plate) in
absence of NPs and irradiation as control;

group one (G1): WI38-G1 (51 wells) and ECK12-G1 (51 wells)
with NPs but in absence of irradiation;

group two (G2): WI38-G2 (51 wells) and ECK12-G2 (51 wells)
with NPs and with the presence of UVb irradiation (290 nm,
4.3 mW cm?3);

group three (G3): WI38-G3 (17 wells) and ECK12-G3 (17 wells)
with NPs and with the presence of visible light (420 nm of

maximum peak and a bandpass filter of 400 nm, 4.1 mWcm™).

The cells were purchased from Sigma-Aldrich and grown in

RPMI1640 medium (Welgene) and Dulbecco’s modified eagle’s

medium (DMEM) under a humidified atmosphere (5% CO,, 95% air).

The media were supplemented with calf serum 100 ml/L, penicillin

100 units/ml and streptomycin 100 mg/L.

10% cells/100 pl were seeded in 104 well plates and incubated

overnight at 37 °C under a 5% CO; atmosphere. After 24 hours, the
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medium that had been put in the wells was replaced with a fresh
medium containing nanoparticles (~600 ug/ml each), and kept in
incubation for 72 h. The pH of the nanoparticles solution had to be
adjusted to 5.5-6.5 in order to not damage the normal growth of the
cells, and the solution was therefore maintained at 7.2-7.4 by
equilibration with CO.. The effect of the nanoparticles on cell
proliferation was determined by a water-soluble tetrazolium assay
protocol (WST-1) as described above. To sum it up, 10 ul of WST-1
solution were added to each well, and the plates were further
incubated under irradiation (except for groups GO and G1). After 4

h, the absorbance was measured with a plate reader at 440 nm.
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Figs. 91 a, b: comparison between the control groups of E. coli and human lung cells,
without NPs and without irradiation (GO).

Figs. 91 a and b show the first control group (G0), which contains the
two groups of cells without any NPs and irradiation. Forty minutes
after the start of the experiment, no variation of the survival

percentage can be observed.

Survival percentage of E. coli Survival percentage of WI38 lung cells
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——P25 ND-TiOz ——P25 ND-TiO2
100,0 — — 1000 =
— S — o —_—
80.0
80,0
B
3 400 4
0,0
1 1
Time (min Time (min)

Figs. 92 a, b: comparison between the control groups of E. coli and human lung cells
with NPs and without irradiation (G1).
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Figs. 92 a and b show the control group G1, for which the cells were
treated with our blanks (the Degussa P25 and the ND-TiO;), but the
samples were merely kept in the dark, without any irradiation. We

can notice that the mortality level of both types of cell is around 8%.

Survival percentage of E. colj Survival percentage of W38 lung cells

with NPs and without irradiation (ECK12-G1 Li group) with NPs and without irradiation (WI38-G2 L group)
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Figs. 93 a, b: comparison between the control groups and TilLi groups of E. coli and
human lung cells with NPs and without irradiation (G1).

Figs. 93 a and b show the first comparison between the control
groups and the TiLi NPs groups in absence of irradiation. In both

cases, the mortality level is around 10% after 40 minutes.
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Survival percentage of E. coli Survival percentage of WI38 lung cells
with NPs and without irradiation (ECK12-G1 Co group) with NPs and without irradiation (WI138-G1 Co group)
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Figs. 94 a, b: comparison between the control groups and TiLiCo groups of E. coli and
human lung cells with NPs and without irradiation (G1).

Figs. 94 a and b show the comparison between the control groups
and the Co doped NPs groups in absence of irradiation. In both cases,
we can observe a linear decrement of the live cells. The E. coli cells
are more sensitive than human lung cells, and after 40 minutes, the
survival percentage is around 46% for the bacteria and around 58%

for the lung cells.

Survival percentage of E. coll Survival percentage of WI38 lung cells
with NPs and without irradiation (ECK12-G1 Ce group) with NPs and without irradiation (W138-G1 Ce group)
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Figs. 95 a, b: comparison between the control groups and TiLiCe groups of E. coli and
human lung cells with NPs and without irradiation (G1).
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Figs. 95 a and b show the comparison between the control groups
and the TiLiCe NPs groups in absence of irradiation. In this case, the
E. coli cells shown a greater mortality (57,7%) than human lung cells

(30,4%) after 40 minutes.

Survival percentage of E. coli Survival percentage of WI38 lung cells
with NPs and without irradiation (ECK12-G1 W group) with NPs and without irradiation (WI138-G1 W group)
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Figs. 96 a, b: comparison between the control groups and TiLiW groups of E. coli and
human lung cells with NPs and without irradiation (G1).

Figs. 96 a and b show the comparison between the control groups
and the W doped NPs groups in absence of irradiation. In both cases,
we can observe a linear decrement of the live cells. After 40 minutes,
in the worst cases (the samples with 7% of W) the mortality level is
between 45 and 50%. It is important to notice that the mortality

increases as the percentage of dopant increases.
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Figs. 97 a, b: comparison between the control groups and Au@TiLi(5) groups of E. coli
and human lung cells with NPs and without irradiation (G1).

Figs. 97 a and b show the comparison between the control groups
and the Au@TiLi(5) core shells NPs. In both cases, the samples with

the core shells have a mortality level similar to the one of the control

samples.
Survival percentage of E. coli Survival percentage of WI38 lung cells
with NPs under UVb (ECK12-G3 control group) with NPs under UVb (WI38-G2 control group)
——P25 ND-TIO2 ——p25 ND-TiO2
0 0

Time (min] Time (min]

Figs. 98 a, b: comparison between the control groups of E. coli and human lung cells
with NPs under UVb irradiation (G2).
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Figs. 98 a and b show the control groups G2 of the bacteria and
human cells with the P25 and ND-TiO; under ultraviolet light (290
nm). In this case, we can notice that the activation of photocatalysis,
together with the ability of damage of the ultraviolet light, increases
the mortality in both samples. In the case of E. coli, the mortality
level is very high (around 82% in 40 minutes), while for human lung

cells it is around 68%.

Survival percentage of E. col] Survival percentage of W38 lung cells
with NPs under UVb (ECK12-G2 Li group) with NPs under UVb (WI38-G2 Li group)

——P25 ND-TiO2 TIL(1) ===TiLi(3) eithe=TiLi(5) ——P25 ND-TiO2 TILi(1) ==TiLi(3) et TiLi(5)

Figs. 99 a, b: comparison between the control groups and TilLi groups of E. coli and
human lung cells with NPs under UVb irradiation (G2).

Figs. 99 a and b show the comparison between the control groups
and the TiLi NPs groups in presence of UVb light. In this case, it is
very important to notice that, in general, the mortality level is lower
in the groups with the doped nanoparticles than in the control

groups. Surely, some of the cells in both groups die due to ultraviolet
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irradiation, but we are led to think that the replacement of H* ions
with Li* ions causes a decrease in cellular mortality both in the case

of E. Coli and in the case of human cells.

Survival percentage of E. colj Survival percentage of W38 lung cells
with NPs under UVb (ECK12-G2 C with NPs under UVb (WI38-G2 Co group)

- P25 ND- TiLi(S)Co(1)

TILI(5)Co(3) =wmmTILi(5)Co(S) == TICo(5)-prop

Figs. 100 a, b: comparison between the control groups and Co groups of E. coli and
human lung cells with NPs under UVb irradiation (G2).

Figs. 100 a and b show the comparison between the control groups
and the Co doped NPs groups under the UVb irradiation. The E. coli
group showed a very important increase of the mortality level, which
is over 90% after 40 minutes. The mortality level for human lung cells

was also high, and amounted to about 65% after 40 minutes.
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Survival percentage of £. coli Survival percentage of WI38 lung cells
with NPs under UVb (ECK12-G2 Ce group) with NPs under UVb (WI38-G2 Ce group)
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Figs. 101 a, b: comparison between the control groups and Ce groups of E. coli and
human lung cells with NPs under UVb irradiation (G2).

Figs. 101 a and b show the comparison between the control groups
and the TiLiCe doped NPs groups under UVb irradiation. Mortality in
E. coligroup is about 10% greater than in the human lung cells group.
After 40 minutes, the percentage of surviving cells is around 22% for

the E. coli, and around 32% for the human lung cells.

Survival percentage of E. coli

Survival percentage of WI38 lung cells
with NPs under UVb (ECK12-G2 W group)

with NPs under UVb (WI38-G2 W group)

—t— P25 ND-TiO2 —&

TiLi(5)W(3) = TILI{5)WW(5) ==tlem TiLi(5)W(7) ====Ti\M 5})-prop —— P25 ND-TiO2 s TiLi(5)W(3) === TiLi( 5)VVW(5) =ttt TiLi(5)W(7) === T\ 5)-prop

1000
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Figs. 102 a, b: comparison between the control groups and W groups of E. coli and
human lung cells with NPs under UVb irradiation (G2).
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Figs. 102 a and b show the comparison between the control groups
and the W doped NPs groups under UVb irradiation. The E. coli group
shows a very important increase of mortality, which is around 83%
after 40 minutes. For human lung cells, the mortality is high as well,

amounting to about 70% after 40 minutes.

Survival percentage of E. coli Survival percentage of WI38 lung cells
with NPs under UVb (ECK12-G2 Au group) with NPs under UVb (WI38-G2 Au group)

—t— P25 ND-TiO2 Au@TiO2 —t— P25 ND-TiO2 &—AU@TIO2

Figs. 103 a, b: comparison between the control groups and Au groups of E. coli and
human lung cells with NPs under UVb irradiation (G2).

In the case of Au@TiLi(5) NPs shown in figs. 103 a and b, we can
notice that in both cases, the mortality is lower than for the control

samples under UVb irradiation.
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Survival percentage of E. coli Survival percentage of WI38 lung cells
with NPs under VIS (ECK12-G3 control group) with NPs under VIS (WI38-G3 control group)
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Figs. 104 a, b: comparison between the control groups of E. coli and human lung cells
with NPs under VIS irradiation (G3).

Figs. 104 a and b show the control groups G3 of the bacteria and
human cells together with the P25 and ND-TiO;, under visible light
(420 nm). In this case, we can notice that there is no activation of
photocatalysis, and that the mortality rate is very low in both cases:
for E. coli, the mortality is around 21%, while for human lung cells it

is around 11%.
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Survival percentage of E. coli Survival percentage of WI38 lung cells
with NPs under VIS (ECK12-G3 Li group) with NPs under VIS (WI138-G3 Li group)

—t—P25 ND-TiO2 4 TiLi{1) =—s==TiLi(3) ==m=TiLi(5) —— P25 ND-TiO2 TILi(1) ==s=TiLi(3) =—m=TiLi(5)

Figs. 105 a, b: comparison between the control groups and Li groups of E. coli and
human lung cells with NPs under VIS irradiation (G3).

Figs. 105 a and b showthe comparison between the control groups
G3 and the TiLi NPs group under visible light. In this case, we can
notice that the activation of photocatalysis increases the mortality
rate mostly in the E. coli samples, and seems to be linear and
depending on the amount of dopant. A comparison with figs. 93 and
99 leads us to think that it is not the dopant itself that increases the
toxicity, but rather the increase of photocatalytic activity in the

visible region of our nanoparticles.

160



Survival percentage of E. coli Survival percentage of WI38 lung cells
with NPs under VIS (ECK12-G3 Co group) with NPs under VIS (WI38-G3 Co group)

—t— P25 TiLi(5)Co(1 —t— P25

Figs. 106 a, b: comparison between the control groups and Co groups of E. coli and
human lung cells with NPs under VIS irradiation (G3).

Figs. 106 a and b show the comparison between the control groups
and the Co doped NPs groups under visible light. In this case, we can
see how the mortality of E. Coli is very pronounced, reaching a
maximum of about 91% after 40 minutes. In the case of human lung
cells, we can notice that mortality is high (43% circa), but that it
seems to depend principally on the amount of dopant. The figure is
comparable to the mortality level observed in the control samples
without irradiation in fig. 94. This leads us to think that for human
cells, the presence of a dopant, rather than photocatalysis,

represents the main factor determining the level of toxicity.
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Survival percentage of E. coli Survival percentage of WI38 lung cells
with NPs under VIS (ECK12-G3 Ce group) with NPs under VIS (WI38-G3 Ce group)
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Figs. 107 a, b: comparison between the control groups and Ce groups of E. coli and
human lung cells with NPs under VIS irradiation (G3).

Figs. 107 a and b show the comparison between the control groups
and the TiLiCe doped NPs groups under visible light irradiation. Also
in this case, the mortality in E. coli group is about 10% greater than
in the human lung cells group. After 40 minutes, the survival cells

percentage is around 30% for the E. coli and 40% for the human lung

cells.
Survival percentage of E. coli Survival percentage of WI38 lung cells
with NPs under VIS (ECK12-G3 W group) with NPs under VIS (WI138-G3 W group)
——P25 ND-TIO2 —a—TiLi(5)W(3) == TILi(5)W(5) —s—TiLi(5)W(7) —a—Ti\{ 5)-prop ——F25 ND-TIO2 —a—TiLi(5)W(3) —H—TiLi(5)\W(5) ——TiLi(5)W(7) —s—Ti\\{ 5)-prop
100,0

Time (min) Time (min)

Figs. 108 a, b: comparison between the control groups and W groups of E. coli and
human lung cells with NPs under VIS irradiation (G3).
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Figs. 108 a and b show the comparison between the control groups
and the W doped NPs groups under visible light. As in the case of
cobalt, we can see that the mortality of E. Coli is very pronounced,
and reaches a maximum of about 83% after 40 minutes. In the case
of human lung cells, we can notice that mortality is high (around
53%) but it is comparable with the control samples without
irradiation in fig. 96. This leads us to think again that toxicity, in the
case of human cells, is mostly determined not by photocatalysis, but
rather by the presence of a dopant. For all cases, mortality seems to

depend on the amount of dopant.

Survival percentage of E. coli Survival percentage of WI38 lung cells
with NPs under VIS (ECK12-G3 Au group) with NPs under VIS (WI38-G3 Au group)

—t— P25 ND-TiO2 Au@TiO2 —t— P25 ND-TiO2 Au@TioZ

\\\' 1000 _ _____T__W-—_—’

Figs. 109 a, b: comparison between the control groups and Au groups of E. coli and
human lung cells with NPs under VIS irradiation (G3).
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Figs. 109 a and b show the comparison between the control groups
and the Au@TiLi(5) NPs. In the case of E. coli, it is possible to notice
that photoactivation is responsible for the high mortality of the cells,
which reaches around 74% after 40 minutes. In the case of human

lung cells, the mortality is around 42%.

Group 1 -Cells with NPs and without irradiation

100
80
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Cells survival (%)

Y/ /(I

C‘*_

Materials

Fig. 110: Percentage of cells survival in WI38 and ECK treated with not doped NPs and
with doped-NPs without irradiation. The treated cells, when compared vs. WI38 and
p<0.0001 are indicated with “***”; in the case of ECK cells and p<0.0001 they are
indicated with “###” and p<0.001 with “##”.
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Group 2 -Cells with NPs and under UVb
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Fig. 111: Percentage of cells survival exposed to UVb light in WI38 and ECK treated
with ND-NPs doped NPs. The treated cells, when compared vs. WI38 and p<0.0001 are

in the case of ECK cells and p<0.0001 they are indicated with

7

2T

indicated with

Il###ll.

Group 3 -Cells with NPs and under VIS
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Fig. 112: Percentage of cells survival exposed to visible light in WI38 and ECK treated

with ND-NPs and with doped NPs. The treated cells, when compared vs. WI38 and

; in the case of ECK cells and p<0.0001 they are

2
7’

p<0.0001 are indicated with “***”

indicated with “###”.
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All analyses were performed in GraphPad Prism Software v.6.1 using

one-way ANOVA and Tukey's Multiple Comparison Test.

In Group 1 (fig. 110), cells had been treated with NPs only, without
irradiations. Compounds TilLi(1), TiLi(3), and TiLi(5) in WI38 showed
not significant differences with the control group, but ECK TiLi(1)
showed no difference vs. ECK control group, while TilLi(3) and TiLi(5)
showed a drop in cells’ survival (p<0.001 and p<0.0001,
respectively). All other compounds showed a significant decrease in

cells’ survival, except for Au@TiLi(5) in WI38 vs control.

Group 2 in fig. 111 shows the percentage of cells survival when
exposed to UVb light in WI38 and ECK treated with NPs only, and
with NPs with all compounds. In this case, WI38 and ECK treated with
NPs exhibit a similar level of mortality. TiLi compounds were more
stable under UVb, no matter whether in WI38 or ECK cells
(p<0.0001). TiLi-TiCo groups compounds showed more variability in
results: in WI38 cells TiLi(5)Co(1),(3),and (5) showed lower mortality
in respect to the ECK, but TiCo(5)-prop showed no difference with
NPs only; in ECK the toxicity seems to become worse according to
the significance value in cells treated with TiCo(5)-prop. Compounds

with Ce showed no significant values, while compounds with Au
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showed in both WI38 and ECK protection. TiLi(5)W(3) and W(5)
showed anincrease in cells survival in both WI38 and ECK protection,
TiLi(5)W(7) just in WI38, but no significant value in ECK; lastly,
TiW(5)-prop showed no significant values in both WI38 and ECK.

Group 3 in fig. 112 shows what happens when the cells were
exposed to visible light. All compounds versus their controls groups

showed a significant toxicity both in WI38 and ECK (p<0.0001).

Oxidative stress markers

Lactate dehydrogenase (LDH) release

Lactate dehydrogenase (LDH) is a cytosolic enzyme present in many
different cell types. When its plasma membrane is damaged, a cell
releases LDH into the cell culture medium. The amount of
extracellular LDH in the medium can be quantified by a coupled
enzymatic reaction in which LDH catalyzes the conversion of lactate
to pyruvate via the reduction of NAD+ to NADH. Diaphorase then
uses NADH to reduce a tetrazolium salt to a red formazan product

that can be measured at 490nm. The level of formazan formation is
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directly proportional to the amount of LDH released into the

medium, which is indicative of the cytotoxicity of an agent [172].

Damaged cells

//ﬁ :\\\\ Pyruvate \ NADH INT
» LOH Diaphorase
\\\__ _/// Lactate I./ NAD+ & Formazan

S~

Fig. 113: Schematic of LDH cytotoxicity assay mechanism [172]

The samples for the LDH assay were prepared following a validated
method for TiO2 NPs [170], using a Pierce LDH Cytotoxicity Assay Kit
(ThermoFisher). One milliliter of cells at a density of 5 x 10° cells/ml
in Gibco RPMI 1640 containing 10% of Fetal Bovine Serum
(ThermoFisher) was used for each experiment; the cells were seeded
in each well plate, and grown for 48 h before their exposure to NPs.
The cells were then washed with Hank’s Balanced Salt Solution
(Gibco) three times, and exposed to NPs in RPMI medium containing

1% FBS.
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After a 40 minutes exposure, the well plates were shaken briefly to
homogenize the LDH that had been released in the cell culture
media; afterward, the media was transferred into 1.5 ml
microcentrifuge Eppendorf tubes, and were centrifuged at 10,000 x
gand 4 °Cfor 15 min to remove any cell debris and NPs. One hundred
microliters (100 plL) of each sample was transferred to a new plate
and mixed with the reaction mixture of the kit (ThermoFisher). After
30 minutes at room temperature (25 °C), the reactions were stopped
by adding the stop solution. Absorbance at 490 nm was measured
using a plate-reading spectrophotometer (BioTek Synergy 2 SLFA
Multi-Mode Plate Reader) to determine the LDH activity.
For the LDH assay, six groups of tests in triplicate were carried out
with the same cells and at the same conditions as for the WST-1
tests, but with five different NPs concentrations (0.06, 0.6, 6, 60, 600
ug/ml) in addition to the control samples without NPs:
- group one (J1): WI38-J1 (86 wells) and ECK12-J1 (86 wells)
with NPs but in absence of irradiation;
- group two (J2): WI38-J2 (86 wells) and ECK12-J2 (86 wells)
with NPs and with the exposure to UVa irradiation (290 nm,

4.3 mW cm™);
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- group three (J3): WI38-J3 (86 wells) and ECK12-J3 (86 wells)
with NPs and with the exposure to visible light (420 nm of
maximum peak and a bandpass filter of 400 nm, 4.1 mWcm™).

The data were reported as the percentage of the released amount
of LDH compared to the LDH amount of the control samples (100%).
All analyses were performed with GraphPad Prism Software v.6.1
using a two-way ANOVA and Bonferroni's Multiple Comparison Test.
Figs. 114 to 118 show that all the NPs produced an increase of the
amount of LDH after 40 minutes of treatment without any light
irradiation. In particular, the TiLiCo group (fig. 115), the TiLiCe group
(fig. 116), and the TiLiW group (fig. 117) showed statistically
significant values (p<0.0001).
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Lactate dehydrogenase release on E. coli
with NPs and without irradiation
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Fig. 114: Lactate dehydrogenase release level on E. coli (left) and human lung cells
(right) with TiLi NPs without any irradiation. (*p<0.05; **p<0.005; ***p<0.0005;
***%p<0.0001; P25 vs. related NPs)
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Lactate dehydrogenase release on E. coli
with NPs and without irradiation
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Lactate dehydrogenase release on WI38
lung cells with NPs and without irradiation
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Fig. 115: Lactate dehydrogenase release level on E. coli (left) and human lung cells
(right) with TiLiCo NPs without any irradiation. (*p<0.05; **p<0.005; ***p<0.0005;
***¥p<0.0001; P25 vs. related NPs).
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Lactate dehydrogenase release on E. coli
with NPs and without irradiation
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Fig. 116: Lactate dehydrogenase release level on E. coli (left) and human lung cells
(right) with TiLiCe NPs without any irradiation. (*p<0.05; **p<0.005; ***p<0.0005;
**%%p<0.0001; P25 vs. related NPs).

Lactate dehydrogenase release on E. coli
with NPs and without irradiation
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Fig. 117: Lactate dehydrogenase release level on E. coli (left) and human Ilung cells
(right) with TiLiW NPs without any irradiation. (*p<0.05; **p<0.005; ***p<0.0005;
**%¥p<0.0001; P25 vs. related NPs).
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Lactate dehydrogenase release on E. coli Lactate dehydrogenase release on WI38

with NPs and without irradiation lung cells with NPs and without irradiation
Group Au@TiLi- ECK12-J1 Group Au@TiLi-WI38-J1
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Fig. 118 Lactate dehydrogenase release level on E. coli (left) and human lung cells
(right) with Au@TiLi(5) NPs without any irradiation. (*p<0.05; **p<0.005;
**¥p<0.0005; ****p<0.0001; P25 vs. related NPs).

Fig. 119 to 123 show that the increase of the amount of LDH with
the NPs after 40 minutes of treatment under UVb light is not
statistically significant (in most of the cases). In effect, it is due to the
high absolute value of the control samples as can be seen from figure

130.
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Lactate dehydrogenase release on E. coli
with NPs under UVb
Group TiLi-ECK12-J2
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lung cells with NPs under UVb
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Fig. 119: Lactate dehydrogenase release level on E. coli (left) and human lung cells
(right) with TiLi NPs under UVb irradiation. (*p<0.05; **p<0.005; ***p<0.0005;
**%%p<0.0001; P25 vs. related NPs).
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Fig. 120: Lactate dehydrogenase release level on E. coli (left) and human lung cells
(right) with TiLiCo NPs under UVb irradiation. (*p<0.05; **p<0.005; ***p<0.0005;
**%%p<0.0001; P25 vs. related NPs).
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Lactate dehydrogenase release on E. coli
with NPs under UVb
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Fig. 121: Lactate dehydrogenase release level on E. coli (left) and human lung cells
(right) with TiLiCe NPs under UVb irradiation. (*p<0.05; **p<0.005; ***p<0.0005;
**%%p<0.0001; P25 vs. related NPs).
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Lactate dehydrogenase release on W38
lung cells with NPs under UVb
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Fig. 122: Lactate dehydrogenase release level on E. coli (left) and human lung cells
(right) with TiLiW NPs under UVb irradiation. (*p<0.05; **p<0.005; ***p<0.0005;
**%%p<0.0001; P25 vs. related NPs).
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Fig. 123: Lactate dehydrogenase release level on E. coli (left) and human lung cells
(right) with Au@TiLi(5) NPs under UVb irradiation. (*p<0.05; **p<0.005; ***p<0.0005;
**%%p<0.0001; P25 vs. related NPs).

Fig. 124 to 128 show that all the NPs produced an increase of the
amount of LDH after 40 minutes of treatment under visible light
irradiation. All the groups showed statistically significant values

(p<0.0001).
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Fig. 124: Lactate dehydrogenase release level on E. coli (left) and human lung cells
(right) with TiLi NPs under visible light irradiation. (*p<0.05; **p<0.005; ***p<0.0005;
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Fig. 125: Lactate dehydrogenase release level on E. coli (left) and human lung cells
(right) with TiLiCo NPs under visible light irradiation. (*p<0.05; **p<0.005;
**¥p<0.0005; ****p<0.0001; P25 vs. related NPs)
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Fig. 126: Lactate dehydrogenase release level on E. coli (left) and human lung cells
(right) with TiLiCe NPs under visible light irradiation. (*p<0.05; **p<0.005;
**%p<0.0005; ****p<0.0001; P25 vs. related NPs)
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Fig. 127: Lactate dehydrogenase release level on E. coli (left) and human lung cells
(right) with TiLiW NPs under visible light irradiation. (*p<0.05; **p<0.005;
**%p<0.0005; ****p<0.0001; P25 vs. related NPs)
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Fig. 128: Lactate dehydrogenase release level on E. coli (left) and human lung cells
(right) with Au@TiLi(5) NPs under visible light irradiation. (*p<0.05; **p<0.005;
**¥p<0.0005; ****p<0.0001; P25 vs. related NPs).
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Fig. 129: Comparison of the not normalized values of the control samples (NPs-free)
between J1, J2 and J3 groups.
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Determination of reactive oxygen species (ROS)

Intracellular ROS in the human and bacterial cells were measured
using the protocol described by Lyon et al [173] and by Kumar et al.
[174]. The 2’,7'-dichlorodihydrofluorescein diacetate (H.DCFDA,
Sigma Aldrich) and hydroethidine (HEt, Sigma Aldrich), were used to
measure ROS in and around the bacterial cells via increases in
fluorescence as measured using a fluorimeter (Thermo Qubit 3). HEt
has blue fluorescence in the cytoplasm and it is added at a final
concentration of 100 uM to cells with or without NPs, and the dye is
oxidized by superoxide to form an ethidium compound that
fluoresces red when bound to DNA [175]. H;DCFDA is
nonfluorescent until it enters the cell, whereupon it is cleaved by an
esterase, which improves cell retention and allows the compound to
be oxidized (and fluoresce) by most ROS species. The protocol

involved incubating the cells with 200 uM of H,DCFDA for 30 min,
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then harvesting the exposed cells by centrifugation, resuspending
them in the medium such that the intracellular esterases could
cleave the dye for 10 min, and finally exposing the cells to NPs for
another 15 min. Data were interpreted relative to NPs-free controls
(100%) with E. coli and human lung cells.

For the ROS assays, six groups of tests in triplicate were carried out
with the same cells and at the same conditions as for the LDH tests,
with five different NPs concentrations (0.06, 0.6, 6, 60, 600 pg/ml) in
addition to the control samples without NPs:

- group one (R1): WI38-R1 (86 wells) and ECK12-R1 (86 wells)
with NPs but in absence of irradiation;

- group two (R2): WI38-R2 (86 wells) and ECK12-R2 (86 wells)
with NPs and with the exposure to UVa irradiation (290 nm,
4.3 mW cm?3);

- group three (R3): WI38-R3 (86 wells) and ECK12-R3 (86 wells)
with NPs and with the exposure to visible light (420 nm of
maximum peak and a bandpass filter of 400 nm, 4.1 mWcm™).

The data were reported as the percentage of the released amount

of ROS compared to the ROS amount of the control (100%).
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All the assays for the determination of ROS confirm the data
obtained with LDH. Oxidative stress is present in all groups, in

particular in those with the photocatalytic activation by UVb and

visible light.
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Fig. 130: Intracellular Reactive Oxygen Species generation in E. coli (left) and human
lung cells (right) with TiLi group NPs without irradiation. (*p<0.05; **p<0.005;
**%p<0.0005; ****p<0.0001; P25 vs. related NPs)
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Fig. 131: Intracellular Reactive Oxygen Species generation in E. coli (left) and human
lung cells (right) with TiLiCo group NPs without irradiation. (*p<0.05; **p<0.005;
**%p<0.0005; ****p<0.0001; P25 vs. related NPs)
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Fig. 132: Intracellular Reactive Oxygen Species generation in E. coli (left) and human
lung cells (right) with TiLiCe group NPs without irradiation. (*p<0.05; **p<0.005;
**%p<0.0005; ****p<0.0001; P25 vs. related NPs)
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Fig. 133: Intracellular Reactive Oxygen Species generation in E. coli (left) and human
lung cells (right) with TiLiW group NPs without irradiation. (*p<0.05; **p<0.005;
**%p<0.0005; ****p<0.0001; P25 vs. related NPs)
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Fig. 134: Intracellular Reactive Oxygen Species generation in E. coli (left) and human
lung cells (right) with Au@TiLi group NPs without irradiation. (*p<0.05; **p<0.005;
**%p<0.0005; ****p<0.0001; P25 vs. related NPs)
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Fig. 135: Intracellular Reactive Oxygen Species generation in E. coli (left) and human
lung cells (right) with TiLi group NPs under UVb light. (*p<0.05; **p<0.005;
**%p<0.0005; ****p<0.0001; P25 vs. related NPs)
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Fig. 136: Intracellular Reactive Oxygen Species generation in E. coli (left) and human
lung cells (right) with TiLiCo group NPs under UVb light. (*p<0.05; **p<0.005;
***p<0.0005; ****p<0.0001; P25 vs. related NPs)
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Fig. 137: Intracellular Reactive Oxygen Species generation in E. coli (left) and human
lung cells (right) with TiLiCe group NPs under UVb light. (*p<0.05; **p<0.005;
**%p<0.0005; ****p<0.0001; P25 vs. related NPs)
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Fig. 138: Intracellular Reactive Oxygen Species generation in E. coli (left) and human
lung cells (right) with Au@TiLi group NPs under UVb light. (*p<0.05; **p<0.005;
**%p<0.0005; ****p<0.0001; P25 vs. related NPs)
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Fig. 139 Intracellular Reactive Oxygen Species generation in E. coli (left) and human
lung cells (right) with TiLi group NPs under visible light. (*p<0.05; **p<0.005;
**%p<0.0005; ****p<0.0001; P25 vs. related NPs)
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Fig. 140 Intracellular Reactive Oxygen Species generation in E. coli (left) and human
lung cells (right) with TiLiCo group NPs under visible light. (*p<0.05; **p<0.005;
**¥p<0.0005; ****p<0.0001; P25 vs. related NPs)
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Fig. 141 Intracellular Reactive Oxygen Species generation in E. coli (left) and human
lung cells (right) with TiLiCe group NPs under visible light. (*p<0.05; **p<0.005;
**%p<0.0005; ****p<0.0001; P25 vs. related NPs)
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Fig. 142 Intracellular Reactive Oxygen Species generation in E. coli (left) and human
lung cells (right) with TiLiW group NPs under visible light. (*p<0.05; **p<0.005;
**%p<0.0005; ****p<0.0001; P25 vs. related NPs)
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Fig. 143 Intracellular Reactive Oxygen Species generation in E. coli (left) and human
lung cells (right) with Au@TiLi group NPs under visible light. (*p<0.05; **p<0.005;
**%p<0.0005; ****p<0.0001; P25 vs. related NPs)
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Conclusions

During this study, we were able to produce several new
syntheses of Li-M co-doped TiO, anatase nanoparticles, nanosheets,
and xerogels. Using a modified sol-gel with a two-steps desolvation
method allowed us to obtain nanoparticles well dispersed in water,
without having to resort to the use of organic surfactants and high
temperature treatments. The syntheses described in this thesis can

be considered as green methods for preparing such systems.

The particles we obtained from the syntheses were then doped with
Li* ions to study the suitability of this ion as a replacement of the H*
ion at the surface of the particles, and for maintaining a good
dispersion of the particles in the solution. In effect, it has been

shown that lithium ions are able to keep the nanoparticles dispersed
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by electrostatic repulsion. Furthermore, lithium ions have a higher

mobility than H* ions at the surface of the nanoparticles.

All materials were studied with the Brunauer—-Emmett—Teller (BET)
method in order to measure their relative surface areas. The NPs
samples showed an increase of the relative surface areas in
comparison with the standard samples, which constitutes the best

increment observed for the nanosheets samples (446 m? g1).

The use of lithium, cobalt, cerium, and tungsten ions as dopants was
studied through UV-Vis absorption measurements, which indicated
an increased absorption in the visible range of the light spectrum,
together with a decrease of the band gap for the doped samples in

comparison with the pure TiO; sample

All nanoparticles and nanosheets were also investigated with several
methods in order to evaluate their photocatalytic efficiency. Li-Co
and Li-Ce doped nanoparticles showed very good results both in
water solution and in gas phase. Under UVb light, the photocatalytic
activity of our nanosystems is similar to the activity exhibited by the
standard samples. However, under visible light, the doped NPs, in
particular the Au@TilLi(5) and the TiLi(5)Co(5) samples, showed

better results than the control samples. In conclusion, the NPs and
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nanosheets materials we produced may be very good candidates for

practical use in conditions of visible light irradiation.

All analyzed nanoparticles exhibited different photocatalytic

activities for human cells and bacteria, particularly under irradiation.

Some transition metal doped nanoparticles also exhibited
cytotoxicity in absence of illumination, probably resulting from their

dopant content.

Therefore, the use of such systems could pose a risk for human
health. However, if these compounds are merely inhaled, the lack of
illumination inside the human body reduces the risk. For the TiLi and

Au@TiLi(5) groups, the danger is virtually absent.

The toxicity on Escherichia coli cells is significantly higher in almost
all cases. In the case of the TiLiCo group, in particular, there is a high
difference between the level of toxicity for human cells, which is
relatively low, and the level of toxicity for Escherichia coli, which is
extremely high. This observation suggests that this type of material

could be used as a bactericide in biological contaminated contexts.

Thus, the nanosystems we created are very effective as

photocatalysts or as bactericidal systems with some surface

193



properties like superhydrophilicity and superoleophilicity. However,
their use in indoor environments must include an adequate
nanofiltration system at the exit of the reaction chambers to prevent

the dispersion of the nanoparticles in the environment.

The production of a new Li-M co-doped TiO; based photocatalyst
family, active in visible light, represents a remarkable advancement

in research in the reference industry.
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Appendix

Fig. A: 'H MAS NMR of the sample TiLiCl(5), peaks: 0.92, 1.40, 1.63, 3.74 ppm.
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Fig. B: 'H MAS NMR of the sample TiLiCl-acid intermediate, peaks: 0.88, 1.36, 1.61,
3.70 ppm.

Fig. C: *H MAS NMR of the sample TiLi(5)Co(5), peaks: 0.88, 1.36, 1.61, 3.70 ppm.
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4.0 35 3.0 25 2.0 15 1.0 05 ppm

Figr. D: 'H MAS NMR of the sample TiLi(5)-nanosheets, peaks: 0.77, 1.00, 1.23, 1.47,
3.74 ppm.

4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 ppm

Fig. E: 'H MAS NMR of the sample TiLi(5)-xerogel, peaks: 0.79, 1.23, 1.45, 3.56 ppm.
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