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La science a-t-elle promis le bonheur?

Je ne le crois pas. FElle a promis la vérité,

et la question est de savoir

si l’on fera jamais du bonheur avec de la vérité.

Emile Zola

To think is to forget a difference,
to generalize, to abstract.

Jorge Luis Borges
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Introduction

One of the most important scientific and technological challenges of the 215 century
concerns the transition from a fossil fuel based economy to a sustainable and carbon-
neutral one, based on renewable energy sources, such as solar and wind power. Nowa-
days, although the ongoing trends show a growing share of carbon-free energy and
an increase in attention to energy storage, the large majority (> 75 %) of the global
energy consumption is still provided by fossil fuels with a very small fraction of solar
and wind energy (< 2 %). [1]

This present large-scale use of carbon-based energy sources is currently increasing
the global concentration of COs, which recently crossed the point of no return of 400
ppm. [2,3] Carbon dioxide is one of the main greenhouse gases, the principal cause of
the global warming, whose consequences are already affecting the climate of planet
Earth, with more intense precipitations and more frequent droughts. [4] In order to
avoid the most serious consequences of the climate change in the next decades and
to meet the increasing energy demand of the growing global population, a more and
more consistent share of carbon-free energy will be required. [5]

In order to increase the contribution of solar energy to the future energy supplies,
its cost must be strongly reduced to be competitive or even more convenient than
fossil fuels. To reach this goal and provide inexpensive solar fuels and electricity,
groundbreaking advances not only in the applied, but also in the fundamental sci-
ence of photon energy conversion are necessary. In fact, light energy can be already
efficiently harvested and converted to electrical or chemical energy by a vast array of
photomaterials. [6] However, in order to meet the above mentioned requirements, the
cost/efficiency ratio of such technologies has to be improved.

A promising strategy to enhance the performances of energy materials is to inves-
tigate and control them at the atomic-scale. This idea, anticipated by R. Feynman
fifty years ago in his famous talk “There is plenty of room at the bottom”, [7] is at
the basis of the fields of nanoscience and nanotechnology, which made giant leaps
forward in the last decades. As a matter of fact, the physical and chemical behaviour
of a nanostructured material can be very different from the extended one, because
of the quantum confinement and/or the higher surface-to-bulk ratio. These peculiar
features that emerge at the nanoscale can be very useful for the fine control of the
properties for a specific application.

Besides energy-related issues, the manipulation of matter at the nanoscale can be

7



8 1. Introduction

extremely useful in many other fields, for example in biomedical applications. In fact,
the complex and elegant molecular machinery of life, which regulates cell functioning,
is mainly composed of biomolecules, e.g. proteins and nucleic acids, that have similar
lenght scale of a nanoparticle. Thus, biological molecules and nanomaterials can be
integrated into hybrid nanoconjugates, providing, for instance, innovative targeting
drug delivery systems and powerful nanoparticle-based tools for biomolecular sensing
and cancer therapies. These technologies are collectively referred to as nanomedicine,
which is one of the fastest-growing field in nanoscience and is poised to revolutionize
future healthcare and medicine. [§]

In the following, I will first provide an introduction on the materials for light energy
conversion and their applications in the energy, environmental and biomedical fields.
Subsequently, I will focus the attention on one of the most studied photomaterial,
titanium dioxide (TiOs). In particular, T will discuss the strategies to control the
synthesis of TiO5 nanomaterials and the fundamental physical and chemical processes
at the basis of its photoactivity. Finally, I will briefly review part of the literature
regarding the computational studies on TiO5 and define the objectives of the present
PhD project.

1.1 Photon energy conversion

Upon irradiation of any material, a portion of light energy is transfered to it and
converted into another form of energy. Light photons are easily converted into heat,
whilst the conversion into chemical energy or electricity, which is more technologically
relevant, is a challenging task.

In this regard, semiconductors are the best-suited materials for the efficient con-
version of light energy. In fact, when the incident light photon has an energy equal or
higher than the band gap of the semiconductive material, an electron (e™) is excited
into the conduction band, leaving an electron hole (h™) in the valence band, as shown
in the left side of Figure

When the photogenerated charges are directly employed to produce an electrical
current, enabling the production of electric energy from sunlight, we refer to pho-
tovoltaic applications. Instead, when the photoinduced charges promote a chemical
reaction, we refer to photocatalytic applications.

Concerning the field of photovoltaics, silicon or other inorganic semiconductors are
still the most spread materials for light-to-electricity conversion, even though they
present several limitations, such as the high production cost and the low diffuse light
absorption. More advanced solar technologies are the hybrid organic-inorganic solar
cells, such as dye-sensitized solar cells (DSSCs), which hold promises to overcome
the issues of silicon-based photovoltaics. DSSCs are photoelectrochemical devices,
developed by Grétzel et al. in 1991, [10] that exploit light-harvesting dye molecules
adsorbed on a layer of sintered semiconductive nanoparticles, usually titanium dioxide
(TiO3). Photoexcited electrons from the dye molecules are injected into the semicon-
ductor conduction band, leaving the dyes in the oxidized state. Subsequently, the
electrons flow through an external circuit, generating an electrical current towards
the counterelectrode, where they are collected by a redox couple solvated in the elec-
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Figure 1.1 — Scheme of the typical light-induced water splitting: (i) hydrogen is produced
by the reduction of the protons by the electrons in the conduction band (CB) and (ii) oxygen
evolves via the oxidation assisted by the photoinduced holes in the valence band (VB) of the
photocatalytically active semiconductor. Reprinted with permission from ref. [9]. Copyright
2014 American Chemical Society.

trolyte, usually triiodide ions, which regenerates the oxidized dye. Recently, with the
introduction of lead halide perovskite as light-absorbing material, |11] this technol-
ogy has reached efficiencies up to 22.1%, |12] becoming extremely attractive for the
commercial energy market.

In the case of photocatalysis, the semiconductor is used to convert light into chemical
energy. As a matter of fact, the photoexcited charges can migrate to the surface of the
material and trigger a series of redox processes, as shown in the right side of Figure
for the photoelectrolysis of water, which leads to the concomitant production of
hydrogen and oxygen. Thus, a photocatalytic semiconductive material can effectively
exploit solar energy to generate clean fuels, such as hydrogen, contributing to the
growing global demand of energy vectors.

Nevertheless, in general, the efficiency of the photocatalytic processes is rather low,
and this depends on a series of factors.

First of all, the relative positions of the band edges need to be compatible with the
reduction and oxidation electrochemical potentials. This means that the conduction
band minimum (CBM) needs to be higher in energy than the reduction potential of
the catalyzed reaction (about 0 eV vs NHE for the HT — Hj semireaction) and the
valence band maximum (VBM) lower than the oxidation potential (about 1.23 eV vs
NHE for the HoO — O semireaction).

Actually, many semiconductors meet this requirement, as reported in Figure [1.2
However, most of them are not applicable as photocatalyst because of one or more of
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Figure 1.2 — Energy band positions for some selected semiconductors in contact with an
aqueous environment at pH = 1 with respect to the normal hydrogen electrode (NHE). Con-
duction band minimum (red) and valence band maximum (green) are represented together
with the band gap. The energy scale is shown in eV with respect both to the vacuum and
to the normal hydrogen electrode (NHE). On the right, several electrochemical potential of
relevant redox couples are given against the NHE potential. Reprinted with permission from
ref. . Copyright 2001 Nature Publishing Group.

the following reasons: |13H19)

e a too rapid electron—hole recombination, which prevents the migration of the
photoinduced charges to the surface and, thus, the redox processes;

e instability of the semiconductor to light, as in the case of CdS, or to the aqueous
environment, as in the case of ZnO;

e difficulties to engineer band gap and the relative positions of the band edges.

Among the available semiconductors, TiOs shows the highest performances, thanks
to its stability to light and water, along with a relatively long lifetime of the electron—
hole pairs. This ability of TiOy to efficiently convert light photons into chemical
energy was demonstrated forty years ago by the pioneering work of Honda and Fu-
jishima on light-induced water splitting. Since then, titanium dioxide has been
extensively studied by the scientific community for advanced applications in many
modern research fields, [9,21}23] and it still is considered the reference material in
photocatalysis.

In fact, besides solar hydrogen generation, TiO2 has been shown to catalyze
many photochemical processes of interest in energy and environmental applications,
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such as the reduction of COs to methane, [24], water and air purification,
and even biomass reforming.

More recently, TiOs materials have attracted also interest in the biomedical field.
Indeed, photoinduced charge carriers can react with the aqueous solution and
dissolved oxygen to form of a variety of reactive oxygen species (ROS), such as hy-
droxyl radicals (OH®), superoxide anions (O57) and hydrogen peroxide (H203). The
cytotoxicity of ROS species can be exploited to kill specific cells in the so-called pho-
todynamic therapy, which is a promising noninvasive treatment for cancer.

Given the central role of titanium dioxide in the research fields of photovoltaics
and photocatalysis, the physical and (photo)chemical properties of this semiconductor
have been widely investigated by the scientific community. In the next section, the
fundamental knowledge on TiOs materials will be presented.

1.2 Titanium dioxide materials

Titanium dioxide (TiO3) is a low-cost and chemically inert semiconductive oxide with
a large refractive index, high photostability and strong ultraviolet (UV) light filtering.
Owing to these properties, it has been largely utilized as a white pigment for paints,
food coloring, sunscreens and cosmetics.

b
it
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Figure 1.3 — Main polymorphs of titanium dioxide: anatase, rutile and brookite. Oxygen
atoms are shown in red, titanium atoms in grey and the TiOg octahedra are represented by
blue polyhedral shapes. Reprinted and adapted with permission from ref. . Copyright
2012 IOP Publishing.

TiO5 exists in nature in one of its three phases, anatase, rutile and brookite. As de-
picted in Figure[I.3] the basic building blocks of these structures are TiOg octahedra,
where each Ti*t cation is coordinated by six O?~ anions. The three polymorphs are
characterized by a different distortion of the TiOg octahedra and a diverse connectiv-
ity between the octahedral units. For technological applications, anatase and rutile
are the most studied polymorphs: at ambient conditions, the former has an indirect
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band gap of 3.2 eV, whereas the latter has a direct band gap of 3.0 eV.

The wide band gap is one of the biggest drawbacks of titanium dioxide, since pure
TiOs is primarly active in the ultraviolet region, which constitutes less than 5 % of
the solar light spectrum. In regard to this, many efforts have been made to extend
the light absorption of TiOs in the visible region. The most efficient strategies include
band gap engineering, through the introduction of cationic or anionic impurities, and
surface sensitization with other light active material, e.g. an organic dye molecule.

In addition to visible light sensitization, nanostructruring is crucial to improve the
performances of the material for advanced applications. In fact, the use of TiOq
nanoparticles as building blocks, thanks to their high surface-to-bulk ratio, is key to
increase the surface area and, thus, the amount of available reactive surface sites for
dye adsorption or photocatalytic processes.

Furthermore, the properties of TiO5 at the nanoscale can be different from the
bulk material and the investigation of these effects can give useful insights for the
reduction of the reoccuring electron—hole recombination, which affects the efficiency
of all its applications. As a matter of fact, the characteristic time scale of the pho-
tocatalytic processes can be strongly influenced by the size and morphology of the
TiO2 nanoparticle, leading to peculiar effects on the photoactivity. [23}31]

Finally, the phase of the TiO5 material has been found to play a prominent role on
the performances. In particular, it is well-accepted by the scientific community that
anatase is more photoactive than rutile and brookite. [32/33] Therefore, since anatase
is the most photocatalytically active polymorph and also the most common phase of
nano-TiO., as it will be discussed in the next section, from now on we will focus our
attention only on anatase TiO, materials.

1.2.1 Synthesis of TiO, nanoparticles: size and shape control

Several methods are available for the preparation of TiOs nanoparticles and they
can be classified in two main categories: physical and chemical methods. In the
physical methodologies, small structures are produced from larger ones in a top-down
approach. On the contrary, chemical methods rely on a bottom-up approach starting
from molecular precursors. These methods are generally more precise and suitable to
synthetize small structures (< 100 nm). [34]

Specifically, solution-phase approaches, i.e. hydrothermal or sol-gel synthesis, are
best suited to attain the finest control of the size, morphology of the nanostructures
for advanced applications. These methods usually employ an organic or inorganic
titanium precursors, such as titanium alcoxides [35] or halides (TiCly and TiF4), [36]
which are hydrolyzed in contact with water, leading to the formation of Ti(OH),
and its subsequent condensation to give Ti—-O-Ti chains. For instance, in the case of
a titanium tetrachloride precursor, the first steps of the synthesis would proceed as
follows:

Hydrolysis: TiCly + 4H,O — Ti(OH), + 4HCI
Condensation: 2 Ti(OH), — (OH),Ti-O-Ti(OH), + H;0.

The condensation process is generally pH—dependent and, when the solution is con-
centrate enough, leads spontaneously to the nucleation and growth of the nanopar-

(1.1)
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ticles. However, small TiOy nanoparticles (< 50 nm) are typically unstable in so-
lution, hence the use of surfactants and capping ligands, e.g. carboxylic acids, al-
cohols, amines or phosphonic acids, is necessary to avoid the agglomeration. Fur-
thermore, these protecting agents are critical in determining the morphology of the
final nanoparticle, since they can favor the growth of certain facets with respect to
others. Similarly, also the presence of anions, e.g. C1~ and F~ ions coming from the
hydrolysis of the precursors, can lead to a stabilization of high energy facets in both
anatase and rutile cases.

Overall, the choice of the type of capping agents, precursors, as well as the tem-
perature and pH of the solution, allows for the control of the size and morphology
of the synthetized TiOy nanoparticles. In fact, various well-faceted shapes, such as
TiO5 nanocrystals, nanorods and nanoplatelets, can be synthetized, as shown
in Figure (b, ¢, d).

-

NANOSPHERE NANOCRYSTAL NANOROD NANOPLATELET

Figure 1.4 — TEM (a,b) and SEM (c,d) images anatase TiO2 nanoparticles with different
size and shape. Adapted with permission from refs. \ ‘

Another crucial factor is the density of particles during synthesis: an excessive
dilution may lead to a partial dissolution of titania nanocrystals and the formation
of spherical nanoparticles (see Figure ) These systems, similarly to nanotubes
and nanorods, are characterized by a highly curved surface, which is expected to
be particularly rich of undercoordinate sites, resulting in enhanced chemical binding
properties. In fact, nanoparticles with exposed curved surfaces are attracting
major attention for photocatalytic applications and specific synthetic protocols for
the production of such systems have been developed.

Concerning the size of the synthetized TiOy nano-objects, their dimension can be
tailored from hundreds down to 2 nm, [44-47] with the ones of 4-5 nm in diameter
commonly investigated for practical applications. [4852]

As regards the phase of the synthetized TiO2 nanostructure, even though rutile is
the most stable allotrope at ambient conditions, the relative stability of the different
polymorphs is found to be dependent on the particle size, with anatase being thermo-
dynamically favored at sizes below 14 nm. This size-dependent phase transition
favors the synthesis of highly pure anatase TiOy nanocrystals , hence anatase
is very common in nanostructured TiOs samples.

The possibility to finely tailor the size and the shape of the titanium dioxide
nanoparticles is crucial to tune the properties of the material and improve the overall
performances for a specific application. In fact, the physical and chemical properties



14 1. Introduction

of TiO are expected to be influenced by the nanoscale dimension and the morphology,
due to the quantum confinement and differences in the surface structure and reac-
tivity. Even the photocatalytic activity of TiOs, whose mechanisms will be briefly
described in the next section, can be affected by the nanostructuring. [56]

1.2.2 Mechanism of TiO, photocatalysis

A deep knowledge of the photocatalytic processes, inside and at the surface of TiOo, is
of utmost relevance for the understanding of reaction mechanisms and, consequently,
for the design of better photocatalysts. In Figure is reported an overview of the
main events that happen in the time scale from femtosecond to milliseconds in an
irradiated TiO2 sample. [23]
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Figure 1.5 — Schematic representation of the photocatalytic processes in TiO2 materials: (1)
generation of charge carriers by photon absorption; (2) thermal or irradiative recombination
of the electron—hole pair; (3) migration and trapping of conduction band electrons at a
titanium sites and (4) of valence band holes to oxygen sites at the surface; (5) oxidative
(D — D%) and (6) reductive (A — A™) reactions initiated by trapped holes and electrons,
respectively.

Before discussing the photoinduced processes, it is important to underline that, in a
semiconductor in contact with the vacuum, surface states may be formed with drastic
consequences on the electronic structure. This is not the case for stoichiometric TiOq,
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since flat bands have been observed. [57] Nonetheless, if the surface contains defects
or is functionalized with adsorbed molecules, an upward or downward bending of the
valence and conduction bands can be induced, according to the amount of defects or
to the electronegativity of the adsorbates. [58,59] This band bending creates electric
fields in the vicinity of the surface that can facilitate charge carriers separation.

When a TiO5 material is exposed to illumination with a photon energy larger than
the band gap (hv > E,), electron-hole pairs are generated in the time of femtoseconds.
At this stage, recombination of the photogenerated electron—hole couples can already
happen, limiting the photocatalytic activity of TiO5. This phenomenon can occur
nonirradiatively with the release of heat, which is generally deemed to be the most
frequent recombination channel, or irradiatively with the emission of a light photon.
[47] The characteristic time scale of this process may extend from the picosecond to the
millisecond, depending on the TiOz sample, the temperature and light intensity. [23]

If the photoinduced charges succeed to separate, they can become trapped at lattice
sites. There are two main categories of charge trap: shallow traps are characterized by
a partial delocalization of the charge and a rather small energy gain for the trapping
process; on the contrary, deep traps induce a full localization of the charge on a single
site with a large energy gain. As regards photoinduced electrons, they can become
trapped in shallow traps in the bulk within 100-260 fs and, on a longer time scale (50
ps), they can eventually trap deeply on a single Ti** site of the (sub)surface, resulting
in a reduced Ti** ion. [23] As regards photogenerated holes, they can deeply trap on
single O sites within 200 fs, which means that deep trapping is significantly faster for
holes than for electrons. Generally, it is assumed that holes can be trapped either by
bridging Os. atoms or by surface OH groups, forming bridging O~* or terminal OH*®
species. [23]

Once that electrons and holes are trapped, the interfacial charge transfer to a
substrate, such as water, molecular oxygen or organic molecules, may occur, driving
the redox activity. Specifically, the time scale of the oxidation processes, i.e. hj + D
— DT, is in the order of hundreds of picoseconds, whereas the reduction processes,
ie. e, + A — A~ are generally slower, up to 100 us.

According to the mechanism discussed above, the overall photocatalytic efficiency
is determined by two critical factors. First, the competition between charge—carriers
recombination and their separation and trapping, followed by the competition between
trapped carriers recombination and surface redox reactions. Thus, higher efficiencies
are expected when the recombination is suppressed or the interfacial charge transfer
is accelerated.

In this regard, the water environment can play a crucial role on the light-induced
processes by promoting electron or hole trapping and by generating surface electric
fields. In general, the molecular-level understanding of the interaction between nano-
TiO45 and water is a fundamental aspect to be addressed, since most of the applications
of titanium dioxide are performed in aqueous medium or humid environment. [58]
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1.3 State of the art of computational studies on anatase
TiO,

Molecular simulations, in particular first-principles calculations, are an extremely
precious tool for the investigation and rationalization of the observed properties of
titanium dioxide. Being the most widely used material in photocatalysis, it is not
surprising that a tremendous number of theoretical and computational studies on its
physical and chemical properties are present in the literature.

The majority of the theoretical investigations are based on density functional the-
ory (DFT), since this methodology can describe structural and electronic properties
of medium size systems (~ 100 atoms) with a good balance between accuracy and
computational cost (for more information on the methods, see Chapter |2)). Further-
more, it was proved to be quite successful in the prediction of the properties and the
explanation of experimental observations.

In this section, I will provide a brief overview of the state of the art of computational
studies on TiOs, focusing mainly on defect-free stoichiometric anatase TiOs, the most
common polymorph in titanium dioxide nanomaterials, which are the object of the
present PhD project. For a more exhaustive and general review see Ref. [60].

1.3.1 Bulk and flat surfaces

Most of the computational first-principle studies are devoted to either bulk of surface
slabs of TiOq, since quantum chemical calculations on such systems are relatively
affordable in terms of computational effort and many experimental data are available
for the comparison of the theoretical results.

Bulk anatase

Bulk anatase is characterized by a tetragonal lattice (P4o/mnm, Doy point symmetry)
with four TiOs units per unit cell, which is given in Figure [[.6h. Within the TiOg
octahedra, the two axial Ti-O bond distances (exp. 1.98 A) are slighly longer than
the four equatorial ones (exp. 1.93 A). [61] The bonding character of this crystalline
solid is found to be largely ionic, with some covalent contribution. [62]

Concerning the electronic properties of bulk anatase, as it is in general for semi-
conducting oxides, the band gap is one of the most critical quantity to be reproduced.
The band structure of anatase TiOq, as calculated by standard DFT (GGA-PBE),
is reported in Figure [[.6p. The band gap is correctly predicted to be indirect: the
bottom of the conduction band (CB) is at I" point of the Brillouin zone, whereas the
top of the valence band is close to the X point. However, due to the self-interaction
issue inherent in DFT, the band gap is significantly underestimated with respect to
the experimental value of 3.4 eV. |63] In contrast, hybrid functional DFT typically
overestimates the band gap by 0.4-0.5 eV [64] and the use of more sophisticated
screened-Coulomb hybrid functionals only partially solves the issue. [65,/66] As re-
gards DFT+U methods, unphysical U values (U = 6 e€V) are necessary to reproduce
the experimental band gap. [66]

Given the small size of the bulk anatase cell, quasiparticle GW calculations are
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Figure 1.6 — (a) Bulk anatase unit cell and parameters. Oxygen atoms and titanium
atoms are shown in red and grey, respectively. (b) Band structure of bulk anatase along
the high symmetry directions of the first Brillouin zone. Black lines indicate the GGA-PBE
calculations, yellow dots indicate the eigenvalues obtained after Go Wy corrections. Reprinted
with permission from ref. . Copyright 2016 American Physical Society.

feasible. In general, when standard DFT is used as starting point, they overestimate
the band gap, [67H69] as shown by yellow dots in Figure [1.6] while better results are
obtained starting from hybrid DFT or DFT+U.

Another critical issue is the alignment of the valence and conduction band edges
with respect to the vacuum. Recently, this has been evaluated with a QM/MM cluster
model, by computing the bulk anatase ionization potential (IP). Considering
the value of the band gap of anatase, the electron affinity (EA) has been estimated
to be 5.1 eV, in agreement with the experimental results.

As regards charge carriers in TiOs, an important question is whether they behave
like free electrons and holes or they couple with the lattice to form polarons, i.e.
charge-induced distortions. This aspect can be elucidated only by introducing some
self-interaction correction, like in DFT4U or in hybrid functionals, because standard
DFT tends to overdelocalize electrons.

The polaronic nature of the electron—hole couple (exciton) has been demonstrated
using the hybrid B3LYP functional in a bulk anatase supercell (96-atoms), by atomic
relaxation of the triplet exciton. The triplet exciton is highly localized on next-
neighboring Tigj’ and Og, sites, inducing a structural reorganization with an energy
gain associated with this process of 0.6 eV. The computed photoluminiscence (PL) of
2.6 eV satisfactorily agrees with the experimental one.

As regards the behaviour electrons and holes in TiO2 once they are separated, it
can be described by polaron theory.

Electron polarons are usually identified as Ti®t species, where the electron is
trapped on a single Ti site, causing a local elongation of the Ti—O bonds. The use of
hybrid functionals or DFT+U is required to describe the polaronic nature
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of extra electrons in bulk anatase, even though the size of the polaron cannot be easily
established, being dependent on the method employed. Using BSLYP functional, 76%
of the electron is localized on a single Ti site and most of the remaining is confined
within a sphere of 6 A in radius. [73] The electron trapping energy is computed to
be 0.23 eV, suggesting that the electron is weakly bound to the bulk anatase lattice.
Concerning electron transport, the activation barrier for polaron hopping from one
site to the other has been evaluated to be ~0.3 eV using DFT+U calculations. [75]

Self-trapping of the hole can be described by hybrid functionals [73] and also by
DFT+U [76H78], even though unphysical values of U are necessary to localize an
electron hole. |79] Using the B3LYP functional, the energy gain associated to hole
trapping is computed to be 0.74 eV. The hole is found to be highly localized on an
O3 (85%) and its midgap state is deeper than that of the electron. The calculated
values of the EPR hyperfine coupling constants with 17O for the trapped hole are in
fair agreement with the experiments. [80] Concerning hole transport, hopping barriers
along different directions have been estimated to fall between 0.5 and 0.6 eV by
DFT+U. 79

Clean anatase surfaces

In the last two decades, stimulated by the development of novel growth techniques
and atomic-scale surface science studies, many theoretical works on TiOgy surfaces
have appeared in literature.

Surface energy is the focus of a large number of investigations, because it is a
quantity which is hard to measure experimentally and has a central role in the ther-
modynamic, structural and chemical properties of metal oxide surfaces. In fact,
it is fundamental for understanding the relative stabilities of the different exposed
facets and, consequently, for the construction of the size-dependent phase diagram of
nanocrystalline TiOs.

Surfaces are usually modeled as few layers slabs with periodic boundary conditions
in the plane of the surface. Surface energies are obtained from the total energy
difference, normalized for the surface area, between the slab and an equal number
of bulk TiO2 units. In both standard and hybrid DFT studies, [81-86] structural
relaxation was found to have an important role in surface energetics, since it can
reduce the surface energy by more than 50%. All the studies agree on the sequence of
stability of low-index surfaces (101) < (100) < (001) < (110), which nicely correlates
with the density of undercoordinated exposed atoms. This sequence is consistent with
the observed predominance of (101) facets in most anatase samples.

Given the surface energies, the equilibrium morphology of a macroscopic anatase
crystal can be obtained via the standard Wulff construction. [88] As found in natural
samples, the equilibrium shape in vacuum is a truncated bipyramid, shown in Figure
[L.7c, exposing mainly (101) facets and a minority of (001) ones. [81-83] Considering
the surface energies for anatase and rutile, as obtained by DFT, it is possible to
predict the anatase vs rutile phase stability as a function of the nanoparticle size.
In vacuum, the predicted phase transition from anatase to rutile occurs at a particle
diameter greater or equal to 9.3 nm. [83] This value and the ratio of the exposed
facets have been found to be influenced by adsorbed species, such as hydrogen or
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Figure 1.7 — Ball-and-sticks representation of the (101) anatase (a) and (001) anatase (b)
surfaces. Coordination patterns of the exposed superficial atoms are indicated. (c¢) Calcu-
lated Wulff shape in vacuo; a similar shape is found also for hydrated anatase. Reprinted
with permission from ref. . Copyright 2016 Nature Publishing Group.

oxygen, water environment and acid-base surface chemistry.

The clean anatase (101) surface, depicted in Figure [I.7h, has a 1 x 1 periodicity
with a characteristic sawtooth profile when viewed from the [010] direction. The
exposed atoms are five-fold (Tis.) and six-fold (Tig.) coordinated Ti atoms, as well
as bridging oxygen atoms (Op, or Og.) and three-fold coordinated (Oz.) O species.
Upon structural relaxation, a significant displacement of surface atoms from bulk-like
positions is observed. [81484] In particular, Ti-O bonds between Ti and O, atoms
are ~5-10% shorter than in the bulk, resulting in a rather rigid relaxed surface.

The bulk-terminated anatase (001) surface exposes undercoordinated Tis., bridging
Oz and fully coordinated O3 atoms, as shown in Figure [[.7p. Upon relaxation, one
of the two bonds formed by each Os. atom with its neighboring Tis. species becomes
shorter (1.8 A), whereas the other elongates (2.2 A). The surface energy does not
change significantly after relaxation, indicating that a more stable surface structure
may exist. One of the proposed surface reconstruction is given by the “ad-molecule”
(ADM) model: the [100] rows of bridging Os. atoms of the unreconstructed 1 x
1 surface are replaced by rows of TiOg species with a 1 x 4 periodicity. The resulting
surface energy is nearly half of that of the unreconstructed surface and this structure
is consistent with the experimental STM images of anatase (001) films grown epitax-
ially. However, considering that such reconstruction implies a considerable mass
transport, it is unlikely that this process can happen at the relatively low tempera-
ture employed during the synthesis of TiOy nanoparticles. Thus, the (001) surfaces of
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anatase nanoparticles in an aqueous environment can be well described by a hydrated
1 x 1 unreconstructed (001) model.

Regarding the behaviour of charge carriers at the surface, the polaron self-trapping
energy of electrons and holes is computed to be larger than in the bulk, according to
B3LYP calculations on anatase (101) slab models. Specifically, electrons are found to
be preferentially trapped at Tis. sites with an energy gain of 0.6 eV, whereas holes
localize at bridging O, sites with a considerable energy gain of 1.4 eV.

1.3.2 Nanoparticles

Although anatase TiOs nanoparticles lie at the heart of many technological applica-
tions, only a limited number of computational studies devoted to them are present
in the literature, due to the computational effort required to describe such large sys-
tems. Moreover, these are often based on classical interatomic potentials, [94H100]
which cannot provide any information on the interplay between size, shape and elec-
tronic structure. Semiempirical and molecular orbital studies on TiO5 nanoparticles
were reported, but they can reach only a limited level of accuracy. Only
very recently, thanks to the advances of modern high-performance computing, accu-
rate first-principles investigations of realistic TiO2 nanosystems of few nm in size have
become feasible, though still very computationally demanding.

All the DFT-based studies recently appeared in the literature have dealt with
faceted TiO2 nanoparticles, [104H109] whereas none has focused on highly reactive
spherical ones yet.

Figure 1.8 — Energy minimized TiO2 nanoparticle models: (A) 1 nm anatase, (B) 2 nm
anatase, (C) 3 nm anatase. Titanium atoms are shown in blue, oxygen atoms in red. Adapted
with permission from ref. \\ Copyright 2009 American Chemical Society.

One of the first investigations of realistic faceted anatase nanoparticles was per-
formed by Hummer et al., who employed stoichiometric decahedral (TiOs),
models with n up to 272, reported in Figure [[.§ The models have been preliminary
optimized with classical force fields and then relaxed with a standard DFT (PBE)
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method and a plane-wave basis set. These calculations evidenced a significant differ-
ence between the total surface particle energy and the summed energies of constituent
facets, demonstrating the considerable contribution of edges and corners to surface en-
ergy for nanoparticles with size below 3 nm. However, Hummer et al. have not taken
into account that highly undercoordinated atoms on the surface of the nanoparticle
are expected to be saturated with hydrogen in a humid environment.

A series of TiOs anatase (TiO2),, nanoparticles with different size (n = 58-449)
and truncated bipyramidal shape were employed by Li and Liu [106] to investigate the
first proton removal step in the oxygen evolution reaction. Highly undercoordinated
surface atoms (Tis. and O;.) were saturated by dissociated water molecules. The
effect of the solvent was considered through a continuum solvation model and the
nanoparticles were optimized at a full GGA-PBE level using numerical atomic orbitals
and norm-conserving pseudopotentials. This study revealed that for particles larger
than 2 nm the band gap and the HOMO/LUMO energies rapidly converge to the
ones of extended (101) and (001) surfaces, proving that quantum size effects apply
only for very small TiOs nanosystems. In addition, the HOMO and LUMO orbitals
of the nanoparticles are found to be spatially separated.

Nunzi et al. |[105,/108] used differently sized models of anatase nanocrystals, i.e.
(TiO2),, (n = 161-918), saturated with hydrogen on the (001) facets, to study the
nature and distribution of electronic trap states close to the edge of the conduction
band. First, geometrical optimizations with an approximate-DFT method (SCC-
DFTB) were carried out and, then, single-point electronic structure calculations were
performed using standard DFT methods with a plane wave basis set and hybrid DFT
with localized basis functions. Similarly to the work by Li and Liu, a different spatial
distribution of the HOMO and LUMO levels was observed.

Electronic structure, polaronic trapping and TD-DFT absorption spectra of anatase
TiO4 nanocrystals have been recently investigated by Hubbard-U corrected DFT with
a plane wave basis set in a small size model (265 atoms). [107] HOMO and LUMO
levels were computed to be both delocalized in the central belt of the nanocrystal.
Excess electrons were found to coexist both as small polarons at Ti** sites and band-
like carriers, whereas only deep trapping at O, sites was observed for holes.

Although commonly synthetized and studied for many applications, |31] spherical
TiO2 nanoparticles have been theoretically investigated only by molecular dynamics
(MD) simulations with force field approaches, [94H96L98] hence no information about
the electronic structure and chemical reactivity of such systems is available in the
literature. Generally, the Matsui-Akaogi force field, [110] composed by an attractive
van der Waals term and an electrostatic contribution, is employed.

Naicker et al. [94] performed MD simulations of spherical anatase, brookite and
rutile TiOo nanoparticles with a size in the range between 2 and 6 nm. No phase
transformation was observed during the simulation time (3 ns), even though very
high temperature (2000 K) have been explored. Interestingly, four-fold and five-fold
coordinated Ti atoms on the surface showed shorter Ti—O bonds with respect to fully
coordinated Ti atoms.

Other investigations were devoted to the study of the sintering process between
spherical TiO2 nanoparticles. [95/96] Molecular dynamics trajectories for two colliding
TiOs nanoparticles with a size of ~3 nm were collected for 1 ns with a temperature
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as high as 2000 K, considering different relative orientations for the collision.

1.3.3 Interface with water
Water on flat anatase surfaces

In the last decades, the interaction between TiO5 surfaces and water has been object of
countless theoretical investigations, [111] since it is relevant for most of the TiOq-based
technologies, which are normally performed in an aqueous or humid environment.

On the defect-free anatase (101) surface, a single water adsorbs molecularly forming
a dative bond with the undercoordinated surface Tis. atom. This adsorption mode
was predicted theoretically by standard DFT [112] and supported by experimental
observations, such as atomic-scale STM images. [113/114] The dissociation of water
is an unfavorable process on the (101) surface and its activation barrier is computed
to be ~0.52 ¢V using a DFT+U method. [115]

Water multilayer adsorption on anatase has been the subject of a number of first-
principles molecular dynamics simulations. |[116-119] In these studies, no water disso-
ciation was registered in rather long simulations for a water monolayer (ML), bilayer
(BL) and trilayer on the defect-free (101) anatase surface. The position of water
molecules in these layers has been found to be vertically and laterally ordered and
this has been related to a complex and delicate interplay between surface roughness,
water-titania and water-water interactions. [117] The first layer of water molecules
are directly adsorbed to the Tis. atoms, whereas the second layer establishes strong
H-bonding with the Oy, atoms and the water molecules in the first layer. These two
layers form a stable bilayer with short H-bonds between them, as analyzed in detail
by Mattioli et al. [120] Instead, the third layer has been found to be less bound and
more mobile.

In contrast, a single water molecule was reported to exothermically dissociate on the
unreconstructed anatase (001) surface. |[112] The dissociative adsorption is associated
with a significant reorganization: water cleaves one of the surface Ti—-O bonds and
two facing H-bonded hydroxyls are formed, releasing part of the tensile stress of
the bulk-terminated surface. At monolayer coverage, a mixed molecular-dissociated
monolayer, where only 25% of the water molecules are dissociated, has been computed
to be stable using a large 2 x 4 slab supercell model. [121]

As a further step, several computational studies have addressed the oxidation of
water on various TiOg surfaces. [1221124] Similar mechanisms for the oxygen evolution
reaction are found on the (101) and (001) surfaces, whereas the energetics is sensitive
to the relative position of the valence band maximum. [124] In all cases, the rate
determining step of the reaction is the first proton removal. The kinetics of this step
on a (101) surface has been analyzed in detail in a recent first-principles molecular
dynamics investigation. [125] In this study, liquid water is described explicitly and
the energy profile for the proton transfer is determined by hybrid DFT calculations.
The results indicate that the proton transfer occurs before the electron transfer of
the hole initially, that is initially trapped on a surface oxygen atom. However, the
mechanism of water photooxidation on TiOs surfaces is still controversial, since recent
static DFT calculations have reported a concerted proton/hole transfer to form OH®
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radicals from adsorbed water and a hole trapped at an O site. [126]

Concerning the influence of the water environment on electron trapping, recently
Car-Parrinello molecular dynamics (CP-MD) simulations on (101) and (001) anatase
surfaces in liquid water revealed that excess electrons have a tendency to avoid the
surface and stay inside the slab. [87] Moreover, an extra electron on the aqueous
(101) tends to become trapped into a stable Ti**—Oy,H complex, derived from the
dissociation of an adsorbed water molecule.

Water on anatase nanoparticles

The computational investigation of the interface between water and a realistic TiO4
nanoparticle is a particularly challenging task, given the large size of the metal oxide
system and the liquid nature of water, which requires the recourse to molecular dy-
namics techniques. For this reason, very few computational studies are reported in
the literature.

Early studies were based on classical force field, such as the Matsui-Akaogi po-
tential. |[110] Koparde et al. [98] reported a molecular dynamics simulations at room
temperature (300 K) and hydrothermal conditions (523 K and 50 kbar) for 2.5-4.0
nm spherical anatase nanoparticles immersed in explicit water. In this study, an in-
crease in crystallinity of the particles in water with respect to the vacuum has been
observed. Two hydration layers solvate the nanoparticles and in the first one water
is highly oriented.

More recently, a reactive force field (ReaxFF) has been developed to describe Ti~
O-H interactions in the TiOy/water systems. [127] In this kind of approaches, the
interatomic potential is parametrized to DFT references on the basis of the bond
order between atoms, hence this method can model bond breaking and formation in
large systems. Using this methodology, the reactivity towards water solvent of small
TiO2 nanoparticles (~ 1 nm) has been investigated, finding a remarkable dissociative
behaviour of interfacial water molecules. [100]

However, in order to have a description of the electronic structure and an accurate
picture of the reactivity of a TiOy nanoparticle in a water environment, even more
sophisticated methods are necessary. First-principles molecular dynamics simulations,
based on standard DFT, for a (TiOsz), cluster (n = 30) in contact with a small
number of water molecules have been reported. |128] In this case, even though the
methodology is highly accurate and can provide a quantum insight, the model can
be hardly representative of a realistic nanoparticle. A compromise between accuracy
and size of the model has to be reached for a meaningful theoretical investigation of
the water/TiO5 nanoparticle interface.

1.4 Outline of the PhD thesis

The aim of this PhD project is the first-principles investigation of anatase TiOq
nanoparticles with different morphologies and a realistic size in vacuum and in water
environment, focusing on various aspects relevant for technological applications.

For this study we employed state-of-the-art computational methods and massively
parallelized codes in order to perform highly accurate calculations of such large sys-
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tems in a reasonable time. Most of the calculations were based on density functional
theory (DFT), using hybrid functionals and localized basis sets, which is a well-suited
approach for the description of titanium dioxide. An approximate-DFT method,
namely the self-consistent charge density-functional tight-binding (SCC-DFTB), has
been considered for the study of the largest systems and of the dynamical behaviour
of water/titania interfaces. An overview of the theoretical methodologies employed
in this PhD work is provided in Chapter

The first part of the work was devoted to the construction of the models of sto-
ichiometric anatase TiOs nanoparticles and the investigation of their ground state
structural and electronic properties as a function of the size (1.5 to 4.4 nm in diame-
ter) and the morphology (spherical vs faceted), as discussed and described in Chapter
As regards the structural properties, we focused on the surface-to-bulk ratio, the
type and number of undercoordinated surface atoms, lattice distortions with respect
to the bulk and surface energies. As regards the electronic properties, we have an-
alyzed the band gaps, electronic affinities, ionization potentials and the electronic
density of states. We dedicated particular efforts for the description of the complex
structural features of spherical TiOs nanoparticles, which have been modeled with
a multistep/scale approach. Specifically, we employed the computationally efficient
SCC-DFTB method to perform a global optimization of the geometries, which have
been then relaxed at a full hybrid DFT level of theory. Moreover, we compared
the computed properties at the two levels of theory in order to assess the ability of
SCC-DFTB to describe TiO4 large systems.

Subsequently, we focused the attention on the effect of size, shape and of additional
water molecules on charge carriers dynamics in TiO5 nanoparticles, as reported in
Chapter First, we modeled the electron/hole pairs formation, their recombina-
tion and separation in bare spherical vs faceted anatase nanoparticles. Then, we
described the self-trapping process of isolated charge carriers in different portions of
the nanoparticles, highlighting the best trapping sites for electron and holes. In this
regard, the role of corners, edges and surface curvature, which are peculiar features of
nanostructured TiO5 and are not present in flat surfaces, has been evidenced. We cor-
roborated this detailed computational analysis by the comparison with the available
experimental data from electron paramagnetic resonance (EPR) and transient absorp-
tion (TA) spectroscopies. Lastly, on the basis of a combined theoretical /experimental
approach, in collaboration with research groups in Japan, we demonstrated that wa-
ter adsorption assists the hole trapping only for spherical TiOs nanoparticles and not
for well-faceted ones. The different water adsorbates on the surface of the nanopar-
ticles have been identified by comparing the computed vibrational structure with
water-coverage controlled infrared spectra. Then, we calculated the hole trapping
ability of the nanoparticles as a function of the water content in order to explain the
shape-dependent behaviour observed in the TA spectra of the TiOs samples.

Finally, we tackled the study of the complex water/TiOy nanoparticle interface,
as detailed and discussed in Chapter First, we developed a novel computational
approach, based on the computationally efficient SCC-DFTB method, to accurately
describe this important solid—liquid interface. We assessed the reliability of this new
methodology for the separated components (bulk TiOs and water) and for the pro-
totypical water/(101) anatase interface with respect to DFT and experimental data.
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As a further step, we employed this novel approach, in parallel with hybrid DFT,
for the investigation of water adsorption on a realistic spherical TiO5 nanoparticle
up to monolayer coverage. In particular, we showed the prefered adsorption mode
of single water molecules and of a full water monolayer as well as the effect of the
water surrounding on the structural and electronic properties. Finally, multilayer
water coverage has been simulated via a SCC-DFTB-based molecular dynamics run,
which is analyzed in terms of water density profile from the surface and O-H bond
orientation.



Theoretical Background

The first-principles modeling of semiconductive oxides nanoparticles is a complex
and computationally demanding task, especially when complex systems with many
degrees of freedom and the interaction with light are involved. On the one hand, one
should aim to be accurate, but highly sophisticated methods are not feasible when the
system contain hundreds of atoms. On the other hand, one may employ inexpensive
molecular mechanics approaches, but they cannot provide any information on the
electronic structure and the excited states, which are fundamental for the study of a
photocatalytically active semiconductor material.

To reach a good compromise between accuracy and computational effort, it is
necessary to apply smart approaches, i.e. efficient approximations to the fundamental
equations of quantum physics. However, one should know in detail the theoretical
background of these approaches in order to understand which information is left
behind and to assess the validity of the results.

This