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La science a-t-elle promis le bonheur?
Je ne le crois pas. Elle a promis la \erig,
et la question est de savoir
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Emile Zola

To think is to forget a di erence,
to generalize, to abstract.
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Introduction

One of the most important scienti ¢ and technological challenges of the 23 century
concerns the transition from a fossil fuel based economy to a sustainabland carbon-
neutral one, based on renewable energy sources, such as solar and wind powNowa-
days, although the ongoing trends show a growing share of carbon-free egy 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 sall fraction of solar
and wind energy < 2 %). |1]

This present large-scale use of carbon-based energy sources is cutiseincreasing
the global concentration of CGO,, which recently crossed the point of no return of 400
ppm. [2,3] Carbon dioxide is one of the maingreenhousegases, the principal cause of
the global warming, whose consequences are already a ecting the climate glanet
Earth, with more intense precipitations and more frequent droughts. [4] In order to
avoid the most serious consequences of the climate change in the nex¢échdes and
to meet the increasing energy demand of the growing global population, a ore and
more consistent share of carbon-free energy will be required.|[5]

In order to increase the contribution of solar energy to the future enegy supplies,
its cost must be strongly reduced to be competitive or even more conveent than
fossil fuels. To reach this goal and provide inexpensive solar fuels dnelectricity,
groundbreaking advances not only in the applied, but also in the fundamstal sci-
ence of photon energy conversion are necessary. In fact, light energy cae lalready
e ciently harvested and converted to electrical or chemical energyby a vast array of
photomaterials. |6] However, in order to meet the above mentioned regtements, the
cost/e ciency ratio of such technologies has to be improved.

A promising strategy to enhance the performances of energy materials i® inves-
tigate and control them at the atomic-scale. This idea, anticipated by R. Feynman
fty years ago in his famous talk \There is plenty of room at the bottom", [7]|is at
the basis of the elds of nanoscience and nanotechnology which made giant leaps
forward in the last decades. As a matter of fact, the physical and chemicabehaviour
of a nanostructured material can be very di erent from the extended ore, because
of the quantum con nement and/or the higher surface-to-bulk ratio. These peculiar
features that emerge at the nanoscale can be very useful for the ne contt of the
properties for a speci ¢ application.

Besides energy-related issues, the manipulation of matter at the nanasale can be
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extremely useful in many other elds, for example in biomedical appications. In fact,
the complex and elegant molecular machinery of life, which regulates d€unctioning,
is mainly composed of biomolecules, e.g. proteins and nucleic acids,ahhave similar
lenght scale of a nanoparticle. Thus, biological molecules and nanomateriatsan be
integrated into hybrid nanoconjugates, providing, for instance, innovative targeting
drug delivery systems and powerful nanoparticle-based tools for bimolecular sensing
and cancer therapies. These technologies are collectively referréa as nanomedicing
which is one of the fastest-growing eld in nanoscience and is poisedtrevolutionize
future healthcare and medicine. |[8]

In the following, | will rst provide an introduction on the material s for light energy
conversion and their applications in the energy, environmental and bioredical elds.
Subsequently, | will focus the attention on one of the most studied potomaterial,
titanium dioxide (TiO ). In particular, | will discuss the strategies to control the
synthesis of TiO, nanomaterials and the fundamental physical and chemical processes
at the basis of its photoactivity. Finally, | will brie y review part of the literature
regarding the computational studies on TiO, and de ne 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 convertednto heat,
whilst the conversion into chemical energy or electricity, whichis more technologically
relevant, is a challenging task.

In this regard, semiconductors are the best-suited materials for thee cient con-
version of light energy. In fact, when the incident light photon has an erergy equal or
higher than the band gap of the semiconductive material, an electron€ ) is excited
into the conduction band, leaving an electron hole b* ) in the valence band, as shown
in the left side of Figure[1.].

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

Concerning the eld 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 thdow di use light
absorption. More advanced solar technologies are the hybrid organic-inorganisolar
cells, such as dye-sensitized solar cells (DSSCs), which holdgmises to overcome
the issues of silicon-based photovoltaics. DSSCs are photoelecttmmnical devices,
developed by Gratzel et al. in 1991, [10] that exploit light-harvesting dye molecules
adsorbed on a layer of sintered semiconductive hanoparticles, usugltitanium dioxide
(TiO ). Photoexcited electrons from the dye molecules are injected it the semicon-
ductor conduction band, leaving the dyes in the oxidized state. Shsequently, the
electrons ow through an external circuit, generating an electrical airrent towards
the counterelectrode, where they are collected by a redox couplsolvated in the elec-
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Figure 1.1 { Scheme of the typical light-induced water splitting: (i) hy drogen is produced
by the reduction of the protons by the electrons in the conductio n 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 pe rmission from ref. [9]. Copyright

2014 American Chemical Society.

trolyte, usually triiodide ions, which regenerates the oxidizeddye. Recently, with the
introduction of lead halide perovskite as light-absorbing material, [L1] this technol-
ogy has reached e ciencies up to 22.1%,| [12] becoming extremely attracte for the
commercial energy market.

In the case ofphotocatalysis the semiconductor is used to convert light into chemical
energy. As a matter of fact, the photoexcited charges can migrate to the stace of the
material and trigger a series of redox processes, as shown in the righide of Figure
for the photoelectrolysis of water, which leads to the concomitant poduction of
hydrogen and oxygen. Thus, a photocatalytic semiconductive material an e ectively
exploit solar energy to generate clean fuels, such as hydrogen, contribng to the
growing global demand of energy vectors.

Nevertheless, in general, the e ciency 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 compatile with the
reduction and oxidation electrochemical potentials. This means thatthe 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 H" ! H, semireaction) and the
valence band maximum (VBM) lower than the oxidation potential (about 1.23 eV vs
NHE for the H,O ! O, semireaction).

Actually, many semiconductors meet this requirement, as reportedn Figure [1.2.
However, most of them are not applicable as photocatalyst because of one or mooé
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Figure 1.2 { Energy band positions for some selected semiconductors in conact with an

aqueous environment at pH = 1 with respect to the normal hydrogen e lectrode (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 elec trochemical potential of
relevant redox couples are given against the NHE potential. Reprinted with permission from

ref. [13]. Copyright 2001 Nature Publishing Group.

the following reasons:|[13{19]

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

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

di culties to engineer band gap and the relative positions of the band edges.

Among the available semiconductors, TiQ shows the highest performances, thanks
to its stability to light and water, along with a relatively long lifet ime of the electron{
hole pairs. This ability of TiO , to e ciently 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. [20] Since then, titanium dioxide has been
extensively studied by the scientic community for advanced applcations in many
modern research elds, [9, 21{23] and it still is considered the refemce material in
photocatalysis.

In fact, besides solar hydrogen generation, [20,21] Ti©has been shown to catalyze
many photochemical processes of interest in energy and environmaaitapplications,
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such as the reduction of CQ to methane, [24], water [25] and air [[26] puri cation,
and even biomass reforming.[[21]

More recently, TiO, materials have attracted also interest in the biomedical eld.
] Indeed, photoinduced charge carriers can react with the agueous sdion and
dissolved oxygen to form of a variety of reactive oxygen species (RQSsuch as hy-
droxyl radicals (OH ), superoxide anions (Q ) and hydrogen peroxide (H:Oz). The
cytotoxicity of ROS species can be exploited to kill speci ¢ cels in the so-calledpho-
todynamic therapy, which is a promising noninvasive treatment for cancer.]

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

1.2 Titanium dioxide materials

Titanium dioxide (TiO ) is a low-cost and chemically inert semiconductive oxide with
a large refractive index, high photostability and strong ultraviolet ( UV) light Itering.
Owing to these properties, it has been largely utilized as a white gment for paints,
food coloring, sunscreens and cosmeticﬂ29]

C
sl

ANATASE RUTILE BROOKITE

Figure 1.3 { Main polymorphs of titanium dioxide: anatase, rutile and brook ite. Oxygen

atoms are shown in red, titanium atoms in grey and the TiO ¢ octahedra are represented by
blue polyhedral shapes. Reprinted and adapted with permission from ref. [@]. Copyright

2012 |OP Publishing.

TiO , exists in nature in one of its three phasesanatase rutile and brookite. As de-
picted in Figure [L.3, the basic building blocks of these structurs are TiOg octahedra,
where each T#* cation is coordinated by six @ anions. The three polymorphs are
characterized by a di erent distortion of the TiO g octahedra and a diverse connectiv-
ity between the octahedral units. For technological applications, anatas and rutile
are the most studied polymorphs: at ambient conditions, the former has arindirect
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band gap of 3.2 eV, whereas the latter has alirect band gap of 3.0 eV.

The wide band gap is one of the biggest drawbacks of titanium dioxide, site pure
TiO, is primarly active in the ultraviolet region, which constitutes le ss than 5 % of
the solar light spectrum. In regard to this, many e orts have been madeto extend
the light absorption of TiO , in the visible region. The most e cient strategies include
band gap engineering, through the introduction of cationic or anionic impuiities, and
surface sensitization with other light active material, e.g. an organic dg molecule.

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

Furthermore, the properties of TiO, at the nanoscale can be dierent from the
bulk material and the investigation of these e ects can give useful isights for the
reduction of the reoccuring electron{hole recombination, which a eds the e ciency
of all its applications. As a matter of fact, the characteristic time scale of the pho-
tocatalytic processes can be strongly in uenced by the size and motmwlogy of the
TiO , nanopatrticle, leading to peculiar e ects on the photoactivity. [23,31]

Finally, the phase of the TiO, material has been found to play a prominent role on
the performances. In particular, it is well-accepted by the scieti c community that
anatase is more photoactive than rutile and brookite. [[32,38] Therefore, site anatase
is the most photocatalytically active polymorph and also the most common plase of
nano-TiO», as it will be discussed in the next section, from now on we will fogs our
attention only on anatase TiO, materials.

1.2.1 Synthesis of TiO, nanopatrticles: size and shape control

Several methods are available for the preparation of TiQ nanoparticles and they
can be classied in two main categories: physical and chemical methods In the
physical methodologies, small structures are produced from larger osen a top-down
approach. On the contrary, chemical methods rely on a bottom-up approachtarting

from molecular precursors. These methods are generally more preciaad suitable to
synthetize small structures (< 100 nm). [34]

Speci cally, solution-phase approaches, i.e.hydrothermal or sol-gel synthesis, are
best suited to attain the nest control of the size, morphology of the nanogructures
for advanced applications. These methods usually employ an organic or inganic
titanium precursors, such as titanium alcoxides [[35] or halides (TiC} and TiF 4), [36]
which are hydrolyzed in contact with water, leading to the formation of Ti(OH) 4
and its subsequent condensation to give Ti{O{Ti chains. For instance, n the case of
a titanium tetrachloride precursor, the rst steps of the synthesis would proceed as
follows:

Hydrolysis: TiCl4 +4H,0! Ti(OH) , + 4HCI
Condensation: 2 Ti(OH) , ! (OH);Ti{O{Ti(OH) 5+ H 0.

The condensation process is generally pH{dependent and, when the saion is con-
centrate enough, leads spontaneously to the nucleation and growth of theamopar-

(1.1)
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ticles. However, small TiO, nanoparticles (< 50 nm) are typically unstable in so-
lution, hence the use of surfactants and capping ligands, e.g. carboxgl acids, al-
cohols, amines or phosphonic acids, is necessary to avoid the agglomeratiofrur-
thermore, these protecting agents are critical in determining themorphology of the
nal nanoparticle, since they can favor the growth of certain facets with respect to
others. Similarly, also the presence of anions, e.g. Cland F ions coming from the
hydrolysis of the precursors, can lead to a stabilization of high energyafcets in both
anatase and rutile cases/[37]

Overall, the choice of the type of capping agents, precursors, as well dke tem-
perature and pH of the solution, allows for the control of the size and morplology
of the synthetized TiO, nanoparticles. In fact, various well-faceted shapes, such as
TiO» nanocrystals, nanorods and nanoplatelets, can be synthetized, [34,37] asosvn

in Figure (b, c, d).

QU ;
NANOSPHERE NANOCRYSTAL NANOROD NANOPLATELET

Figure 1.4 { TEM (a,b) and SEM (c,d) images anatase TiO » nanoparticles with di erent
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 th e formation
of spherical nanoparticles (see Figur4a). These systems, similarto nanotubes
and nanorods, are characterized by a highly curved surface, which isxpected to
be particularly rich of undercoordinate sites, resulting in enharced chemical binding
properties. ] In fact, nanoparticles with exposed curved surface are attracting
major attention for photocatalytic applications and speci ¢ synthetic protocols for
the production of such systems have been developed. [42]43]

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

As regards the phase of the synthetized TiQ@ nanostructure, even though rutile is
the most stable allotrope at ambient conditions, the relative stability of the di erent
polymorphs is found to be dependent on the particle size, with anataseeing thermo-
dynamically favored at sizes below 14 nm.[[53] This size-dependentpse transition
favors the synthesis of highly pure anatase Ti@ nanocrystals [54, 55], hence anatase
is very common in nanostructured TiO, samples.

The possibility to nely tailor the size and the shape of the titanium dioxide
nanoparticles is crucial to tune the properties of the material and inprove the overall
performances for a speci ¢ application. In fact, the physical and chertal properties
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of TiO , are expected to be in uenced by the nanoscale dimension and the mormhogy,
due to the quantum con nement and di erences in the surface strucure and reac-
tivity. Even the photocatalytic activity of TiO ,, whose mechanisms will be briey
described in the next section, can be a ected by the nanostructumg. [56]

1.2.2 Mechanism of TiO , photocatalysis

A deep knowledge of the photocatalytic processes, inside and at theigace of TiOy, is
of utmost relevance for the understanding of reaction mechanisms and;onsequently,
for the design of better photocatalysts. In Figure[1.5 is reported an oveview of the
main events that happen in the time scale from femtosecond to milliseonds in an
irradiated TiO , sample. [23]

D D+
\J

h+ (5)
(6)
hv 2 E, (4) ‘// e 7 A
CEmce
T s ht A
T|02 — - -
M “vB ,° /

(3) \ hv’
©

Figure 1.5{ Schematic representation of the photocatalytic processes in TiO, materials: (1)
generation of charge carriers by photon absorption; (2) thermal or i rradiative recombination
of the electron{hole pair; (3) migration and trapping of conduct ion band electrons at a
titanium sites and (4) of valence band holes to oxygen sites a 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 tanderline that, in a
semiconductor in contact with the vacuum, surface states may be formawith drastic
consequences on the electronic structure. This is not the case fotoschiometric TiO »,
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since at bands have been observed| [57] Nonetheless, if the surfacentains defects
or is functionalized with adsorbed molecules, an upward or downward beting of the
valence and conduction bands can be induced, according to the amount of fiets or
to the electronegativity of the adsorbates. [58, 59] This band bending crates electric
elds in the vicinity of the surface that can facilitate charge carriers separation.

When a TiO, material is exposed to illumination with a photon energy larger than
thebandgap (h  Ejy), electron{hole pairs are generated in the time of femtoseconds.
At this stage, recombination of the photogenerated electron{hole couplesan already
happen, limiting the photocatalytic activity of TiO ,. This phenomenon can occur
nonirradiatively with the release of heat, which is generally deemedo 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 #picosecond to the
millisecond, depending on the TiQ, sample, the temperature and light intensity. [23]

If the photoinduced charges succeed to separate, they can become traggbat lattice
sites. There are two main categories of charge trap: shallow traps are charaized by
a partial delocalization of the charge and a rather small energy gain for the tapping
process; on the contrary, deep traps induce a full localization of theharge on a single
site with a large energy gain. As regards photoinduced electrons, they cahecome
trapped in shallow traps in the bulk within 100{260 fs and, on a longer time sale (50
ps), they can eventually trap deeply on a single T#* 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 signicantly faster for
holes than for electrons. Generally, it is assumed that holes can be traged either by
bridging O, atoms or by surface OH groups, forming bridging O or terminal OH
species.|[23]

Once that electrons and holes are trapped, the interfacial charge transf to a
substrate, such as water, molecular oxygen or organic molecules, may agg driving
the redox activity. Speci cally, the time scale of the oxidation processes, i.e. h + D
I D*, is in the order of hundreds of picoseconds, whereas the reduction gcesses,
ie. g +A ! A , are generally slower, up to 100 s.

According to the mechanism discussed above, the overall photocatatig e ciency
is determined by two critical factors. First, the competition between charge{carriers
recombination and their separation and trapping, followed by the compettion between
trapped carriers recombination and surface redox reactions. Thus, lgher e ciencies
are expected when the recombination is suppressed or the interfadicharge transfer
is accelerated.

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

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

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

In this section, | will provide a brief overview of the state of the art of computational
studies on TiO,, focusing mainly on defect-free stoichiometric anatase Ti@, the most
common polymorph in titanium dioxide nanomaterials, which are the objed of the
present PhD project. For a more exhaustive and general review see R460].

1.3.1 Bulk and at surfaces

Most of the computational rst-principle studies are devoted to eith er bulk of surface
slabs of TiO,, since quantum chemical calculations on such systems are relatively
a ordable in terms of computational e ort and many experimental data are avai lable
for the comparison of the theoretical results.

Bulk anatase

Bulk anatase is characterized by a tetragonal lattice (P4/ mnm, D,gq point symmetry)
with four TiO , units per unit cell, which is given in Figure [I.6a. Within the TiO ¢
octahedra, the two axial Ti{O bond distances (exp. 1.98A) are slighly longer than
the four equatorial ones (exp. 1.93A). [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 genaft for semi-
conducting oxides, the band gap is one of the most critical quantity to ke reproduced.
The band structure of anatase TiO,, as calculated by standard DFT (GGA{PBE),
is reported in Figure [1.6b. The band gap is correctly predicted to beindirect: the
bottom of the conduction band (CB) is at point of the Brillouin zone, wher eas the
top of the valence band is close to theX point. However, due to the self-interaction
issue inherent in DFT, the band gap is signi cantly 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 issa. [65,66] As re-
gards DFT+U methods, unphysical U values (U = 6 eV) are necessary to reroduce
the experimental band gap. [66]

Given the small size of the bulk anatase cell, quasiparticle GW calcuaitions are



1.3 State of the art of computational studies on anatase }iO17

9.502 A

Energy (eV)

Figure 1.6 { (a) Bulk anatase unit cell and parameters. Oxygen atoms and tit anium
atoms are shown in red and grey, respectively. (b) Band structure of bulk anatase along
the high symmetry directions of the rst Brillouin zone. Black li nes indicate the GGA{PBE
calculations, yellow dots indicate the eigenvalues obtained after GoW o corrections. Reprinted
with permission from ref. [67]. Copyright 2016 American Physical So ciety.

feasible. In general, when standard DFT is used as starting point, thg overestimate
the band gap, [67{69] as shown by yellow dots in Figur¢ 116, while better redts are
obtained starting from hybrid DFT or DFT+U. [30, 70]

Another critical issue is the alignment of the valence and conduction bad edges
with respect to the vacuum. Recently, this has been evaluated wh a QM/MM cluster
model, by computing the bulk anatase ionization potential (IP). [[71],72] Corsidering
the value of the band gap of anatase, the electron a nity (EA) has been estimaed
to be 5.1 eV, in agreement with the experimental results.

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

The polaronic nature of the electron{hole couple (exciton) has been demairated
using the hybrid B3LYP functional in a bulk anatase supercell (96-atoms) by atomic
relaxation of the triplet exciton. [V3] The triplet exciton is highly | ocalized on next-
neighboring Tigg and Oy, sites, inducing a structural reorganization with an energy
gain associated with this process of 0.6 eV. The computed photoluminignce (PL) of
2.6 eV satisfactorily agrees with the experimental one.

As regards the behaviour electrons and holes in Ti@ once they are separated, it
can be described by polaron theory.|[74]

Electron polarons are usually identied as Ti®* species, where the electron is
trapped on a single Ti site, causing a local elongation of the Ti{O bonds. Tle use of
hybrid functionals [73] or DFT+U [75,[76] is required to describe the polronic nature
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of extra electrons in bulk anatase, even though the size of the polaron catbe easily
established, being dependent on the method employed. Using B3LYRinctional, 76%
of the electron is localized on a single Ti site and most of the remainings con ned
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 anataskttice.
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| [/3hnd also by
DFT+U [76{78], even though unphysical values of U are necessary to localiz&n
electron hole. [79] Using the B3LYP functional, the energy gain associatedot hole
trapping is computed to be 0.74 eV. The hole is found to be highly localied on an
O3 (85%) and its midgap state is deeper than that of the electron. The calculatd
values of the EPR hyper ne coupling constants with 17O for the trapped hole are in
fair agreement with the experiments. [80] Concerning hole transporthopping barriers
along di erent directions have been estimated to fall between 0.5 ad 0.6 eV by
DFT+U. [79]

Clean anatase surfaces

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

Surface energy is the focus of a large number of investigations, becaugeis a
quantity which is hard to measure experimentally and has a central ro¢ in the ther-
modynamic, structural and chemical properties of metal oxide surfaes. In fact,
it is fundamental for understanding the relative stabilities of the di erent exposed
facets and, consequently, for the construction of the size-dependephase diagram of
nanocrystalline TiO».

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

Given the surface energies, the equilibrium morphology of a macroscapianatase
crystal can be obtained via the standard Wul construction. [38] As found in natural
samples, the equilibrium shape in vacuum is a truncated bipyramigd shown in Figure
[1.7c, 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 pofide to
predict the anatase vs rutile phase stability as a function of the nanopaticle size.
In vacuum, the predicted phase transition from anatase to rutile occus at a particle
diameter greater or equal to 9.3 nm. |[83] This value and the ratio of the expad
facets have been found to be in uenced by adsorbed species, such lgdrogen 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 super cial atoms are indicated. (c) Calcu-
lated Wul shape in vacuo; a similar shape is found also for hydra ted anatase. Reprinted
with permission from ref. [. Copyright 2016 Nature Publishing Gro up.

oxygen, [83] water environment and acid-base surface chemistry. [§9,90]

The clean anatase (101) surface, depicted in Figu@.?a, has a 11 periodicity
with a characteristic sawtooth pro le when viewed from the [010] direction. The
exposed atoms are ve-fold (Tik.) and six-fold (Tig.) coordinated Ti atoms, as well
as bridging oxygen atoms (Q, or O,.) and three-fold coordinated (Os;) O species.
Upon structural relaxation, a signi cant displacement of surface atoms from bulk-like
positions is observed.|[81{84] In particular, Ti{O bonds between Ti and Q.. atoms
are 5{10% shorter than in the bulk, resulting in a rather rigid relaxed surface.

The bulk-terminated anatase (001) surface exposes undercoordinated &, bridging
Oy and fully coordinated Os; atoms, as shown in Figurg L.rb. Upon relaxation, one
of the two bonds formed by each Q. atom with its neighboring Ti 5. species becomes
shorter (1.8 A), whereas the other elongates (2.20). [ The surface energy does not
change signi cantly after relaxation, indicating that a more stable surface structure
may exist. One of the proposed surface reconstruction is given by th&d-molecule”
(ADM) model; [ the [100] rows of bridging O,. atoms of the unreconstructed 1
1 surface are replaced by rows of Ti@ species with a1 4 periodicity. The resulting
surface energy is nearly half of that of the unreconstructed surface anthis structure
is consistent with the experimental STM images of anatase (001) Ims growrepitax-
ially. [ However, considering that such reconstruction implies aconsiderable mass
transport, it is unlikely that this process can happen at the relatively low tempera-
ture employed during the synthesis of TiO, nanoparticles. Thus, the (001) surfaces of
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anatase nanoparticles in an aqueous environment can be well described byhydrated
1 1 unreconstructed (001) model.|[93]

Regarding the behaviour of charge carriers at the surface, the polaron detrapping
energy of electrons and holes is computed to be larger than in the bulk, @ording to
B3LYP calculations on anatase (101) slab models. Speci cally, electrons aretind 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] [73]

1.3.2 Nanoparticles

Although anatase TiO, 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 e ort required to descr ibe such large sys-
tems. Moreover, these are often based on classical interatomic poteats, [94{100]
which cannot provide any information on the interplay between size,shape and elec-
tronic structure. Semiempirical and molecular orbital studies on TiO, nanoparticles
were reported, [101{103] but they can reach only a limited level of accuracy.Only
very recently, thanks to the advances of modern high-performance coputing, accu-
rate rst-principles investigations of realistic TiO , nanosystems of few nm in size have
become feasible, though still very computationally demanding.

All the DFT-based studies recently appeared in the literature haw dealt with
faceted TiO, nanoparticles, [104{109] whereas none has focused on highly reactive
spherical ones yet.

Figure 1.8 { Energy minimized TiO , 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 S ociety.

One of the rst investigations of realistic faceted anatase nanoparticleswas per-
formed by Hummer et al., ] who employed stoichiometric decahedralTiO ),
models with n up to 272, reported in Figure[I.8. The models have been preliminary
optimized with classical force elds and then relaxed with a standard DFT (PBE)
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method and a plane-wave basis set. These calculations evidenced igrs cant di er-
ence between the total surface particle energy and the summed eneegi of constituent
facets, demonstrating the considerable contribution of edges and corngto surface en-
ergy for nanopatrticles with size below 3 nm. However, Hummer et al. haw not taken
into account that highly undercoordinated atoms on the surface of the nanoptrticle
are expected to be saturated with hydrogen in a humid environment.

A series of TiO, anatase (TiO;), nanoparticles with di erent size (n = 58{449)
and truncated bipyramidal shape were employed by Li and Liu|[108] to invesgate the
rst proton removal step in the oxygen evolution reaction. Highly undercoordinated
surface atoms (T and O;c) were saturated by dissociated water molecules. The
e ect of the solvent was considered through a continuum solvation modeland the
nanoparticles were optimized at a full GGA-PBE level using numeri@l atomic orbitals
and norm-conserving pseudopotentials. This study revealed that for prticles 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 e estapply
only for very small TiO, nanosystems. In addition, the HOMO and LUMO orbitals
of the nanoparticles are found to be spatially separated.

Nunzi et al. [105,108] used di erently sized models of anatase nanocrystals.e.
(TiO 2)n (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 tle 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 antdybrid DFT
with localized basis functions. Similarly to the work by Li and Liu, a di erent spatial
distribution of the HOMO and LUMO levels was observed.

Electronic structure, polaronic trapping and TD-DFT absorption spectra of anatase
TiO , nanocrystals have been recently investigated by Hubbard-U correetd 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 oflie nanocrystal.
Excess electrons were found to coexist both as small polarons at ¥ sites and band-
like carriers, whereas only deep trapping at Q. sites was observed for holes.

Although commonly synthetized and studied for many applications, [31] splerical
TiO , nanoparticles have been theoretically investigated only by moleculadynamics
(MD) simulations with force eld approaches, [94{96\(98] hence no informationabout
the electronic structure and chemical reactivity of such systemsis available in the
literature. Generally, the Matsui-Akaogi force eld, [110] composed by an atractive
van der Waals term and an electrostatic contribution, is employed.

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

Other investigations were devoted to the study of the sintering pocess between
spherical TiO, nanoparticles. [9%,96] Molecular dynamics trajectories for two collidig
TiO , 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 di erent relative orientations for the collsion.

1.3.3 Interface with water
Water on at anatase surfaces

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

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

Water multilayer adsorption on anatase has been the subject of a number ofst-
principles molecular dynamics simulations.|[116{119] In these studies)o water disso-
ciation was registered in rather long simulations for a water monolayer (M.), bilayer
(BL) and trilayer on the defect-free (101) anatase surface. The position ofwater
molecules in these layers has been found to be vertically and latedgl ordered and
this has been related to a complex and delicate interplay betweenusface roughness,
water-titania and water-water interactions. [117] The rst layer of wate r molecules
are directly adsorbed to the Tisc atoms, whereas the second layer establishes strong
H-bonding with the O,. atoms and the water molecules in the rst layer. These two
layers form a stable bilayer with short H-bonds between them, as anabed in detail
by Mattioli et al. [120] Instead, the third layer has been found to be les bound and
more mobile.

In contrast, a single water molecule was reported to exothermically disociate on the
unreconstructed anatase (001) surfacel [112] The dissociative adsorptios associated
with a signi cant reorganization: water cleaves one of the surface Ti{O bords and
two facing H-bonded hydroxyls are formed, releasing part of the tens stress of
the bulk-terminated surface. At monolayer coverage, a mixed moledar-dissociated
monolayer, where only 25% of the water molecules are dissociated, has nemomputed
to be stable using a large 2 4 slab supercell model. [121]

As a further step, several computational studies have addressed thexidation of
water on various TiO, surfaces.|[122{124] Similar mechanisms for the oxygen evolution
reaction are found on the (101) and (001) surfaces, whereas the energetics ensitive
to the relative position of the valence band maximum. [124] In all cases, tb rate
determining step of the reaction is the rst proton removal. The kinetics of this step
on a (101) surface has been analyzed in detail in a recent rst-principgs molecular
dynamics investigation. [125] In this study, liquid water is described explicitly and
the energy pro le for the proton transfer is determined by hybrid DF T calculations.
The results indicate that the proton transfer occurs before the eletron transfer of
the hole initially, that is initially trapped on a surface oxygen atom. However, the
mechanism of water photooxidation on TiO, surfaces is still controversial, since recent
static DFT calculations have reported a concerted proton/hole transferto form OH
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radicals from adsorbed water and a hole trapped at an @. site. [126]

Concerning the in uence of the water environment on electron trapping, recently
Car-Parrinello molecular dynamics (CP-MD) simulations on (101) and (001) anaase
surfaces in liquid water revealed that excess electrons have a tdancy to avoid the
surface and stay inside the slab.| [87] Moreover, an extra electron on #haqueous
(101) tends to become trapped into a stable T#* {OH complex, derived from the
dissociation of an adsorbed water molecule.

Water on anatase nanoparticles

The computational investigation of the interface between water and a reaktic TiO ,
nanoparticle is a particularly challenging task, given the large size ofthie metal oxide
system and the liquid nature of water, which requires the recourse¢o molecular dy-
namics techniques. For this reason, very few computational studies arreported in
the literature.

Early studies were based on classical force eld, such as the Matsui-&logi po-
tential. [110] Koparde et al. [98] reported a molecular dynamics simulationsat 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 tis 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 st one water
is highly oriented.

More recently, a reactive force eld (ReaxFF) has been developed talescribe Ti{
O{H interactions in the TiO ,/water systems. [127] In this kind of approaches, the
interatomic potential is parametrized to DFT references on the basisof the bond
order between atoms, hence this method can model bond breaking and foation in
large systems. Using this methodology, the reactivity towards water slvent of small
TiO, nanoparticles (1 nm) has been investigated, nding a remarkable dissociative
behaviour of interfacial water molecules.|[100]

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

1.4 OQutline of the PhD thesis

The aim of this PhD project is the rst-principles investigation of anatase TiO;,
nanoparticles with di erent morphologies and a realistic size in vacuun and in water
environment, focusing on various aspects relevant for technological ggtications.

For this study we employed state-of-the-art computational methods am massively
parallelized codes in order to perform highly accurate calculations ofigch large sys-
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tems in a reasonable time. Most of the calculations were based on densifynctional

theory (DFT), using hybrid functionals and localized basis sets, vhich is a well-suited
approach for the description of titanium dioxide. An approximate-DFT m ethod,

namely the self-consistent charge density-functional tight-bindng (SCC-DFTB), has

been considered for the study of the largest systems and of the dynanatbehaviour
of waterf/titania interfaces. An overview of the theoretical methodologies employed
in this PhD work is provided in Chapter P]

The rst part of the work was devoted to the construction of the models of sto-
ichiometric anatase TiO, nanoparticles and the investigation of their ground state
structural and electronic properties as a function of the size (1.5 to4.4 nm in diame-
ter) and the morphology (spherical vs faceted), as discussed and desloed in Chapter
[3. As regards the structural properties, we focused on the surface-tbulk ratio, the
type and number of undercoordinated surface atoms, lattice distortiors with respect
to the bulk and surface energies. As regards the electronic propertie we have an-
alyzed the band gaps, electronic a nities, ionization potentials and the electronic
density of states. We dedicated particular e orts for the description of the complex
structural features of spherical TiO, nanoparticles, which have been modeled with
a multistep/scale approach. Speci cally, we employed the computatonally e cient
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 assesthe ability of
SCC-DFTB to describe TiO, large systems.

Subsequently, we focused the attention on the e ect of size, shapand of additional
water molecules on charge carriers dynamics in Ti® 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. The we
described the self-trapping process of isolated charge carriers ol erent portions of
the nanoparticles, highlighting the best trapping sites for election and holes. In this
regard, the role of corners, edges and surface curvature, which are pédiau features of
nanostructured TiO, and are not present in at 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 transint absorp-
tion (TA) spectroscopies. Lastly, on the basis of a combined theoretical/&perimental
approach, in collaboration with research groups in Japan, we demonstrated tat wa-
ter adsorption assists the hole trapping only for spherical TiQ nanoparticles and not
for well-faceted ones. The di erent water adsorbates on the surface ofhie nanopar-
ticles have been identied by comparing the computed vibrational gructure with
water-coverage controlled infrared spectra. Then, we calculated thénole trapping
ability of the nanopatrticles as a function of the water content in order to explain the
shape-dependent behaviour observed in the TA spectra of the Ti@ samples.

Finally, we tackled the study of the complex water/TiO , nanoparticle interface,
as detailed and discussed in Chaptef]5. First, we developed a novebmputational
approach, based on the computationally e cient SCC-DFTB method, to accurately
describe this important solid{liquid interface. We assessed the eliability of this new
methodology for the separated components (bulk TiQ 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 withhybrid DFT,
for the investigation of water adsorption on a realistic spherical TiO, nanoparticle
up to monolayer coverage. In particular, we showed the prefered adsption mode
of single water molecules and of a full water monolayer as well as the e eatf the
water surrounding on the structural and electronic properties. Finally, multilayer
water coverage has been simulated via a SCC-DFTB-based molecular dgmics run,
which is analyzed in terms of water density pro le from the surface andO{H bond
orientation.



Theoretical Background

The rst-principles modeling of semiconductive oxides nanoparicles is a complex
and computationally demanding task, especially when complex systemwith many
degrees of freedom and the interaction with light are involved. On the oe hand, one
should aim to be accurate, but highly sophisticated methods are not fedable when the
system contain hundreds of atoms. On the other hand, one may employ in@ensive
molecular mechanics approaches, but they cannot provide any informatioron the
electronic structure and the excited states, which are fundamerdl for the study of a
photocatalytically active semiconductor material.

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

This chapter is devoted to the discussion on the fundaments of quanton chemistry,
the main concepts of density-functional theory (DFT) and its approximation in the
density functional tight-binding (DFTB) method. Moreover, we w ill present the algo-
rithms for geometry optimization and for molecular dynamics (MD) simulations. Note
that this is only an introduction to the methodologies used in this thesis, whereas a
detailed description of the computational details will be reported in a speci ¢ section
of each Chapter.

2.1 Elements of Quantum Chemistry
In this section some of the fundametal aspects of the electronic straare theory

will be recalled as the theoretical foundations for the following disassion of density-
functional theory (DFT) and approximate-DFT methods.

2.1.1 The Schiedinger Equation

A quantum mechanical description of a molecular system oN electrons andM nuclei
is provided by the time-independent non-relativistic Schmedinger equation:

26
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where is the wavefunction, E is its total energy and H is the Hamiltonian op-
erator de ned in absence of magnetic or electric elds. H is a di erential operator
that, when applied to , gives the total energy E as a sum of kinetic energy of
electron and nuclei and potential energy of the nucleus-nucleus, ruleus-electron and
electron-electron Couloumb interactions. The wave function contains all the pos-
sible information to be known about the system and is a function of the 3 spatial
coordinates of the electronsfr;g and their N spin coordinates, collectively termed
fx;g, and the 3M spatial coordinates of the nucleif R g.

Due to the complexity and the correlated motion of the particles, the exact solution
of the Schrdinger equation is feasible only for system with very fewelectrons, e.g. H
or He atoms. [129]

In order to study more complicated systems, such as the ones of intesein materials
science, mathematical approximations of this equation are necessary. r@ of these
is the Born{Oppenheimer approximation, which takes advantage of the much slower
motion of nuclei with respect to the electrons due to the signi cant di erences of mass
(e.g. a carbon nucleus is about 20000 times heavier than an electron). Thefore, we
can approximately consider that electrons move in the eld of xed nuclei, so that
the Hamiltonian operator can be reduced to

X XM XX
1 I" |2 Zi + i = f + ONQ + ee (2.2)
i=1 i=1 =1 Fij

|qelec =

I . .
i=1 j=1

where indicesi andj run over all the N electrons and refer to each of theM nuclei

of the system. The corresponding Schmedinger equation depends onlyarametrically
on the nuclear coordinatesfR g

Feec elec(X1;X2;7 ;XN fR Q) = Eetec elec(X1;X2;:: ;XN TR ) (2.3)

In other words, only ¢ec for a certain xed molecular geometry has to be calcu-
lated and the total energy E; of the system is then g,iven by the sum ofE¢ec and
the constant nuclear Coulombic repulsion termE,, = Z Z =R

2.1.2 The Variational Principle

Unfortunately, except few trivial exceptions, equation [2.3 can not be slved ana-
Iytically. Nevertheless, the variational principle provide a recipe to systematically
approach the wave function of the ground state, o, i.e. the lowest energy state.
This principle states that the expectation value of the Hamiltonian operator from
any well-behaved trial function iy will be an upper bound to the true energy of
the ground state Ey, i.e.

h wial M wiar i = Evia  Eo=h ojH] o (2.4)
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Therefore, the i which gives the lowest energy will be the ground state wave-
function, whose energy is the true ground state energ¥q. In the everyday practice,
since it is obviously not possible to try all the eligible functions, the variational prin-
ciple is applied on subsets of them.

To sum up, once the number of electrondN and the positions of the nucleif R g
are de ned, a Hamiltonian B can be written and, then, o, Eo and all the related
properties are determined using the minimization process.

2.1.3 The Hartree-Fock Approximation

To deal with the electron-electron repulsion in Eq.[2.2 other approixmations are nec-
essary for any system with more than one electron. Thddartree-Fock (HF) approxi-
mation is one of those and not only it is a corner stone of almost all the wave function
based methods, but it has also a conceptual relevance. Some fundamahtoncepts
that are relevant for our study are intimately connected with this appr oximation, such
as locality, exchange, self-interaction, electron correlation and sékonsistency.

As discussed in the previous section, a suitable and manageable subsat wave
function has to be de ned to apply equation[2.4. In the Hartree-Fock stieme the
complicated many-electron wave function is approximated as an producof N one-
electron functions (x;), called spin orbitals:

1(x1)  2(x1) i N(Xa)
1 1(x2)  2(x2) it N(X2)

0 sb = Pﬁ : : : (2.5)
1(Xn)  2(xmn) it N(XN)

The product is expressed in the form of determinant Slater determinant sp) so
that the antisymmetry of the electrons is respected, because the sign changes upon
exchange of two columns. The spin orbitals, usually chosen to be orthonoral, are
composed of a spatial orbital ;(r) and a spin function, (s) or (s).

i(r;s)= (r) (s, = (2.6)
Now we can use the variational principle to nd the Slater determinant with the
lowest energy Enr ).

Ene = min h spjHj spi 2.7)
sp! N

The spin orbitals f jg into sp are varied until the minimum is reached and
orthonormality constraints must be satis ed during the minimization , introducing the
Lagrangian multipliers ; in the resulting equations. These equations are thélartree-
Fock equations whose solutions are the “best' spin orbitals to attain the lowest vale
of Ene .

(x1) i(x1)= i i(x1); i=1;2:5N: (2.8)
In these N eigenvalue equations, the Langrangian multipliers; and (r.) are the
eigenvalues and the eigenfunctions of th&ock operator f'(r1), respectively. Although
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the f ;g have been introduced only to respect the orbitals orthonormality, the Koop-
mans' Theorem [130] proofed that they are an approximation of minus the ionization
energy associated with the removal of the-th electron:

i En EY .= IE() (2.9)

Thus, the f ;g have a physical interpretation and may be compared with the ex-
perimental ionization potential.

The Fock operator is an e ective one-electron operator de ned as

Z—}T—{ ;ﬁ —{
fi(x1) = %r 2 rZT’:\+vHF (x1) = i+ VHF (xq): (2.10)
A

In addition to the kinetic energy of the electrons and their interaction with the
nuclei, the Fock operator contains the Hartree-Fock potential VHF | which is the
average repulsive potential experienced by the electron in the;(x1) spin-orbital due
to the remaining N 1 electrons. This operator, where the electron-electron repulsion
is taken into account only in an average way, replaces the two-electron agator 1=r;;
in equation . The Hartree-Fock potential VHF is composed by two terms:

X
VAP (x1) = (Jj(x1)  Kj(xo): (2.11)
j
The Coulomb operator J', de ned as
Z
. 5 1
Jixy)= j j(Xz)JZEdXZ (2.12)

describes the Coulomb repulsive potential experienced by an elgon at x; due

to the average charge distribution of another electron in the spin orbitl ;. This is

a local operator, because the application ofj} (x1) on a spin orbital ;(x;) depends

only on the value of ; at the coordinates x;. The second term appearing in the

Hartree-Fock potential is the exchange operatork , that can only be de ned when it
is applied on a spin-orbital:

z 1
RiGa) i) = () (xa) = ilxa) (2.13)

This operator causes an exchange of the variables in the two spin orbitalsincex
goesinto ; and x; goes into ;. Additionally, the results of the application of IQJ- (x1)
on (x1) depends on the value of ; on all points in the integration space, since ;
appears now in the integrand function. Therefore, the exchange poteial is called
non-local. Due to the orthonormality of spin-orbitals, the exchange contributions are
di erent from zero only when electrons have the same spin.

Noteworthy, in the casei is equal toj, the Coulomb operator in equation[2.12
describes the interaction of the charge distribution of one electron vth itself. This
is the self-interaction and it is clearly unphysical. In the framework of Hartree-Fock,
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the issue of the self-interaction is elegantly solved by the exchangeperator K which
is identical to J' wheni = j, so they perfectly cancel each other out in equatiol.
In other approaches, such as density-functional theory, this issueanstitutes a major
obstascle to be overcome.

Finally, one should note that the Hartree-Fock potential in Eq. depands on the
spin orbitals, i.e. on the solution of the eigenvalue problem to be solé Therefore, the
solution has to be found iteratively through a self-consistent eld (SCF) procedure:
starting from a "guess' of the orbitals, the HF equations are solved obtaimig a new
set of orbitals; this set is used to de ne a new HF potential in the nex iteration,
resulting in another set of orbitals; this cycle is repeated until ©nvergence, i.e. the
energy and/or the spin orbitals no longer change up to a de ned threshold.

Once that the spin-orbitals have been computed, the Hartree-Fock ¢tal energy can
be calculated as:

HF X . . . X . . . X . . .
E = h iJf"' \7] i+ h i jjlzl’ijj i jl h i ijlzl’ijj i jl (2.14)
i i5j isj

where the last two terms are the so-called Coulomb and exchange series.

2.1.4 Electron correlation

Although it generally captures most of the features of a molecular systema single
Slater determinant sp is still an approximation and never corresponds to the exact
wave function. Thus, due to the variational principle, Exr is less negative than the
exact ground state energy (within the Born-Oppenheimer approximaton and ignoring
relativistic e ects), and their di erence is called correlation energy (E&F ).

EQF = Eo Enr (2.15)

This term is always negative and it contains what it is not covered by the e ective
HF potential, that is the dynamical and the static electron correlation. The former
type of correlation is related to the instantaneous repulsion of the indvidual electrons,
which is not taken into account in the average HF electrostatic potential This means
that in the Hartree-Fock approach electrons will be closer to each othethan in the real
wave function, causing a larger Coulomb repulsion overall. The dynangial correlation
is connected to the Eri, term in the Hamiltonian and is known to be short-range.

The latter type of correlation, often refered asleft-right correlation, depends on
the fact that in special circumstances a single Slater determinants not enough to
describe the exact ground state due to the existence of other Slateraderminants with
comparable energy. In this case, the recourse to multi-reference ppoaches, such as
con guration-interaction (Cl) methods, is needed for the correct description of the
system.

2.1.5 Basis sets

For convenience, the one-electron wavefunctions; are usually expanded in a lin-
ear combination of functionsf ;g, called basis setfunctions, whose analytical form
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is known. In the computational practice, the summation is truncated to a certain
number M of basis functions:

bd
ir= ¢ () (2.16)
=1
The number M must be at least equal to the number of electrondN. Adding new
functions to the basis set increases the quality of the ; and lowers the total energy,
due to the variational principle, until the complete basis set limit (M ! 1 ), also
known as the Hartree-Fock limit, is reached. In practical calculations, the number
M is determined as a balance between accuracy and computational cost. Usirige
expansion in Eq.[2.16, the Hartree-Fock equations (Eqg. 2|8) can be writtein matrix
notation as follows

FC =SC
F =h jfj i (2.17)
S =h j i

where S  are the overlap integrals between basis functions andd are the ele-
ments of the Fock matrix F. The latter are the sum of the one-electron Hamiltonian
elements and the contribution from the Coulomb and exchange integrals:

F =h jj i+h jfj ih jRj i (2.18)

The choice of the basis functions depends on the physics of the prololeand on
the computational convenience. The functional form may be exponentia(Slater-type
orbitals, STOs), Gaussian (Gaussian-tupe orbitals, GTOs), plane waes, etc. The
use of exponential functions may seem to be the natural choice for atomentered
basis sets, since they describe the correct behaviour for= 0 and the decay at large
distances. However, Gaussian functions are much easier for calculagmrmulti-center

integrals in Eq. [2.18, resulting in an overall computational e ciency hi gher than with
STOs. The radial part of a Gaussian-type orbital is de ned as:

ETO = r20 Dexp( r 2) (2.19)

where controls how compact (large ) or diuse (small ) is the basis function.
In order to better reproduce the correct behaviour, a contracteq&,(ﬂussian functions,
composed by the linear combination ofk GTOs, suchas , = ,a, ¢'° may be
used.

Since the atomic behaviour is mostly determined by valence eleobns, split-valence
basis sets are generally employed, where the core orbitals are desad by only one
contracted Gaussian function and the valence shell is instead repreated by two or
more set of contracted GTOs. A split-valence basis set is indicated ith the string
N{KLG, where N, K and L are the number of GTO in the contraction of the core
and valence Gaussian functions. Moreover, polarised functions (synabized by a \*"),
i.e. orbitals with higher angular momentum, and di use functions (symbolized by a
\+"), characterized by small  exponents, may be added to the basis set to improve
its quality.
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In this thesis, a Gaussian-type split-valence basis set with polazed functions has
been routinely employed. In some speci ¢ cases, the addition of a dise function to
the basis set has been tested to check the convergence of the result

2.1.6 Periodic Systems

The quantum chemical formalism described in the previous sectionsan also be ap-
plied to periodic systems where the electrostatic potential due to the nuclei is a
periodic function. In periodic systems, due to the translationalsymmetry, a unit cell,
de ned by the a;, a; and ag lattice vectors, can be identi ed in the crystal lattice.
Given the lattice vectors in the direct space, the correspondingeciprocal lattice vec-
tors in the reciprocal space,b,, b, and bs, are obtained applying the orthonormality
condition ajb; =2 j , where j is the Kronecker delta. The equivalent of the unit
cell in reciprocal space is the (rst) Brillouin zone, which is shown for graphene in

Figure [2.b.

Figure 2.1 { (a) Direct lattice, unit cell and cell vectors of graphene. (b) Re ciprocal lattice,
rst Brillouin zone (BZ, in light blue), reciprocal cell vectors a nd critical points of the BZ.

The Hamiltonian operator of the electrons in a periodic potential is perbdic itself,
since the external potential Ve (ri) must obey to the periodicity of the lattice:

V(r+Nja)= V(r); j=1;23 (2.20)

where & are the lattice vectors and the N; are arbritrary integer numbers. The
Bloch theorem [131] shows that the eigenfunctions of such periodic Hamiltonian can
be factorized in a plane-wavee® and a periodic function uy(r;), called Bloch or
crystalline orbital :

k(ri) = €4 u(ry) (2.21)

where k is the reciprocal space vector, which is the equivalent of the diret space
vector r. The Bloch orbital can be expanded into a basis set of plane wave funitins
( PW) or atom-centered (Gaussian) basis functions (°7°), see Sectior] 2.1}5. The
electronic structure problem has now been substantially simplied because only the
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E-E. (eV)

DOS (a.u.)

Figure 2.2 { Energy bands of graphene along the path M K and total density of
states (DOS).

electrons within the unit cell have to be considered. However, lie eigenvalue problem
will now also depend on thek vector within the rst Brillouin zone:

Fkck = gskgk & (2.22)

The resulting eigenfunctions are continuous function ofk, varying in a range of
energy calledbands As an example, the dispersion of the bands in graphene is shown
in Figure 2.2. The density of energy levels for any given energy is thdensity of states
(DOS), which is also reported in Figure[2.2.

The DOS is an informative way to describe the electronic structue of an extended
system since several important properties are directly shown bytj such as the band
gap and band widths.

The total energy of the system per unit cell is given by the integration of the
occupied bands, i.e. below the Fermi level Er ), over all the k space. Nevertheless,
for non-metallic systems, the integration can be done numerically wih few k points.
Moreover, when the unit cell of the system is large enough (and thus tb BZ is small
enough) the total energy can be already converged at the origin of thé&-space (i.e.

point). In general, for periodic calculations in this work, the Bril louin zone has
been sampled using an uniform grid ok points, generated via the Monkhorst-Pack
algorithm. [132]
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2.2 Density-Functional Theory

The theoretical framework shown in the previous section, based on thevave function

or an approximate version of it, presents a severe problem. Increagig the dimension
of the system, the wave function would rapidly reach very large size ath complexity,
since it depends on &l variables, three spatial and one spin coordinate for each of
the N electrons. Thus, any wave-function approach would be unmanageable for lge
quantum systems, such as the TiQ nanoparticles under study in this PhD work.

An alternative idea is to focus on the electron density function (r) of the many-

electron system, instead of the hard-to-compute wavefunction. Theslectron density

(r) is a non negative function de ned as the probability of nding an electron in the
region of spacedr:

z

(r)=N dsdxo:::dxy (2.23)

This quantity is dependent only on the three spatial coordinates and, unlike , it is
also a physical observable, measurable through X-ray di raction.|[133] Eanf attempts
to express the total energy of the system using the electron densithave been done
by Thomas and Fermi in the 1920s. |[134, 135] However, the foundations of density
functional theory (DFT), one of the most successfull computational tool of the last
three decades, relies on the work by Hohenberg, Kohn and Sham in the 1960s.

2.2.1 The Hohenberg-Kohn Theorems

In 1964, P. Hohenberg and W. Kohn showed that the ground state properties are
uniquely determined by the electron delgsity (r). [136] The rst point to be proven
is related to the external potential V = iN:l v(rq): it is fairly obvious that V deter-
mines and then (r) through the Schmdinger equation, but the fundamental ques-
tion is whether it is true the opposite, i.e. that the electron densty de nes univocally
the external potential. This has been demonstrated by theFirst Hohenberg-Kohn
Theorem .

Theorem 1 The external potential v(r) of a system is univocally determined, within
a trivial additive constant, by the electron density (r).

The proof of this theorem is based on the variational theorem. Thereforethe
ground state energy of the system can be expressed asfanctional of the electron
density

Z

Eo[ ]=F[ ]+ drv(r) (r) (2.24)

whereF[ ] is the universal functional, whose analytical expression is unknown but
the existence has been proven. Thé&econd Hohenberg-Kohn Theorem intro-
duces a variational principle applicable to the density functionals

Theorem 2 Considering the relation (r); (  v; from the rst HK theorem, and
assuming that there is a (r), such that (r), O, then: Ey1 Eyo.
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Also the proof of the second theorem is again based on the variational theorem,
thus density functional theory is only applicable to non-degenerate gound states.
Therefore, the ground state energy of a many-electron system correspds to the
minimum value of E[ ] for all the possible electron densities. However, this is true
only when the exact universal F functional is used. In the common practice, the
density functional is approximated, hence DFT may not be always suported by the
variational principle.

2.2.2 The Kohn-Sham Equations

In order to apply the Hohenberg and Kohn theorems, a practical yet e cient form of
the unknown universal functional has to be formulated. First, the density functional
F[ ]in Eq. can be decomposed as:

FLMI= T+ En[ (N]+ Exc[ (1] (2.25)

where T[ ] is the kinetic energy functional, Ey [ ] is the mean eld interaction and
Exc[ ]isthe correction to the mean eld part, due to exchange and electron orrelation
e ects. Among these terms only the mean eld interaction is known, but the main
problem arises from the de nition of the kinetic energy, because theanalytical form of
the wavefunction is needed. In 1965, Kohn and Sham) [137] developed a cleweay to
overcome this issue, introducing a ctitious non-interacting system and expressing the
electron density with auxiliary functions. In the Kohn-Sham DFT (K S-DFT) scheme,
the electron density is expanded in a set of single particle wavefictions (r;s):

XX
(r)= i(r;s) i(r;s) (2.26)

I S
these auxiliary functions are known as theKohn-Sham (KS) orbitals. It is then
possible to de ne anon-interacting reference systemwith the same exact density as
the real one formed by the Slater determinant of theseN KS orbitals. In such a
system, the kinetic energy can be exactly calculated through the exssion:

X 1
Tsl1=  hij 3riji (2.27)
1
Clearly, this kinetic energy Ts[ ] is not equal to the true kinetic energy of N
interacting electrons, i.e. Ts[ ] 6 T[ ]. Kohn and Sham solved this issue including the
residual part of the kinetic energy (Tc[ ]) in the de nition of the exchange-correlation
energy, so that the total energy functional can be written as

E[ (D]1= Ts[ (N1+ Ex[ (NI+ Ene + Exc[ ()] (2.28)

where

Exc[ (N]1= Te[ (NI+ Ena (2.29)
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In other words, E,. not only contains the non-classical e ects € ), i.e. the self-
interaction correction, exchange and correlation, but also the correctin of the error
in the kinetic energy evaluation.

Analogously to the Hartree-Fock approach, we now minimizeE[ ] with respect to
the KS orbitals, under the orthonormality constraint. [138] The resulti ng one-electron
equations are theKohn-Sham equations

1

Py 2+ Ve (r1) = i (2.30)
where
hd
r Z
Ve )= g, e veqy T 2 (231)
2 A ria

As well as it is not available an exact expression of the exchange-correlath energy
Ex., even the explicit form of the related potential Vy. is unknown. Thus, Vi is
de ned as the functional derivative of E4. with respect to

Ex

Ve = (2.32)

Similarly to the HF equations, the KS potential is dependent on the initially un-
known KS orbitals. For this reason, the KS equations are solved iteratiely, through
a self-consistent eld (SCF) procedure, already described inection[2.1.3.

2.2.3 Exchange-Correlation Functionals

If the exact analytical form of V,.[ ] were known, the DFT total energy would be
exactly equal to the eigenvalue of the Schmdinger equation, i.e. thesolution to
the electronic structrure problem. For this reason, most of the mettodological work
that has been done after the formulation of the Kohn-Sham equations conceed the
de nition of a reasonable and e cient exchange-correlation potential V.. Although
there are few physical constraints that a functional has to ful ll, th e search for better
functionals is largely based on mathematical intuition and “trial and error'. [129]
One of the rst ideas to approximate E,:[ ] is the Local Density Approximation

(LDA). This approach is based on the physics of theuniform electron gas i.e. a system
of N electrons in a positive background of charge. Within this approximation the
exchange-correlation (xc) energy functional depends only on the value dhe electron
density (r) in each point of the space:

z

EXA 1= (1) xe( (r))dr; (2.33)

where 4 ( (r)) is the xc energy of the electron gas per particle. This quantity can
be further decomposed into the individual contributions,

x( (N)= x((N)+ < (r): (2.34)



2.2 Density-Functional Theory 37

The explicit form of , for the homogeneous electron gas can be derived from the
Hartree-Fock exchange.|[139] No analytical form of the correlation part . is known,
but highly accurate expressions based on interpolation are available and @nof the
most used is by Vosko, Wilk and Nusair (VWN). [140,141]

The homogeneous electron gas model is clearly di erent from the real gsi@ation in
molecules where the density changes abruptly from point to point. Forthis reason,
the LDA functionals have been found to work ne for metals and some solids but
they do not produce chemically accurate results with a clear tendecy to overbind
molecules (by 1 eV). [142/143]

A higher degree of accuracy can be reached with thgeneralized gradient approx-
imation (GGA), in which the information from the gradient of the electron density,

r (r), is included. [129] Thanks to this contribution, the functional would better
account for the inhomogeneities of the real electron density. Similayl to LDA, ESCA
is generally split into its components, ES®* and ES®A . Prominent implementation
are the Perdew, Burke and Ernzerhof (PBE) functional [144], for both the exchange
and correlation parts, and the widely used, Lee, Yang and Parr (LYP) correhtion
functional, [145] which is not based on the correlation energy of the electin gas but
on the exact one for the helium atom. The GGA functionals are largely emplged
in computational chemistry and materials science, since errors on thenergies are
usually lower than 0.3 eV, approaching the chemical accuracy (0.1 eV)\ [142,143]

2.2.4 Hybrid functionals

As discussed in sectio3, in the Hartree-Fock (HF) theory the exdinge energy
can be computed exactly and, wheni = j, the Coulomb integrals are equal to the
exchange ones, solving completely the self-interaction issue. Inder to exploit these

features of HF exchangehybrid functionals replace a fraction of the GGA exchange
with the Hartree-Fock exact exchange, so that the exchange-correlatiofunctional is

formulated as follows

ERP = EGA + (EXF ESM) (2.35)

XC

where is the fraction of HF exchange calculated using the exchange operator in
equation[2.13 and the Kohn-Sham orbitalsf ;g

e 12 T 00090,
" 2i;i: iror .

(2.36)

The introduction of a portion  of exact exchange improves the overall description
of the exchange-correlation energy and the accuracy of the method. [142, 143, 146]
Moreover, it partially corrects the self-interaction error, giving more accurate results
for band gaps and electron localization/delocalization. The most popular hyhid
functional is the B3LYP, [145,|147] whose functional form is the following:

ESP =@ aEP* +aEff + bEP®+ cESYP +(1 EPA (2.37)
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where E2# is a GGA exchange functional and a, b and ¢ are empirical parameters
tted to reproduce thermodynamic data, such as atomization and ionization poten-
tials, proton a nities, and total atomic energies. This tting procedu re resulted in
a=0:20,b=0:72 and c = 0:81. Although this functional was initially developed
to investigate the electronic structure of molecules, it showed @rprisingly good per-
formances in many other chemical applications, including transitionmetal chemistry
and condensed-phase systems. This functional is routinely used this work, because
the correction to the self-interaction, albeit partial, is particul arly important for the
description of the band gap and charge carriers in TiQ systems. |[143{150]

However, the introduction of a portion of exact exchange into the energyfunctional
in uences also the asymptotic behaviour of the electron-electron epulsion, that is
lower than it should ( 1=r for r ! 1 ). For this reason, range-separated hybrid
functionals, where the Coulomb operator is split into a short- and a long-range part,
have been developed. In this way, the amount of HF exchange can be tuneds
a function of the interelectronic distance, recovering the corret asymptotic limit.
In this work, the range-separated Heyd-Scuseria-Ernzerhof functioal (HSE06) has
been tested for TiO, systems, since it was reported to predict the band gaps of
semiconductors with errors as small as 0.2 eV, [151]

It is important to underline that hybrid functionals introduce a non-local contri-
bution in the total energy due to the exact exchange. This means that theenergy
functional in a speci ¢ point is not only dependent on the value of the density (and/or
its gradient) at that point as in local LDA or GGA approximation, but also on the
Kohn-Sham orbitals, which are not local quantities but delocalized inall the integra-
tion space.

2.2.5 Electronic properties
Energy Gaps

The energy gaps, such as the HOMO{LUMO gap in molecules and the band gap in
extended materials, are one of the most important properties de ning e electronic
structure of a system. Commonly, they are distinguished infundamental and optical
gaps. The fundamental gap F is de ned as the energy di erence between the rst
ionization potential (IP) and the rst electron a nity (EA) and it can be m  easured
by several techniques, for instance photoemission spectroscopynstead, the optical
gap corresponds to the di erence in energy between the ground state anthe rst
excited state of the system and it is usually determined by UV-vis sgctroscopy.

In a ground state theoretical framework, such as the one of DFT, it is common
practice to approximate the fundamental gap E; to the Kohn-Sham gap Eys , since
IP and EA are connected to the N-th and (N + 1)-th Kohn-Sham orbital energies,
i.e. Ny and p+1 via the following equation: [152]

IP(N)= ~(N ) (2.38)
EANN)= na(N+ )

where is an in nitesimal variation of the integer electron number. However, it is
well-known that a standard Kohn-Sham DFT calculation is equivalent to approaching
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the integer electron number from below, [15B] i.e. it providesy+1 (N ). However,
the two values of .1 approaching from below or from above are not equal and they
dier by exactly the derivative discontinuity in E . (DD or ). Therefore, the
fundamental gap can be evaluated as follows:

Eg = IP EA = N +1 N T DD (239)

Standard LDA or GGA functionals do not have a derivative discontinuity of the
exchange-correlation energy, therefore the Kohn-Sham gaps obtained witthese ap-
proaches are lower than the fundamental gap, [154] On the contrary, for hybd func-
tionals, since they are orbital-dependent potentials, the above dévative discontinuity
argument does not apply. Therefore, hybrid functionals can yield moreaccurate pre-
dictions of the band gaps, although the performances depends on the choicé the
functional. [155,/156] Among them, the B3LYP functional is capable to predict the
band gap of a wide range of solids with an error lower than 10 %, [149]

Excited states

Density-functional theory has been largely used to study ground statgroperties such
as total and binding energies, bond lenghts and angles, lattice constants analso
dipole moments and polarizabilities, with a degree of accuracy signi catly higher
than Hartree-Fock, even more if hybrid functionals are employed.|[146157/158]

Nonetheless, especially when light-matter interaction is involved one is interested
in the properties of excited states of the molecular system. Remarkdl, information
on these states can be extracted from DFT, even though is a ground state #ory.

One widely spread approach is to use th¢ime-dependentextension of DFT (TD-
DFT), a general scheme to follow the dynamic response of the electraiensity to time-
dependent potentials, like the oscillating external electric elds of light. In addition
to the vertical excitation energies, directly comparable to UV-Vis spetroscopy, TD-
DFT can provide also the excited state properties, such as its engpy, forces and
geometry. [159]

Another common approach derives from solid-state physics, where the ettronic
excited state in a bulk material is often described as anexciton, i.e. an excited
electron and hole couple. In the DFT framework, accurate calculations of he energy
level of the non-interacting electron and hole can be derived usingte Green's function
formalism within the GW approach [160], whose results are directly compaable to
X-ray photoabsorption energies or work function measurements. Morear, when
the electron/hole Coulomb interaction is screened enough by the lattie, the GW
results are already a good approximation of the excitation energy. Howevein many
cases, the interaction between the electron/hole pair, namely theexcitonic e ects, is
relevant and can be taken into account with the Bethe-Salpeterequation (BSE), |161]
providing accurate prediction of the electronic transitions energy

However, for systems with hundreds of atoms, TD-DFT and Green's fution based
calculations become extremely demanding from a computational point of \éw. A
viable, though not always applicable, solution for large molecules is to us a time-
independent approach, such as the SCF-DFT method, that allows to compute ex-
cited state energies and forces at the cost of a plain DFT calculation. Thé methodol-
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ogy employs non-Aufbau electronic con gurations to converge the Kohn-ShanSCF
equations to an excited state. In the case that the excited state is tk lowest-energy
state with that symmetry, the SCF is guaranteed to converge to the righ solution,

otherwise it may collapse to a lower-energy state.
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Figure 2.3 { Potential energy surface for the ground state Sy and rst excited states S;
and T;.

For example, considering the case shown in Figurg 3.3, the double raditsinglet
state S; would be very di cult to converge, since the electronic structur e would easily
collapse to the Sy state. Instead, the excited triplet state T; is easily accessible, being
a ground state for the triplet spin con guration. In this work, a SCF app roach will
be used to model photoexcited carriers in TiQ systems.

Transition Levels

In the case of semiconductor materials, point defects in the regular ldice signi -

cantly a ect the electronic properties. In fact, they may introdu ce levels within the
band gap (deep state) or near the band edges (shallow state). These statean be
probed experimentally through several spectroscopies, such as traesit absorption
(TA) spectroscopy. All these techniques involve a variation in the charge state of
the defect, which cannot be described accurately by the single-pticle Kohn{Sham

eigenvalues. A better approximation of these kind of electronic trangions can be
obtained with the transition energy levels computation. [162{164]

The formation energy of a defectD with a charge q is de ned as:

X
Hpoq(Er; )=[Epgq En]+ dEv+ Eg]+ ni i (2.40)

where the chargeq is dimensionless (e.g. +1, 0, 1), Ep,q and Ey4 are the total
energies of the host+defect and the host-only systems, respectiye E, is the valence
band maximum (VBM) energy, Er is the Fermi level with respect to the VBM, n; is
the number of added f; > 0) or removed (n; < 0) atoms to create the defects, and ;
is the chemical potential of the defect species. In this PhD work, w are interested in
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the levels of self-trapping states of TiQ charge carriers, where the chemical potential
contribution is zero, since no other chemical species are added or rewed.

The transition level "(gq=d) is de ned as the value of the Fermi level where the
charge statesq and ¢° have the same formation energy,

Hoq (Er = "(g=d); )= Hogqo(Er = "(a=d); ): (2.41)
From Eq. [2.4] it follows that:

[Ebq Enl+ dE,+ "(@=d)] =[Epgo Enl+ IE, + "(g=d)] (2.42)
thus:
s Ebgo  Ebyg
(g=d) 4P Ev (2.43)

The "(g=d) corresponds to the vertical transition between the q and ¢ charge
state and are thus labeled as optical transition levels,'°?'(q=d). In the speci ¢ case
of self-trapping charge states two cases can be distinguished:

one negative charge (electrone ) is added to the system, inducing the formation
of a negatively charged trap state with a level in the gap below the condution
band.

one positive charge (holeh™ ) is added to the system, inducing the formation of
a positively charged trap state with a level in the gap above the valencédand.

Conventionally, the o° corresponds to the defect, i.e. a charge trap (TRAP) in this
case, with one electron more (q + 1e ), thus q°is 1 in the case of the electron trap
defect, 0 in the case of the hole trap defect. Therefore, the transibn level, i.e. the
position in the band gap of electron and hole trap states can be computed as:

E . E .
"0= 1= TRAP'Ol SRAP' ! Ev=Etrar; 1 ETrar;0 Ey

(2.44)

E . E .
"(+1=0) = —RA%: +8 1 TRA%O  Ey = Etrap; 0 ETrap; +1 Ey

The transition levels of an electron and an hole trap in the gap are schematally
represented in Figure[ 2.4.

During a transient absorption experiment, as shown by the arrows inFigure[2.4, the
electron and hole traps experiencesa 1! 0and a +1! O transitions, respectively.
Thus, the optical transition between the electron trap state and the conduction band
can be computed as follows:

uopt( 1:0,e) — EC nopt (0: 1) = ETRAP; 0 ETRAP; 1+ EC (245)

where Etrap: 0 and Etrpap; 1 are the neutral and charged total energies of the
system in the atomic structure where the electron is self-trappd, and E; is the energy
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Figure 2.4 { Schematic representation of the transient ab sorption process (optical excita-
tion, OE) for electron (a) and hole (b) charge trap states. The position in the gap (Eg4) of
the corresponding transition levels "(0; 1) and "(+1;0) are also represented.

of the bottom of the conduction band. The conduction band bottom can be estinated
by the vertical electron a nity of the system ( E. EA).

Similarly, the optical transition between the valence band and the hok trap level
is given by:

"OPt(+1=0;h) = "P'(+1=0) = Etrap;0 ETrap: 41 Ev (2.46)

where the energy of the top of the valence bandEg,, can be evaluated by the
computed vertical ionization potential (E, IP). Since in this PhD work we treat
large nite systems, the total energies are directly accessible bytarged calculations,
because no periodic boundary conditions and consequently no backgrodrof charge
is needed.

2.3 Density-Functional Tight-Binding approach

In the last three decades, the Kohn-Sham DFT scheme has been proved be an
e cient tool for the prediction of the properties of molecular and condensed phase
systems. However, the system size and the time scales accessibiith DFT are still
limited to few hundreds of atoms and few picoseconds, as sketched inigure [2.5.
Less demanding calculations using classical or reactive force elds all for very large
scale simulations, but the predictivity is limited and they can not provide a quantum
insight. Semiempirical quantum-chemical methods (SE-QM) recwer the quantum
description at a lower cost than HF or DFT, even though they employ emprical
parameters with little physical meaning, limiting their applicati on only to simple
organic molecules.|[165]

A good compromise for the investigation of systems in the nanoscale is thiéght-
binding (TB) approximation of the KS-DFT theory, namely density-f unctional tight
binding (DFTB). As a matter of fact, in terms of applicability and pred ictivity, this
method sets in between DFT and molecular mechanics methodologies, laving for
accurate calculations of thousands of atoms and simulation time in the order ohun-
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Figure 2.5 { Typical time and size range of applicability for commonly used molecular and
atomistic calculations methods.

dreds of picoseconds. Noteworthy, this method contains only a small nuber of
rather transferable parameters, improving the transferability with respect to SE-QM
approaches.

The main concept of \tight-binding" is to calculate the electronic str ucture of
the many-body system from a parametrized Hamiltonian matrix, whose elenents are
usually set in order to reproduce experiments or band structures This is the basic
idea of the Hackel theory [166] for aromatic molecules, which was exteretl to periodic
solids by Slater and Koster in 1954.[[167] In any TB approach, the total energy of the
system is de ned as the sum of an attractive E¢) and repulsive (Erep) term [:

X A .
Etg = Eel + Erep = it 5 v (R R J) (2.47)

where ; are the eigenvalues of the parametrized Hamiltonian andv: is a two-
body repulsive potential. In the following, | will deliver an intr oduction to the TB
scheme derived from density-functional theory. A deeper discssion on the method

and its derivation can be found in Refs.[[165],[[169] and [170].

Approximate density functional theory

As discussed in sectiofi 2]2, the DFT total energy of a system can be wrién as
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Zz = i) { X 2
Bl (0= TsL @+ Enel ]+ 3 Do one” 2
(2.48)

Through the solution of the corresponding Kohn-Sham equations, the KS orltals
i and the electron density of the system can be obtained. Given this quantities,
the DFT total energy can be rewritten as

wee 1 z z 1 z
Et[ ]= h|JﬁbJ 1 > Ve dr Wne dr + Exc[ ] > Ve dT + Enn
I
(2.49)
where the e ective one-electron Hamiltonian (°, de ned in equation ) is fol-
lowed by a series of terms to correct the double counting into the igenvalues sum-
mation and E,, is the nuclear repulsion.

Being Eo variational with respect to density variations, the total energy may be
calculated also using an approximate electron density ¢, which is considered the
reference one and should be close to the exact density The reference dlgnsny o0 is
usually de ned as the superposition of the neutral atomic densities: ¢ =

Then, to improve the description of the electron density, we indude an appropnate
density uctuation ,sothate= g+ . Using a Taylor expansion up to the second
order, Eqot may be Written as follows:

XCC Z
E[ (] = |Jﬁ[ oli il + F)«{{C}g |2 VH[ o] 0dr

—— !

z

Och[ O]dr0+
o ez
z * zz
2
s 1L Vol ]dr°+% (E)Xg ( )?dr%+o( 3% (2.50)
{62 } | {72 0 }

whereﬁ[ ol is an approximate one-electron Hamiltonian given by the kinetic energy
operator and the sum of the e ective potential of neutral atoms:

X
Al o] = %r SR AVAS (2.51)

The di erent DFTB approaches are characterized by the order of the chage uc-
tuation that is taken into account: rst-order DFTB or DFTB1 considers only terms
1{5; self-consistent charge DFTB (SCC-DFTB or DFTB2) includes also terms 6{7;
DFTB3 introduces even the third-order e ects (o( %)) in the calculation.
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2.3.1 First-order DFTB method

The traditional rst-order DFTB approach treats only the  o-dependent terms of eq.
[2.50, i. e. terms 1{5. In particular, term 1 can be decomposed into the contbutions
by valence and core electrons:

Xec vajgnce opre vajence opre
hjkoj i = hijfoj i+ bRy i = nii+ o N (252)

It can be demonstrated (see ref. [165]) that terms 2{5, together with the stnmation
on the core orbital energies, behave like a short-range repulsive paigal that rapidly
goes to zero for large interatomic distances. In the DFTB methodology, lis short-
range potential is modeled as a sum of pairwise distance-dependentp@sive energy,
so that the total energy assumes the typical tight-binding form shownin Eq. 2.47:

DFTB 1 — — vaRnee 1 X ; .
E - Ee| + Erep - n| i + E A (R ). (2.53)
[ 6
The Kohn-Sham eigenvalued ;g and eigenvectorsf Cjg are obtained by solving a
generalized eigenvalue problem

HC = SC (2.54)

where KS orbitals are expanded in a minimal basis of optimized Slateryipe func-
tions f ;g. The elements of the Hamiltonian (H) and overlap (S) matrixes are com-
puted as follows

S = h j i
2 free atom -
0 — , . (2.55)
HY = S h jf+ Vo + Vo i 6
"0 otherwise

where indexes and run on the basis set functions and and refer to atoms.
In other words, the matrix elements are limited to one- and two-cente integrals,
computed via atomic or diatomic LDA or GGA density-functional theory calc ulations.
The energy functional in these DFT methods is purely local, thus hese integrals can
be calculated in advance and stored in tables, i.e. in the so-called Slat-Koster (SK)
les, as a function of the interatomic distance.

The repulsive pairwise potential v: (R ) is instead tted to DFT calculation
using a set of reference structures.

( - )

vi (R )= Efcea (R) ni i(R) (2.56)
i reference structure
As an example, we report the tting procedure for the carbon-carbon potential,
which usually consider acetylene, ethylene and ethane as referanenolecules:
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1) for each C{C bond distance in a de ned range, the proper molecule is chen
and its C{C bond is set to a speci c value.

2) the corresponding full DFT total energy (Eprr ) and the DFTB Eg in Eq.
are computed.

3) the repulsive energyE e, for that specic C{C bond lenghtis Eprr Eel

4) steps 1{3 are repeated with a di erent C{C distance and the values ofE, as a
function of the distance are tted with a polynomial function, whose coe cients
are stored in the Slater-Koster le.

Once that the integrals and repulsive potentials for each atomic pair in he systems
are known, the DFTB total energy is computed according to Eq.[2.58.

2.3.2 Self-consistent charge extension

The above described methodology works ne as long as the electron demgiof the
neutral atoms is a good approximation of the real electron density. Thisis not the
case for heteronuclear molecules or polar semiconductors, where theathe-transfer
between atoms is signi cant. In order to treat the long-range electrostatc interaction
of the induced charges and increase the overall accuracy of the rst-omt DFTB, an
improved scheme called self-consistent charge DFTB (SCC-DFTBhas been devel-
oped [171].

In this new procedure, terms 6 and 7 of Eq.[ 2.50 are approximated througta
multipole expansion, truncated at the monopole order:

z Zz

1 1 2E
Eoag == V O+ = a
2nd = 5 Hl Jdri+ 5 )2

2drdr® }Xﬂ 2
( )°drar 5 g g (257

where ¢ are the induced charges on the atoms and is a Coulombic-like
interaction potential, that accounts for the Hartree and exchange-correlaton. In the
original formulation of the SCC-DFTB method, the function is composed by two
terms

in which S is an exponetially decaying short-range correction between the two
nuclei and . Later, it has been shown that this function is crucial for the descrption
of hydrogen-bonded systems, [172, 173] which are object of study in this workFor
these cases, a modi ed hydrogen bonding damping (HBD) function y has been
introduced to describe the interaction between the atom and hydrogen:

' # (2.59)
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where U and Uy are the Hubbard parameters, which are linked to the corre-
sponding chemical hardness of and hydrogen atom. The additional parameter in
the exponential is usually determined by tting to ab initio calculations of H-bond
energies.

Finally, the SCC-DFTB total energy is then de ned as

SCC DFTB Vaxnce 1 X 1 X
E = ni i+ > Erep(R )+ > a qg: (2.60)
i i6k -

The induced charges ¢ depend on the one-electron wave-functions; through the
Mulliken population analysis, thus a self-consistent procedures needed to calculate
the total energy. Indeed, the two-center Hamiltonian matrix elementsin Eq. [2.55 are
modi ed by the induced charges as follows

1 ay(ms
HY =h jT+Vo + Vo) i+5  (x *+ «x) & (2.61)
K
Therefore, the total energy is obtained by solving the eigenvalue proldm in Eq.
[2.54 iteratively until convergence of the induced charges ¢ .
The rst derivatives of the (SCC-)DFTB total energy, which are necessary for the
optimization and molecular dynamics runs, can be calculated analyticallythrough
the following formula:

. | 4
~ b &Y X @H) Hl @S
F - I n| , C|C| a i Si a
X @ @Fsp

q & q ® (2.62)

2.4 Geometry optimization techniques

As discussed in sectiof 2.1|1, in the Born-Oppenheimer approximatiorthe nuclear
and electronic motion are considered independent and it is possibletwrite a nuclear
Schredinger equation:

[fTN(R )+ Eeec(R )+ V(R )I(R )= Et (R ) (2.63)

where Ecec is the electronic energy, obtained solving Eq.[ 2]3 for the geometry
fR g, and V is the nuclear repulsion. The sum of these two contribution de nes
the potential energy surface (PES) in which the N nuclei moves. Neglecting the
translational and rotational degrees of freedom, the PES is a complex hypsurface
with 3N 6 internal coordinates.

On the potential energy surface there are a number of geometries calleatitical or
stationary points, evidenced in Figure[2.6, which are particularly important for the
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Figure 2.6 { The critical points on a multi-dimensional potential energy s urface. ]

description of the structural and chemical properties of the system In correspondence
to these points all the rst derivatives of the energy with respect to each degree of
freedom, i.e. the gradientg, are zero:

E.E E
9= RO RS RS O (2.64)

The points on the PES with a clear relevance are the minima, which comspond to
stable or metastable geometries. A multi-dimensional potential energysurface often
contain more than one minima: the lowest energy one is thglobal minimum, whereas
all the others are local minima. In many cases, the rst-order saddle points are also
important, because they represent the transition state structures between two minima
and are related to the dynamical behaviour of the system.

The characterization of the critical points is performed through the study of the
curvature of the potential energy surface. This information can be derned from the
Hessian matrix H, i.e. the matrix of the second derivatives along the allowed degrees
of freedom. A related quantity is the force Bonstants matrix F, which introduces the

mass-weightedcartesian coordinatesq = "m R and is more informative than
H:
2 @?—E . @E 3 2 E . @E 3
@R ' ©@RRw
H=§ 18T T e
e . @E
@RARl @% @wa T

As a matter of fact, the eigenvalues and the eigenvectors, obtained by thdiago-
nalization of the F matrix, are the vibrational frequencies! ; in the harmonic approx-
imation and the normal modesQ; of vibration of the molecular system, respectively.
In the case of a minimum on the potential energy surface, all the eigenvaks will be
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positive, whereas a saddle point will present all positive values eept one.

Geometry optimization techniques, such as the ones discussed in ehfollowing
sections, are algorithm to systematically locate the stationary points. Most of them
perform a local optimization, i.e. they determine the nearest stationary point to the
starting geometry. Instead, the global minimum search, as well as the idnti cation
of the rst-order saddle points, are usually more complex and demandingasks, for
which more sophisticated approaches have been developed.

2.4.1 Local minimum search

Local methods can be classi ed on the basis of the maximum order of the engy
derivatives that are used in the algorithm: the higher the order of the cerivative,
the more e cient is the method, although more calculations are necessar. In this
section, we will speci cally discuss a common second-order algorithmvhich have been
routinely employed during this work: the second-order (pseudo-)Newton{Raphson
method.

In Newton{Raphson methods, the function f (x) to be optimized, i.e. the potential
energy surface, is expanded around the initial pointxg.

F(x)=f(xo)+ g'(x xo)+ %(X x0)TH(X  Xo) (2.66)

The step towards the minimum is derived imposing the rst derivative of f (x) to
be zero.

(x xo)= H 1g (2.67)

Since Eq.[2.66 is an approximation, the step would not directly resultin a station-
ary point, but the procedure can be repeated iteratively until convergence. However,
this basic approach has a major problem, related to the computational costd¢ com-
pute the second derivatives in the Hessian matrixH .

In order to avoid this computational load, an updating scheme starting from an
approximated HessianH can be employed. The rst steps are computed through a
rst-order technigue and after few steps the updated Hessian is a good approxinian
in the direction towards the stationary point. Since an approximated Hessian is
used, these methods are known ggseudo-Newton{Raphsormethods. Many updating
scheme are available and th&royden{Fletcher{Goldfarb{Shanno (BGFS) [175/176] is
the one used in this work, as it usually keeps the Hessian positive daite, performing
better for minimum optimizations.

2.4.2 Global minimum search

Finding the global minimum is a particularly di cult task because th e number of
possible geometry con gurations, and thus minima, typically increasesexponentially
with the number of atoms. Therefore, a systematic search exploring &fthe possible
degree of freedom on a grid, is feasible only for small molecules. [146] To k& the
global minimum problem for larger systems, such as the ones under studw tool to
explore the conformational space in a smart way is needed. Many techniges have
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Figure 2.7 { A successful simulated annealing process from a local minimum (red dot) to
the global one (cyan dot) in a multi-minima potential energy s urface.

been developed for this scope and they are usually based anolecular dynamics
(MD), stochastic or Monte Carlo methods or genetic algorithms (GA) approaches.

In molecular dynamics methods, which will be discussed in seain[2.5, the molec-
ular system is given a certain kinetic energy and allowed to evolve irtime, so that
energy barriers can be overcome. Thus, many energy minima will be plored and
the lowest energy structures can be optimized, providing a reas@ble sampling of the
conformational space.

However, in order to reach structures that are very dierent from the starting
ones, a long and computationally expensive simulation time may be need. To this
end, a more e cient approach is the simulated annealing (SA). [177] In this method,
sketched in Figure[2.7, the temperature of the molecular dynamics iset to a very high
value (up to 1000 K) and then it is gradually decreased to 0 K during the sinulation.
At the end of the simulation, the system will be hopefully \trapped" in the global
energy minimum. The SA approach is the one applied in this work to nd the global
minimum structure of the TiO , nanoparticles.

Unfortunately, none of these con gurational sampling techniques can guaratee to
nd the true global minimum but they may generate a local minimum that is more
stable and close in energy to the global one.

2.4.3 Transition state search

The localization of the rst-order saddle points on the potential energy surface is not
conceptually di erent from the identi cation of an energy minima. Howe ver, there
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are no general methods that are guaranteed to work, except for small moletas where
a systematic approach can be applied.

A rst strategy implies the knowledge of a very good guess of the trangion state
(TS) structure: in this case a local optimization method should be albe to localize
the saddle point if it is the nearest critical point.

In most of the cases, however, only a crude estimate of the TS is availéb and
interpolation methods can help to nd a structure much closer to the saddle-point.
[14€] The interpolation may be between only three points (reactant, praluct and
guessed TS), such as ilinear or quadratic synchronous transit methods or between
many intermediate structures, as in the popularnudged elastic bandNEB) method.
[17€]

The NEB approach requires to generate a number of images between the rdaot
(R) and the product (P). Then, a target function (the \elastic band") is de ned as
the sum of the energies of the images plus a penalty term to favor the ew distribution
of the points along the reaction path:

X W 14
Tnes (RiluitsP) = EOG)+ Sk(Xis xi)? (2.68)
i=1 i=1
where k is the spring constant of the \elastic band". Finally, the Tygg function
is minimized \nudging" the elasting band, i.e. considering only the component of
the spring force parallel to the path in the calculation of the target function and the
perpendicular one to perform the optimization steps.

2.5 Molecular Dynamics

At a nite temperature, a molecular system will explore the part of t he potential
energy surface with energies lower than the kinetic energitg T. Molecular dynamics
(MD) is one of the way of simulating this dynamical behaviour, [146] allowng the
evolution of the system according to the relevant equation of motion. Comnonly, this
technique is also used as a con guration space sampling tool, enablingné evaluation
of macroscopic properties from the average of microscopic con gurations. Tik implies
the assumption that the time evolution is ergodic, i.e. it respects theergodic principle.
[179] This principle states that the time average of an observable oveminite time is
equal to the average on all the possible con gurations in the phase space.

A straightforward MD approach is the Born-Oppenheimer molecular dynamics
(BO-MD), where the N nuclei of a molecular system are considered tdehave, to
a good approximation, as classical particles. Thus, their time evolubn can be de-
scribed integrating over time the Newton's second equation:

\% ’R

=1;::;M (2.69)

wherem and R are mass and position of thei nucleus, respectively. The left-
hand side is the negative of the rst derivative of the potential energyV with respect
to the atomic coordinates fR g, also called forcesFk . Since the potential energy



52 2. Theoretical Background

is generally known only for a given geometry, the Newton's equations are tegrated
numerically step by step.

The most used numerical methods are based on th¥erlet algorithm. [180] First,
the positions of the nuclei after a small time step t are given by a Taylor expansion:

YO+

~ R 1 2R
Ri+1—Ri'*'T( t)+§ 2

A (2.70)
Rist = Ri+vi( t)+ éai( )2+ ::o:

Second, the positions a t earlier in time are obtained by substituting t with

t in Eq. 2.7Q:
Ri 1=Ri vi( )+ %ai( )2 o (2.71)

Combining Egs. and 2.7]L the positions at the next time stepRi.1 can be
derived, given the current and previous positions and the current aceleration a; from

Eq. [2.69:
Ri:1 =(R; Ri )+ a( )%+ ::: (2.72)

At the rst step, the previous positions are not known, but they are estimated by
a rst-order approximation from the initial velocities, i.,e. R 1= Rg vg t.

Evaluating the rst-derivatives of the energy and consequently theacceleration, the
atomic positions can be propagated in time and generate a trajectory. The tne step

t is an important parameter for a MD simulation. As a matter of fact, the validi ty
of the trajectory is higher and higher the smaller is the time step, @en though a very
small time step would increase largely the computational e ort.

The potential V in Eq. 2.59 can be computed with electronic structure methods,
such as density-functional theory, or using parametrized force eld. In the former
case a Born-Oppenheimer dynamics requires a very tight convergeacof the wave
function in each time step in order to satisfy the energy conservatiorover long sim-
ulation time and avoid spurious electronic friction terms, making the procedure too
computationally demanding in certain circumstances. [[181]

An elegant solution to this issue has been formulated by Car and Parringd (CP-
MD), [182], introducing the evolution of the wave function coe cien t simultaneously
with the nuclear motion, so that is not necessary anymore to fully convege the
electronic structure. This can be achieved by assigning \ ctive mases" in the order
of few hundreds of a.u. to the electrons, i.e. the wave function orbal coe cients, and
adding to the total energy the kinetic energy of the orbitals. Even though in the \real"
system there is no orbital kinetic energy, in this way the total enegy is conserved and
realistic results can be obtained keeping this energy contributiorrelatively small.

2.5.1 Non-natural ensembles

A molecular dynamics simulation will naturally generate a NVE ensemble,where the
temperature and pressure uctuate and the number of atoms, the volumeand energy
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are conserved. Nonetheless, it is possible to generate NVT or NPT ensenasl by
scaling at each time step the velocities or positions.

A robust methodology to perform this is to couple the system to aheat bath often
called thermostat, which gives or substract energy to the system with a certain time
constant. The kinetic energy of the system is then modi ed by scalng the velocities
with an heat transfer rate that depends on the coupling parameter .

S

t Tdesired
Vscalefactor = 1+ —

Tactual ! (2.73)

Such a method will not produce a canonical ensemble and this meansyitill provide
the correct average but incorrect uctuations of the properties. In Nos{Hoover
thermostats, [183] ctitious dynamical variables, i.e. a degree of freedm s, a massQ
and a potential energy (h + 1) kg Tgesired IN(S), are assigned to the energy reservoir.
In this way, the heat ow and, consequently, the energy oscillationsare regulated
by the parameter Q. This thermostat may produce a non-ergodic ensemble and this
property can be recovered using a series Mos{Hoover chains. [184]

Similarly, the pressure can be held almost constant by coupling to a pressure
bath". In this case, the volume of the system is scaled periodically as falvs:

S

t  Pdesired
_ 3 esire
Rscale—factor - 1+ —

1 2.74
Pactual ( )
where is the system compressibility. Analogously to thermostats, this sinple
kind of barostat do not generate correct ensembles and the recourse to a Nos{Hoover
chain approach recover the ergodicity.



Ground State Properties of
Anatase TiO, Nanocrystals
versus Nanospheres

In this chapter,E] realistic models of the TiO, nanopatrticles (TiO, NPs) with faceted
and spherical shapes are de ned and their structural and electronic pperties are
computed by means of hybrid density functional theory and self-congtent charge
density-functional tight-binding (SCC-DFTB) approach.

From the structural point of view, we focus on the surface-to-bulk ratio, the surface
coordination pattern, the atomic displacements due to the surface rarrangements
and surface energies. Concerning the electronic properties, waviestigate band gaps,
electron a nities, ionization potentials, frontier orbitals and elect ronic densities of
states.

3.1 Introduction

Understanding the role of the size and the shape of titanium dioxide naaparticles
is of paramount importance for an e ective design of TiO,-based nanosystems for a
speci ¢ technological application. As a matter of fact, the structural and electronic
properties of the nanoparticles and consequently their functionalites may change
dramatically due to quantum con nement or surface defectivity.

As discussed in Chapter[ I, TiQ nanoparticles size and shape can be e ciently
and successfully tailored. The decahedral shape is the most stable foranocrystal-
lites, but also nanoparticles with curved surfaces, such as nanosptes, nanorods and
nanotubes, can be synthetized. It is important to recall that below 14 nm in size,
the anatase phase of TiQ, which is considered to be the most photoactive,| [32,33] is
thermodynamically prefered.

At the size of few nanometers, the fraction of surface atoms compared to b
ones is signi cant and may depend on the shape. The distribution and tle amount
of undercoordinated surface sites are expected to be highly a ectetly the size and

YThe results described in this Chapter have been reported in:  G. Fazio, L. Ferrighi, C. Di Valentin,
J. Phys. Chem. C 2015, 119, 20735{20746; D. Selli, G. Fazio, C. Di Valentin, J. Chem. Phys.
2017, 147, 164701.
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the shape of the nanopatrticles. In particular, spherical TiG nanoparticles (NPs) are
characterized by very high density of reactive 4-fold coordinated Ti abms, which are
excellent binding sites for organic molecules to form (bio)inorganic anoconjugates.
[31]

However, unlike faceted nanoparticles, TiQ nanospheres presents very complex
structures and surfaces, making their experimental characterizabn at the atomistic
resolution extremely di cult. To this end, quantum chemical calc ulations can help
to investigate and rationalize the surface structure and the relation vith the observed
physico-chemical properties.

Therefore, the rst aim of this work is to systematically investigate by hybrid DFT
the structural and electronic properties of faceted and spherical anatse nanoparticles
of di erent size and to highlight the di erences between these two representative TiO,
nanoparticle shapes. In this part of the work, we will consider \as-carve" nanocrys-
tals/nanospheres diameter sizes up to 3 nm. In order to accurately desibe the
electronic structure, the range-separated hybrid functional HSEOQ6, vkich is deemed
to be well suited for semiconductive oxides, [151] will be employkand compared to
the popular B3LYP functional.

Then, the second aim of this work is to model more nely the structural rear-
rangement of spherical TiQ, nanoparticles through a global optimization procedure.
In this case, TiO, nanospheres with size from 1.5 to 4.4 nm, that contain from 300
to almost 4000 atoms, have been considered. For such systems, global miraation
algorithms are not a ordable at the DFT level, so we performed a global optimiza-
tion procedure (simulated annealing) based on the SCC-DFTB method,that at a
reduced computational e ort provides an accuracy comparable to DFT. Additionally,
through the comparison of the computed structural and electronic propeties at the
DFT and DFTB levels, we performed a benchmark of the DFTB method for the
accurate description of TiO, nanosystems.

In this chapter, rst, the methodological details of the calculations will be pre-
sented (Section[3.R); then, the discussion will focus on the struaral (Section
and electronic (Section[3.4) properties of both faceted and spherical namparticles;
nally, the global optimization of the TiO , nanospheres and the benchmark of the
SCC-DFTB method will be discussed (Sectiorj 3).

3.2 Computational Details

In this section, we will specify the computational methods, the malels and the settings
that have been used for the calculations presented in this Chapter.For a detailed
discussion on the theoretical approaches see Chaptg} 2.

All the DFT calculations were performed using the CRYSTAL14 code, [185] in
which the Kohn{Sham orbitals are expanded in atom-centered Gaussian fuctions.
An all-electron basis sets for O 8-411(d1), Ti 86-411 (d41) and H 511(p1) has been
used. In some test calculations, a di use function has been added tdie basis set of all
the surface atoms and hydrogen atoms [Ti di use 86-411(d411), O di use 8-4111(d1),
H diuse 5111(pl1)]. The HSE06 [151] and B3LYP [145, 14{7] hybrid functionals have
been used throughout this work.



56 3. Ground State Properties of Anatase TiQNanocrystals versus Nanospheres

The Coulomb and exchange series/sums of integrals appearing in the SCF eation
(see Eq.) were truncated according to a threshold of 10 for Coulomb overlap
tolerance, 10 7 for Coulomb penetration tolerance, 10  for exchange overlap toler-
ance, 10 7 for exchange pseudo-overlap in the direct space, and 1&* for exchange
pseudo-overlap in the reciprocal space. The condition for the convgence of the SCF
cycle was set to 10° a.u. on the total energy di erence between two subsequent
cycles.

The forces with respect to atomic coordinates are computed analyticajl The lo-
cal minimum structures on the potential energy surface are determied by using a
quasi-Newton algorithm with a BFGS Hessian updating scheme, see Seoti[2.4.1 for
more details. Convergence in the geometry optimization process is chked on the
root-mean-square (RMS) and the maximum absolute value of both the forceand
nuclear displacements. The default thresholds for geometry optimiation within the
CRYSTAL14 code are the following: maximum and RMS on the forces have been
set to 0.000450 and 0.000300 a.u., and maximum and RMS on the atomic displace-
ments to 0.001800 and 0.001200 a.u., respectively. However, for the 4.4 nm spicat
nanoparticle, forces were relaxed to less than 0.010000 a.u. to limit the cqmatational
e ort.

Vertical (IP V) and adiabatic (IP2%) ionization potentials are obtained by remov-
ing one electron from the model of the nanoparticle in its original geomety and by
performing a subsequent full geometry optimization, respectivef:

NC=NS! NC*=NS* +1le (E=IP). (3.1)

Vertical (EA V) and adiabatic (EA29) electron a nities are computed by adding one
electron to the model of the nanoparticle in its original geometry and by performing
a subsequent full geometry optimization, respectively:

NC=NS +1e ! NC =NS ( E=EA). (3.2)

For the simulation of the total and projected densities of states (DOS aml PDOS)
of the nanopatrticles the value of for the Gaussian peaks in the convolution was set
to 0.01 eV.

The DFTB+ code [186] has been employed for all the SCC-DFTB calculatiors.
From now on, DFTB will be used as shorthand for SCC-DFTB. The \matsci-0-3"
set of Slater{Koster parameters has been used, being well-suited faanatase and
its surfaces, as reported in Ref.|[187]. For structural optimizations, he threshold
on the charges in the self-consistent charge (SCC) cycles was set to f0a.u. and
forces were relaxed to less than 1¢° a.u. For the k-point sampling in bulk anatase
calculations within the DFTB methodology, we used a 16 16 16 Monkhorst{Pack
grid. The lattice vectors of the bulk anatase unit cell were optimizedusing the lattice
optimization algorithm implemented in the DFTB+ code.

The lattice parameters for anatase, as obtained with the HSE06 and B3LYP func-
tional and DFTB approach, as well the experimental values, [[61] are given inTable
B3

The anatase (101) surface has been modeled with a ten triatomic layersad with
60 atoms. Periodicity has been imposed along the [1Q and [010] directions and not in
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Table 3.1 { Experimental and optimized cell parameters a and cin A, and the a=cratio for
bulk anatase, as computed with the HSEO06 and B3LYP functional s and DFTB methodology.

a C a=Cc
HSEO6 3.766 9.663 2.569
B3LYP 3.789 9.777 2.580
DFTB 3.810 9.732 2554
exp. 3.782 9.502 2.512

the direction perpendicular to the surface. The Brillouin zone hasbeen sampled with
a 12 12 Monkhorst-Pack k-points net. No periodic boundary conditions have been
set for nanopatrticles, that have been, thus, considered as molecul@s the vacuum.

In order to perform the simulated annealing, Born-Oppenheimer DFTB molecular
dynamics has been run within the canonical (NVT) ensemble. The equatns of
motion were integrated with the Velocity Verlet algorithm and the rev ersibility was
ensured by a relatively small time step of 0.5 fs. A Nose-Hoover chairthermostat,
with a time constant of 0.03 ps, was used to target the desired temperate during
the simulated annealing simulations.

3.3 Structural Properties

3.3.1 Nanoparticles shapes

Nanoparticles have been carved from the optimized anatase Ti@bulk supercell, as
calculated with HSEO06 and B3LYP functionals or SCC-DFTB approach (see Table
). In order to keep the D,y point group symmetry of anatase, a Ti atom was set
at the origin of the coordinate axis when cutting the nanoparticle.

Faceted nanoparticles or nanocrystals KIC ) have been cut from the bulk anatase
crystal according to the minimum energy decahedral shape predictethy Barnard et
al. [83] for TiO, nanopatrticles below 10 nm. The decahedral crystallite, depicted in
Figure , exposes the (101) and the (001) anatase surfaces, which are the leive
energy ones. The lenght of the decahedron edges is de ned by the paranees A
and B, with A > B . Barnard et al. found that the A/B ratio depends on the
nanocrystallite size and it is typically around 0.32 for nanocrystals béow 10 nm.

The code to cut the anatase bulk supercell has been written in Pytbn, using the
tools available in the Atomic Simulation Environment (ASE) software [188] to build
and handle atomic structures: rst, a large enough anatase bulk supercehas been
generated, then, the ten planes of the nanocrystal have been de nedsing analytical
geometry and, nally, a for cycle in the script has been run on all the supercell atoms,
so that if the atom was inside all the planes was kept and deleted othensk.

The resulting nanocrystals showed an excess of oxygen in the stoidmetry and
a number of monocoordinated oxygen atoms lying on top of the (001) surfaces. of
keep chemical stability and restore the stoichiometry, these oxyge atoms have been
saturated with H atoms. This procedure resulted in stoichiometric nanocrystals with
few dissociated water molecules on (001) surface, as shown in Figdre|3.3a(fiO 2)1s9
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4 H,O (NC S) and (TIO 2)250 6 H,O (NC |_).

Figure 3.1 { (a) Schematic representation of the Wul -shape decahedron and its parameters
A, B and H. (b) Scheme of a sphere with radius Ry .

Spherical nanoparticles or nanospheresNS ) have been obtained following the pro-
cedure sketched in Figurd 32, implemented in a Python ASE script.First, a sphere
of arbitrary radius Ry has been carved from bulk anatase supercell. Then, all the
two-fold Ti atoms on the surface were removed, because considered tahemically
unstable. As done for the nanocrystals, all monocoordinated oxygen atomseve sat-
urated with a number x of hydrogen atoms. A corresponding numbex of hydroxyl
groups were employed to saturate all the three-fold Ti atoms, considexd unstable,
and, when necessary to keep stoichiometry, some four-fold Ti atoms. Rally, the
process was considered successful if @pq stoichiometric nanosphere with no Tis
atoms was built. Otherwise, we changed the radius |§ and repeated the procedure
until successful. These operations result in the building of stathiometric nanospheres
saturated with a number x of water molecules, as shown in FigurBC,d: (TiQ)223

26 Hzo (NS s) and (TIO 2)399 32 Hzo (NSL)

3.3.2 Size and Morphology

The HSEOG6 optimized structures of the nanocrystals and nanospheresshose geomet-
rical parameters at the HSE06 and B3LYP level are reported in Tablg 3.p, are give
in Figure 3.3 together with their stoichiometry, number of atoms and percentage of
undercoordinated titanium and oxygen atoms. One may notice that the naroparticles
obtained with the B3LYP functional have somewhat larger A, B, H or Ry, parame-
ters. For instance, the dimension along the z-axis is slightly elongatd in line with a
longer c bulk lattice parameter reported in Table B.1.

The de nition of the surface and, consequently, the volume of a moleclar system
is not straightforward, since a molecule does not have borders and itdectron density
ideally extends up to in nity. However, in molecular modeling, surfaces and volumes
provide useful information to better understand a system. In this PhD work, we have
de ned the molecular surface using two approaches: geometric surfaceor a Connolly
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(1 Carerats Bk ) Bulk cell
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Tig O 2) Cut a sphere Change Ry,
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Tig
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T 3) Remove all the
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coordinated
Titanium atoms
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Tiae
v No
Y oglia a4 O 5) Is it stoichiometric. 6) A stoichiometric
OH with x hydrogen Yes _
atoms and saturate respactiul of the D, D,y spherical
Ti.. and some Ti point symmetry and nanoparticle (TiO), *
i . without any Tig,? x H,0 has been built

Tise with x OH groups.

Figure 3.2 { Procedure employed in this work to cut an anatase TiO , spherical nanoparticle
from bulk anatase supercell.

surface

For faceted nanoparticles, the geometric surfaces are de ned as the snhadt Wul -
shape decahedron that contains the nanocrystal, with a speci ¢ angle between (101)
and (001) planes, only determined by thea and c cell parameters ( =tan 1(c=a).
We can then extract the values of the parameters A, B and H from the de nedsolid
geometry. Thus, the surface areaSgeom, is given by the formula:

A? B?
+

Sgeom =2 B? COS

(3.3)

For nanospheres, the geometric surfaces are trivially given by the sfasce of a
sphere with radius Ry , the one used to carve theNS from the bulk. However, the
\geometrical" de nition of the surface has two drawbacks: rst, the su rface areas for
NC and NS models cannot be compared, since they have di erent de nition, and
second, it does not provide any information about the roughness of the stece.

For these reasons we introduced theConnolly surface [189,190] as a general de -
nition of the molecular contour that is also sensitive to the surface carugation. This
approach generates a smooth, three-dimensional surface about a molecutbat rep-
resent the surface accessible by the solvent. First, the surfaceesulting from the
superposition of all the atomic Van der Waals spheres is built; then, on his surface a
probe sphere of a certain chosen radius, 3.8 in this work, is rolled, de ning a series
of contact points. These are used to form arcs that smooth the holes and cps of the
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39.3% 33.3%

NCq NC, 1 nm
a 489 atoms b 798 atoms
(TiO,);50° 4 H,O (TiO,)460° 6 H,O
46.3% 36.8%

G 747 atoms d 1293 atoms
(TiO,),05* 26 H,O (Ti0;)s00* 32 H0

Figure 3.3 { Space- lling representation of the faceted (a, b) and spherical (c, d) anatase
nanoparticles, as obtained with the HSEO06 functional. The % of undercoordinated sites, the
number of atoms and the stoichiometry are also given for each model.

Van der Waals surface, resulting in the Connolly surface.

Using this methodology, we computed the surface of the nanoparticles (Snn ),
their volumes (Vconn ) and the equivalent diameters (Dconn ) Of @ sphere with the
same \conn Of the nanoparticle at hand. The latter parameter allows for a direct
comparison between the sizes oNC and NS models. The resulting data are shown
in Table B:2. One can notice that the size ofNC | and NS s are about the same, com-
paring the number of atoms and the equivalent diameters RBon, . Finally, the range
of size of the nanoparticles under study is between 2 and 3 nm, whiclsiconsistent
with real small nanocrystallites. [44{47]

Another feature we have analyzed is the coordination sphere around theitanium
atoms of the nanoparticles. The coordination/undercoordination of the atomic species
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Table 3.2 { Geometrical parameters for the nanoparticles (NPs) shown in Figu re ,
optimized at the HSE06 and B3LYP level of theory. The decahedro n parameters A, B and H,
de ned in Figure are given as well as the B/A ratio for the facet ed nanoparticles, whereas
the cutting radius R v is reported for the spherical nzbnoparticles. The diameterDy =2 Ry
for nanospheres and the equivalent diameter Deg = ° (6V ) (where V = %H (A%2+ B2+ AB)
is the geometrical volume of a decahedron) for nanocrystals are ako given. Sonn and Veom
are the surface area and the volume estimated with the Connolly method, while D conn is the
equivalent diameter of a sphere with the same Connolly volume. Geometrical parameters
are reported in nm, surfaces in nm? and volumes in nm®.

NP L A B H B=A l Rwm Deq (DM) LSConn V conn Dconn

HSE0G
NCs | 156 0.39 2.83 025 1.79 184 57 222
NC, | 1.93 077 2.85 0.40 2.19 250 93 261
NSs 1.22  (2.44) | 214 81 249
NS, 150 (3.00) | 32.0 146  3.03
B3LYP
NCs | 157 039 287 025 1.81 187 58 223
NC, | 1.94 078 2.89 0.40 2.21 254 94 262
NSs 123 (256) | 218 83 252
NS, 151 (3.02) | 325 150  3.06

is a relevant factor in the chemical reactivity of the sites. The coodination number N,
reported in the underscript of the site denomination asNc, is de ned as the number
of neighbours (Ti or O) within 2.5 A of distance from the considered site; hydroxyl
groups are not considered in the calculation oN and when one or two hydroxyls are
bound to the titanium, they are indicated aside.

The coordination pattern of all the atomic species in the designed nanopdicles is
graphically reported by colour coding in Figure[3.4 and quantitavely deailed in Table
[3:3, in terms of number and percentage of each coordination-type atomic spis. For
oxygen species, the coordination sphere ranges fromz©to OH, from Ti g; to Ti 3cOH
for the titanium species.

One can note that the nanocrystals are characterized by a higher percéage of Tisc
atoms (> 40 %) than the nanospheres, with a decreasing trend with size. Instd, the
balance between Q. and O, is not that di erent when comparing NC s with NSs.
Interestingly, the small nanocrystal (NC s) has about the same percentage of fully
coordinated O atoms than the large nanosphereNS ) (70.2% vs 69.2%), indicating
that the faceted shape preserves a higher amount of \bulk" structure. The number of
hydroxyl groups is higher in the nanospheres, because, in order to sare the chemical
stability, much more hydrogen atoms are required to saturate the undecoordinated
atoms resulting from the carving of a spherical surface than a faceted an

It is noteworthy that nanocrystals have an analogous distribution of atomic gpecies
on the surface: considering faceted nanoparticles of di erent sizeNC s and NC ),
they present four-fold Ti atoms at corners between the upper and the dwer part
of the decahedron, ve-fold Ti atoms at the edges and on the (101) lateral surfae
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Table 3.3 { Number of O and Ti atoms with a certain coordination sphere in the HSEO06
and B3LYP optimized structures (when di erent, B3LYP value is i n parenthesis) and their
percentage with respect to the total number of atoms. The cuto radius for a Ti{O bond is

25A.

NC s NC . NSs NS,
Number % | Number % Number % Number %
O atoms
OH 8 2.5 12 2.3 52 11.0 64 7.7
Oy 88 27.3 120 22.8| 124(128) 26.3| 192(200) 23.1
Oac 226 70.2 394 74.9| 296(292) 62.7| 574(566) 69.2
Ti atoms
Ti 4c 4 25 4 1.5 24 10.7 36 9.0
Tisc 76 47.8 106 40.8 46 20.6| 64(72) 16.1
Tiegc 71 44,7 138 53.1 105 47.1| 243(235) 60.9
Ti3cOH 24 10.8 32 8.0
Ti4cOH 8 5.0 12 4.6 8(12) 3.6 16 4.0
TiscOH 12(8) 5.4
Tizc(OH)» 8 2.0
Ti4c(OH) » 4 1.8

and nally four-fold Ti atoms involving an OH group on the top and bottom (001)
surfaces. Spherical nanoparticlesNS s and NS ) are characterized by a considerably
larger relative amount of Ti atoms with a coordination number less than 5. These
species seem to be randomly distributed on the quasi-spherical gace, giving rise to
the colorful representations in the bottom panel of Figure[3.4.

3.3.3 Simulated EXAFS

The distortions with respect to bulk anatase lattice in nanoparticlesand in nanosphe-
res are expected to play a crucial role in determining the propeiies of these nano-
objects. Experimentally, a precious tool to systematically invesigate bond lenghts
distribution and local environments within a sample is the EXAFS (Extended X-Ray
Absorption Fine Structure) spectrum, which is the region of the X-Ray absorption
spectrum at energies above the edge of absorption (see left panel of Figl8.53). Above
that limit, which corresponds to the ionization energy of a core electon, the X-ray
beam causes the ejection of an electron and the formation of a vacancy in theoe
shell, which is lled by the decay of an outer shell electron. In this process, an X-ray
with an energy equal to the incident light is emitted and this radiati on interacts with
the one backscattered by neighbour atoms (see right panel of Figufe 3.5).

This phenomenon explains the oscillating behaviour in the EXAFS region given
a distance R between the absorbing (A in Figure) and the neighbour atom (B in
Figure ), when the wavelenght of the incident light is such that the interference with
the backscattered light is constructive, the detected intensiy of absorption increase;
otherwise, at a di erent incident wavelenght, the interference can be destructive and
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Figure 3.4 { Position of the titanium atoms with a di erent coordination pa  ttern within the
nanocrystals and the nanospheres. The coordination sphere for eah site is visually shown
by the color coding indicated on the right side.

the intensity decreases. Thus, the oscillations of the X-Ray absorpon signal depends
on the distance between the absorbing atom and the atoms of the local envanment.
Then, after some mathematical corrections, the Fourier transform in the frequency
space of the signal results in a radial distribution function where the peaks correspond
to the average distance of nearest-neighbours.

In this PhD work, we simulated the EXAFS spectra in real space by a conelution of
Gaussian peaks ( = 0.0005 A) centred at the distance lenghts between each Ti atom
and other atoms (O or Ti) from its rst, second and third coordination shel ls. Taking
into account only groups of titanium atoms, we can also compute the projedbns of
the total spectrum onto titanium atoms with the same coordination sphere.

In order to highlight the bond lenght shrinking or stretching with r espect to the
bulk, we have rst simulated the EXAFS peaks of bulk anatase TiO, as obtained by
relaxing the bulk unit cell with the hybrid functional HSEO06 (top pan el of Figure[3.§).
We investigated a range of distances between 0 and A, covering three coordination
shells around a titanium atom. The rst two lines at 1.93 A and 1.98 A correspond to
the rst coordination sphere and they are the Ti{O ¢q (eq = equatorial) and Ti{O ax
(ax = axial) bonds which are di erent because of a slight tetragonal distortion in the
anatase TiOg octahedron. Then, the third and fourth line at 3.06 A and 3.77 A are
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XANES EXAFS

[

x-Ray absorbivity (a.u.)

E (keV) '

Figure 3.5{ (Left) XANES and EXAFS regions of the X-ray absorption spectrum. ( Right)
Backscattering of the X-ray radiation between atoms A and B.

the distances between the central Ti atom and the next-neighbouringitanium atoms
in the second coordination sphere (Ti Ti). Finally, the fth line at 3.90 A is the
distance with the oxygen atoms in the third coordination shell (Ti ~ O).

In the case of the nanoparticles under study, the simulated EXAFS spéca is more
complex, since, after atomic relaxation, the bond lenghts are distorteclue to surface
e ects and the convolution of the various lines results in broad peaks irthe spectrum.

We rst focus on the EXAFS spectra of the nanocrystals NC s and NC | in the
second and third panels of Figurg 3J6. In the range between 1.7 and 2/, the Ti{O
distance critically depends on the Ti coordination pattern. The main contributions
are due to distances between oxygen and §i (green) and Tis (blue), which represent
more than 90% of the titanium species ofNC s (see Table). The Tic projection
concerns \bulk-like" Ti atoms, since it presents two peaks centeed at the bulk anatase
equatorial and axial distances. However, the ratio between the Ti{Qq and Ti{O
contributions is not the typical 4:2 as for Tigc in the bulk because the number of axial
bonds is higher, as a consequence of the nanocrystals shape where-HA, i.e. the
decahedron is elongated along the z-axis. The green curve, related to sfidistances,
shows three features at low bond lenghts (about 1.83), at bulk-like ones (about
2.0 A) and at high bond (about 2.2 A) distances. These three-peaks shape is due
to the typical relaxation associated to two-fold coordinated oxygen atomsand ve-
fold coordinated titanium atoms on the mostly exposed (101) surfaces, as pvéously
reported by another theoretical work. [107] Finally, the red projection, associated to
the few Tise Species, presents a low peak at short distances (about 1/8).

Concerning the EXAFS spectra of the spherical nanoparticledNSs and NS, we
noticed a broader variety of projections contributing to the peak of the total EXAFS
spectrum in the rst coordination sphere, as shown in the bottom two panels of
Figure . For both nanospheres there is a prevalent contribution of T (blue line),
which is more evident for the larger nanosphere because of a higher conteof fully
coordinated titanium atoms. Noteworthy, the axial and equatorial peaks collase in
a single peak, indicating a higher degree of isotropy in the bulk of the anospheres.
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Figure 3.6 { Simulated EXAFS spectra, as obtained with the HSEO6 functiona I, for
the anatase bulk (top panel), the nanocrystals NC s and NC . (central panels) and the
nanospheresNS s and NS (bottom panels). The total distribution of Ti{O, Ti{Ti and

Ti O distances is reported in black, while the distribution of the s ame distances for each
titanium species is color-coded according to the legend on top
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Below 2.0 A there are various contributions centered at about 1.8A due to all the
surface species, such as 4d and Tisc or Ti atoms bound to one or more hydroxyl
groups.

For both nanocrystals and nanospheres, the Ti Ti feature shows peaks centered
at the bulk distance with some broadening and ner structure due to surface, edge and
corner species. The faceted nanoparticles are characterized by bettde ned Ti  Ti
peaks because of a higher degree of local order with respect to the nanbspes.
Moreover, one can notice that the larger the size of the nanoparticles, th more the
EXAFS peaks approach the bulk line.

Finally, for the large nanosphereNS |, which has an average equivalent diameter
of about 3 nm, we observe an average compression of the Ti{O bonds connected &
slight average increase of the Ti Ti distances, in line with the experimental EXAFS
spectrum observed for anatase TiQ nanoparticles of 3 nm in size.|[191]

3.3.4 Surface Energies

The cost to form nanopatrticles from bulk systems, evaluated by the suace energies,
is an important parameter to study the relative stability of di erent nanostructures.
The standard free energy of formation of a nanoparticle (NP) can be decomposedto
two contributions, [83] one necessary to form the bulk, one needed tout the surface:

GRp = GNp' + G~ (3.4)

In the case of large faceted nanoparticles, we can assume that the conttiion of
edges and corners to formation energy is negligible, so thaBf can be obtained
from the sum of the surface free energy of the exposed facets as follows:

M fagets
Gipe® = —1 o q fi; (3.5)
[
where M and are the mass and the density of the materialg is the volume dilation
caused by surface tensionq is the surface-to-volume ratio andf; are the weighting
factors of each facet surface free energy;, which is de ned as: [83]

surface
_ G

s (3.6)

whereG$Uce and S; are the free energy of formation of the -th facet and its surface
area, respectively. On the contrary, for small faceted nanoparticlesthe free energy
contribution due to edges and corners may become signi cant, hence aoctrection
term to the free energy of the surface has to be included as follows:

G's\luFr)face — G'S\lulgfaceonly + Gedges/corners (3.7)

The surface free energyGsitac® can be extracted from DFT calculations by con-
sidering the total free energy of the nanoparticle, of a bulk TiQ, unit and the free
energy of a water molecule, according to the following expression:



3.3 Structural Properties 67

Gpe® = Gnp X Gh,o N Gpuk (3.8)

where x and n are the number of absorbed water molecules and Ti@units in the
nanoparticle, respectively. Nonetheless, free energies calculatis are very demanding
within DFT, since they require to perform vibrational frequencies or phonons cal-
culations. Thus, in this PhD work, we will approximate total free energies to total
electronic energies, as commonly done:

GsNugface E lflul:r;face (3_9)
On this basis, the nanoparticle surface energy can be calculated as:

Eauprface 3.10
Snp (3.10)

The concepts exposed above for faceted nanoparticles are valid also forhspical
ones, except for the fact that a nanosphere does not present any facetsiges or corner
but only a unique quasi-spherical surface. Thus, the surface engies of theNSs can
be computed by using equation$ 3J9, 3]9 and 3.10.

The main issue of this general approach is to properly de ne the surfacarea of the
nanoparticle (Syp in Eq. B.10). We have employed the two approaches detailed in
Section[3.3.2 to de ne this quantity for nanocrystals and nanospheresin both cases,
hydroxyls groups on the surface were not considered in the de nitionof the surface
because they create arti cial protrusions.

In the rst approach, the surface is determined by the smallest sald geometry
which contains all the atoms of the nanoparticle under study, i.e. the smallest dec-
ahedron for nanocrystals and the sphere of radius R for nanospheres. Then, the
geometrical surface area of the containing solidgeom) is used as the surface area of
the nanoparticle (Snp = Sgeom). This rst method is better suited for the compari-
son of the surface energies of nanopatrticles with the surface energy @gular anatase
TiO , surfaces, such as the lowest energy (101).

The second approach involves the construction of the Connolly surface [13%hat
can also account for the roughness of the nanoparticles surface, since ibresider
the superposition of the Van der Waals volume of each atom. Even if the redting
surface Sconn ) is then smoothed by the Connolly algorithm, it still accounts for the
geometrical irregularities, especially in the case of spherical nanoptcles. This is
noticeable from the comparison of the the Connolly (in blue) and geometridin dark
red) surfaces in Figure, as obtained with the above discussed apprdes. For
nanocrystals, the Connolly surfaces are almost at on the regular (101) and (001)
surfaces of nanocrystals, while they are slightly rippled along the dges. In the case
of spherical nanopatrticles, as expected, it is wavy all around the nanopéicle due to
the super cial roughness of atomic species arranged on a quasi-spheriggnoparticle.

Once the surface area of the nanoparticles is de ned, either aSyp = Sgeom Or
Snp = Sconn » the surface energy can be computed using Eq[ 3.70, obtaining geom
or conn- All the values of the geometrical and Connolly surface areas and energies
are given in Table[3.4 and in Table[3.5, respectively.
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Figure 3.7 { 3D representation of the geometric surfaces (in dark red) and Connolly sur-

faces (in blue) for all the anatase nanoparticles under study. See Section for further
information on the de nition of the surfaces.

In Table @ we compare the surface energies ¢eom) Of the various nanoparticles
(both NC s and NS s) with that of the regular (101) anatase surface. Note that the
surface energy for this latter system has been calculated using equans analogous to
[3.8,[3.9 and 3.1p, where the area of the slab model is twice the unit cell aag2A B,
whereA and B are the 2D cell parameters). As expected, all the geom are higher than
the one of a at surface, in line with what de ned in Eq. B.7] For the larger nanocrys-
tal, since the contribution of edges and corners is smaller, the di eence of the surface
energy geom With respect to the (101) surface is accordingly smaller. It is importan
to underline that for NC s and NC | the (101) facets make up the 95-90% of the
total geometric surface, respectively, and the presence of highly engetic edges and
corners is mitigated by the energy release of the dissociation of water atecules on the
(001) facets. In agreement with the Wul -shape studies, [83] sphericahanoparticles
present signi cantly higher surface energies than faceted nanocryals. Finally, the
results obtained with both the HSE06 and B3LYP functionals are analogous, althogh
HSEO6 surface energies of the nanoparticles are systematically larger (by 0.1 J/m?)
than the B3LYP ones, in line with the di erence between the two functionals for the
regular (101) surface.

In Table @ surface energies obtained using the Connolly surface ¢onn ) are pre-
sented for all the nanoparticles. This approach is better suited to diectly compare the
values for nanocrystals and nanospheres because exactly the same prbwe is used
to compute their surface area. Due to surface corrugation, Connolly sudce areas
are larger than the geometrical ones and consequently all the correspondjrsurface
energies result to be lower. The observed trends ofcon, are the same as discussed
in the previous paragraph for Table[3:3.
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Table 3.4 { Surface formation energy terms (in eV), geometrical surface areas (in nm?) and
surface energies (in J/m?) for the various nanoparticles and for the (101) anatase slab model
(computed on 10 triatomic layers), as obtained with the HSEO06 a nd B3LYP functionals.

[NCs [NC_ | NSs [ NS_ | Anatase (101)
HSEO06
ESN”gace 74.96 | 97.67 | 109.62 | 155.54
Sgeom 17.2 | 235 | 18.7 28.3
geom 0.70 0.67 0.94 0.88 0.634
B3LYP
EsIiace [ 67.61] 87.77 | 95.68 | 137.04
Sgeom | 17.5 | 238 | 19.0 | 28.7
geom 0.62 0.59 0.81 0.77 0.544

Table 3.5{ Connolly surface areas (in nm?) and surface energies (in J/m?) for the di erent
nanoparticles, as obtained with the HSE06 and B3LYP functiona Is. The Connolly radius is
set to 3.0 A.

[NCs [NC_ [ NSs [ NS,
HSEO6

Scom | 185 | 25.0 | 21.4 | 32.0

com | 0.65 | 0.625| 0.82 | 0.78

B3LYP

Scom | 18.7 | 254 | 21.8 | 325
com | 0.58 | 0.55 | 0.70 | 0.67

Lastly, in Table B.6] we report the density of the di erent surface species for the
two nanocrystals and the two nanospheres, in terms of number of undeoordinated
atoms or OH groups per unit area (Zonn )- This kind of information can help in the
rationalization of the trends discussed for the surface energies. As aatter of fact,
nanospheres show a higher density of undercoordinated sites than naarystals, that
justi es the observed higher values of the surface energy. Regardinganocrystals,
one can observe that the density of surface species is about the same wtdl, but the
density of more energetically costly Ti. is larger in NC s than in NC . This is one
of the reasons of the higher conn found for NC s compared toNC | .

3.4 Electronic Properties
3.4.1 Band Gaps

The comparison of the electronic properties of nanoparticles of di ereh shape with
respect to the bulk is of paramount importance for the application of nanopaticles
in photocatalysis and photovoltaics. The rst fundamental quantity th at we discuss
is the \band gap", i.e. the energy gap between occupied and unoccupiedtaes.
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Table 3.6 { Number of undercoordinated sites per unit area (sites/nm 2) for the nanopar-
ticles and (101) surface, as obtained with HSEO6 functional. Th e surface area is calculated
with the Connolly method with a radius equal to 3.0 A.

Undercoordinated sites per unit area Sconn
Surface site] NCs | NC. | NSs | NS_ [ Anatase (101)
OH 0.43 | 048 | 243 | 2.00
Osc 477 | 479 | 579 | 6.00 5.14
Ti ac 022 | 0.16 | 1.12 | 1.13
Tisc 4,12 | 423 | 215 | 2.00 5.14
Ti3zcOH 1.12 | 1.00
Ti4OH 0.43 | 048 | 0.37 | 0.50
TiscOH 0.56
Tiszc(OH) 2 0.25
Ti4c(OH) 2 0.19
Total 9.97 | 10.14 | 13.73 | 12.88

Bulk anatase TiO, has an indirect band gap, which is estimated, within the present
computational setup and by the hybrid functional HSEOG, to be 3.65 eV, in agrement
with previously reported values. [192] In the case of nanoparticles, althugh very
large, they are still nite molecular systems, hence it is not fully correct to refer to
band states and, consequently, to band gaps. Therefore, it is necesgato distinguish
between very localized states (and refer to molecular orbitals, MOsand states which
are delocalized on several atoms of the nanoparticle and can, thus, be codered as
(quasi-)band states.

As regards nanocrystals NC s), the highest occupied state and the lowest unoccu-
pied state, shown in Figure[3.8 and discussed in Sectidn 3.4.2, can bdlfuconsidered
band states, following the de nitions above, therefore the Kohn-Skam band gap of
the nanocrystals (Egks) corresponds to the HOMO-LUMO gap (E w.. ) and is about
0.3 eV larger than for the bulk system (3.94 eV forNC s and 3.90 eV forNC ), as
reported in Table [3.7.

As regards nanospheresNSs), the highest occupied state is a molecular orbital
fully localized on a surface state involving the protruding hydroxyl groups (see next
Section for further information). Thus, the E .. cannot be considered as the
band gap of the nanospheres, since the HOMO does not resemble a band stati
order to determine the Eygs for spherical nanoparticles, we need to select a lower
energy occupied states which is delocalized on oxygen atoms of the narasficle and
can be truly considered a \band" state. In this case, we considered ta HOMO-4
(see Figure for the 3D plots) as the top of the valence band, since it isighest
occupied state enough delocalized. Therefore, Jzs values are larger than E ..
values, but approaching the bulk band gap (3.69 eV folNSs and 3.67 eV forNS |,
see Tablg 3.7).

The convergence of these band gap data has been checked with respecthe basis
set dimension adding a di use function on each atom of the surface layeof the small
nanocrystal NC s (+) and nanosphere NSs (+). We observe just a dierence of
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Table 3.7 { Relative energy values, with respect to the vacuum level, of the top of the
valence band (Top VB), of the HOMO orbital and of the bottom of t he conduction band
(Bottom CB); energy di erences between HOMO and LUMO levels ( En. ); Kohn-Sham
energy gap (Egks). All HSEO6 and B3LYP values are in eV. (+) symbol refers to data
obtained with the additional di use functions on all the surfac e atoms (see Sectio).

LNCS NC s (+) lNCL LNSS NS (+) lNSL LBU”(

HSEO6
Top VB -8.06 -8.23 -8.08 | -7.70 -7.88 -7.65
HOMO -8.06 -8.23 -8.08 | -7.48 -7.65 -7.43
Bottom CB | -4.12 -4.35 -4.18 | -4.01 -4.20 -3.97

E no 3.94 3.88 3.90 | 3.47 3.45 3.45
Egks 3.94 3.88 3.90 | 3.69 3.68 3.67 | 3.65
B3LYP

Top VB -8.01 -8.19 -8.03 | -7.88 -8.06 -7.68
HOMO -8.01 -8.19 -8.03 | -7.63 7.83 -7.49
Bottom CB | -3.91 -4.15 -3.98 | -3.92 -4.12 -3.81
E no 4.10 4.04 4.05 | 3.71 3.70 3.68
Egks 4.10 4.04 4.05 | 3.96 3.94 3.86 | 3.81

few hundredths of eV between the results obtained with the two types of basis sets,
proving that the convergence is reached.

Lastly, the B3LYP results are fully analogous to the HSEO6 ones, although all the
energy gaps are systematically larger with the B3LYP functional, as expead from
the values of the bulk band gap with the two functionals.

However, the Kohn-Sham band gap is an approximation of the fundamental gap
of a molecular system. Therefore, they generally di er from fundametal gaps (Ey),
de ned as the di erence between the ionization potential, IP, and the electron a nity,
EA (see Sectior{ 2.2.b for further detail). As discussed in Section 2.3, this is related
to the derivative discontinuity of the exchange-correlation (xc) functional, i.e. the
nite increase in energy of the xc potential when the electron numbe crosses the
integer number of electrons of the system (N).

For extended systems, the use of orbital-dependent functionals, kich exhibits a
discontinuity as the electron number crosses an integer, leads to naaingful improve-
ments in the prediction of fundamental band gaps from KS gap values. On the
contrary, for nite-sized systems, such as molecules or nanopartick this is not su -
cient because the asymptotic potential, not present in the solids, rcially in uences
the energy of electron addition or removal. [193] In general, the Kohn-Sham gapfor
molecules or nanoparticles, as predicted by hybrid functional calcwdtions, are con-
siderably smaller than fundamental gaps F and in arguably better agreement with
optical gaps. The di erence between the true fundamental gap of a systa and its
KS gap corresponds to the derivative discontinuity (DD). [194]

All these arguments are fully applicable to the nanoparticles under stdy. In Table
[3.8, the HOMO{LUMO KS gaps can be compared with the fundamental gaps, as
obtained from the computed vertical ionization potentials (IPY) and vertical electron
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Table 3.8 { \Vertical electronic a nities (EA

V) and ionization potentials (IP V); fundamental

gaps (Eg) and Kohn-Sham (E w.. ) gaps, and their di erence, i.e the derivative discontinuity

(DD). All values are in eV and given for both the HSE06 and B3LYP func tionals. (+) symbol
refers to values obtained with additional di use functions on al | surface (see the text and
Section for further details).

| HSEO06 i B3LYP
EAY IPY E; Ew. DD JEAY IP" E; E . DD
NCs |[341 893 552 394 158323 880 557 410 147
NCs (+) | 364 909 545 388 157348 898 550 404 146
NC | 352 918 566 3.90 176341 878 537 405 1.32
NSs 339 838 499 347 152332 841 509 371 138
NSs (+) | 361 855 494 345 149354 861 507 370 1.37
NSs [345 847 503 345 1583330 836 506 368 138

a nities (EA V). Note that the EA Y and IPY values are calculated as described in the
Computational Details in Section [3.2.

As expected, the fundamental gaps (i) are always higher than KS gaps (Eks) by
about 1.5 eV, both with HSE06 and B3LYP functionals. The excess electron or tk
hole, resulting from the removal of the electron, occupy the LUMO andHOMO of
the nanoparticle, respectively. Therefore, nanocrystals and nanosgeres show similar
electron a nities since the LUMO is in all cases a delocalized state iwvolving the
Ti atoms in the central portion of the nanoparticle (see next section[3.4.2for more
details). On the contrary, we observe that the ionization potentials are considerably
di erent, with those of the nanospheres being lower than those of thenanocrystals.
This arises from the diversity of the HOMO levels in the two cases: n the case of
the nanocrystals, it is a delocalized state involving the oxygen atora in the central
portion of the nanoparticle, whereas, in the case of the nanospheres, is lghly
localized surface state, as will be discussed in detail in Sectign82. Concerning the
size e ects, we noticed an increase of EAand IPY of approximately 0.1 eV for both
NC and NS between the large and the small nanoparticles.

Lastly, we have checked the convergence of the fundamental gaps with spect to
the basis set extension by performing the same calculations with one aitional di use
function on each atom of the surface layer of the nanoparticles. Although an iarease
of both the IPs and EAs by more than 0.1 eV has been observed, the values of ¢h
fundamental gap are very similar to the ones computed with the smaller bsis set.

3.4.2 Frontier Orbitals

In this section we will discuss the frontier orbitals, i.e. the highest occupied molec-
ular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) , for all
the nanoparticles under investigation. Note that in the CRYSTAL14 code it is not
possible to plot directly a molecular orbital ;, but one can plot the electron density
projected onto a speci ¢ Kohn-Sham eigenstate, i.e.j 2j. For brevity, we will refer
to this quantity as orbital, although no information on the sign of the one-electron



3.4 Electronic Properties 73

wavefunction is given. The results computed with the two hybrid functionals HSE06
and B3LYP are fully analogous, hence only the HSEO6 orbitals will be presentd

First, we focus on the frontier orbitals of the nanocrystals (NC ), given in Figure .
The HOMOs and LUMOs of NC s and NC | are perfectly analogous and in agreement
with the ones computed in a previous work by Mattioli et al. [107] for nanocrystals of
the same size and shape diiC 5. As mentioned in the previous section, the HOMOs
of NC s and of NC | are similar to delocalized band states, mostly involving the 2p
atomic orbitals of oxygen of the central belt of the nanocrystals and the cofribution
of 2p that increase going towards the core of the nanoparticle. Interestigly, there
is an alternation of rows of 2g. or 2py, according to the atomic plane of oxygen
considered. These layers in the central belt are the ones with théargest xy surface
area. Furthermore, going from NC s to NC | we can notice a signi cantly lower
contribution of the outermost 2p states on undercoordinated Q.

The LUMOs of NC s and of NC | resemble again band states, which mostly delo-
calized on the Ti 3d,, states of the central atomic layers of the nanocrystals, which
possess the largesky surface area. Again, going fromNC s to NC | we can notice a
lower contribution from the d states centered on surface Ti atoms. Futher discussion
on the contribution of coordinated/undercoordinated atoms on the frontier states we
refer to Section[3.4.3, where total and projected densities of statesivbe presented
and discussed.

The frontier orbitals of the spherical nanoparticles show di erent features (see
Figure ). Also in the case of theNSs and NS nanoparticles, the LUMO levels
are delocalized states but they involve only the 3¢, of fully coordinated bulk atoms.
This is more evident for the larger nanosphere, where surface Ti atoms amot involved
at all in the LUMO, which is di erent from what observed for nanocrystals. Even
more di erent is the situation for the highest occupied states. Bothin the case ofNS s
and NS, the HOMO levels are fully localized on surface hydroxyls. As discssed
in Section[3.4.1, this special feature has a relevant e ect on the Kohn{8am gaps.
For this reason, deeper states have been studied and the rst delatized state on
several O atoms that can be considered a band state and used to computeyk is
the HOMO-4 (see Figure[3.10).
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Figure 3.8 { Side (upper) and top (lower) views of the electronic density plo t for the frontier
orbitals of the two nanocrystals, as obtained with the HSE06 fun ctional and an isosurface
value of 0.0005 a.u.
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Figure 3.9 { Side (upper) and top (lower) views of the electronic density plo t for the frontier
orbitals of the two nanospheres, as obtained with the HSEO6 functional and an isosurface
value of 0.0005 a.u. (0.001 a.u. for the highly HOMO localized states).
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Figure 3.10 { Side views of the electronic density plot for the HOMO-4 orbital s of the
two anatase nanospheres, as obtained with the HSEO06 functiond and an isosurface value of
0.0005 a.u.
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3.4.3 Total and projected density of states

Di erently from periodic systems discussed in Section 2.1J6, nancgrticles do not
possess a continuum of electronic states but discrete energy lesetorresponding to
a nite number of molecular orbitals. However, for a large enough nanopartite, the
number of these states and their (quasi-)degeneracy is such that toative the density
of states as a function of the energy is more useful than focusing on each tbie many
eigenstates. Furthermore, the derived density of states of the nanagticle can be
directly compared with the ones of extended systems.

Figure 3.11 { Scheme of the procedure employed for the calculation of the dendty of states
(DOS, a) and projected density of states (PDOS, b).

Ener

Throughout this PhD work, we simulated the total density of states (DOS, black
curve in Figure[3.13) of the nanoparticle via the convolution of Gaussian peak (green
dashed functions in Figure[3.1la) centered at the Kohn-Sham energy eigeaue of
each orbital (blue lines in Figurea). We employed normalized Gausan functions
with the following analytical form:

()

2 2

where ; are the discrete Kohn-Sham energy levels and is related to the width of
the Gaussian function, i.e. the higher is the value of , the higher is the broadening
of the resulted DOS.

The projections of the density of states have been obtained by usinthe coe cients
in the linear combination of atomic orbitals (LCAO) of each molecular orbital: sum-
ming the squares of the coe cients of all the atomic orbitals centeredon a specic
atomic species results, after normalization, in the relative contritution of each atom
type to a speci ¢ eigenstate (red bars in Figurb). Subsequent) each projection
(red line in Figure b) is obtained from the convolution of Gaussian peakith
heights that are proportional to the relative contribution (red dashed functions in
Figure b). Finally, since Kohn-Sham energies are refered to the vaam level, i.e.
the potential energy of an electron at an in nite distance from the molecue, the zero
energy for all the DOS is the vacuum one.

The simulated total and projected densities of states (DOS and PDOSjor nanocrys-
tals and nanospheres, as obtained with the HSEOQ6 calculations, are reported Figure
and[3.1B, respectively. The general features of the density of statésr nanopar-
ticles are the same of bulk anatase; [62] the valence band width is about 7 e&@hd

fi()= pzlfexp (3.11)
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it is composed mainly by the 2p of the oxygen atoms but not completely, indcating
the covalent character of TiO,; the conduction band is made predominantly by the
3d states of titanium atoms with a small contribution from 2p of oxygen atoms. Be-
sides the already discussed di erences in the energy gaps, the DG#d PDOS with
the B3LYP functional are fully analogous to the HSEO06 ones. We will now focus
our attention on the projections on all the di erent atomic species present in the
nanoparticles under study.

NCg NC,
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Figure 3.12 { Total (DOS) and projected (PDOS) density of states on dierent O an d Ti
atoms of anatase NC s, as obtained with the HSEO6 functional. Magni ed regions of t he
DOS are shown in the insets. A 0.01 eV Gaussian broadening was usé. The zero energy is
set to the vacuum level.

Concerning the small nanocrystalNC s, we observe that: the top of the valence
band is basically made by Q. and O,; on the (101) facets (see inset in the upper
left panel of Figure ); the bottom of the conduction band is mostly made upby
Tige and Tise (inset in the bottom left panel of Figure ); below the bottom of
the valence band a detached peak related to the hydroxyl groups is psent. From
the comparison of the DOS and PDOS betweerNC s (left panel of Figure [3.13)
and NC  (right panel of Figure B.12) one can observe many similarities and only
few di erences. As one would expect, the projections on fully coorthated O3z, and
Tige Species increase in intensity, due to the increase of the bullke region of the
nanoparticle. Interestingly, the OH peak below the valence band spls in two because,
in the larger nanocrystal, two inequivalent types of hydroxyl exig.
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Figure 3.13 { Total (DOS) and projected (PDOS) density of states on dierent O an d
Ti atoms of anatase NS s, as obtained with the HSEO06 functional. Magni ed regions of t he
DOS are shown in the insets. A 0.01 eV Gaussian broadening was usé. The zero energy is
set to the vacuum level.

As regards the smaller spherical nanoparticleNS s (left panel of Figure ), the
top of the valence band is prevalently made by the OH groups (inset in tle upper
left panel of Figure[3.13). At lower energies contributions from 2p statescentered on
O, appear and only at even lower energies the § projection becomes predominant.
The bottom of the conduction band (inset in the bottom left panel of Figure )
is mostly composed by Ti. with a signi cant contribution also from Ti 4. and Tisc.
Comparing DOS and PDOS forNS s with those for NS (left vs right panel of Figure
[3.13) some clear trends can be evidenced. Due to the increase in sizetiié bulk-like
core, the O, to Oz and OH to Og3, ratios, as well as the Tk to Tigc ratio, diminish.
This impacts also the relative contributions to the top of the valence band (inset in
the upper panel on the right of Figure) in terms of a lower contribution of the O,
and OH species. For the bottom of the conduction band we can observe an ineased
contribution of Ti 4, even though the Tig; contribution still is prevalent on the very
bottom of the CB (inset in the bottom right panel of Figure $.13).

In Figure B.14 we report the projections of the DOS on the OH groups bound @
di erent Ti atoms (Ti 3¢, Tiac, Tisc, TizgcOH or TisOH) for the two nanospheres. In
the range between 11 and 7 eV, the peaks in the PDOS are due to the states of
the lone pairs of the oxygen atoms of the hydroxyl. Noteworthy, the lone pai on an
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Figure 3.14 { Total (DOS) and projected (PDOS) density of states onto O atoms of
di erent OH groups of anatase nanospheres, as calculated with the HSEOQ6 functional. A
0.01 eV Gaussian broadening has been used. The zero energy is & the vacuum level.

OH bound to a Tisc is higher in energy, i.e. more prone to bind an H or trap a hole,
than the lone pairs on hydroxyls bound Tise or Tisc.
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Figure 3.15 { Total (DOS) and projected (PDOS) density of states on dierent O an d Ti
atoms of the smallest anatase nanoparticles, as calculated vith the HSEO06 functional and
the addition of di used functions in the basis set. Magnied re gions of the diagram are
shown in the insets. A 0.01 eV Gaussian broadening has been us The zero energy is set
to the vacuum level.
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Finally, the convergence with respect to the basis set has been ctieed. The DOS
and PDOS for NC s and NS resulting from the addition of a di use function on
the atoms in the external layer of the nanoparticle are given in Figurd 3.Ip.The use
of an extended basis set does not cause major variations, except a higheegree of
covalency with a larger contribution of titanium atoms to the valence band and a
larger contribution of the oxygen atoms to the conduction band.

3.5 Global optimization of TiO , Nanospheres

Among all the titania-based nanomaterials, spherical nanoparticles are paitularly
interesting for the biofunctionalization of TiO »,, thanks to the enhanced binding prop-
erties with respect to faceted nanopatrticles, caused by the high stace curvature. [31]
Quantum chemical simulations can be extremely precious to invesgate and rational-
ize the surface structure of such nano-objects and understand its tation with the
observed physico-chemical properties.

In the previous sections, TiO, nanospheres have been already modelled carving
from anatase bulk a sphere of atoms which results, after saturation with kidrogen
atoms, in stoichiometric nanoparticles with a considerable number ofntrinsic water
molecules included. Then, the models were directly relaxed athe full hybrid DFT
level, leading to locally optimized \as-carved" nanoparticles, whoseground state prop-
erties were extensively described and compared to the ones of nangstals.

However, on the nanospheres built in this unsupervised way therare several hy-
droxyl groups, which in uence the electronic properties (see Setion B.4) and may hide
some features of a non-hydrated spherical nanoparticle. For this reasorit is useful
to reduce the amount of water as much as possible, trying to keep the glah Dygq
symmetry and the chemical stability of the system, i.e. a minimumof coordination of
4-fold and 2-fold for the Ti and O atoms, respectively. This task is non-tiivial and it
has been performed manually, removing atom by atom. For theNS with a diameter
of 2.2 nm (NS in the previous sections) this has been done in two phases, as shown
in Figure B.18.

First, from the (TiO 2)223 26 H,O model (Figurea) the eight hydroxyl group
of the Tis(OH), have been removed together with eight hydrogen atoms. This means
that formally eight water molecules have been subtracted, giving a stichiometry of
(TiO2)223 18 H,O (Figure B.16b). The eight hydrogen atoms were removed from
eight TiscOH species, leaving eight dangling monocoordinated oxygen atoms (34O)
that were, in turn, moved to another portion of the NS, leaving a Tisc. In particular,
they were moved between two titanium atoms, forming eight new Q. species.

Second, we were able to reduce further the content of water but at theexpenses
of the global symmetry of the nanosphere. As a matter of fact, other eight wate
molecules can be removed in a similar way from TiOH species, but only an asym-
metric removal is possible, e.g. a hydroxyl group has been removedoimn one side
of the dihedral mirror plane, but not from the other. This led to the st oichiometric
nanosphere (TiQ;)223 10 H,O, given in Figure[3.16c, which has a lower global sym-
metry of D,. Some water molecules still remain on the surface, but this can be tiy
considered as intrinsic dissociated water modeled in ouNS s. Indeed, it was reported
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B Ti, OH
Ti, OH
Tis OH

H Ti, (OH),

Figure 3.16 { Structures of the 2.2 nm spherical nanoparticle models with a di erent
amount of water on its surface. Oxygen and hydrogen atoms are shown in white, titanium
atoms are represented according to their coordination pattern wit h the color-code on the
right part of the gure.

by experimental works that some water adsorbates on spherical nanoparties cannot
be completely removed even after annealing at 600 K| [195]

In addition to the issue of the water content, another problem arises fom the
fact that the nanosphere may reconstruct towards a more stable and meangful
geometry. To this end, one should apply a global mininum search strategyd a
system with more than 500 atoms which is, however, hardly feasible atite DFT level.
Therefore, in order to perform this demanding task, we employed te SCC-DFTB
methodology, introduced in Section[2.3, which allows for an accuracy conmgrable to
ab initio methods, at a reduced computational cost. [168, 196]

Concerning TiO, systems, the SCC-DFTB approach has been already used to accu-
rately calculate properties of periodic systems, such as bulk TiQ and TiO, surfaces,
of both anatase and rutile phases, as well as small Ti@clusters and molecules, giv-
ing results in good agreement with ab initio (DFT) references. |[18[7197{199] This
exhaustive list of previous works validates the use of SCC-DFTB as réble tool for
quantum investigations of extended TiO, systems.

Several approaches can be employed to explore the potential energy $ace and
locate the global energy minimum. For instance, one can run a high-tempature
molecular dynamics and perform geometry optimization on a large sets of snapsets.
This approach allows to partially scan the potential energy surface, butthe search of
the global minimum is biased by the choice of the snapshots.

In this work, in order to obtain an unbiasedresult, we applied the simulated anneal-
ing procedure, which has been described in Sectidn 2.4.2, to nd # global minima
on the potential energy surface of theNSs and NS nanospheres. Additionally, we
have considered also other two TiQ nanospheres, one smaller thalNSs and the
other larger than NS, covering the range between 1.5 nm and 4.4 nm of diameter.
From now on, the nanospheres will be labeled with their diameter for tarity. Indeed,
nanospheres in the size range between2 nm and 8 nm have been synthesized and
characterized in the last years|[58, 80, 200{203] to be used for various applications

The structures were carved from an anatase bulk supercell followinghe procedure
described in Sectiorf 3.31 and dehydrated as much as possible. Themmey have been
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used as starting point for a series of simulated annealing calculations ati erent target

temperatures. The following results will show that spherical naroparticles obtained
with the annealing processes are in general more stable than the \as-cad" ones,
presenting more crystalline core and rearranged surfaces. The mostadile structures
have been then relaxed at both the SCC-DFTB and hybrid DFT level of theory, even
for the largest one of about 4000 atoms. Then, similarly to the previous seabns,
we performed an analysis of the structural and electronic properties fothe globally
optimized spherical nanoparticles as obtained with the two levels of heory, with the
aim to validate further the SCC-DFTB method for large TiO , nanosystems.

3.5.1 Simulated Annealing

For the construction of the nanospheres considered in this study we apied di erent
carving radii in order to obtain nanoparticles with a 1.5 nm, 2.2 nm, 3.0 nm and
4.4 nm diameter size. Once the models were carved, saturated and delrated as
described above, we have performed a geometry relaxation of the strtures at both
DFTB and DFT level of theory to obtain a reference total energy for a geometically
constructed nanopatrticle (we will refer to them as 0 K or \as-carved" stuctures).

. Tige 1 nm (TiO,) 265 - 26H,0
| Tise
Tige , Tiee_sup (10 10HO (TiO,)sse- 12H,0
Tig,OH
Ti,cOH (TiO,),, - 6H,0

Diameter = 1.5 nm

Surface-to-Bulk Ratio = 1.70 0.94 0.83 0.43

Figure 3.17{ DFT(B3LYP) optimized structures, after simulated annealing, o fthe di erent

nanospheres under study. For each one, the stoichiometry, the cutting diameter D v , the
surface-to-bulk ratio (as de ned in Section and the position of the Ti atoms with

di erent coordination are reported.

In Figure B.17 the representation of the most stable DFT globally optimized na-
nospheres is reported. The color-coding indicating the di erentcoordination pattern
of the Ti atoms is slighty di erent from the one used in Section[3.3:2 and wil be
discussed exhaustively in Sectiop 3.5]2.

Then, DFTB molecular dynamics simulations have been carried out in oder to
perform a simulated annealing process, as described in Sectipn 2J4.2Ve employed
three di erent target temperatures (300 K, 500 K and 700 K) for the 1.5 nm, 2.2
nm and 3 nm diameter nanospheres, whereas for the largest nanosphere (4) the
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annealing has been performed only at 500 K. During the molecular dynamicsuns
the temperature pro le has been subdivided in three temporal regiors:

I. Heating period: heating of the system up to the target temperature in a very
short time (1 ps), starting from an initial Boltzmann velocity distr ibution gen-
erated at 150 K.

I1. Equilibration period : equilibration to the target temperature until the temper-
ature pro le is found to be at.

[1l. Cooling region: gradual cooling down to 0 K (80 K for the 4.4 nm nanosphere)
as slow as possible (depending on the size of the nanoparticles consild) in
order to end up in the global minimum.

Temperature (K)
|
Temperature (K)

", o,

5 10 15 20 25 30 35 40 45 50 o 5 10 15 20 25
Time (ps) Time (ps)
3.0 nm 4.4 nm
800 . . .

I |

Temperature (K)
L
Temperature (K)
8
(=]

T

5 75 10 125 15 o 25 5 7.5

Time (ps) Time (ps)
Figure 3.18 { Temperature pro les in the simulated annealing processes for the 1.5 nm,
2.2 nm, 3.0 nm and 4.4 nm nanospheres. Green curves refer to the pro ke with 700 K of
target temperature, red curves refer to the pro le with 500 K of targett emperature and blue
curves refer to the pro le with 300 K of target temperature. Heating ( 1), equilibration (I1)
and cooling (I1l) regions have been indicated.
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The temperature pro les representations for all the nanoparticles urder study are
given in Figure[3.18. The permanence time of the nanoparticle in each timeegion is
di erent and depends mainly on two factors: the target temperature and the size of
the nanospheres. Analogously, these two factors rule also the temperatel gradient
(the average slope of the temperature pro le) considered in the heatig and the cooling
process: the higher is the target temperature and the larger is thé\S, the higher are
the heating and cooling gradients. It is worth noting that the larger is the system,
the more attenuated are the temperature ug@tions since, accordingto statistical
physics, their amplitude is proportional to 1= N, where N is the number of atoms.

Finally, all the structures produced with di erent target tempe ratures have been
locally optimized both at the DFTB and DFT(B3LYP) levels of theory. Among them,
for each size, we selected the most stable one in terms of energy di@mce with respect
to the not annealed \as-carved" NS model (see Tablg 3.p). The 1.5 nm and 2.2 nm
nanospheres resulted to be more stable when annealed at 300 K, because haher
temperature, some localized amorphous areas form on the surface, causiagoss in
stability. For the 3.0 nm nanosphere a similar surface structure has ben obtained
with all three simulated annealing processes at 300 K, 500 K and 700 K, withtte one
at 500 K being slightly more stable than the others. For the biggest 4.4 nmNS, we
used only one target temperature of 500 K to reduce the computational e ort. From
this analysis we can conclude that largeNS models keep crystallinity on the surface
up to higher temperature of annealing, whereas this is not true for sma#ér ones.

Table 3.9 { DFTB and DFT(B3LYP) energy gain (in eV) for the most stable nanos pheres
obtained from simulated annealing processes with respected to the optimized as carved ones.
Note that the as carved NS has not been optimized for the 4.4 nm, thus we could not compute
the energy gain and thus this value di erence is not available ( N.A.).

Diameter (hm) [ Target T | Eprte | Eprt (B3LYP)

15 300 K -1.36 -0.17
2.2 300 K -4.76 -0.65
3.0 500 K -6.83 -0.25
4.4 500 K -10.09 N.A.

Most importantly, the values in Table B.9|clearly demonstrate that, although the
simulated annealing has been performed with the DFTB approach, the gloal opti-
mization procedure was able to nd minima more stable than the \as-carval" ones
even at the DFT(B3LYP) level. However, the stabilization at the DFT le vel is lower
than with DFTB, because of the DFTB potential energy surface is an apprximation
of the DFT(B3LYP) one.

3.5.2 Structural Analysis
Morphology of the nanospheres

The most stable nanospheres at the DFT(B3LYP) level together with a graplical
representation of the position of the di erent Ti species have beeralready shown in
Figure [3.17, where the surface-to-bulk ratio is also reported. This gantity is de ned
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as the ratio between the number of Ti and O atoms at the NS surface (Tg2", Tisc,

Ti 4c, Tiac(OH), Ti 3¢(OH), OH, O 5, O3.") and the number of fully coordinated Ti and

O atoms in the bulk (Ti gc and Os¢). Undercoordinated atoms are directly considered
to be part of the surface. In analogy to the (101) surface, also fully coordiated

atoms may be part of the surface when bound to undercoordinated ones. Ts, fully

coordinated Ti (Ti 3" ) are considered to be atoms of the surfaces(ip) when connected
to at least one Oy, whereas fully coordinated O (G}.") are considered surface gup)

atoms when bound to a surface Ti atoms, i.e. T§.", Tisc, Tiac, Tiac(OH), Ti 3c(OH).

As one would expect, the larger is theNS, the lower the surface-to-bulk ratio, due to
the fact that the amount of inner bulk-like atoms increases.

Table 3.10 { Number of Ti atoms with a certain coordination sphere and their p ercentage
with respect to the total number of Ti atoms for all the dierent s ize NS s geometries opti-
mized with DFTB. Number and percentage of Ti atoms in NSs geomet ries optimized with

DFT(B3LYP) are reported in brackets, when they are di erent from DFTB.

NS | 1.5 nm | 2.2 nm | 3.0 nm | 4.4 nm
Ti site | Number % Number % Number % Number %
. 20 19.8
Ti4c [19] [18.8] 36 16.1 53 13.3 106 8.4
. 20 19.8 43 19.2 69 17.3
Tisc 1] [20.8]| [49] [220]| 1[5 [6.3] °° 126
. 28 12.6 72 18.0
sup
Ti 20 198 | Om  pog| e peg| 157 124
. 96 43.1 181 43.4
Tiec 29 287 | o4 {421 18z se| OF 625
TizOH 8 7.9 8 3.6 16 4.0 20 1.6
Ti4OH 4 4.0 12 54 8 2.0 32 2.5

Concerning the number of dierent Ti species on the NS models, reported in
Table [3.1Q, the data for DFTB and DFT(B3LYP) optimized structures show a good
agreement, for the largerNSs with surface-to-bulk ratio
conclude that the DFTB method is able to describe the connectivily within the various
NSs with the accuracy of DFT.

Besides the connectivity, the DFTB methodology is even capable to aturately

1. Therefore, we may

reproduce the atomic positions in theNS, since the maximum deviation with respect
to the DFT(B3LYP) geometry is in the order of 0.5 A, as shown in Figure@b for
the 2.2 nm model. Similar results are obtained for the 1.5, 3.0 and 4.4 nm $erical
nanoparticle models.

Di erently from the analogous table in Section [3.3.7, the number of Ti spedes
bound to an OH group is much lower, due to the dehydration step duringthe building
of the models. Furthermore, one may note that, as the size of the nanosghne increases,
the percentage of Ti.(OH) and Ti4.(OH) species, needed to saturate the highly
undercoordinated surface Ti atoms, decreases. As one would expect,emumber of
surface atoms (Ti, Tisc, Tige ) grow roughly quadratically with the radius of the NS
(since the NS surface area is proportional tor?), whereas bulk Tig. species grow as
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0.00 A

0.50 A

Figure 3.19 { Absolute deviation of the atomic positions between the DFT(B 3LYP) and

DFTB 2.2 nm spherical nanoparticle models. Atoms are represented by spheres colored
according to the absolute deviation, which is color-coded as indicated by the legend on the
right. Large, intermediate and small spheres are used for titanium , oxygen and hydrogen
atoms, respectively.

the third power of the size (since theNS volume is/ r3). Consequently, approaching
the bulk limit, the ratio between surface and bulk atoms clearly tends to zero.

Finally, due to the fact that the 2.2 nm NS is the smallest with surface-to-bulk
ratio below the value of 1 (see Figur?), we will use it in the next sctions as the
reference system for further analysis.

Simulated EXAFS

In order to investigate in detail the e ect of cutting a spherical surface on the local
geometrical environments, we systematically analyze bond lenght modiations with
respect to bulk values for the annealed nanospheres using simulatdeXAFS spectra,
similarly to what has been done for \as-carved"NC and NS models in Sectior 3.3:B.
The spectra obtained with DFTB and DFT(B3LYP) for the 2.2 nm NS as a function
of the target temperature are reported in Figure[3.20.

Analogously to Figure [3.8 in Section[3.3.B, the lines shown in the top panelsf
Figure [(a) for SCC-DFTB and (f) for DFT(B3LYP)] are assigned to dier ent
coordination spheres of the central Ti atom in bulk anatase TiQ: the rst two
lines represent the rst coordination sphere, where the Ti{Ogq and Ti{O ax bonds
are slightly dierent in a D 54 point symmetry (DFTB: Ti{O ¢q = 1.955 A and Ti{
Oax = 1.995 A, DFT(B3LYP): T{O ¢q = 1.946 A and TiO 5 = 2.000 A); then the
third and fourth lines (second coordination sphere) are the distance between the
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Figure 3.20 { Simulated EXAFS spectra computed with DFTB and DFT(B3LYP) for bu Ik
anatase (top panel (a), (f)), computed with DFTB for 2.2 nm NSs produced at di erent
temperature 0 K (b), 300 K (c), 500 K (d), 700 K (e) and computed wi th DFT(B3LYP) at
0 K (g), 300 K (h), 500 K (i), 700 K (j).

selected central Ti atom and the next-neighboring Ti atoms (Ti  Ti) of 3.090 A and
3.809A in the DFTB structure, and 3.092 A and 3.789A in the DFT(B3LYP) one,
respectively; nally, the fth line (third coordination sphere ) is the distance between
the central Ti atom and O atoms in the third shells (Ti  O) of 3.936 A for DFTB
and of 3.939A for DFT(B3LYP), respectively.

With respect to the bulk lines, both for the DFTB and DFT(B3LYP), th e simu-
lated EXAFS spectra of the nanoparticles show the same qualitative feattes already
discussed in Sectiorp 3.3]3 regarding the contributions of the rst cordination peak
and the position of the Ti  Tiand Ti O distances. More interesting in this case is
the e ect of the target temperature employed for the simulated anneaing process: the
higher the target temperature, the larger is the broadening of the distibution of dis-
tances peaked around the Ti{Q,q and Ti{O ax values in the rst coordination sphere;
furthermore, the contribution of the Ti g. species (blue line) decreases, whereas the
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ones from undercoordinated Ti atoms slightly increases. This causesgradual incre-
ment of the population of Ti{O distances around 1.75A, which is accompanied with
a clear broadening and elongation of the Ti Ti distances in the second coordina-
tion sphere. This corroborates what concluded in Sectiofi 3.3]3 using th\as-carved"”
nanospheres about the shrinking of Ti{O distances and the elongation of thdi  Ti,
in more evident agreement with the experimental results.|[191]

As regards the comparison between the DFTB and DFT(B3LYP) results, we ro-
ticed a ner description of the distances in the latter case, in partcular the DFT-
(B3LYP) structure present a broad and continuous distribution of the T i{O distances,
in the rst coordination sphere, that are longer than the Ti{O .« one. In the DFTB
spectra, they tend to gather at the same value of about 2.25A. In other words, the
DFTB optimized NS models correctly contain some Ti{O bonds that are longer than
2.05A, but, di erently from DFT, their equilibrium distance tendst o be always about
the same ( 2.25 A). This most likely comes from the DFTB de nition of the total
energy in Eq.[2.53, which is composed by a repulsive and an attractive tem: on the
one hand, the pairwise repulsive potential (see Figurl) is exactlthe same for
all Ti{O pairs, steeply descending until 2.25 A, where it is almost zero; on the other
hand, the attractive term is continuously decreasing with the Ti{O d istance until, in
the range between 2.05 and 2.23, it is not large enough to compensate for the repul-
sive term. Consequently, Ti{O bonds longer than 2.25A are not favored because of
a smaller attractive term and a at repulsive one, whereas Ti{O bonds slorter than
2.25A are not favored because the attractive term is smaller than the repusive one
(at least in the range between 2.05 and 2.23\). Clearly, this discrepancy for distances
longer than 2.05A is a limitation in the description of the ne structural details of
the nanoparticles by DFTB method. However, it is not that severe and t will only
have a small e ect on the electronic structure, as will be discussd below.

Surface Energies

Analogously to \as-carved" NC s and NSs, we report in Table[3.1] the Connolly
surface Sonn and surface energy conn for each globally optimized nanosphere at
DFTB and DFT(B3LYP) level of theory.

We observed that, on one side, the Connolly surfaces (3., ) are very similar
for NS models optimized with the two methods, in particular the DFT ones are
slightly lower than with DFTB. On the other side, DFTB tends to ov erestimate
surface energies (B8 in Eq. @ thus resulting values are overestimated by
approximately 0.5 J/m? with respect to the DFT ones.

An interesting result is that with both methods the surface energydoes not depen-
dent on the size of the nanosphere. This is due to the compensation of twfactors.
On the one hand, the larger is the nanoparticle, the lower is the relatre amount of
highly undercoordinated super cial atoms (see Tablg 3.1ID) and so the sifiace energy
should decrease. However, on the other hand, the water molecules weedkto satu-
rate the very low coordinated sites (Tizc and Oj), or intrinsic water molecules, are
more abundant in smaller NS s (see the percentage of D molecules per TiG units,
NH,o0/ N0 ,, in Table ). This additional water stabilizes the surface energy com-
pensating the higher amount of highly undercoordinated sites, whiclresults in about
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Figure 3.21 { Repulsive potential (E rep in eV) for the Ti{O pair of atoms as a function of
the interatomic distance (in A) in the matsci-0-3 Slater{Koster parameter le.

the same conn for all the NSs. A previous work, based on the less accurate force
eld approach and not considering the intrinsic water, failed in the correct descrip-
tion of the trend of surface energy that was found to increase with theNS model
dimension. [94]

For a similar reason the surface energy computed for the \as-carved" nanoseres
NSs and NS in Section[3.3.4 is very similar to the one reported here for dehydrate
globally optimized NSs, since in the former case there is no stabilizing surface re-
construction but the amount of intrinsic water is higher. In any case, asexpected,
the surface energy of both "as-carved" and annealed spherical Ti© nano-objects
is always higher than the one of thermodynamically favored faceted nanauticles

(compare Tables3.1]L and 3}5).

3.5.3 Electronic Structure
Band gaps

In this section we aim, on one side, to evaluate the accuracy of the DFTB rathod
with respect to DFT(B3LYP), in describing the electronic properties of bulk and
nanostructured TiO,. On the other side, we will further analyze the e ect of the
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Table 3.11 { Connolly surface area (Sconn  in NM?) and surface energy ( in J/m 2) calcu-
lated for di erent size NS's optimized with DFTB and DFT(B3LYP). The number of water
molecules per TiO; unit is also given. The conn Vvalue for the 4.4 nm NS is in parenthesis,
because it is derived from a partially optimized NS.

NS | 1.5nm | 22nm | 30nm | 4.4 nm
Nrz0/ 5.9 % 4.4 % 3.0 % 2.0 %
NTio ,

Method SConn Conn SConn Conn SConn Conn SConn Conn

SCC{DFTB 13.03 | 1.23 | 2242 | 1.25 | 33.13 | 1.23 | 70.29 | 1.27
DFT(B3LYP) 12.76 | 0.70 | 22.11 | 0.72 | 3254 | 0.70 | 69.48 | (0.74)

nanostructuring on the electronic structure, as a continuation of whathas been already
described in Section 3.4.

As discussed in Section 3.4.1, the band gap is a fundamental property for a ate-
rial like TiO , which nds applications in photocatalysis and photovoltaics. For this
reason, many reliable theoretical and experimental data are available fothe band
gap of this indirect gap semiconductive oxide. In Table 3.12 we reportedhe DFTB
calculated band gap of bulk anatase, together with PBE, [204] PBEO, [70] B3LYP,
HSEO6, PBE+U [70], GoW, [67] and experimental data measured at temperature
close to 0 K. [63]

The band gap obtained with DFTB is in extremely good agreement with the ex-
perimental data and Hubbard corrected values, even though it is likelythat this is
due to error cancellation. [197] As widely known and discussed in Sect 2.2.5, GGA
methods systematically underestimate band gaps, including the onef anatase TiO;,
while the introduction of some Hartree-Fock exchange in hybrid funtionals, such as
PBEO, B3LYP or HSEO6, provides more accurate values. In particular, band gaps
from hybrid DFT methods are slightly overestimated with respect to the experiments,
with the HSEO06 functional performing better.

Nanoparticles density of states

For the study of the electronic structure of the globally optimized nanospheres, the
same considerations already discussed in Section 3.4.1 apply. We digguish between
very localized states (i.e. molecular orbitals, MOs) and states that ae delocalized on
several atoms of the system (i.e. (pseudo-)band states). Thus, analogdygo Section
3.4.1, we de ned either the canonical HOMO-LUMO gap (E y..) and the Kohn-
Sham band gap (Eks), that is the energy di erence between the highest occupied
and the lowest unoccupied (pseudo-)band states. However, di emtly from the \as-
carved" nanoparticles, in order to be consistent between the di eent nanospheres,
we employed a more systematic criterion for the de nition of the top of the valence
(pseudo-)band and the bottom of the conduction one in the calculation of Bks .
Therefore, we based the de nition of a (pseudo-)band state using themaximum
squared coe cient (max. = Max( f ¢?g)) in the linear combination of atomic orbitals
(LCAO) for each eigenstate: the rst delocalized state, which can be onsidered a
(pseudo-)band state, is the one (in the valence and conduction region.espectively)
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Table 3.12 { Bulk anatase TiO, electronic band gap (expressed in eV), as obtained
from DFTB, standard GGA-DFT, hybrid DFT functionals, GGA-DFT Hubbard c orrected
(DFT+U), G (W, and experiments.

Method Band Gap
DFTB

this work 3.22
B3LYP

this work 381
HSEO06

this work 3.65
PBE [204] 2.36
PBEO [70] 4.50
PBE+U [70] 3.27
GoW, [67] 3.83
Exp. [63] 3.4

with a max. lower than a threshold of 0.02. In such a way, Bks is rigorously de ned
and values for di erent NSs and for di erent methods can be compared.

Table 3.13 { HOMO-LUMO energy gap (E n.. ) and Kohn-Sham electronic gap Egks (in
eV) calculated for di erent size NS s with both DFTB and DFT(B3LYP) approaches.

l E no L Egks
DFT DFT
NS | DFTB | gaive) | DFTB | gaive)

15nm | 3.12 4.23 3.62 4.81
22nm| 3.11 4.13 3.55 4.31
3.0nm | 2.95 4.00 3.42 4.13
44 nm | 2.95 3.90 3.33 3.96

We will rstanalyze the E .. gapsin Table 3.13. The value of the HOMO-LUMO
gap gradually reduce with the size, with the DFT(B3LYP) values being always about

1.0/1.2 eV higher than the DFTB ones. Most of this di erence can be attributed
to the intrinsic di erence in the prediction of the bulk anatase band gap between
the two methods (see Table 3.12) of about 0.6 eV. In addition to this, thereis also
a signi cant contribution due to the di erent equilibrium geometr y obtained with
the two methods, discussed in Section 3.5.2, which a ects the posin of the frontier
orbitals of the nanospheres associated within the Kohn-Sham band gap, as Wbe
detailed with the analysis of the density of states. As a matter of fact, hose states
are slightly shifted from the edges of the valence band or the conductioand into
the gap, leading to a smaller E .

As regards Kohn-Sham band gap Bks, increasing theNS s size, its value smoothly
decreases approaching the bulk value. Again, the discrepancy betweddFTB and
DFT(B3LYP) energy gaps can be ascribed to an intrinsic di erence and a gemetric



3.5 Global optimization of TiQ@ Nanospheres 93

factor. Interestingly, even for the larger 4.4 nm nanosphere, the band gafs wider
by 0.1 eV than in bulk anatase. In fact, on the basis of solid state physics, ta
guantum con nement e ect in a particle with size D causes an increase E; of the
band gap according to the Brus equation: [205]

2~? 21 366
D2 D
where is the e ective mass of the photoexcited charge carriers (the elecon and

the hole), is the dielectric constant. For anatase nanoparticles in the range betwen

3 and 5 nm, this has been proven experimentally, as reported by Reddet al. [206]
and Liu and collaborators, [200] who measured a band gap enhancement in the order
of 0.1-0.2 eV, in line with our DFT and DFTB predictions.

Eq (3.12)

Figure 3.22 { (a) DFTB, (b) DFT(B3LYP) total (DOS) and projected (PDOS) density

of states on dierent coordinated O (upper panel) and Ti (middl e panel) atoms of the
nanosphere. In the lower panel, the maximum atomic orbital squ ared coe cients (max ) of
each eigenstate is reported. High values of max indicates localized states while low values
correspond to delocalized states.

In Figure 3.22, the DFTB and DFT(B3LYP) total (DOS) and projected (PDOS)
densities of states (PDOSSs) are reported for the globally optimized 2.2m NS, along
with the value of max; for each eigenstate in the DOS.

The features of the DFT(B3LYP) projected density of states in Figure 3.22b are
similar to the one already reported in Section 3.4.3 for the correspondig \as-carved"
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NS s nanosphere, as regard to the main contributions to the valence and condition
band and the detached band of the hydroxyl groups at about {14 eV. An evident
di erence from the PDOS of the \as-carved" in Figure 3.13 is the strongly reduced
component by the OH groups in the valence band, due to the minimal contet in
water. In such a way, one can clearly observe that the top of the valencednd is
composed by the 2p orbitals centered on the surface £. Instead, the bottom of the
conduction band is again made by the ¢, orbitals of the Tig. Species, without any
in uence from the removal of intrinsic water.

The DFTB description of the valence band is consistent with the DFT(B3LYP),
except from the fact that the eigenstates at band edge are much more locakd (max
between 0.25 and 0.1) with respect to the DFT(B3LYP) (max; between 0.1 and 0.02)
Regarding the conduction band in the DFTB case, this method tends tooverstabi-
lize the states on the Ti. to the conduction band minimum, in contrast with the
DFT(B3LYP) case, where these eigenstates are higher in energy. Besd this notable
exception, the DFTB conduction band projections are in good agreementvith the
DFT(B3LYP) ones.

In Figure 3.23, we report all the total DOS for nanospheres under study, as dained
with both the DFTB and DFT theoretical approaches. Considering the values of
max. from the DFTB calculations, we can con rm the trend of overlocalization of
the states at the edge of the band gap for all theNS s with respect to DFT(B3LYP).
Interestingly, it is worth mentioning that, as the nanosphere size hcreases, the DFTB
description is more and more similar to the DFT(B3LYP) one, since the DOS starts
to approach the one of bulk TiO,.

Furthermore, from this considerations and the shape of DOSs in Figure3.23, one
can nd further support, besides the EXAFS analysis in Section 3.5.2, tlat the DFTB
structural description of the TiO ; NS s improves as the dimension of the nanospheres
increases. The larger the nanosphere, the less curved is the surdaand the more
accurate is the description.

3.6 Conclusions

To sum up, in this chapter we have presented a density functionastudy of the ground
state properties of realistic models of faceted and spherical Ti@ nanopatrticles (TiO,
NPs). Not only di erent shapes but also di erent sizes have been conislered.

Firstly, the NP models have been built by carving a certain shape fom bulk anatase
and then saturating highly undercoordinated surface species with ydrogen atoms.
The generated small NC s) and large (NC | ) nanocrystals are (TiOz)159 4 H,O and
(TiO 2)260 6 H20, respectively; while the small NS s) and large (NS | ) hanospheres
are (TiO3)223 26 H,O and (TiO3)399 32 H,O, respectively.

Nanoparticles surfaces and volumes have been computed with the Connyllal-
gorithm, which allows for the direct comparison of di erently shaped nanoparticles.
Noteworthy, the surface area of a nanocrystal of analogous size of a nanospheséng-
ilar equivalent diameter D conn ) is comparatively larger. As regards surface morphol-
ogy, nanocrystals are particularly rich of Tis. species, whereas nanospheres present a
broader variety of undercoordinated sites, especially highly reactie 4-fold coordinated



3.6 Conclusions 95

Figure 3.23 { a) DFTB and (b) DFT(B3LYP) total (DOS) density of states for diere  nt
size nanospheres, 1.5 nm (black), 2.2 nm (red), 3.0 nm (green), 44 nm (blue). For each NS,
the DOS has been normalized to the number of TiO> units, to allow the comparison between
them. Below each DOS, the squared maximum LCAO coe cient (max ) of each eigenstate,
as a function of the energy, is also graphically shown. High values of max correspond to
highly localized states, while low values correspond to deloalized states.
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ones. Structural distortions of the Ti{O bonds in the nanopatrticles have been system-
atically analyzed by simulated direct-space EXAFS spectra. The peak caesponding

to the rst coordination sphere is broader for nanospheres than for nanowystals, con-

rming a wider variety of undercoordinated species and a more disordred surface for
the former. As expected, the larger the nanoparticles size, the morehe peaks in the
EXAFS spectra approach the bulk system reference lines. The compet surface en-
ergies for nanocrystals are higher than for the regular (101) surface, due tedge and
corner defects. The ones of the nanospheres are even higher, becausé¢hef higher

density of undercoordinated sites.

As it is true for all nite molecular systems, also in the case of anatase TD,
nanoparticles, Kohn-Sham gaps consistently di er by about 1.5 eV from furdamental
gaps obtained from the di erence between ionization potentials and eletton a nities,
as a consequence of the non-zero derivative discontinuity of the elkange-correlation
potential.

Secondly, in order to model the structural reconstruction of spheical nanoparticles,
we have performed a global optimization procedure (simulated anneali) of TiO,
nanospheres of increasing diameter (from 1.5 to 4.4 nm) with a minimal amunt of
intrinsic water. These systems contain between 300 to 4000 atoms, thushé global
optimization task is not feasible at the DFT level. For this reason, we enployed the
computationally e cient SCC-DFTB approach, whose results were also mmpared to
the DFT(B3LYP) ones with the aim to validate this approximate method f or titania
nanosystems.

The temperature annealing processes lead to structures which armaore stable than
the original as carved ones. The energy gain in stabilization observed witBCC-DFTB
is con rmed by following DFT(B3LYP) optimizations.

Surface energies of the globally optimized nanosphere models are found be still
higher than the ones of faceted nanopatrticles. Interestingly, they arenot dependent
on the NS s size, both with SCC-DFTB and DFT(B3LYP) methods, which means the
increased cost to make smaller nanosphere is nicely balanced by thecieased relative
amount of intrinsic dissociated water on the surface.

From the structural point of view, we observed that SCC-DFTB can accurately
describe the core part of spherical nanoparticles, with small inconstencies for some
atomic distances at the surface with respect to DFT(B3LYP). The larger the NS, the
smaller the relative number of surface atoms with respect to core onesTherefore,
SCC-DFTB is progressively more accurate at increasing size.

In conclusion, the detailed analysis, presented in this chapter andrie y summa-
rized above, demonstrates that faceted and spherical nanoparticles psent di erent
structural and electronic properties. Moreover, we proved that SCC-DFTB method
is a reliable quantum mechanical approach to investigate TiQ nanosystems and their
structural rearrangements, especially for large systems.



Photoexcited Carriers

Recombination and Trapping in
Anatase TiO, Nanocrystals
versus Nanospheres

In this chapter,¥ the real-size models for faceted and spherical Ti@ nanopatrticles
presented in the previous chapter are employed to investigate the ect of size and
morphology and the interaction with water on the life path of energy (excitons) and
charge (electrons and holes) carriers by means of hybrid density futional theory
calculations.

First, we focus our attention on the photoexcited electron/hole pair formation,
separation and radiative recombination in vacuum. Secondly, we analyze t self-
trapping processes of separated charges on the di erent regions of theanoparticles, in
terms of structural distortions, energy gain or cost, charge localization/celocalization
and electronic transitions of the trapped electrons or holes.

Lastly, the e ect of the water environment on the hole trapping ability of faceted
and spherical TiO, nanoparticles will be studied in detail with a combined theoretical
and experimental approach, in collaboration with experimental researchgroups in
Japan.

4.1 Introduction

Titanium dioxide is still considered the reference material in the modern elds of
photocatalysis, photoelectrochemistry and photovoltaics. For the aplication of TiO ,
in these elds, it is extremely important to understand the processes at the basis of the
irradiated light energy conversion into chemical species with intinsic redox potential.
Due to con nement e ects or peculiar surface defectivity, these processes may be
characterized by shorter or di erent time scales in nanopatrticles, €ading to distinctive

YThe results described in this Chapter have been reported in:  G. Fazio, L. Ferrighi, C. Di Valentin,
Nano Energy 2016, 27, 673{689; K. Shirai, G. Fazio , T. Sugimoto, D. Selli, L. Ferraro, K. Watanabe,
M. Haruta, B. Ohtani, H. Kurata, C. Di Valentin, Y. Matsumoto \Water-assisted hole trapping at
highly curved surface of nano-TiO » photocatalyst® J. Am. Chem. Soc. 2018, 140, 1415{1422.
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properties with respect to the extended systems, which may beery interesting for
the research community involved in the study and application of nanomateials.

When a semiconductor material interacts with light, an exciton, i.e. a Coulomb
interacting electron/hole pair, is initially formed. [207,208] The size ofthe as-formed
exciton depends on the dielectric constant of the material and the e etive masses of
the excited electron and hole. [209] When the exciton strongly couples ith lattice
vibrations, it may become self-trapped in the lattice, [210] largely re&lucing its mo-
bility. In this respect, the quantum con nement of an exciton in a nanoparticle of
few nanometers size may signi cantly in uence its dimension and Iealization. [211]
Furthermore, it is still an open and critical question whether the close presence of
surface defects, such as the ones related to the curvature in nanosptes or facets,
edges and corners in nanocrystals, may accelerate the process of ¢oes separation
into electrons and holes or for di erent reasons, may promote the eleecbn/hole re-
combination through a strong exciton self-trapping process. [212] The¥fore, one may
expect that the dynamics of the exciton can be di erent in spherical with respect to
faceted nanoparticles where the surface is mostly composed of at facets

Another fundamental question concerns the e ect of the aqueous enviroment,
where the photocatalysts are normally employed, on the charge carrierslynamics.
Water may be involved in charge trapping process, a ecting the oveall charge carri-
ers life path. In particular, the rate-determining step in the photocatalytic process is
the oxidation of molecules at the surface of the photocatalysts where lagtliving pho-
togenerated trapped holes play a crucial role. [213] Furthermore, hole &ipping enables
electrons to live longer, promoting also the reduction reactions. Reent experimental
works based on EPR [214] and time-resolved infrared spectroscopy [215] shexvthat
water adsorbates are able to stabilize surface trapped holes and prevethe charge
carriers recombination. Nevertheless, the role of interfacing watein charge trapping
dynamics is still unclear [125, 126], since most of the experimental stlies have been
performed either in an ultrahigh vacuum or in an agueous environment. Bidging
the gap between these two experimental conditions is necessary to tga molecular
level understanding of the e ect of water and clarify how the interaction with water
in uences the carrier dynamics for designing better TiO,{based photocatalysts.

The theoretical modeling of all these complex aspects requires theecourse to
sophisticated ab initio methods. Spin-polarized density functonal theory (DFT) is
a viable approach for the large systems under study, since it provide an accurate
description at a reasonable computational cost. However, the self-intaction issue
present in DFT methods is a severe problem for the correct desgtion of the energetic
and degree of localization/delocalization of self-trapped excitons or etdrons and
holes. [216{219] To this end, some self-interaction correction is necessans it is
present in the more costly hybrid density functional approaches.

In the following, we will rst investigate by means of hybrid density functional
calculations the life path of light-induced energy carriers (excitors) or charge carriers
(electrons and holes) in anatase TiQ@ nanoparticles models, from the exciton forma-
tion to the recombination of the photogenerated charge carriers or their tapping. In
addition, several relevant quantities have been computed, such axeiton self-trapping
energies, photoluminescence emission energies, energy gain assecddab charge car-
rier separation, electron and hole self-trapping energies, EPR paranters and optical
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transitions of the self-trapped charges. All these quantities are diectly comparable to
the experimental data from photoluminescence (PL) measurements,lectron param-
agnetic resonance (EPR) and transient absorption (TA) spectroscopy. Theim of this
part of the work is to get a molecular insight into the processes involing energy (ex-
citons) and charge (electrons and holes) carriers in Ti@ nanoparticles of various size
and shape, given that, as discussed in Section 1.3, the existing litature is still mostly
focused on TiO, extended model systems, whereas the technological applications are
usually based on TiO, nanopatrticles or nanostructured TiO, materials. This part of
the study evidences clear trends with size and shape, which can b@ationalized in
terms of structural distortions of the nanoparticles due to the nanosiz.

Secondly, we have tackled the complex problem of the role of water in th charge
carrier dynamics through a combined theoretical and computational work. n the
one hand, we investigated the adsorption of water and its e ect on the hole tapping
abilities of TiO, nanoparticles with di erent morphologies through large scale ab
initio calculations. On the other hand, in collaboration with experimental groups
in Japan led by prof. Yoshihasu Matsumoto from Kyoto University, we compare our
theoretical results with steady and transient infrared spectra of TiO, nanospheres and
nanocrystals, where the water coverage has been gradually increased ancontrolled
manner. Through this two{dimensional approach, we clearly demonstrate ttat a
hydroxyl group at the curved surface of a spherical TiQ nanoparticle is able to trap
an electron hole and its trapping ability is signi cantly enhanced by the adsorption
of additional water molecules.

This chapter is organized as follows: rst, the computational methods ofthe calcu-
lations (Section 4.2) will be detailed; then the discussion will conern the exciton for-
mation, trapping and recombination (Section 4.3) and the behaviour of the gparated
photoexcited charge carriers (Section 4.4), together with the relevanexperimental
data as a reference; nally, the combined theoretical and experimetal study on the
e ect of water adsorption on the hole trapping will be presented (Secion 4.5).

4.2 Computational Details

In this section, we will specify the computational methods, the malels and the settings
that have been used for the calculations presented in this Chapter.For a detailed
discussion on the theoretical approaches see Chapter 2.

All the CRYSTAL14 calculations have been performed employing the same am-
putational settings as in Section 3.2, as regards the functionals (B3LYP and HSE6),
the basis sets, the thresholds for convergence of the SCF and geometrytiopization,
as well as the calculations of ionization potentials and electron a nities. However,
in this case, the standard B3LYP functional, which has been demonstratd in the
previous chapter to provide results similar to the HSE06 potential, will be mainly
used. . p_

The TiO, anatase bulk was modeled by a large 62 6 2 1 bulk supercell with
864 atoms. The k-space sampling for the bulk geometry optimization includd a
1 1 6 Monkhorst-Pack net. [132]

Flat anatase crystallographic surfaces were modelled with a three tatomic layers



100 4. Photoexcited Carriers Recombination and Trapping in Anatag@,
Nanocrystals versus Nanospheres

slab with 108 atoms and a1 3 periodicity along the [10-1] and [010] directions for the
(101) surface and a four triatomic layers with 96 atoms and a 4 2 periodicity along
the [100] and [010] directions for the (001) surface; no periodic boundary coiittbn
was imposed in the direction perpendicular to the surface. Theselab models have
been used only to compute the vibrational structure of water adsorbatesn the (101)
and (001) and hole trapping stabilities on the (001), whereas we have empley the
faceted nanoparticle model NC __, vide infra) for the calculations of water adsorption.
For the k-point sampling of the Brillouin zone, we employed a Monkhors-Pack net:
a2 2 1landal 2 1 mesh ensured convergence of the electronic structure
for the (101) and (001) slab models, respectively.

Concerning the models for the nanocrystals, we employed eithetht small (NC s,
(TiO2)159 4 H,0) and the large (NC |, (TiO2)260 6 H20) faceted nanopatrticles
described in the previous chapter. As regards the spherical nanopadie model, we
mostly used only the 2.2 nm \as-carved" nanosphere NS) in Figure 3.16b with a
stoichiometry of (TiO 2)223 18 H,O. In one case we carried out calculations also on
the larger 3.0 nm nanosphere (TiQ)223 32 H,O (NS in Figure 3.3).

For the study of water adsorption, vibrational structure and hole trappin g on the
NS model in Section 4.5, we performed a preliminary global optimization preedure
to avoid that the structural changes related to water adsorption trigger the nanosphere
to relax to another local minimum. Thus, we run a simulated annealingprocess using
the same computational setting based on SCC-DFTB detailed in Section 2, with
target temperatures of 300 K, 500 K and 700 K. Among the nanospheres obtained
after the global optimization, the most stable one is the one annealed at 700 K,hat
was then further optimized again with the DFT(B3LYP) method.

The binding energies for water molecules on the nanoparticles are deed as the
di erence between the total energy of the nal product of adsorption and the to-
tal energy of the isolated systems, i.e. an isolated water molecule and ¢hisolated
nanoparticle. Note that, in the case of dissociative mode of water adsorptin, the two
fragments resulting from the dissociation, i.e. OH and H, were put on oposite sides
of the nanoparticles, in order to avoid any spurious interaction e ect.

Similarly to the previous chapter, nanoparticles have been treateds large isolated
molecules in the vacuum without any periodic boundary conditions. Thus, when
an excess charge is introduced in the system, no background of charge ngeded.
Spin polarization is considered in the case of systems with unpairedlectrons. No
symmetry constraints were imposed during the geometry optimizationrun.

Trapping energies ( Eyap ) are de ned as the total energy di erence between the
isolated charge carriers or electron-hole couples in the trapping geomst and the
delocalized solution, obtained using the neutral ground state geometry Distortion
energies ( Egist) are computed as the di erence in total energy between the neu-
tral system in the trapping geometry and the neutral ground-state minimum of that
nanoparticle.

In the case of calculations with a di erent number of atoms, e.g. two naroparticles
with a di erent number of water molecules adsorbed, a common referece energy is
needed to compare charge trapping abilities. Thus, the stability of ahole trap on the
surface of the nanoparticles has been computed as the total energy di enee between
the system with a hole localized on the surface site and the same sysh with a hole
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localized on the innermost Q. atom of the nanoparticle, which has been considered
as the reference hole trap.

For molecular systems, vibrational frequencies in the harmonic appmimation for
an energy minimum structure have been computed by numerical di @entiation of the
forces. [220,221] We used a two point formula for the di erentiation with 0003 A as
step. In the case of systems with periodic boundary conditions, send-order deriva-
tives of the total energy are evaluated at point. Furthermore, only for fr equency
calculations, the convergence threshold on the SCF cycle has been lewed to 10 °
a.u., in order to improve the numerical accuracy. All the computed frequencies have
been scaled with a scale factor de ned as the ratio between the expienental [222]
and calculated value for the symmetric stretching mode of a water moleule in gas
phase.

The Gaussian09 code [223] was employed to calculate EPR parameters, i.ay,
hyper ne and nuclear quadrupole tensors, for the (TiO,)29 4 H,O cluster with an
excess hole. For these calculations the well-suited EPR-II basigswas used for O and
H atoms, whilst for Ti atoms we employed a 6-311+G* basis set when rst neghbor
to an oxygen atom where the excess hole is trapped and a 6-31G* basis set othése.

Simulated total (DOS) and projected (PDOS) densities of states of the nanoparti-
cles have been obtained through the approach described in Section 3.418ing a value
of 0.001 eV for the of the Gaussian peaks in the convolution. In the case of spin
polarized systems, (projected) densities of states are computedsing the Kohn{Sham
eigenvalues of alpha or beta population separately. The reference zeemergy for all
the DOS is set to the vacuum level, which corresponds to the energgf an electron
at an in nite distance from the surface of the nanoparticle.

Electronic transitions from trapping levels to the conduction band or from valence
band to trapping levels are estimated by means of the transition levelapproach,
described in Section 2.2.5.

The 3D plots of the bond lenght distortions have been generated by Pythorscript-
ing on the POV-Ray [224] le. The procedure is the following: rst, a raw POV-Ray
le, where a single layer or the whole nanoparticle is represented yb ball-and-sticks,
is generated by the CCDC Mercury program [225]; second, for each cylinderhich
represents a Ti{O bond, the di erence between the Ti{O distance ard the reference
is calculated; nally, the color of the cylinder is assigned according © this di erence
and the reference color-coding.

4.3 Freel/trapped exciton and recombination

4.3.1 Experimental background

When, upon irradiation, the photoexcited charges are formed within ttanium diox-
ide, they may radiatively recombine and emit a photon with an energy laver than
the absorbed one. This photoluminescence (PL) phenomenon has been obssl in
anatase single crystals by several experimental works [226{228], which measd a
broad band at 2.3 eV with a full width of 0.6 eV, assigned to radiative recombina-
tion of a self-trapped exciton (STE) localized on a TiOs octahedron. Furthermore,
a tail of the photoemission band down to 2.0 eV and beyond is often obserde Due
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to the competition with non-radiative recombination processes, theintensity of this
emission decreases with increasing temperature. The activation engy of this pro-
cesses is 50 meV, [229] thus at room temperature the photoluminescence is almost
quenched.

The broad emission peak can be decomposed into three Gaussian bands, [230]
centered at 1.95, 2.15 and 2.40 eV, respectively. The lowest energy bandahd be
closely related to the presence of oxygen vacancies since it is alsbserved in the
emission spectrum obtained at lower excitation energies. The otherwo emissions
were both attributed to the exciton (STE) recombination in bulk anatas e.

At a su ciently low temperature, an analogous self-trapped exciton photolumines-
cence has been observed in the emission spectra of nanoparticles arahocrystalline
Ims with primary particles size in the range between 4 to 6 nm, [231] 9to 27 nm [232]
and 20 to 130 nm. [233] No signi cant changes with respect to the emission of anase
single crystals were reported. Noteworthy, the spectrum does not w any variation
with the nanocrystals dimension [231, 232] or environment (dispersed wat or de-
posited on a thin Im). [234] On the contrary, the dynamics of the photogeneated
charges has been found to be aected by size, because of a higher ratiotlveen
surface and bulk states for small nhanocrystals, causing a faster transf of photoex-
cited charges to surface traps. Therefore, the trapping processewhich quenches the
photoluminescence, occurs at lower temperature in 5 nm nanocrystals than in bulk
anatase. [226,230]

In addition, only for very small nanoparticles (2-9 nm) a band-edge lumirescence
was reported at room temperature. [200,235{237] This emission was attributed tohe
fast radiative recombination of free (delocalized and non trapped) ex¢dns, which is
not observed for larger nanoparticles and bulk systems. [232] Lastly, whenrpsent,
interstitial Ti 3* defects give rise to an additional PL peak at lower energies (1.8
evV).

In the following, these experimental observations are discussed ithe light of the
results from the computational models of bulk anatase and faceted and sphieal
nanoparticles of anatase TiQ.

4.3.2 Bulk system

We rst present the self-trapped exciton (STE) computed for the bulk anatase system,
as detailed in a previous work. [73] The excited state is modeled by appximating that
the biradical singlet spin state (S; curve in Figure 4.1), which is actually formed during
the excitation, with the corresponding triplet state (T 7 curve in Figure 4.1). The only
di erence between this two states is the spin of the unpaired eletron in the conduction
band, which is the same of the one in valence band, hence the two wawgfctions
should be very similar except from an additional exchange energy contrilstion.

As expected, in the vertical triplet state (see Figure 4.1b), that is the triplet ex-
cited state in the singlet ground state geometry, the exciton is deloalized over the
whole bulk supercell: the photoexcited electron is spread on the®Bstates of the ti-
tanium atoms, whereas the photoexcited hole occupies rows opf oxygen, with an
oscillating pattern of spin density along each row.

When we allow the geometry of the system to relax, we found that the fre exciton
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becomes spontaneously self-trapped with the electron mostly localéd on a single
Ti** ion, which is reduced to Ti¥*, and the hole on the equatorial & ion, which is
oxidized to O . Starting from a distorted geometry, it has been possible to localize
also another solution which di er from the position of the hole trapping O atom (O
species) with respect to the electron trapping Ti atom (Ti®* species). In fact, this
can be either in the equatorial (Ti** {O eq IN Figure 4.1c) or in the axial (Ti 3+ {0
in Figure 4.1d) position of coordination in the TiOg octahedron. The two positions
are not equivalent, since the axial Ti{O bond is longer by 0.05A with respect to
the equatorial one, as already discussed in Section 3.3.3.

Furthermore, the trapping energy (see Section 4.2 for the de nitionof this quantity)
of the two excitons diers by 0.1 eV in favor of the axial ( 0.59 eV vs 0.49 eV,
see Table 4.1). The computed photoluminescence energy associated teetdecay of
these two di erent STE is 1.99 eV (Ti®*" {O,,) and 2.35 eV (Ti** {O,), respectively.
Assuming that these species are equally probable and that relative abudance of the
equatorial species is twice that of the axial one, the average emission emy is 2.24
eV. These computed values are in excellent agreement with the broad perimental
feature measured for anatase single crystals and the peak decompositiongmosed by
Sekiya et al., [230] just described in the previous paragraph and cented at 2.3 eV.

Figure 4.1 { Schematic representation of the processes involving the electon/hole couple:
the vertical excitation So ! T, the self-trapping relaxation in the bulk structure and the
two di erent photoemissions T {9 ! S and T#* ! Sp. 3D spin density plots of the anatase
bulk supercell, as obtained with the B3LYP functional, for the vertical triplet state (b),
trapped triplet equatorial (c) and axial (d) exciton in the bulk . The spin density isovalue is
0.01 a.u. (0.0005 a.u. for the vertical triplet).

4.3.3 Nanoparticles
Faceted Nanoparticles

Excitons in nanoparticles may be very di erent from excitons in the bulk, due to size
and/or shape e ects. We rst present excitons in faceted nanocrystas, considering



104 4. Photoexcited Carriers Recombination and Trapping in Anatag@,
Nanocrystals versus Nanospheres

the two models of di erent size designed in Chapter 3:NC s with 489 atoms andNC |
with 798 atoms. These models are shown in Figure 4.2 together with the deition
of the main surface sites. In particular, the larger nanocrystal presets an additional
(101) layer on four of the eight (101) facets. The comparison between these tw
nanocrystals will provide information on the e ect of size on the exctons.

Figure 4.2 { Position of the titanium species with di erent coordination s pheres within the
nanoparticle models (NC s {(TiO 2)1s9 4 H20; NC L { (TiO 2)260 6 H20; NS5 (TiO 2)223

18 H,0). The coordination humber is visually shown by the color cod ing indicated on the
right side. The oxygen and titanium sites that have been considered for charge trapping are
labeled as in the tables. Relevant geometric parameter of the nanoparticles are also given.

Analogously to the bulk system, upon excitation of the small nanocrystal NC s)
a free exciton is formed. Again, this is computationally modeled by calalating the
rst excited triplet state in the Frank-Condon approximation (i.e. in the ground state
geometry), [73] see violet arrow in Figure 4.1. However, in this case, thelectron/hole
couple (free exciton) is not spread all over the nanopatrticle but deloalized in a portion
close to the core, see model a in Figure 4.3. Then, if we allow atomic eetation in the
excited state, we may observe the triplet exciton self-trapping(blue arrow in Figure
4.1).
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Figure 4.3 { Top panel: 3D spin density plots of NC s nanocrystal, as obtained with the
B3LYP functional, for the vertical triplet state (a), trapped trip  let exciton (axial exciton in

Table 4.2, b), triplet state with electron on the surface and hole in the core (c), triplet state

with electron in the core and hole on the surface and fully separated charges state with the
hole on O52™" () or 0% (f) and the electron on Ti 2. The spin density isovalue is 0.01
a.u. (0.002 a.u. for the vertical triplet). Bottom panel: Hist ogram of the atomic spin on
each oxygen or titanium atoms for the a, b and ¢ con gurations. T he x axis sorts the atoms
from bottom to top by their z coordinate.
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Table 4.1 {  Singlet-Triplet Vertical Excitation Energy (S o ! T1)ver , Trapping Energy
(E wap ) of the Triplet Exciton and its calculated photoluminescenc e (PL) in the Axial and
Equatorial con guration for bulk anatase as obtained with B3LY P and HSEO6 functionals,
NC s and NC | nanocrystals and NS and NS | nanospheres. All energies are in eV.

I [ Buk NC s NC_ NS NS
B3LYP
(So! Tiven 391 395 3.95 3.88
Tie Ewp | 059 090 080 065
15 {0
PL 199 171 179 195 1.96
Ti% (0, | E v | 049 055
PL 235 1.80
HSE06
(SO! Tl)vert 3.87
. E 0.82
Ti®* {0 ep
Qe | p 1.68

Indeed, we do, with two possible outcomes, similarly to what obsene for the
bulk system: the trapping energy (E wap in Table 4.1) for the axial exciton ( 0.90
eV), see model b in Figure 4.3, is larger than for the equatorial one (0.55 eV).
The charge localization/delocalization of the exciton can be analyzed in tems of spin
density plots and histograms of the atomic spins, given in top and bottom panés of
Figure 4.3, respectively. Di erently from the free exciton, in th e self-trapped exciton,
we observe an almost full delocalization of the unpaired electrons on twagingle Ti
(black, 71 %) and O (red, 92 %) atoms, respectively.

The axial self-trapped exciton (model b in Figure 4.3) in the core of thesmall
nanocrystal is a bound exciton, where the electron and the hole locale on a Ti* {
O? bound pair, i.e. Ti¥* {0, . If the electron and the hole have enough energy to
overcome the small energy barrier (due to the exciton binding enagy) before recom-
bination, the two charges may separate and the system may evolve in sekal possible
nal con gurations, which are shown in Figure 4.3c-f and detailed in Table 4.2: i)
model ¢, where the electron has migrated to the surface to be trappedn an underco-
ordinated Tis;. atom on a (101) facet; ii) model d, where the hole has travelled to the
surface to be trapped at an Q. site, leaving a delocalized electron in the core of the
faceted nanoparticle; iii) models e and f, where both electron and holéave reached
the surface to be trapped at a Tigc and an O, site, respectively.

It is worth noting that an electron cannot be localized on a single Ti site of the
nanocrystal, unless it is bound to the hole in the excitonic pair at the core of the
nanocrystal or is trapped at a surface site. Considering the trappingenergies of the
excitons in model b and e, we can observe that there is a favorable emygy gradient for
the exciton migration to the surface, where the charges can react withhe substrates.

However, con gurations c, d, e and f exist if the time scale for migration ard trap-
ping at the surface is shorter than that of recombination. Since distanes in nanocrys-
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tals are short, the surface can be easily reached and, therefore, lowtgmperatures
are needed to quench the photoluminescence, in line with the abevmentioned ex-
perimental observations. Nonetheless, on the contrary, if the selfrapped exciton of
model b recombines before charge migration, the photoluminescence gton energy
is estimated by current calculations to be 1.71 eV (see PL in Table 4.1).This value
is signi cantly lower that that of bulk anatase, probably due to the small size of the
nanocrystal model employed.

Table 4.2 { Trapping Energy (E wap in eV) of the triplet exciton at dierent sites
with the percentage of charge localization (%electron or %hole) in NC s and NS anatase
nanoparticles, as obtained with the B3LYP and HSEO06 functiona Is. No symmetry constraints
are imposed to all the calculations. The sites nomenclature is de ned graphically in Figure
4.2.

Model L Position L E tap L%electron{ %hole
Electron/Hole pairs in NC g
B3LYP
b igre {Ogre (Tid* {0,) | 0.90 71% 92%
c Tiface { O e 0.96 89% 91%
d Ti gore { O gomer 0.92 13% 63%/37%
e Tiface ¢ Ocomer 1.02 89% 63%/37%
f Ti gacce { Oface 0.73 89% 95%
HSEO06
b | Tige {0g® (Ti>* {0,) | 082 6% 93%
Tiface { O gore 0.82 6% 73%
e face { O gomer 0.82 92% 73%
Electron/Hole pairs in NC
B3LYP
[ Tigze (og° (i {0,,) | 080 ] 74% | 91%
HSEO06
[ Tigre {Oose (Ti* {0,) | 082] 6% | 93%
Electron/Hole pairs in NS
B3LYP
TI core { Ocore (Ti 3+ { Oax) 0.65 74% 90%
Tigubsurt ¢ O §c-be 0.79 86% 90%

Comparing the results obtained for the small (NC s) and the large (NC | ) in Table
4.2, we may note some clear trends with increasing size. The excitomapping energy,
for the axial model, decreases from 0.90to 0.80 eV, while the PL emission increases
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from 1.71 eV to 1.79 eV (see Table 4.1). This indicates that the larger is thenodel,
the higher is the emission energy. If one considers that the average rag of these two
nanocrystals is 1.8 and 2.2 nm (see Table 3.2), one could extrapolate for namystals
of 4 nm size, reported in the experimental studies, an emission ergy close to 2 eV,
similar to that for bulk anatase.

The % of electron-hole localization is pretty high, except for the eletron component
in the d model. In this case, the hole is far apart on the nanocrystals carer and thus
the electron delocalization on several Ti centers is preferred. Orthe contrary, in
model b, where the hole is on the nearest-neighbor axial oxygen atom, thexciton
binding energy favors the electron localization on a single Ti site.

As a nal remark, we can compare the B3LYP results with a set of HSEOQ6 cal-
culations in Table 4.1 and 4.2. The HSEO06 functional provides similar enggies for
all the types of electron-hole pairs considered, even though the engy gradient for
the migration to surface is computed to be equal to zero. Interestingl, the HSEO06
calculation for the model b shows a preference for the electron detalization, even
when the hole is localized on the nearest-neighbor axial O atom.

Spherical nanoparticles

We now discuss the excitons in spherical nanoparticles or nanosphergNS), using
as reference model that reported in Figure 4.2, where the main surfacsites have
been highlighted. On this type of nanoparticle there is clearly a wicr variety of
undercoordinated sites than for well-faceted nanoparticles. Furtlermore, spherical
nanoparticles contain a larger number of hydroxyl groups required to safrate the
Ti atoms to a minimum four-fold coordination, which we have set for the chemical
stability of the TiO , nanoparticles (see Chapter 3).

The vertical triplet exciton (model a in Figure 4.4), i.e. the exciton in the singlet
ground state geometry, is more localized than in the case of nanocrystaldn particu-
lar, the electron/hole couple delocalizes over a limited number of xygen and titanium
atoms close to the surface. Interestingly, the singlet-triplet vetical excitation energy
(So! T1)vert , reported in Table 4.1, is slightly lower for the nanospheres with repect
to the bulk and nanocrystal, indicating that a spherical TiO , nanoparticle may be
photoexcited even at photon energy lower than the bulk band gap, in linewith recent
experimental observations. [195]

The axial STE (Ti % {O,,) in the core of the nanosphere (model b in Figure 4.4)
is found to be less trapped than in the faceted models (Eyap of 0.65 eV vs 0.90
or 0.80 eV for NC s or NC |, respectively in Table 4.2). This also means that
the surface charges are more reactive for the nanospheres than for the namgstals.
Similarly to what observed for the corresponding model b inNC g, the electron and
hole in the bound exciton are highly localized, as evidenced by the ktograms of
atomic spins in Figure 4.4 or % of electron/hole localization in Table 4.2.

If the electron and hole have enough energy to overcome the exciton kiing, they
may migrate to the surface, where they are trapped at single atomic site. In the
case of the nanosphere, we have just considered the most stable con @tions for
the electron and hole, respectively: the electron localizes on a bsurface Tig. site
(see Figure 4.5 for a de nition), while the hole localizes on a surfac®,. site. The
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Figure 4.4 { Top panel: 3D spin density plots of NS nanosphere, as obtained with the
B3LYP functional, for the vertical triplet state (a), trapped trip  let exciton (b) and separated
charges state (c) with the hole on O3S ¢ and the electron on Tig>"" | Bottom panel: His-
togram of the atomic spin on each oxygen or titanium atoms for th e a, b and ¢ con gurations.
The x axis sorts the atoms from bottom to top by their z coordinate.

trapping energy for the electron/hole couple in these sites is bigger ahamounts to

0.79 eV, as reported in Table 4.2. This nding con rms that electrons and holes are
preferentially trapped closer to or at the surface than in the core of the nanoparticle,
regardless of its shape. The computed favorable energy gradient is theiding force
of this spontaneous process.

The axial STE in the core of the nanosphere NS) is characterized by a more
similar environment to that in bulk anatase than the analogous excitons in the small
and large nanocrystals. This is due to the fact that in the NS model the central
Ti{O pair is surrounded by a larger number of next-neighbouring atoms in the xy
plane, i.e. the NS model has a larger equivalent diameter in thexy plane than
NC s and NC . For this reason the computed photoluminiscence (PL) energy (1.95
eV) corresponding to the self-trapped exciton in the nanosphere isloser to that
obtained for bulk (1.98 eV) than the one calculated for the larger nanocrystal NC |
(1.79 eV), in better agreement with the experiments, showing that,at a su ciently
low temperature, photoluminiscence spectra of nanoparticles do nodli er much from
the one of single crystals. This is further con rmed by using a largermodel (NS,
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described in Chapter 3) with a PL value of 1.96 eV. Given the diameter ofNS (2.2
nm) and NS (3.0 nm), one can extrapolate that for nanoparticles with a diameter
on the xy plane larger than 4 nm, the photoluminiscence energy is already the same
of the bulk, in line with the experimental observations by Bieber & al. [231]

4.4 Separate carriers trapping

Once that the electron and hole separate, if they are far apart, they behee like isolated
charges. Therefore, as done in previous theoretical study, [73] one carviestigate the
relative stability of electron and hole traps by adding or removing an ekctron to the
calculation, respectively. Furthermore, the properties of the i®lated trapped electrons
and holes can be calculated and compared with the available experimentalata.

4.4.1 Experimental background

In the experimental literature, two classes of electron traps in anaase powder samples
are commonly observed: short-living € 50 ps) shallow traps, [23,238] in the range
of 50{100 meV below the conduction band [239{242] and long-living deep traps, with
trapping energies between 0.4 and 0.6 eV. [243{245] On the contrary, excess bslare
found to be deeply trapped in less than 200 fs, [23] so direct measuremts of holes
in shallow traps are not reported in literature. Charge carriers trappel in the lattice
can be probed by spectroscopic techniques, such as electron paramagoaesonance
(EPR) spectroscopy and transient absorption (TA) spectroscopy.

For instance, integrating EPR absorption intensities, Berger et al. determined that
just one photogenerated electron/hole pair is present per single UV-irrathted anatase
nanoparticle (with an average size of 13 nm), [246] as a consequence of the Gmubic
repulsions between excess electrons. Most of the photoexcitedeetrons (90%) are
not detected by EPR, since they are delocalized and, thus, EPR{sént. Only 10% of
the electrons are EPR active because they are fully localized at Pt sites with an
activation barrier for the de-trapping process estimated to be 26 meV. Photoexcited
holes are found to be trapped at the surface of nanoparticles as Ospecies, since the
EPR signal related to them completely disappears when molecular oxyge a hole
scavenger, is provided. [247]

As regards the source of the EPR signal, the peaks witly values lower than Lande
g-factor (ge = 2.0023) are assigned to trapped electrons, wheregshigher than 2.0023
are due to trapped holes. [31] In particular, Chiesa et al. [248] attributel the broad
and unfeatured signal (with a g value of about 1.93) to electrons trapped in the
external layers of the nanocrystals. All these trapping sites haveslightly di erent
local environment, hence slightly di erent EPR parameters. The other signal (g =
1.962, g = 1.992) was attributed to Ti®* in regular bulk positions. According to the
authors of this work, the corresponding low hyper ne coupling constan with 70 (<
2 MHz) demonstrates that this latter type of unpaired electron is quite delocalized
over several lattice sites (electron Bohr radius 15 A). Noteworthy, results are found
not to depend on the nanoparticles dimension in the range between 6 to 48m.

No signi cant di erences in the orthorombic g-tensor of the EPR signal from
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trapped holes were observed by Micic et al. [80] for nanoparticles of anatagghase
in the range between 2.5 and 30 nm in dimension. Furthermore, these ahbrs con-
cluded that the hydroxyls are not the hole trapping species and that te hole is,
instead, trapped to a O , which is bound to two titanium atoms with inequivalent

crystal eld splitting. More recently, Brezowa et al. [249] measured two distinct ax-

ial g-tensor for photoexcited holes in anatase nanoparticles (see Secti@h4.3): O, ,,
which is prevalently present (O hyper ne coupling constants are available) and O, ,,
which is likely to be closer to more positively charged ions.

Transient absorption (TA) spectroscopy is based on the measurement of th dif-
ferential absorption of irradiated and non-irradiated material samples. Usng this
technique it is possible to probe, on one side, the transitions beteen electron trap
levels and conduction bands, or, on the other side, between valence bds and hole
trap levels. In general, the estimated amount of electron/hole pairs in hese experi-
ments is less than 1{2 per metal oxide nanoparticle, in line with EPR ndings.

Recently, TA experiments in the mid-infrared were employed b determine the
nature of shallow electron traps in 15{20 nm photoexcited anatase nanoparti@s.
[250] They were unambiguously assigned to self-trapped electrons in ¢hbulk of the
nanoparticles and not to pre-existing defects. The radius of the polasn associated
to the electron trap was evaluated to be between 1 and 2 nm in an anatase gite
crystal. [251]

As regards deep traps, the transient absorption (TA) spectrum in the visible to
near-IR range of anatase nanocrystalline Ims with a grain size between 1&nd 20
nm, mainly exposing (101) facets, have been decomposed by Yoshihara et:4252] the
background spectrum was assigned to free electrons in the conductiorahd, whereas
the broad absorption bands centered at 520 nm (2.38 eV) and 770 nm (1.61 eV) were
attributed to trapped holes and electrons, respectively. Again, alsathe conclusion of
these authors are that trapped carriers are at the surface, because thewpidly react
with scavengers, whilst free electrons are prefentially trappedn the bulk.

Analogous measurements have been performed by Shkrob et al. [253] but for 4.6
nm agqueous anatase nanoparticles, with a quasi-spherical shape, whosarsient holes
and electrons were detected at the wavelenghts of 650 nm (1.90 eV) and 900 nth37
eV), respectively. Moreover, they observed that a small subset of dles are located in
the interior of the nanoparticles since they cannot be scavenged by adsbed species.

Also X-Ray absorption spectroscopy (XAS) can be used to probe photogenerated
electron traps. Using this technique with a 100 ps time resolution, Rtmann-Frank
et al. [254] found two types of photoinduced Tf* species in 20 nm faceted and 10
nm amorphous nanoparticles under UV irradiation. These were attributed to non-
symmetrically distorted six-fold and ve-fold coordinated Ti 3* sites. More recently,
femtosecond time-resolved XAS measurements were performed by Obaed al. [238]
on 7 nm anatase nanoparticles in aqueous solution. In these experimentspnduction
band electrons were found to localize either on shallow traps in the Wk or deep traps
on the ve-fold coordinated Ti sites.
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4.4.2 Electron trapping

In this section, we investigate the electron trapping process in rare detail by describ-
ing what happens when a single extra electron is present in the nanapticles. First,
one electron is added to the ground state geometry, then the system is lalved to
relax its structure in order to nd the closest energy minimum. Finally, the electron
trapping of selected sites on the surface of the nanoparticles have be studied by
structural optimization of distorted geometries, where all the Ti{O bond lenghts of
the TiO g octahedron of a speci c site have been elongated by about 0.A to favor
the localization of the excess electron.

Faceted nanoparticles

In the case of a faceted modelNC s), the vertically added excess electron is found
to be largely delocalized on the majority of the Ti sites (see model an Figure 4.6),
in a quasi-band state. When the atomic relaxation is allowed, the numbe of Ti
sites where the electron is delocalized signi cantly reduces andnly the atoms in the
central belt of the nanocrystal are involved (see model b in Figure 4.6) The energy
gain, i.e. the trapping energy, associated with the structural relaxation is of 0.21 eV.
Finally, the electron trapping on single sites may take place, whichis not necessarily
more favorable because of a larger positive distortion energy contributin (E gjst ).
Several distinct sites in the nanocrystal have been consideredanging from a Tisc on a
corner, Tisc on a (101) face, Ti. on an edge between two (101) facets, i subsurface
(see Figure 4.2a and Figure 4.5 for the nomenclature). Rather surprisigly, edge and
corner Ti sites (see models b and c in Figure 4.7) are not found to be invekd in the
trapping, since the E y4p is signi cantly less negative than the delocalized solution.
This is because only the Ti. on a (101) face (see model c in Figure 4.6) and the §i
in the subsurface (see model a in Figure 4.7) show a larger trapping engy (E tap
= 0.28 eV) than the electron delocalized in the layers in the central bk of the
nanoparticle (Core®°c,  0.21 eV).

In order to analyze the energy contributions to the trapping energy, the value of
E wap can be roughly decomposed in an energy cost due to the distortion ( Ejst )
and an energy gain due to the single occupation of a new Kohn-Sham state or 34D
( somo )- The best balance between these two quantities is found (see Tabl4.3) for
the two trapping sites mentioned above. In Figure 4.6¢, we represérthe Tis:. on a
(101) facet (see model c), which can be considered the best electromapping site,
since its electron localization (89% vs 77%) is higher than that of the T§. subsurface
electron trap, as shown by the spin density plot and by the projectel density of states
in panel c of Figure 4.8. All the other spin plots of the trapped electron areshown in
Figure 4.7.

In the case of the larger faceted modelNC ), even though trapping energies are
systematically lower or even positive due to a more stable and more detalized refer-
ence states, the same considerations described above about the relatistabiity and
the localization/delocalization degree of the bulk and surface sites apg. Further-
more, for this larger model, we were able to localize the excess et on a single
titanium ion in the deep core of the nanocrystal (model g in Figure 4.7 orTig2 in
Table 4.3). However, this electron trap is isoenergetic with the fre electron solution
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Table 4.3 { Trapping Energy (E ap ) for electrons at di erent sites for the three anatase

nanoparticles with B3LYP functional. The reference zero for E ap is obtained by adding
one electron with no atomic relaxation. The charge localizatio n (%electron), distortion

energy (E 4ist ) and eigenvalue of the unpaired electron state ( somo , respect to the bottom

of the CB) are also given. Electron A nity (EA) of one extra elect ron coming from the
vacuum is reported. The potential versus the Standard Hydrogen El ectrode (Usue ) has been
calculated using the approach in ref. [255] for B3LYP functional . No symmetry constrains are
imposed in the calculations. Energies are in eV. The sites nomenclature is de ned graphically

in Figure 4.2 and Figure 4.5 or in the text.

Position L E wap Yelectron E gist SOMO L EA LUSHE

Excess electron inNC g

Vertical 3.23 0.73
Tigamer 0.10 90% 1.26 1.07 | 3.33 0.63
Tiface 0.28 89% 1.10 1.20 | 3.51 0.45
Ti ggge 0.12 88% 1.19 1.03 | 3.35 0.61
Ti gubsurf 0.28 77% 0.64 0.88 | 3.51 0.45
Coredeloc 0.21 11% 0.03 0.24 | 3.44| 0.52
Excess electron inNC |
Vertical 3.42
Tigamer 0.10 90% 141 0.96 | 3.32 0.64
Tiface 0.09 89% 1.21 1.08 | 3.51 0.45
Tigare 0.00 46% 0.36 0.42 | 3.41 0.55
Ti gubsurf 0.09 78% 0.77 0.80 | 3.51| 0.45
Corefeloc 0.04 4% 0.12 0.11 | 3.46| 0.50
Excess electron inNS
Vertical 3.15 0.81
Ti garmer 0.09 88% 1.26 1.07 | 3.25 0.71
Tihoe No trapping
Ti4cOH No trapping
Tisc No trapping
Ti gubsurf 0.40 85% 0.85 1.11 | 3.55 0.41
Tigore 0.13 62% 0.47 0.61 | 3.28 0.68
Corefeloc 0.11 19% 0.17 0.26 | 3.26| 0.70

Excess electron inBulk Anatase
Bulk 0.23 80% 042  0.82 \ \
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Figure 4.5 { Position of the Ti atoms de ned as subsurface Tisc (Ti &% ) in the NC s
nanocrystal (top panel) and NS nanosphere (bottom panel).

(model f in Figure 4.7) and less stable than the one delocalized withithe core (model
g in Figure 4.7 or Coré®°¢ in Table 4.3).

Therefore, the energetics does not seem to considerably favor thdeetron trap-
ping on a single site with respect to the electron relaxation in the ore of a faceted
nanoparticle, which is quite interesting, given that an analogous calculaibn for a bulk
and slab model would favor the single site trapping with respect to @ll delocalization
in a crystal band state by 0.23 eV and 0.62 eV, respectively. [73]

From this analysis of the electron traps in the TiO, nanocrystals, we may draw
the conclusion that the delocalization of the excess electron withirthe nanoparticle
produces a quite stable large polaron, involving about 3 to 5 titanium atonic lay-
ers and extended from the center to the borders of the faceted nanopades. This
partially localized solution cannot be simply observed in periodic hulk and surface
models because of the in nite character of bands. Then, if the elecbn migrates to
the surface, it can be deeply trapped, with a small energy gain with repect to shallow
trapping in the core.

Finally, in Table 4.3 the intrinsic redox potentials versus the Standard Hydrogen
Electrode (Usne) are reported for all the electron traps, as computed using the ap-
proach by Zhang et al. [255] for B3LYP functional. As one would expect, the highe
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Figure 4.6 { Front and top view of the 3D plots of spin density of trapped elec trons in
NC s nanocrystal (top panel) and in NS nanosphere (bottom panel), as obtained with the
B3LYP functional. Below each structure the isovalue of corresponding 3D plot and the
energy gain (E wap ) relative to the vertical addition of an excess charge are given. The

sites nomenclature is de ned graphically in Figure 4.2 or in the text.
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the trapping energy the less negative is the electrode potential, isce the trapped
electron is less reactive. In all the cases, however, the potentias lower than zero,
hence all the Ti** species would be able to reduce water to hydrogen in an acidic
environment.

Figure 4.7 { Additional front and top views of the 3D plots of spin density of trapped
electrons in NC s and NC ( nanocrystals (top panel left and bottom panel, respectively)
and in NS nanosphere (top panel right). Below each structure the isovalue of each 3D plot
and the energy gain (E ap ) relative to the vertical addition of an excess charge are given.
The sites nomenclature is de ned graphically in Figure 4.2 and F igure 4.5 or in the text.

Spherical nanoparticles

For a spherical nanoparticle NS), the excess electron is found to be fully delocalized
on all the titanium atoms, except those in the most external atomic shell This
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Figure 4.8 { Simulated total (DOS) and projected (PDOS) density of states on d i erent
oxygen and titanium atoms, as obtained with the B3LYP functio nal, of: (a) the neutral
NC s, (b) NC s with an additional electron and (c) NC s with an additional hole in their
best trapping site; (d) the neutral NS, (e) NS with an extra electron and (f) NS with an
extra hole in their best trapping site. A 0.001 eV Gaussian broad ening has been employed.
The zero energy is set to the vacuum level. The sites nhomenclatue is de ned graphically in
Figure 4.2 and Figure 4.5 or in the text.

behaviour is di erent from that of NC s and NC | and it is clearly described by the
comparison between the spin density plot of model a and d in Figure 4.6. \Wen
structural relaxation is allowed in the presence of the extra eleain, the spin density
mainly localizes on three titanium atomic layers, with an associated eergy gain of
0.11 eV (see model e in Figure 4.6 and trapping energy for Cot&°¢ in Table 4.3).
Lastly, the localization of the extra electron on a single atomic site has ao been
studied, as reported in Table 4.3 for theNS model. Unexpectedly, although several
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Ti4se and Tise sites were considered, no trapping was observed, except for a tiny
trapping energy ( 0.09 eV) in the case of a four-fold titanium atom at the equator
of the nanosphere (see T{"*" in Figure 4.7e). On the contrary, the most favorable
trapping site is determined to be a Tig. in the subsurface of the nanosphere (see model
fin Figure 4.6) with a E 5 oOf 0.40 eV. The large electron localization indicated
by the atomic spin density at this trap (85%), given in Table 4.3, is corroborated also
by the PDOS reported in Figure 4.8. No other trapping site is found to becompetitive
with this one (see Table 4.3). Interestingly, unlike faceted nanoparicles, in the case of
nanospheres the electron delocalization at the core of the nanoparticles¢e Coré®'°c

in Figure 4.7 and Table 4.3) seems to be less favorable if compared to futicalization
on a subsurface site: 0.11 vs 0.40 eV.

Finally, if we focus the attention on the electron a nities (EA) in Tab le 4.3, we
can directly compare electron trapping sites of nanoparticles with dierent size and
shape NC s, NC | and NS), since for EA there is a common reference, which is the
vacuum. One can observe that the range of energies of the EA values is rathemall:
from 3.25 to 3.55 eV, regardless of the dimension and morphology of the nanoparte|
which indicates similar trapping abilities of the three nanoparticles under study.

Trapping centers

In this paragraph, the geometry of the electron trapping site is analyzedand compared
to reference sites with the same coordination pattern: a six-fold gordinated Ti atom
in the anatase relaxed bulk (Figure 4.9a), a ve-fold coordinated Ti atom on the
(101) anatase surface (Figure 4.9b) and a four-fold coordinated Ti atom a corner of
a nanocrystal (Figure 4.9¢). In particular, we focus our attention on bonddistances
in the reference sites and in the nanoparticle ones once that the el#on has been
trapped. For both the nanocrystals and nanospheres, we observe that thelectron
trapping process causes a general elongation of the bond distances in tbeder of 0.1
A, especially of those bond lenghts in the plane of the titaniumd orbital hosting the
excess electron. On the contrary, variations of the bond angles with rgeect to the
original site are more subtle and the most signi cant ones are the widenigs of the
01{Ti{O3 angle and O2{Ti{O4 angle for the Ti ° and Tiy sites, respectively.

Note that the a four-fold Ti trapping sites (right side of Figure 4.9) are present only
in nanoparticles, such adNC s and NS. Here, the angle distortion is more pronounced,
whereas the bond elongation is smaller and both e ects are caused by the abnce of
a second coordinating (and repulsive) oxygen atom.

Comparison with the experiments

Regardless of the nanoparticle shape and size, we could always identépergy minima
for both shallow (delocalized) and deep (localized) self-trappingstates for electrons,
which involve dy, states of Ti atoms in the lattice. One should expect to measure
high values of electron paramagnetic (EPR) hyper ne coupling constantswith the
next-neighboring 1’0 nuclei for deep traps and low values for the shallow ones. As
a matter of fact, the isotropic component of the hyper ne interaction is proportional
to the density of spin on the s functions of the magnetic nucleus according to the
following equation:
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Figure 4.9 { Ball-and-stick representation and spin densities (isovalue = 0.03 a.u) of the
principal trapping sites of an extra electron in NC s (d, e, f) and NS (g and h), together
with relevant bond lenghts and angles. As reference, the geometrcal parameters for a a)
Tiec Of an anatase bulk; b) Tisc of an (101) anatase slab and c) Tisc at the corner of NC s
are shown in the top panel. The dashed green line indicates the dhedral between the planes
O3{Ti{O2 and O2{Ti{O1. The nomenclature of the sites is de ne d graphically in Figure
4.2 and Figure 4.5 or in the text.

diso = 2§09N NOe B N Si (4.1)

where h i is the electronic density on the nucleusge is the Lance g-factor, gy is
the nuclear g-factor and g and p are the Bohr and nuclear magnetons, respectively.
The amount of spin on the magnetic'’ O nucleus would be higher the more the electron
on the next-neighbouring Ti atom is localized.

Indeed, we observe that when the electron is highly localized in aekp trapped, the
calculated hyper ne coupling constants with 1”0 are very similar to those computed
for a model Ti®* (H,0)s, [256] whereas the isotropic coupling constant signi cantly
decreases when the electron is delocalized over many titanium s, in better agree-
ment with EPR experimental parameters for small anatase nanoparticles s, < 2 in
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Table 4.4).

Table 4.4 { Computed (B3LYP) and experimental hyper ne Fermi contact term w ith
0 (aiso, in MHz) for Ti ** (H,0)e cation and for localized/delocalized models of one extra
electron in anatase faceted and spherical nanoparticles. The dgree of localization is reported
in % of an electron.

L System L Site Localization &5, Reference
Ti%* (H20)s - 100% 6.7 [256]
NG Tig® 46% 6.3 This work
Calculated - Coredeloc 4% 1.4 This work
NS Tigle 62% 6.7 This work
Coredeloc 19% 3.9 This work
= : -
Experimental (Ti®" )agq Locahz_ed 7.4 [256]
Anatase NP - Delocalized <2 [248]

As regards the trapping energies with respect to a free electron inanduction band
(CB), the computed values are in line with the experimental values shallow traps are
found to be in the range between 0.04 to 0.20 eV, [239{242] whereas [, for deep
traps can reach 0.40 eV. [243{245] The best sites for electron trapping are surfac
ve-fold coordinated and subsurface six-fold coordinated titanium atoms, in both
faceted and spherical nanoparticles, in line with the results from XRay absorption
spectroscopy. [254]

Lastly, we wish to compare the excitation energies associated with edtronic transi-
tions between the electron trap and the CB, as computed with the trangtion level ap-
proach (see Computational Details in Section 4.2), with the experimenal absorption
energies from transient absorption (TA) spectroscopy. [252,253] The opticalransi-
tions for electrons and holes trapped in the core and on the surface of theamocrystals
and nanospheres are given in Table 4.5.

For faceted nanoparticles, as discussed above, the i is found to be the best
trapping site for electrons. The computed transitions from this trap state to the CB
minimum are 1.38 and 1.30 eV forNC s and NC , respectively, which are slightly
lower than the experimental transition of 1.61 eV observed with transent absorption
spectroscopy (TA) for Ims of anatase nanoparticles exposing mainly (101) faets.
[252] This underestimation may be caused by the fact that the electrons initially
trapped in a dy, state (t,4 state) and the nal states which have the correct symmetry
for a permitted transition (e ¢) are found to be (see the PDOS in Figure 4.10) at least
0.5 eV above the CB minimum.

For spherical nanopatrticles, the best electron trap is the Tg; in the subsurface
(see Figure 4.5). The calculated transition from this trap state to the CB minimum
is 1.25 eV, which is consistent with the experimental value of 1.37 eV, nasured by
TA spectroscopy of aqueous spherical TiQ nanoparticles. [253]

It is worth noting that the electronic transitions from electron traps in the core or
in subsurface layers are characterized by quite low excitation enmgies, especially in
the case of an electron trapped in the core (T§'"®).
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Table 45 { Computed (B3LYP) and experimental optical transitions (in eV ) between
the electron trap levels and the conduction band minimum (CBM) , "°P* ( 1=0;e), and the
valence band maximum (VBM) and the hole trap levels, "°" (+1 =0;h), for the three anatase
nanoparticles under study. Calculated transition for the bestt rapping electron/hole trapping

sites are evidenced in bold. The sites nomenclature is de ned gaphically in Figure 4.2 and
Figure 4.5 or in the text.

Optical . Trapping
Transition Location Site NCs | NC NS
e shallow | 0.24 | 0.16 0.28
Core i core
frome trap Tige - 0.37 0.60
to CBM Surface Tigore 0.91 | 0.87 1.25
"OPL( 1=0;e) Tiface 1.38 | 1.30 -
Experimental 1.61 [252] 1.37 [253]
from VBM Core Ogre-ax 244 | 2.32 2.07
toh tap | 03¢ > | 2.65 | 2.69 2.38
vt (+1=0;h) | PUTACE | gse e | p5p | 2.59
Experimental 2.38 [252] 1.90 [253]

Figure 4.10 { Total (DOS) and projected (PDOS) density of states on Tit ¢ and gy states
of the NC s nanocrystal with an extra electron in Ti 2 site. The black line shows the inset

of the titanium e ¢ band, which starts about 0.5 eV above the bottom of the conduct ion
band.
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4.4.3 Hole trapping
Faceted nanoparticles

The addition of an electron hole, i.e. the removal of an electron, in a faded nanopar-
ticle (NC s) results in a delocalized hole within two full oxygen layers at the center
of the nanocrystal (see model a in Figure 4.11). However, when atomic r&kation is
allowed, the delocalization is completely quenched and the hole flyl localizes on a
single three-fold coordinated oxygen atom in the core of the nanocrystah axial posi-
tion with respect to the innermost Ti atom, with a signi cant associat ed energy gain
of 0.97 eV (see @'¢-* in Figure 4.11b). In the case that the hole has enough energy
to overcome the barrier for di usion, which was estimated to be of about0.5 eV, [79]
it may migrate to the corner of the nanocrystal (O52M¢") with a further energy gain
of 0.11eV (E wap = 1.08eV). The spin density of the hole is shared between two
oxygen atoms this corner site: an Q. and an Oz, as clearly evidenced by the spin
plot in model ¢ of Figure 4.11 and in panel f of Figure 4.13. Other possible, Kuless
e ective, oxygen sites for hole trapping have been considered, with are represented in
Figure 4.12 and reported in Table 4.6, together with the distortion energies (E gist )
and the Kohn-Sham energy of the unoccupied one-electron state correspding to the
electron hole. Similar results are obtained for the larger nanocrystalIC | ), as given
in Table 4.6 and represented in Figure 4.12: the migration of the excess helis found
to be a favorable process also for the larger faceted nanoparticle, buthe trapping
energies are systematically shifted by 0.1 eV.

Spherical nanoparticles

For spherical nanopatrticles, due to the lower degree of order and cryatlinity, the
removal of one electron from the neutral ground state structure, i.e. he vertical
ionization, involves only a limited portion of the nanoparticle, as shownby the spin
density plot of model d in Figure 4.11. This solution cannot be considereda de-
localized band-like state and, thus, it should not be used as the zeroeference to
calculate the trapping energies of the di erent hole trapping sites(E 4p ), as was
done in the case of faceted nanoparticles. Therefore, in the case of thelk traps
for the TiO, nanosphere, we will not employ trapping energies for the comparison
but adiabatic ionization potentials (IP 29), which have a common reference that is the
vacuum energy, i.e. the energy of an electron at in nite distance from he system.
As a matter of fact, trapping energies and IP correlate: the smaller the adiabatic
ionization potential, the larger is the trapping energy of the site unde consideration.
In the bulk-like core of the spherical nanopatrticle, we observe that he hole almost
fully localizes (90%) on a three-fold coordinated O atom bound in axial pogion to
the innermost Ti atom (0 52®-2). The IP2 for this trapping site in the core of the
NS is 7.68 eV. Then, if the hole has enough energy to overcome the di usion baer,
it may migrate to the surface. On the nanosphere surface, various type of oxygen
species exist, as represented Figure 4.2. The best trapping siterfa hole is found to
be a 2-fold coordinated O atom, which bridges a Tj. and a Tig. atoms (IP24 = 7.52
eV), see ng ¢ in panel f in Figure 4.13. The energy necessary for the structural
distortion (E g4ist) to obtain this stable trapping site is larger than the one for the
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Table 4.6 { Trapping Energy (E wap ) for an extra hole at di erent sites for the three

anatase nanoparticles with B3LYP functional. The reference zero for E wap is obtained
by removing one electron with no atomic relaxation. Their charge localization, distortion

energy (E 4t ) and eigenvalue of the hole state ("nhoe ) With respect to the valence band
maximum are also given. Adiabatic lonization Potential (IP ) of the most external, less
bound, electron to the vacuum level is reported. No symmetry constrains are imposed in all
the calculations. Energies are in eV. The sites nomenclature isde ned graphically in Figure

4.2 or in the text.

Hole addition in NC g

Vertical 8.70
Oface 0.77 95% 1.75 2.32 7.93
ogamer 1.08 66%/33% 1.67 2.35 7.62
0gdae 0.54 71%/29% 1.82  2.06| 8.16
Oogare-ax 0.97 91% 1.47 249 7.73
Qgore-eq 0.59 83% 1.30 1.88 8.11
Hole addition in NC s{OH
Tise{OH | - 70%/30%  2.21  2.75| 7.72
Hole addition in NC |
Vertical 8.64
ogomer 1.01 66%/33% 1.78 2.35 7.63
ogure-ax 0.84 90% 1.48 232 7.80
Hole addition in NS
Vertical 8.34
o‘z‘g 6c 89%/11% 1.78 1.96| 7.74
ogg 6c 92%1/8% 1.77 2.18| 7.52
Ogore-ax 90% 141 1.98| 7.68
Tisc{OH No trapping
Ti4.{OH No trapping

Hole addition in NS{OH
Tis.{OH \ - 85%/15% 241 2.02| 7.81
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Figure 4.11 { Front and top views of the spin density 3D plots of an extra hole i n NC s
nanocrystal (top panel) and NS nanosphere (bottom panel) for the principal trapping sites,
as obtained with B3LYP functional. Below each structure the iso value of corresponding 3D
plot and the energy gain (E s in Table 4.6) relative to the vertical addition of an extra
positive charge are given. The sites nomenclature is de ned graphically in Figure 4.2 or in

the text.
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Figure 4.12 { Additional front and top views of the 3D plots of spin density of trapped
holes in NC s and NC | nanocrystals (top panel left and bottom panel, respectively) a nd
in NS nanosphere (top panel right). Below each structure the isovalue of each 3D plot and
the energy gain (E wap ) relative to the vertical addition of an excess charge are given. The
sites nomenclature is de ned graphically in Figure 4.2 or in the text.

Ogsc site at the core of the nanoparticle (1.77 vs 1.41 eV). However, the energy gain
evaluated with the energy level of the hole state (hoe) With respect to the valence
band maximum is also larger (2.18 vs 1.98 eV), as reported in Table 4.6 and Figure
4.8. We consider also a second type of £ between a Ti and a Tig. (see model d
in Figure 4.12) which is found to be a competitive trapping site (IP = 7.74 eV) but
less e cient than the O 5. between a Ti. and a Tigc.
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Focusing the attention on the adiabatic IPs in Table 4.6, we can make a diret
comparison between hole trapping sites in di erent nanoparticles NC s, NC | and
NS), since, as mentioned above, the ionization potentials have a common ference,
which is the vacuum level. We observe that the IP energies, considiag all nanopar-
ticles of various dimension and morphology, are in the range between 7.52 and1®
eV and the nanosphere seems to have a higher ability trap a hole. The nate of the
most stable trapping sites on a faceted and on a spherical nanoparticle idi erent:
for NC s and NC | it is an O, bound to a Tisc at the corner of the decahedron
(OSemery, whereas forNS it is an Oy bridging a Tis. and a Tig. ion (O35 ©°).

Trapping centers

Analogously to the electron trapping centers, in the upper part of Figure 4.13 we
report the bond distances and angles for the reference oxygen sitestine bulk (three-
fold coordinated oxygen atom in Figure 4.13a), at the anatase (101) surface (twosfd
coordinated O atom in Figure 4.13b) and at a corner of a nanocrystal (two-fold
coordinated O atom in Figure 4.13c). In the middle and bottom panels, the hoé
trapping sites for nanocrystals and nanospheres, respectively, ahown. The highest
structural distortion is found for the O 5. at a corner site in the nanocrystals: both Ti{
O bonds are elongated by more than 0.JA, whereas the O{O distance is signi cantly
shortened (from 2.45 to 2.22A). For all the other O 5. trapping sites, only Ti{O bond
lenghts are elongated. In the case of § species, upon hole trapping, Ti{O bonds are
considerably longer (e.g. Ti{O4 increases by about 0.3A) and the Ti{O{Ti angle
decreases by 5

Hydroxyl groups

Lastly, we focus our attention on the OH group, which is likely to be comnon in
aqueous environment and which might be a stable hole trapping site. Hoewer, de-
spite the many attempts, the hydroxyl groups, already present on thesurface of the
nanosphere, i.e. Ti.{OH and Ti 4,{OH sites in Figure 4.2 and Table 4.6, could not
trap an electron hole. Instead, an hydroxyl group bound to a fully coordnated ti-
tanium ion (Ti scOH) may be a stable hole trapping site, since it would be more
electron rich than an OH bonded to a lower coordinated Ti. Nonethelesson the
surface of both faceted and spherical nanoparticle used there are no hyakyl bound
to Tisc sites, hence the addition of a dissociated water molecule is needéd obtain
a Tisc{OH (see models in Figure 4.14).

As reported in Table 4.6, we observe that the hydroxyl bound to a ve-coordinated
titanium atoms is able to trap e ciently an extra hole both for a nanocrys tal and for
a nanosphere.

In particular, in the case of the nanocrystal (NC s), by comparison of the adiabatic
IPs in Table 4.6, we have found that the additional hydroxyl group on a Tisc (NC s{
OH ) shows a trapping ability intermediate between that of an O,; on a (101) surface
(Of8ce, 7.72 vs 7.93 eV) and that of the Q. at a corner site (O2™e", 7.72 vs 7.62 eV).
The electron hole is mainly localized (70%) on g orbital of the oxygen atom of the
OH group and it is partially shared (30%) with a neighbor Oz, species, as evidenced
by the 3D spin plot ¢ in Figure 4.14.
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Figure 4.13 { Ball-and-stick representation and spin densities (isovalue = 0.01 a.u.) of
the main trapping sites for an extra hole in NC s (d, e, f) and NS (g, h, i), together with
relevant bond lenghts and angles, as obtained with the B3LYP fu nctional. As reference, the
geometrical parameters for an a) Osc of an anatase bulk; b) O,c of an (101) anatase slab and
c) Oy at the corner of NC s are shown in the top panel. The sites nomenclature is de ned
graphically in Figure 4.2 or in the text.

For the nanosphere, the trapping ability of the additional OH species NS{OH )
is found to be lower than that of any other oxygen species on theNS, because the
IP is calculated to be 7.81 eV, which is 0.29 eV higher than the IP of the mosstable
trapping site (03¢ °). In this case, the hole highly localizes on & state of the O
atom in the OH group (85%) with a small portion of the hole delocalized on a naghbor
O3; atom (15%), as clearly shown by the 3D spin plot h in Figure 4.14.

Upon hole trapping, the Ti{O bond lenght becomes longer (from 1.79 to 2.07A
in NC s{OH and from 1.79 to 2.16A in NS{OH ), while the OH bond undergoes
a tiny elongation (from 0.974 to 0.991A in NC s{OH and from 0.973 to 0.986A
in NS{OH ). In the neutral nanoparticles the states of the lone pairs of the hydrayl
are not at the top of the oxygen 2 valence band (see panels a and e of Figure 4.14).
Upon the removal of an electron, the hole is formed (see panels b and f in ¢re
4.14) and a new empty level is formed in the middle of the band gap. Consg&ting
the projection of the DOS on the atoms of the OH bound to Tis¢ it is clear that the
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Figure 4.14 { Simulated total (DOS) and projected (PDOS) density of states on a Il the
OH groups of the nanoparticle and on the specic trapping site, a s calculated with the
B3LYP functional, for the neutral NC s and NS nanoparticles (a and e respectively) and
for the same nanoparticles with an additional hole on the OH grou p (b and f). A 0.001 eV
Gaussian broadening was used. The zero energy is set to the vacum level. Ball-and-stick
representation of a magni ed portion of the neutral TiO , anatase faceted nanoparticleNC s
(c) and nanosphereNS (g) containing the extra OH bound to Ti sc, highlighted in blue. Spin
density 3D plots (isovalue = 0.005 a.u.) of the OH group when an electron is removed and
the hole localizes on the hydroxyl group (d,h) are also given.
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hole state is almost fully localized on the atoms of the hydroxyl.

Finally, if we compare the ionization potential energies forNC s{OH and NS{OH ,
7.72 vs 7.81 eV, we observe that these values are very close, because thencdital
nature of the two Tis.{OH species in the dierently shaped nanopatrticles is very
similar.

Comparison with experiments

Despite the many attempts, we could localize only deep hole traps, ifine with the
experimental measurements, where shallow hole traps were not obsed. [23] The
self-trapped hole at an Q. site on the surface of both nanocrystals and nanospheres
is the most stable. The calculated vertical electronic transition at this defect site is
between 2.65 eV and 2.69 eV for faceted nanoparticles, in good agreement tvithe
reported TA transition of 2.38 eV. [252] In the case of spherical nanoparticleswe
computed a vertical transition from the VBM to the trap level of 2.59 eV, which is
rather di erent from the experimental value of 1.9 eV by TA spectroscopy reported
in literature. [253] This discrepancy may be related to the fact that these experiments
were conducted on TiQ, nanoparticles in an aqueous environment. Indeed, as we will
discuss in detail in Section 4.5, the presence of water molecules dototo the surface
of the nanoparticle may enhance the trapping ability of the hydroxyl groups, through
binding as a ligand to Ti{OH or H-bonding to the hydrogen of the OH.

Figure 4.15 { Ball-and-Stick representation of the Ti 200ss 4 H,O cluster used for g- and
A-tensor calculations. The oxygen atoms where the hole has been trapped are indicated by
black arrows.

Neverthelss, the g- and A-tensor calculated for the self-trapped holepecies (see
Table 4.7) are in more than satisfactory quantitative agreement with the ones reported
in the experimental literature. [80,248,249] This means that the computatonal models
provide the correct degree of localization/delocalization of unpaired kctrons. Note
that the g-tensors have been calculated with the Gaussian09 code, as si@ibed in
Section 4.2, using a smaller cluster, shown in Figure 4.15, carved fromhé faceted



130 4. Photoexcited Carriers Recombination and Trapping in Anatag@,
Nanocrystals versus Nanospheres

Table 4.7 { g{tensor and hyper ne coupling constants (hpcc, in G) tensor with 70O,
decomposed as the Fermi contact term (&so, ) and the dipolar tensor (B) for an excess hole
at the O sjte in the Ti200ss 4 H»O cluster, as calculated at the B3LYP/EPR{I level.
Corresponding experimental data from literature for anatase nanopa rticles are also given.
The sites nomenclature is de ned graphically in Figure 4.2 or in the text. Hyper ne coupling
constants with 17 O for the various hole trapping sites in NC s and NS, as calculated with the
CRYSTAL14 code, are also given. The sites nomenclature is de ned graphically in Figure
4.2 or in the text.

Position Lgxx Oyy Ozz Laiso Baa Bbb  Baa
TipeOss 4 H,O cluster (Gaussian09)
sore 2.004 2.015 2.019 12 43 42 85
osur 2.006 2.017 2.020 12 43 43 86
Experimental
Exp. O,, [249] | 2.004 2.019 2.019 24 41 41 82
Exp. O,, [249] | 2.004 2.014 2.014
Exp. O [248] | 2.003 2.015 2.027
Exp. O [80] | 2.007 2.014 2.024 22 41 41 82
NC s (CRYSTAL14)

Oface 36 45 45 91
ogarmer 30 36 36 72
Oflee 30 38 38 75
Sore .ax 38 45 45 90
ogore-ed 36 42 42 84
NS (CRYSTAL14)
03¢ ©° 35 87 43 44
03¢ ¢ 35 44 88 44

gore ax 38 89 44 44
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nanocrystal and preliminary optimized with the CRYSTAL14 code. On the 0§ and
0% sites, which are analogous to the ones dfIC s nanocrystal, an electron hole was
then localized by Gaussian09 optimization and the EPR parameters wereanputed.

4.4.4 Distorsion due to the nanosize and trapping

In this section we will discuss the bond lenght distortions due to he nanoparticles
size and how they may in uence the energetics of the charge trappingrocess. As
detailed in Section 3.3.3, in small faceted nanopatrticles the close presce of surfaces,
edges and corners a ects the Ti{O and Ti{Ti bond distances with respectto the bulk
values, even in the core of the nanocrystal. We shall recall that, withthe present
computational setup and the B3LYP functional, the Ti{O equatorial and axial bon d
distances in the relaxed bulk anatase TiQ are 1.94 and 2.00A, respectively, and the
Ti{Ti equatorial distance is 3.79 A.

In Figure 4.16, the compression/elongation of the equatorial Ti{O bond lenghts
in several xy layers of NC s are graphically shown by color-coding, together with
relevant equatorial Ti{Ti distances. The values of these Ti{O and Ti{Ti d istances
are related to the electron trapping process since, as we have densirated in Section
4.4, it involves the d,, orbitals. Note that these plots, as well as the ones in 4.17 have
been generated with the procedure described in the Computational Btails in Section
4.2.

Considering the rst layer (Figure 4.16a), which corresponds to the entral one of
the NC , we can clearly observe that a Ti; atom at the border of the layer causes
a shortening of the Ti{O bond underneath (red), which is counterbalanced by an
elongation (blue) of the O{Tig. in the next inner bond. Similarly, following the
Ti{O{Ti line towards the core, the subsequent Tig.{O distance is contracted, while
the last OfTi g2 is almost una ected. On the whole, there is a compression of the
innermost Ti{Ti distance to 3.72 A, which is signi cantly shorter than the one in the
bulk (3.79 A). A shorter Ti{Ti distance reduces the possibility of the Ti{O bonds
elongation, which is a necessary structural modi cation for the e cie nt trapping of
an excess charge on titanium (electron) or on oxygen (hole) atoms. Furthenore, as
shown in the previous sections, the extra charge has a tendency tmdalize on a Ti
dyy, or on an O p, (or py) orbital, hence the trapping process is very sensitive to
equatorial distances. Therefore, we can argue that this short Ti{Ti distance provides
a reason why no charge localization could be observed on the §i® site of NC s and
the energy gain for hole trapping in G52'°*% was lower than that computed for bulk
anatase.

At the corner of the rst layer, in correspondence to the TiG2™" trapping site, we
observe the highest shortening of the Ti{O bond ( 0.16A) and Ti{Ti distance (to 3.65
A). This high compression can explain the large distortion energy ( E 4ist ) and the
low trapping energy calculated for this site and detailed in Section 4. Similarly, at
the edge site in the fourth layer (Figure 4.16d, TE2%) the neutral starting geometry
is unfavorable for electron trapping because of a similar contraction of he Ti{Ti
distance along the left-right direction (3.65 A) and of two equatorial Ti £29°{O bond
lenghts out of three (red cylinders).

At the upper and lower borders of the second layer, there are @ species instead
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Figure 4.16 { Graphical representation of the elongation/compression of the bonds within
four layers of the NC s nanocrystal from the B3LYP bulk values for equatorial and axial
distances, respectively. The elongation is given in shades 6 blue, the compression in shades
of red, as indicated by the color scale close to each panel. Tianium atoms are colored
according to their coordination patterns, following the color ¢ ode on the upper left. Oxygen
atoms are represented as small white balls. Atoms (labeled as inFigure 4.2 and 4.5) where
the charge is highly localized are circled in blue (for electrons) or red (for holes). Distances
between titanium atoms are in A.
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of Tisc ones (Figure 4.16b). In this case, along the up-down direction, the e et on
the bulk-like distances in the core is opposite to the one of the rstlayer and the
innermost Ti{Ti distance is signi cantly longer (3.86 A) than in bulk anatase TiO ;.
This is likely to be the reason why the hole is better trapped in G2"¢-®*, with higher
energy gain with respect to J,."°-°? and the Oz site in bulk anatase. In the same
layer but in the other direction (left-right), the opposite tende ncy is observed with
short Ti{Ti distance (3.73 A) in the core of the nanocrystal. This is caused by the
layer termination composed by Tisc atoms.

In the third layer (Figure 4.16c¢), an analogous but even improved behawr than in
the second layer can be noticed, since the opposite facets are closathwshorter Ti{
O{Ti chains from the borders to the inner part. As a matter of fact, in the up-down
direction (Ti sc{terminated) the distortions compress the innermost Ti{Ti distance
to 3.70 A, whilst the same distance in the left-right direction (O yc{terminated) is
3.86 A. Furthermore, Ti 5.{Ti 5. distances at the border are elongated, because the
left-right lines terminate with O . species. This can explain why the T is a good
electron trapping site, since two out of three Ti{O distances in the equatorial plane
are already elongated before electron trapping. Similarly, also the T*U"" site shows
a good starting point for trapping an electron, because three Ti{Qq bond lenghts
out of four are stretched in the neutral geometry.

In Figure 4.17, a graphical representation of the polaronic distortions of thenanopar-
ticle lattice for the electron (b and e) or hole (c and f) trapping on single sites sites
in NC s and NS, respectively, is given. A polaron is a quasi{particle which collec-
tively describes the structural distortion (polaronic distortion) of a lattice due to the
localization of an excess charge. The polaronic distortions related to shiaw electron
traps in NC s and NS are also shown for comparison (a and d). In these 3D plots,
the sticks representing the bonds are colored according to the relate elongation
(blue)/contraction (red) with respect to the corresponding relaxed neutral geometry
of the nanoparticle, whereas atoms are described by spheres of increagidiameter
and darkness according to the amount of spin, i.e. excess electron or legllocalized
on each atom.

As regards faceted nanoparticles, as already detailed in Section 4.4, the @ss
electron in Core®°¢ (see Figure 4.17a) is completely delocalized on the central three
xy layers of the belt of the nanocrystal. Nonetheless, here we may also sérve that the
structural distortions are small (less than 0.02A in absolute value) but they involve a
large part of the nanopatrticle: in particular, all the bonds of the central layers and all
the Ti{O bond lenghts along the vertical direction of the nanocrystal, with alternating
elongation (blue) and contraction (red) e ects. On the contrary, when the electron is
trapped on a single site (see model b in Figure 4.17), the structural ditortion is much
more localized and a ects only a very small region of the nanocrystal. Theradius of
this polaron is about 0.5 nm. Similarly, for the trapped hole (see model dn Figure
4.17), the polaronic distortion involves only a portion of the faceted nanopatricle close
to the corner and the size of the polaron is below 1 nm in size.

As regards spherical nanopatrticles, the delocalized electron (see &l d in Figure
4.17) is slightly less delocalized than in the nanocrystal: the atomic gin density is
not present in the outermost part of the three xy layers of the nanosphere involved in
the hosting of the electron spin. In this case, the polaronic distortons are larger in
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Figure 4.17 { Graphical representation of the elongation/compression of the bonds due to
the polaronic distortion associated with the charge trapping in the NC s nanocrystal and
NS nanosphere. These 3D plots are obtained comparing the neutral BLYP geometries
with the ones with an excess trapped charge. The elongation is gven in shades of blue, the
compression in shades of red as indicated by the color scale clege to each panel. Titanium
and oxygen atoms are shown as spheres with a radius and color relagd to the degree of spin
localization on each atom, according to the legend in the top ri ght. The sites nomenclature
is de ned graphically in Figure 4.2 and 4.5 or in the text.

absolute value with respect to the nanocrystal, but con ned only in the central three
layers. When the electron is trapped on a single Ti center (see mad e in Figure
4.17), only the next-neighbor titanium ions are involved in the trapping process and
the structural distortion a ects the bond distances within a radius of about 0.5 nm.
Lastly, in the case of the trapped hole (see model f in Figure 4.17), the lmalization

of the excess charge on the @ site is very high in terms of spin localization and
in terms of polaronic distortion, since they involve only the rst shell around the

trapping oxygen atom, within a distance of less than 0.5 nm.

4.5 E ect of water on the hole trapping ability

As discussed above, a terminal hydroxyl group may trap an electron holeaven though
its trapping ability is lower than that of a bridging oxygen on the surface of the
nanoparticles. However, the presence of water layers may stabilizéhe hole trapped
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at an OH group.

In order to elucidate the role of water on the charge carriers dynamics, & present
a combined theoretical and experimental study in collaboration with research groups
in Japan led by prof. Y. Matsumoto, which performed all the measurementsof the
water-dependent steady-state and transient infrared spectra of wiefaceted and spher-
ical TiO , samples. Firstly, the computed energetics and vibrational structue of ad-
sorbed water at increasing coverage on decahedral and spherical TiGhvanoparticles
are compared with pressure-controlled steady state infrared speatiscopy data in order
to determine shape-dependent di erences in the water adsorptiormodes. Secondly,
the combination of this information with the calculated hole trapping abi lities and
experimental transient absorption (TA) spectra as a function of the water coverage
allows to elucidate the role of additional water on hole trapping.

4.5.1 Vibrational analysis

Three di erent types of anatase TiO, nanoparticles were used for the experiments:
decahedral anatase particles (DAPS), [257] octahedral anatase particles (OAF), [258]
and commercially available anatase nanoparticles (ST-01 of Ishihara SangyoHigh-
resolution transmission electron microscopy (TEM) images of the threenanopatrticles
are given in Figure 4.18: DAPs (panel a) show both the most stable (101) and (001)
anatase facets, whereas only the (101) one is observed in the TEM image of OAPs
(panel b); on the contrary, ST-01 (panel c) particles do not have any facts with low
Miller indices, but they present curved surfaces.

In Figure 4.18d, we show the di use re ectance infrared Fourier trandorm (DRIFT)
spectra for the three nanoparticles as a function of water-vapour presse. All of the
three titania samples show three prominent absorption bands at 1500{1700, 2600{
3650 and 3600{3750 cm?, which can be attributed to H,O bending, hydrogen-bonded
OH-stretching, and free OH-stretching bands, respectively. Forfee OH we intend the
surface hydroxyls or water adsorbates that are not involved in hydrogen boding. The
H,O bending band is derived from molecularly adsorbed water, whereas thlatter two
bands are contributed both from molecularly adsorbed water and surface @ groups.
The water adsorbates responsible for the DRIFT spectra at P 0.01 Pa are strongly
bound species, [195] which we call hereafter Aspecies. Furthermore, through the
analysis of the temperature dependence of adsorbate coverage under an agsion-
desorption equilibrium [195] at 0.01 Pa, we estimated that the adsorption eergies of
the Ag species are in the range of 1.0{1.9 eV.

At P = 100 Pa, the surfaces of the three samples of nanoparticle are covered
by 1 monolayer of additionally adsorbed water molecules. The di erencespectra
between 100 and 0.01 Pa are depicted in Fig. 4.18e. The observed spectrabadges
are reversible in terms of water-vapour pressure, demonstrating tht the adsorbate
responsible for the di erence spectra is molecularly adsorbed wate Additionally,
the estimated adsorption energy is 0.7 eV. We refer the water adsorbate responsible
for the di erence spectra to A; species. In this range of water pressure two spectral
features are peculiar of ST-01 in comparison with DAP and OAP. First, Ay species on
ST-01 nanoparticles also show the OH-stretching band below 3100 cm ! as in Ag
species. Second, a part of the free OH-stretching band around 3680 crh of ST-01
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Figure 4.18 { Transmission electron microscope (TEM) images of DAP (a) and OA P (b)
nanocrystals and ST-01 (c) highly curved nanoparticle. The corre sponding di use re ectance
infrared fourier transform (DRIFT) spectra for ST-01 (red), OAP (cyan), a nd DAP (purple)
measured at water vapour pressure equal to 10 2 Pa are reported in panel (d). The Kubelka{
Munk (K{M) is a measure of the intensity of adsorption and it is n ormalized at each peak of
the hydrogen-bonded OH-stretching band. (e) Peak normalized di erence spectra between
107 and 10 2 Pa. In the inset of panel (e) an enlarged view of the di erence spectra in the
free OH-stretching band region is given.

is depleted upon water adsorption, whereas such a depletion in the ée OH band
does not occur in DAP and OAP. These ndings suggest that surface specgewith
a free OH on ST-01 nanoparticles are converted to other species with agsi cant
red-shifted O{H stretching band below 3100 cm ! upon hydrogen bonding with
additional water. Since these changes associated with water adsorptioncour on the
surface of ST-01 but not on those of DAP and OAP, these red-shifted frequeces are
key to understand di erences in the charge carriers dynamics as a fiction of the
water coverage.

In order to clarify the observed infrared spectral features, we hag performed hybrid
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DFT calculations using the faceted and spherical anatase Ti@ nanoparticle models.

We simulated faceted nanoparticles (DAP and OAP) with the nanocrystal model
shown in Figure 4.19a, whilst spherical nanoparticles (ST-01) with that n Figure
4.19b. In particular, the model for nanocrystals is (TiO2)250 6 HO (NC L in
Section 3.3), whereas the model for the nanospheres is (T3 18 H,O (NS in
Figure 4.2). Note that, in order to avoid any spurious structural distorti ons during
the optimization of water adsorbates, the nanosphere has been globally optirped
with a DFTB-based simulated annealing analogous to that described in Setion 3.5.
After a subsequent B3LYP optimization run, the NS nanoparticle has been stabilized
by 0.78 eV with respect to the \as-carved" NS employed in Sections 4.3 and 4.4.
As discussed in Chapter 3, some intrinsic water is present on the sftace of the
nanoparticle models in dissociated form as terminal OH groups on Tt (both in a
and b) and Tisc (only in b).

As a further step, we investigate how an additional water would bind to the surface
of these nanoparticles. On the faceted ones, water prevalently adsorlmsolecularly on
the Tisc of the (101) facets (by 0.91 eV) and very few water molecules dissociate
on the four Tis at the corners of the decahedron (red atoms in Figure 4.19), with
a binding energy of 1.39 eV. Dissociative water adsorption also takes place on the
anatase (001) facet, which is exposed by the DAP particles, resulting inwo surface
hydroxyls, with a binding energy of 2.68 eV (see model e in Figure 4.19).

On the spherical nanoparticles, a more complex scenario, depicted iRigure 4.20
is observed. A more detailed description of the single water adsorptiomn the TiO,
nanosphere will be provided in Section 5.4 of the next chapter. Wateiis found to
favorably dissociate on Tiy sites (binding energy from 1.1 to 2.0 eV) and to bind
molecularly to Tiz.{OH, Ti 4.{OH and Tis. sites (binding energy from 0.6 to 0.9
eV). Nonetheless, it is worth noting that some Tis. sites, whose vacant coordination
position is axial, have a dierent coordination sphere than a Tis; Site on regular
(101) anatase surface, whose vacant coordination position is equatorial. On tise
speci ¢ Tis sites water dissociation is found to be favored with respect to moleular
adsorption. Lastly, further additional water may bind through H-bonding, e ither to
the hydrogen of the Ti{OH groups or Ti{OH , or to surface bridging oxygen atoms
(binding energy in the range between 0.5to0 0.7 eV).

The di erent types of water adsorption modes on the surface of the nanosipere
can be assigned to the A and A; families experimentally observed at low (0.01 Pa)
and at higher water pressure (100 Pa), on the basis of the computed bindingnergy
(BE) value: jBEj > 0.7 eV to Ap family and 0.7 eV j BEj > 0.5 eV to A; family,
respectively.

The computed vibrational frequencies of several dissociated and matalar adsor-
bates are shown by lines in Figure 4.19c and 4.19d for the faceted and spheiic
nanoparticles, respectively. The detailed correspondence betwa each line and the
vibrational mode of a speci ¢ adsorbate is reported in Figure 4.21 and Figue 4.22.
Note that in the case of faceted nanoparticles, the reported lines corr@®nd to the
vibrational frequencies of the water mono- and bilayer on the (101) slab moel to-
gether with the frequencies of water adsorbates on (001) surface (modeks and f
in Figure 4.19). In general, the calculated transitions are in very good agrement
with the experimental spectra observed at 0.01 and 100 Pa for both ST-01 an®AP
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Figure 4.19 { (a,b) Space- lling representation of the faceted (TiO 2)60 6 H2O (a) and

spherical (TiO2)2;3 18 H,O (b) anatase TiO» nanoparticle models. Oxygen and hydro-
gen atoms are shown in white, titanium atoms are colored according to their coordination

pattern: black for Ti ec, green for Tisc, red for Tiac, magenta and cyan for Tiz.{OH and

Tiac{OH, respectively. In panel (c) is reported the comparison betwe en the normalized ex-
perimental infrared spectrum of DAP nanocrystals at 0.01 and 100 Pa and the theoretical

scaled frequencies of bending and Of{H stretching for water adsorbates on the (001) and
(101) anatase surface facets. The analogous comparison for wateadsorbates on the spheri-
cal anatase nanoparticle model is given in panel (d). Black arrows in panel ¢ and d highlight

the redshift e ect caused by hydrogen{bonded water (from red to blu e lines) for some se-
lected water adsorbates as depicted in panels e, f on the (001)facet of DAP and in panels

g, h on the spherical anatase nanoparticle. The adsorption site and its next-neighbouring

atoms are evidenced by larger spheres: Ti atoms are colored with the color-code mentioned
above, H atoms are shown in white, lattice and hydroxyl O atoms i n red, water O atoms in

blue. Relevant hydrogen-bonds are represented by thin blue lines and distances are inA.
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Figure 4.20 { Binding energy of water adsorbates on di erent sites on the surface of the
NS model. The superscripts \ax" and \eq" stand for axial and equato rial, respectively, and
they are related to the missing atoms in the coordination shell. The superscript \OH" is

related to the presence on the Ti site of a hydroxyl group from intrins ic water. The labels
\a" and \b" indicate atoms with a di erent second coordination  sphere when the rst is
equal. Coordination number of each site is given by color coding.

nanoparticles.

Noteworthy, large red-shifts are computed when relatively strong H-boling is es-
tablished between the additional water and surface oxygen atoms or water asbrbates
(H20 or OH) on the surface of nanosphere. Speci cally, after H-bonding with adli-
tional water, the stretching frequencies of free terminal hydroy/l at undercoordinated
sites around 3680 cm? shift to wavenumbers below 3100 cm? (see black arrow in
Figure 4.19d), in very good agreement with the di erence infrared spetrum in Figure
4.18e, where the H-bonded band at 3100 cm ! increases at the expenses of the free
OH one at 3680 cm *. The water adsorbates characterized by the largest red-shift of
the OH stretching frequency are depicted by ball-and-stick moels before (1{4) and
after (1'{4") hydrogen-bonding with an additional water molecule, in Figur e 4.19g
and h, respectively. On the nanosphere, the curved surface prades the local struc-
tures around terminal hydroxyls that allow the alignment of the OH  OH, bond,
which enhances the strenght of this H-bond. As commonly observed, [259] weo-
ticed a clear correlation between H-bond distance and the extent of redhift, which
is shown for the current study in Figure 4.23. It is important to underline that the
hydroxyl groups can only form strong H-bond with additional water molecules be-
cause the Ti{OH bond is not long enough to allow for large exibility. Thus, they
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Figure 4.21 { Ball-and-stick models and wavenumber of O{H bond stretching and H,O
bending mode for water adsorbates on the di erent titanium site s of the spherical anatase
nanoparticle model. The comparison between the experimental infrared spectrum of ST-01
at 0.01 and 100 Pa and the theoretical scaled frequencies of H-baded OH stretching (b),
free OH stretching (¢) and H O bending (d) is also given. Numbers in bold refer to the
free OH frequencies (1-6) that are signi cantly redshifted after H-b onding with additional
water molecules (1-6). Ti atoms are colored according to the given color coding, H atoms
are shown in white and O atoms in red.
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Figure 4.22 { Comparison between experimental infrared spectrum of OAP nanocry stal
at 100 Pa and calculated scaled frequencies of the water adsorbtes on a (101) anatase
surface model. This is the most exposed surface on these anatase &ted nanoparticles. The
frequencies have been assigned to stretching modes of the watemonolayer (1 ML) or the
rst (1 ) of the second (2') layer of the bilayer (2 ML). In bottom panels are reported the
side and top view of the anatase (101) slab with a water monolayer (b and d) and bilayer (c
and e) adsorbed on top. Absorption energies of the rst and second water layer per water
molecule are also given. Ti atoms are colored in cyan, H atoms are fiown in white and O
atoms in red. Distances in A.
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cannot establish H-bond with other surface hydroxyl groups, di erently from the case
of Ti{OH ,, where the bond is longer and more exible.

Figure 4.23 { Correlation between the lowest scaled stretching frequency of various water
adsorbates on the nanosphere model and the shortest H-bond lengt the adsorbed water
molecule (or OH) makes with vicinal oxygen atoms from the surfac e (O2c or OH) or additional

H>O molecules. The atoms on which the vibrational mode is located are in bold in the
legend. The numbers refer to the vibrational mode of each specic frequency, which are
given in Figure 4.21.

On the contrary, even though free hydroxyls are present on a (001) facet dDAP as
a consequence of the dissociative adsorption of water (see Figure 4.198)e red-shift
in the O{H bond stretching frequency upon water coordination (see Fgure 4.19f) is
much smaller than the one observed for nanospheres (see black arrow imngire 4.19c)
because the at (001) surface forces the OH OH, H-bond to be bent, weakening
the hydrogen bond. Therefore, calculations show that the hydroxyl grops whose fre-
quency is signi cantly red-shifted upon H-bonding with additional w ater are present
only on TiO, nanospheres.

4.5.2 Hole trapping mechanism

The dynamics of photoinduced charge carriers in the anatase Ti@ samples were
investigated by measuring time pro les of transient absorption (TA) as a function
of the water pressure, as given in Figure 4.24. In fact, with this techmjue, it is
possible to monitor photoelectrons with the IR probe, since extra &ectrons in the
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conduction band and in shallow traps have a characteristic absorption bad extending
from near infrared to mid-infrared. [252, 260] Noteworthy, the intensity and the TA
decay features of the faceted DAP and OAP nanoparticles are not a ected bythe
increasing water pressure. On the contrary, the TA intensity for the round ST-01
nanoparticle signi cantly increases with water pressure, while tre decay features were
not sensitive to the pressure. These trends are made clear in Figar4.24b, where the
relative intensities of the decay are plotted against the water vapour pessure.

As discussed in the previous sections, photoinduced holes in anatasd(, are
trapped much faster than photogenerated electrons. [260, 261] Therefore, holmi-
gration from the core to the surface of a nanoparticle, where they are prefrentially
trapped, is very fast. In the case that hole transport is accelerated beause of the
stabilization of hole at the surface, the electron-hole recombinationn the core will
decrease, hence the number of excess electrons in the core wiltiease. Therefore, the
increase in the TA intensity of ST-01 at 4000 nm, where conduction band @ctrons
mostly absorb, with increasing water vapor pressure implies that wate adsorption
improves the hole trapping ability at the surface of ST-01 nanoparticles. [195]

In the following, we refer this phenomenon to the water-assisted ha trapping
e ect. Itis important to underline that this e ect is reversibl e in terms of water-vapor
pressure, indicating that no permanent changes in the structure othe nanopatrticle
are responsible for this e ect. At this point, an important question t o be answered
concerns the reason why hole trapping probability of ST-01 is strongly ehanced by
water adsorption, whereas no improvement with water adsorption has beg observed
for DAP and OAP faceted nanoparticles.

As detailed in the previous sections, there is a driving force for tie hole to migrate
from the bulk to the surface and we have found that the most stable susice-trapping
site on a bare nanoparticle is a bridging Q. atom. Furthermore, free hydroxyls have
been found to be very poor hole trapping sites. Therefore, in vacuuntonditions,
where only surface hydroxyl groups from intrinsic water are presentholes are expected
to be trapped at O, sites, either for faceted and spherical nanoparticles.

Increasing the water partial pressure, and consequently the covage of water on the
surface, the water-assisted hole trapping e ect is not observed intie case of faceted
nanoparticles (Figure 4.24b). There are several causes for that. First, odis. ions
of the (101) facets water molecules do not dissociate but only adsorbs molaarly, as
extensively reported in literature. [60,112{114,262,263] Molecular water moledes are
not capable to trap an electron hole and hole-induced water dissociationsi unlikely,
since this process was found to be endothermic by 0.32 eV (Figure 4.253,bn line
with a previous work. [125]

Second, molecularly adsorbed water on (101) facets was shown to be detrimtal
for hole trapping by O,. species because they accept hydrogen-bonds from water
molecules. [125] Therefore, the absence of any water-assisted e ectigates that hole
trapping ability of O 5 is compensated by surface g, which are also good trapping
sites, being only 0.1 eV less e cient than an O ion.

Third, water can be dissociatively adsorbed on (001) facets, which are wely ex-
posed by DAP nanoparticles. Thus, we modelled water dissociation on th Tis. of
the unreconstructed (001) surface slab, depicted in Figure 4.26a, as perimed by
previous theoretical works. [93,121] Water exothermically dissociates ahforms two
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Figure 4.24 { (a) Time pro les of transient absorption of DAP and OAP nanocrysta Is and
ST-01 highly curved nanoparticle excited with 400 nm pump and p robed by 4000 nm probe
light at various water pressures. Intensities are normalized at zero delay. (b) Intensities of
the transient absorption pro les as a function of water-vapor pres sure. Intensities of each
sample are normalized at its lowest water vapor pressure.

facing hydroxyl groups (Figure 4.26b). The self-trapping of an electronhole at such
hydroxyl groups requires the breaking of the hydrogen-bond betweethem, as shown
by Figure 4.26¢. Due to this positive energy contribution to the trapping energy, they
are not good hole traps, being less stable by +0.34 eV with respect to adie trapped
on an O, of a (001) surface. The e ect of additional water H-bonded to the hydroxyl
is even more detrimental, since it increases the energy instality to +0.42 eV (see
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Figure 4.25 { Hole-induced water dissociation on a Tisc site on the (101) surface of the
anatase TiO, nanocrystal (OAP in a, b) and nanosphere (ST-01 in c, d) models. In panels
a and c are represented the two systems before dissociation, in whith the central water
molecule adsorbed on the Tisc site is molecularly adsorbed and the electron hole is trapped
on the best trapping O 2. site of the nanoparticle, see Section 4.4.3. In panels b and d he
electron hole is trapped on the hydroxyl group which results from the dissociation of water.
The total energy di erence for the whole process in the two cases is given. 3D spin density
plots of the nanoparticles are reported with an isovalue of 0.01 a.u. Ti atoms are coloured
in cyan, H atoms are shown in white and O atoms in red or in blue, in the case they belong
to adsorbed water molecules. Relevant hydrogen bonds are depited with black dashed lines
and their bond lenghts are in A.

Figure 4.26d).

Unlike faceted nanoparticles, the water-assisted e ect is observean spherical
nanoparticles as a signi cant increase of intensity of slow component oftte TA decay.
In the following we will provide an explanation of that. First of all, wat er molecules
dissociate on Tk, Tisc and even some Ti. sites which miss an axial oxygen on the



146 4. Photoexcited Carriers Recombination and Trapping in Anatag@,
Nanocrystals versus Nanospheres

Figure 4.26 { (a) Ball-and-stick representation of the bare (001) surface, as obtained with
DFT(B3LYP). (b) Structure of dissociated water on the anatase ( 001) surface. 3D spin
density plot (isovalue = 0.01 a.u.) of the hole on anatase (001) surface, in the presence
of only dissociated water (c) and with also an additional H-b onded water molecule (d).
Relevant H-bonds are given in blue and distances are given inA. The percentage values in
italics are the atomic spins of the atoms which carry the hole. Red, cyan and white spheres
indicate oxygen, titanium and hydrogen atoms, respectively.

nanosphere model. A considerable number of strongly bound isolated OHpscies
are thus formed on the surface (4 species), which are capable to trap a hole, even
though they are worse than an Q. surface site (by +0.50 eV). Nevertheless, at this
point the additional water (A ; species) comes into play: additional water molecules
assist the hole trapping process on OH species and enhance it, reiod in a larger
hole trapping energy.

As shown in Figure 4.27, hybrid DFT calculations demonstrated that additional
water may assist hole trapping in two ways: i) by binding as a furthe ligand to the
low-coordinated Ti atom of the Ti3.{OH or Ti 4{OH hole trapping species and ii)
by coordinating to the hydroxyl trapping species through rather strong hydrogen-
bonding, which is responsible for the observed large red-shift in th OH stretching
frequency in the DRIFT spectra.

As a matter of fact, the coordination of a water ligand to complete the coordnation
sphere of a Tg.{OH was found to enable its hole trapping ability, and in the case of
a Ti4s{OH to enhance it by 0.36 eV. The explanation is that the water ligand can
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transfer some electronic charge to the titanium ion, resulting in a nore electron rich
OH species (3a orbital of water ! d,. . of titanium ! 2p of the oxygen of the OH
group) and this increases the OH trapping ability. This e ect is demonstated by the
energy shift of the empty (hole) state in the gap by +0.46 eV (compare Figue 4.27b
with Figure 4.27c), showing a hole stabilization: the higher the hole eergy level, the
better the trapping.

Furthermore, a strong hydrogen-bonding of water to the hydrogen of the kydroxyl
group favors hole trapping by about 0.15 eV, due to the formation of a bonding state
between the oy of the Ti{OH species and the 3a molecular orbital of H,O (brown
lobes in Figure 4.27d); this allows the electron transfer from HO to OH through the
hydrogen-bond, as evidenced also by the elongation of the O{H bond distandey 0.06
A. From the comparison between the projected density of states (PDO¥in Figure
4.27c with that in Figure 4.27d, we notice that the hydrogen-bonded water moleule
lowers the energy of the OH states (red projections in the range beteen 15/ 16
eV) close to the edge of the valence band. In the PDOS is clearly showrné position
in the gap of the empty hole (h*) state, which is fully localized on the O 2o state,
since the red projection lls almost completely the hole peak. Thus the electron
transfer through the H-bond with the additional water molecule together with the
elongation of terminal O{H bond stabilizes and localizes the hole on the oxgen atom
of terminal hydroxyls.

Nevertheless, in order to induce successfull water-assisted leofrapping e ect, an-
other aspect of the H-bond with additional water must be considered. Ths crucial
factor can be evidenced from the comparison of a surface hydroxyl on a nanusere
and on a DAP (001) facet, depicted in Figure 4.28b and Figure 4.28d, respectivgl
A surface OH group establishes a exible hydrogen-bond network, that $ highly in-
uenced by hole trapping at the oxygen of the hydroxyl. Going from the neutral
to the hole trapped charged system, that is from left to right of Figure 428 (b,c for
nanosphere and d,e for (001) surface), two opposite behaviour are clearbdpserved: for
nanospheres (blue curve in Fig. 4.28a), we notice an improved stabilizain ( E) of
the system upon hole trapping as a consequence of the strengtheningtbe hydrogen-
bond net, as demonstrated by the shorter distances in Figure 4.28c withaspect to
Figure 4.28b; on the contrary, for DAP faceted nanoparticles, we observe a triction
of the stabilization by water because of the reduced number of hydrogebonds (one
in Figure 4.28e, three in Figure 4.28d). In fact, the neutral state of the teminal OH
on the (001) surface of DAP is stabilized through H-bonds with the neighborirg OH
and the additional water. Upon hole trapping, the terminal hydroxyl cannot donate
anymore charge to the other OH bound to Ti, thus breaking this H-bond, bu es-
tablishing a stronger and more directional hydrogen-bond with the additonal water
molecule (blue water in Figure 4.28). This strong H-bond lifts the water molecule
from the surface towards the vacuum, with no chances of forming H-bondsvith sur-
face Oy sites. Therefore, we highlighted a signi cant di erence betweenspherical
and faceted nanocrystallines in the local environments around thedw-coordinated
Ti{OH site. A favorable local structure is provided only by the high ly curved surface
of spherical nanoparticles, where an additional water molecule can estabh strong
H-bonds both to the substrate O, and to the terminal hydroxyl in the neutral state,
and the robustness of this H-bond network is further improved in thecharged state.
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Figure 4.27 { (a) Scheme of the water adsorption on TiO, nanospheres and its e ect on
hole trapping ability. (b) Simulated total (DOS, black) and pro jected (PDOS, red and blue)
density of states of the nanosphere with an excess hole in the T4.OH site and in the same
site with an additional ligand water molecule (c), and with b oth an additional ligand and

H-bonded water molecules (d). Dashed red lines are traced to highight the energy shift

(in eV) of the hole state (in b and c) and of the O{H bonding stat es (in c and d). In the
insets on the right of (b), (c) and (d), the 3D spin density (in g reen, isovalue = 0.01 a.u.),
representing the OH radical formed upon hole trapping, is given. In the left insets of (c) and
(d) the alpha OH bonding orbital is represented with a j j? 3D plot (in orange, isovalue =

0.005 a.u). Next-neighbouring atoms are evidenced by larger spheres: Ti atoms are shown
in cyan, H ones in white, lattice and OH O atoms in red, water O at oms in blue. Hydrogen
bonds are shown by thin blue lines.
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Figure 4.28 { (a) Schematic representation of the water stabilization energy ( E), due to
H-bonds rearrangements, of the system before and after hole trapping for the spherical TiO ,
nanoparticle (ST-01, blue line) and the faceted one (DAP, red li ne). Ball-and-stick models
of a hydroxyl on a Tiew . with an additional H-bonded water molecule on the spherical
nanoparticle and the (001) surface before (b,d) and after (c,e) hole trapping at the OH
group are also given. Next-neighboring atoms are evidenced by lager spheres: Ti atoms are
coloured in cyan, H atoms in white, lattice and OH O atoms in red, water O atoms in blue.
Relevant H-bonds are represented by thin blue lines and distances are inA.

As a consequence, we show that for spherical nanoparticles (ST-01) theeris an en-
ergy gain associated with the structural rearrangement upon hole trappig, whereas
an energy loss is observed in the case of the (001) surface of faceted nanopaets
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(DAP).

4.6 Conclusions

In this chapter we presented a detailed study of the life path of enggy carriers (ex-
citons) and separated charge carriers (electron and holes), respeetiy, in realistic
anatase TiO, nanoparticles by means of hybrid DFT (B3LYP), focusing on the ef-
fect of size, morphology (spherical vs faceted) and water environment.The use of
a portion of exact exchange in the functional is crucial in order to accountproperly
for the degree of localization/delocalization of the excess charges and thgolaronic
distortion accompanying their self-trapping at lattice sites.

In particular, we demonstrated that the photoinduced exciton self-trapping in the
core of the nanoparticle is computed to be a favorable process for both mphologies
and the full localization of the electron on a core Tf* ion and the hole on the O
in axial position (Ti " {O ) is the most stable con guration. If the exciton unbinds,
the dierent situations, where the electron and the hole are localizd in dierent
positions, have similar energy. Nonetheless, for both shapes, therg a driving force for
electron and hole migration towards the surface where they can be highlgtabilized.
Calculated photoluminescence emission energies for the self-trapg excitons in the
core of NC and NS are in very good agreement with the available experimental
literature.

Considering the behaviour of the separated charges, in the case of ellems in
faceted nanoparticles, we observed both shallow trapping in the bulltike part of the
nanoparticles and deep trapping at ve-fold surface or six-fold subsuface sites, in
line with experimental ndings, with a small but signi cant prefe rence for electrons
to migrate towards a surface trap from delocalized shallow traps in thecentral layers of
the nanocrystal. Unexpectedly, we found that highly undercoordinatd titanium ions
at edge and corner sites are not capable of trapping. A similar scenario is obssed for
the excess electrons in spherical nanopatrticles, but the electrolocalization is more
e ective in this case because of a less stable delocalized state on editanium ions.

In the case of holes, only deep traps were observed and the;QOsurface species are
the preferential sites for hole trapping. In particular, holes are prderential trapped
by an O, ion at a corner site (Tisc{O{Ti 4¢) in faceted nanoparticles and by a two-
fold coordinated oxygen bridging a Tisc and a Tigc atom on the surface of spherical
nanoparticles. Isolated OH groups have also been investigated as poteatihole traps,
but they were found to be less e cient by 0.1{0.3 eV than surface Oy.

Calculated electron paramagnetic resonance (EPR) parameters and opticakansi-
tions for those electron/hole traps are in more than satisfactory agreement vth ex-
perimental references. Furthermore, the computed trapping enegies nicely correlate
with the compression/elongation of the interatomic distances in the nedral geometry
and the size of the polaron related to deep electron and hole traps is smal than 1
nm.

As regards the e ect of water on charge carriers dynamics, we performed aom-
bined theoretical and experimental investigation, in collaboration with experimental
groups in Japan, providing a comprehensive picture of the hole trappig mechanism
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at the surface of di erently shaped TiO, nanoparticles in the presence of gradually
increasing water adsorbates. Through this two-dimensional approach, werpved that
water adsorbates enhance the hole trapping ability of spherical nanoparties, but do
not a ect that of faceted ones. On the low-coordinated titanium sites at the surface
of spherical nanoparticles water molecules can easily dissociate fomg super cial
hydroxyl groups. The addition of further water molecules is found to day a funda-
mental role in improving the hole trapping ability of an OH group and, consequently,
of the spherical nanopatrticles either by binding as a ligand to the lowcoordinated
Ti4{OH or Ti 3c{OH site or by H-bonding directly to the OH group which traps
the hole (see Figure 4.27a). Highly undercoordinated titanium sites are atindant on
spherical nanoparticles, while they are very scarce on faceted ones. ditionally, the
curved surface of spherical particles can provide local chemical gmonments around
the terminal hydroxyl where robust hydrogen-bonds are formed with vater adsorbate,
resulting in considerably red-shifted O{H stretching bands. Therefore, there is a cor-
relation between the number of red-shifted OH groups at the surface ohanosphere
and the trapping ability of the nanopatrticles: the higher is the number of red-shifted
OfH stretching frequencies, the more abundant are good trapping sis.

To conclude, in the current chapter we provided new insights uskil for the un-
derstanding of energy (excitons) and charge (electrons and holes) caeris in nanos-
tructured TiO , with respect to the existing literature, where the attention is still
mostly focused on bulk or extended surfaces. Here, we have shown detail the ef-
fect of size, shape and water adsorption on the dynamics of charge carriens TiO »
nanoparticles. It is important to underline that the observations described above can
be extended to other nanosystems of similar surface morphology. This stly not only
provides a molecular-level understanding of the photophysical proesses in a metal
oxide nanoparticle in vacuum and in presence of a water environmentut also suggest
novel strategies for the surface engineering of photocatalysts.



Water Multilayers at the
Interface with Anatase TiO »
Nanoparticles

In this chapter, the water/TiO , nanoparticle interface, which is extremely relevant
for many modern technological applications, is investigated with a comptational ap-
proach based on DFT and the less expensive self-consistent-chargendéy functional
tight-binding (SCC-DFTB) methodology.

First, we develop and assess the accuracy of a novel SCC-DFTB approachrfthe
description of the interactions between water and TiQ,. Then, using this new method-
ology, along with high-level hybrid DFT calculations, realistic TiO , nanosphere mod-
els at the interface with water layers are studied.

5.1 Introduction

The interaction between water and titanium dioxide nanoparticles plays an important
role in many TiO,-based technologies, [58] being normally performed in an aqueous
medium or humid environment. [15,21,24,25,264] Even in the recent researchld of
TiO , materials for biomedicine, [31] the properties of this solid{liquid interface is of
paramount importance, since the interaction with biomolecules and poymer coatings
is in competition with water adsorption or may be mediated by it. [265{268].

In the last decade, the structure of water layers on the (101) anatase suate has
been elucidated by several works based on ab initio Car-Parrinello metular dynam-
ics. [117{119] These works highlighted that water adsorption is governed by aamplex
and delicate interplay of many factors, such as the structural featurs of the surface
and the relative strength of water-water and water-titania interaction s. The molecu-
lar mode of water adsorption was always computed to be favored with respe to the
dissociated one on the stoichiometric anatase (101) surface, in line witBxperimental
observations. [112,113].

YThe results described in this Chapter have been reported in:  D. Selli, G. Fazio , G. Seifert, C.
Di Valentin, J. Chem. Theory Comput. 2017, 13, 3862{3873; G. Fazio, D. Selli, C. Di Valentin,
\Fully dehydrated curved TiO 2 nanoparticles do not exist: modelling single water molecul e, mono
and multilayer coverage of realistic nanospheres”, in preparation.
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However, the fundamental building blocks of the modern technologial applications
are not extended surfaces but the TiQ nanoparticles, which may present peculiar
wetting properties, [128] due to the size and shape e ects and the chacteristic surface
structure described in Chapter 3 and 4. However, the dynamical stug of realistic
nanoparticles in a agueous environment, with an appropriate time and sie scale, is
not feasible by means of density functional theory (DFT) calculations.

Self-consistent-charge density functional tight-binding (SCCDFTB) methodology,
as already discussed in Section 2.3, is a computationally e cient approachbased
on DFT, from which it retains much of the physics. [169, 269] As a matter of fact
this method has been shown to be about 2 to 3 orders of magnitude fastehan
standard DFT with a medium basis set size, [170, 270, 271] with no signi cant dss
of accuracy in many biochemistry, organic and inorganic materials chemisy cases.
[169,270,272{277] Thus, this approximate-DFT method can be applied to the accate
investigation of systems up to some thousands of atoms, as already demonsteat in
Chapter 3. Importantly, unlike molecular mechanics (MM) methods, SCC-DFTB
is also able to describe bond breaking and formation processes and, in aogy to
DFT, all the electronic properties, such as electronic structureand optical spectrum.
[169,270,271,278].

As detailed in Section 2.3, the parametrization of the SCC-DFTB approach is
limited to a small number of element and element-pair dependent prameters. Even
though they are, in theory, meant to be transferable between di erent contexts, in
practice, the accuracy of the results depends on the system and it isot universal.
Therefore, it is crucial to evaluate the reliability of a certain parametrization scheme
for a class of systems before exploiting it for more complex models: ithe present
case we will test it for the at TiO , surface/water interaction and then use it for large
TiO , nanoparticles/water interfaces.

Currently, two sets of parameters are publicly available for the study of Ti-containing
compounds: [279]

\tiorg-0-1": [197] this set is an extension to include the Ti{X pairs of the \mi o-
1-1" set, [169] developed for the main group elements and extensively bem-
marked for organic molecules [272,274,280] and biological systems. [172,271,281]
Using this set, the SCC-DFTB results have been found to agree witHull DFT

and experimental data for small (TiO2),, molecules, bulk properties, surface en-
ergies and water adsorption on selected low-index surfaces of both anataaad
rutile. [197,282{285] Nonetheless, to the best of our knowledge, a clear bench
mark of this set of parameters for the most exposed (101) anatase surface has
not been published yet.

\matsci-0-3": [187] this set has been parametrized speci cally for materias sci-
ence and solid-state simulations. Its reliability for bulk anatase and wtile and
the chemical reactivity of (101) anatase and (110) rutile surfaces towards wagr
(up to monolayer coverage) and simple organic molecules has been prevgiy
demonstrated. [187,286]

However, the description of the adsorption and the dynamics of water muilay-
ers on an oxide surface requires also a proper modeling of water partei of its local
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structure and hydrogen bonding. To this end, the \mio-1-1 set" [169] has ben already
been largely tested for water or solvated models. [287{290] This parameter sdtas
been shown to satisfactory reproduce the geometries of large water dters, although
it systematically underestimates hydrogen bonding distances and eargies. The en-
ergetics and dynamics structure of water can be considerably improwkwith a-priori
or empirical modi cations of the original SCC-DFTB scheme. [291{295] On the ©n-
trary, the \matsci-0-3" set of parameter was not devised to describe the water/water
interaction and no assessment on its performance is present in litature.

In the following, we have compared the static and dynamic behavior of tle wa-
ter/titania interface as obtained by the two available sets of DFTB parameters, with
respect to DFT and experimental results from literature. [112,117,118, 296hen,
the successes and failures of both sets have been highlighted and, asext step, a
new set of parameters (called hereafter \matorg") has been de ned as a comba-
tion of the best parameters from both sets. In particular, the "matsci-0-3" set has
been found to better describe the titania/water interaction, while the \mio-1-1" set
provides a more accurate evaluation of the water/water interaction, espeially when
an additional empirical correction [173] is included to better descrite the hydrogen
bonding.

The combined new set of parameters, that we have called \matorg+HBD" (MA-
TORG+HBD), perform incredibly well for the description of water/wat er/(101) ana-
tase TiO; interactions, when compared to high-level DFT-GGA calculations, bu at
an extremely reduced computational e ort. Therefore, we employed his reliable tool
for the static and dynamic study of a realistic TiO, spherical nanoparticle in contact
with an increasing amount of water, from a single molecule adsorption to auil three-
layer coverage. Moreover, the electronic and structural propertis of the hydrated
nanoparticle have been investigated at a full hybrid DFT level up to the monolayer
coverage, providing highly accurate results to be compared with exgrimental ref-
erences. Finally, molecular dynamics simulations of water multilagrs on the TiO,
nanoparticle have been performed with the MATORG+HBD approach in order to
elucidate the dynamic structure of the hydration layers around a titanium dioxide
nanosystem in an aqueous environment.

5.2 Computational Details

In this section, we will specify the computational methods, the malels and the settings
that have been used for the calculations presented in this Chapter.For a detailed
discussion on the theoretical approaches see Chapter 2.

SCC{DFTB parameters

The SCC-DFTB approach has been used for the calculations of the water/TiQ inter-
face within the DFTB+ simulation package. [186] First, we employed both the publicly
available [279] Slater-Koster (SK) parameter sets for Ti-containing compunds, i.e.
the \mio-1-1/tiorg-0-1" (TIORG) [197] and the \matsci-0-3" (MATSCI) [187].
Subsequently, we have combined the two sets of parameters in whatewcalled
\matorg" (MATORG) set as shown in Figure 5.1: all the SK les involving th e Ti
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atom (Ti{Ti.skf, Ti{O.skf, O{Ti.skf, Ti{H.skf and H{Ti.skf) were taken from the
MATSCI set, whereas the SK les relevant for water systems (O{O.sK, O{H.skf, H{

O.skf and H{H.skf) were extracted from the TIORG set. Note that the parameters
for oxygen and hydrogen on-site and element-pair interactions are the saenin the
\mio-1-1/tiorg-0-1"(TIORG) and \mio-1-1" (MIO) [169] set, since the former is ju st
an extension of the latter. Once that the Slater{Koster les have beencombined, the
phase of the integrals (' and S in Eq. 2.45), i.e. the sign of the Hamiltonian and
overlap matrix elements as a function of the distance, has been chee#t to be equal
to the one of the original MATSCI le. As graphically represented in Figure 5.1, just
in the case of the O{H.skf and H{O.skf les the sign of the integrals betwee the
TIORG and MATSCI SK le has been found to be di erent and changed accordingly
to match the original sign of the MATSCI integrals in the new MATORG set .

Figure 5.1 { Construction of the new MATORG parameters set from the MATSCI and
TIORG Slater{Koster les. The dashed frame for the SK le indicat es that the sign of the
integrals is the opposite with respect to the MATSCI one.

Furthermore, we made use of the hydrogen bonding damped (HBD) modi ed
function, as detailed in Section 2.3. The additional parameter in the function has
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been set to 4, in line with the original paper from Hu et al. [291], since it esults in
a more than satisfactory value of the hydrogen bond energy (see Table 5.1). &m
now on, we refer to this combined Slater-Koster le set with the HBD correction as
MATORG+HBD.

Setup for the electronic structure calculations

For bulk anatase calculations, we employed a 16 16 16 Monkhorst-Pack grid for k-
point sampling. The lattice parameters of the optimized unit cell were obtained using
the lattice optimization algorithm, as implemented in DFTB+. For the m odeling of
the (101) anatase surface, we used a three-triatomic-layer slab wheréé bottom layer
has been kept xed to the optimized bulk positions during the geomety relaxation.
In order to investigate the static properties of this surface (coveage dependent water
binding energies and equilibrium geometries), we used a 72 atoms P supercell model
and a2 2 1 Monkhorst-Pack k-point mesh grid. In all the optimization runs withi n
DFTB+, forces were relaxed to less than 104 a.u.

Reference DFT calculations were performed with the Quantum ESPRESO simula-
tion package, [297] using the standard PBE functional. [144] The anatase (101) swa€e
models were analogous to the ones used for the density-functional tighiinding ap-
proach. Electron-ion interactions were described by ultrasoft psedo-potential, the
cut o in the plane-wave basis set was set to 30 Ry (300 Ry for the charge desity)
and the Brillouin zone sampling employed a2 2 1 Monkhorst-Pack k-point mesh
grid. Forces were relaxed to less than 0.005 e\A. Periodic replicas were separated
by 20 A of vacuum in the direction normal to the surface to avoid any interactions
between periodic images.

Inthe 1 2 supercell (101) anatase model there are four surface 5-fold coordinated
cationic Ti (Ti 5c) atoms, which are active sites for water adsorption. Also underco-
ordinated 2-fold coordinated O (O,c) atoms, connecting super cial Ti atoms, may be
involved in the interaction with the water molecules by forming H-bonds or accepting
the protons of the dissociated water molecules. The binding energy of,, molecules
on the surface is de ned as:

E ads = E slab+n mo (Eslab + N mol Emol ) (5-1)

where Egjap+n ,, IS the total energy of the global system with the slab and the
adsorbed molecules, Eap, is the energy of the bare surface slab, &, is the number
of molecules bound to the surface and Fq is the total energy of a single molecule
in the gas phase. In order to allow the comparison of the results for di eent water
coverages, we also de ned a per-molecule adsorption energy E,‘?s' as follows:

mol _ E ads
E ads —

(5.2)

Nmol

Lastly, we evaluated the absolute error () of the calculated SCC-DFTB values (v)
with respect to the reference DFT ones Yet) Simply as a di erence between the two
values:

"=V Vi (5.3)
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All the DFT geometry optimizations and electronic structure evaluations on the
TiO, nanoparticle model have been carried out with the CRYSTAL14 code, [185]
employing the B3LYP functional and the same computational settings as in &ction
3.2, as regards the basis set and the thresholds for the convergence of th€Sand
the geometry optimization. Simulated total (DOS) and projected (PDOS) densities
of states of the nanoparticles have been computed through the procederdetailed
in Section 3.4.3, using a value of 0.001 eV for the of the Gaussian peaks in the
convolution. The simulated EXAFS spectra, as well as the surface areas 3nn ),
have been calculated with the same procedures detailed in Chaptes.

Nanoparticle models

In Section 5.4, we will use the anatase TiQ nanosphere model S ) with a size of 2.2
nm and a stoichiometry of (TiO32)223 10 H,O, which has been described and widely
analyzed in Chapter 3. For the DFT(B3LYP) and MATORG+HBD calculations on
this model, the optimized structures with the corresponding me¢hods were employed.
The faceted anatase TiQ nanoparticle model (NC ) used is the (TiO2)260 6 H20,
which has been refered to afNC | in Chapter 3.

Starting geometries for the optimization of the adsorbed water monolayer hve
been constructed by saturating molecule by molecule the undercodmated titanium
atoms on the surface of theNS model. Instead, the initial geometry for the water
multilayer on the NS model has been built with the PACKMOL code. [298] Using this
program, a spherical water shell with an internal radius of 15A and external radius
of 21 A has been generated around theNS with an optimized water monolayer
already adsorbed. The water shell has been lled with 824 non-overlappig water
molecules, corresponding approximately to three water layers wh a density of 0.0334
molecules/A® (1 g/cm?).

Molecular Dynamics setup and structural analysis tools

For the SCC-DFTB molecular dynamics of bulk water we adopted a multistep pro-
cedure. First, we have created a box containing 113 water molecules drperformed
a Born-Oppenheimer molecular dynamics simulation in theNP T ensemble in order
to compute the correct volume of the box. A Noe{Hoover chain thermostat and
barostat have been employed to reach the equilibrium state at 1 atm an®800 K. This
pre-equilibration simulation run was carried out for 10 ps and resultedin a box of
1.49 nn? and a corresponding density of water of 1.004 g/crh. Second, by means
of a Born-Oppenheimer molecular dynamics simulation the system haséden further
equilibrated within the NV T ensemble at 300 K for 20 ps. Finally, the system has
been let evolve in the constantNV E ensemble for other 20 ps, producing the data
used to calculate the radial distribution functions (RDFs). The integration of the
Newton's equations of motion were performed with the Velocity Verletalgorithm and
a time step of 1.0 fs was used to ensure reversibility. This timetsp is relatively small
compared to the typical time of the fastest motion, i.e. OH stretching (10 fs), and it
is commonly used for molecular dynamics simulation of water systems. [29291,294]
Alarger 1 3 supercell (101) anatase slab model (108 atoms) was employed for the
molecular dynamics simulations of the water/TiO, surface interface. A Monkhorst-
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Pack k-point mesh of 2 2 1 ensured the convergence of the electronic structure.
We have investigated a monolayer (ML), a bilayer (BL) and a trilayer (TL) of wa-
ter, composed by 6, 12 and 18 water molecules, respectively. In the casé the
water/TiO , molecular dynamics, the Newton's equations of motion were integrated
with the Velocity Verlet algorithm using a time step of 0.5 fs to ensure reversibility.
The simulations were run in the NV T ensemble and a Noe-Hoover chain thermostat
ensured the equilibration to a constant temperature (160 K). This value has been cho-
sen to avoid the desorption of super cial water molecules, as already danby some
previous works. [117{119] After 5 ps of equilibration, the systems were allwed to
evolve for other 20 ps.

Born-Oppenheimer MATORG+HBD molecular dynamics (MD) of the water m ul-
tilayers on the NS model has been carried out within the canonical ensembleNV T).
The same integration algorithm and step used for the anatase (101)/water interfice
have been employed in the case of the nanoparticle. During the MD siulation, a
constant temperature of 300 K has been kept by using the Nose-Hoover thenostat.
The system has been equilibrated for 5 ps and, then, a production nu has been per-
formed for 45 ps. No water molecules have been observed to desorb frometsystem
into the vacuum.

The g(d) function has been calculated by determining the MD-averaged numbr of
water molecules within a distanced and d+ d away from the nanopatrticle surface.
The distance d is de ned as the minimum value of the distance between the oxygen
atom of water (Oy) and the super cial titanium atoms (Ti sy ). For a detailed de -
nition of Ti ¢, see Section 3.5.2. Note that for each value a the g(d) distribution
is normalized for the volume of a spherical shell with a thichness d.

The angle is de ned as the angle between the radial vector, i.e. the vectorhat
connects the oxygen of the water molecule to the center of the nanopaule, and the
O{H bond vector. The radial vector is translated so that it has the same origin than
the O{H bond vector. When an undissociated water molecule is consided, both O{H
vectors are taken into account. Each point of the P(cos) probability distribution is
constructed by normalization of the number of times that the value of cos is between
cos and cos +0.02 in the molecular dynamics simulation.

Transition State Search

The transition state for dissociation of an adsorbed water molecule on the 1 2
model has been evaluated with the Nudged Elastic Band method, [178] as da#bed
in detail in Section 2.4.3. This methodology is implemented in the Atonic Simulation
Environment (ASE) toolkit, [188] which is capable to interface an extemal total energy
calculator (the DFTB+ program in this case) with an internal NEB optimize r.

The NEB procedure was performed employing 20 intermediate images. tAthe
end of the NEB calculation, we have computed the Hessian matrix for the tansition
structure to con rm that the structure was a saddle point on the potential energy
surface. The reaction barrier for the dissociation process is de e as follows:

Eéiss =Ets  Esiabtmol (5.4)

where Ers is the energy of the transition state structure and Egap+mor IS the total
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energy of the optimized geometry of molecular water adsorbed on the titanisurface
slab.

5.3 Assessment of a DFTB-based method

In order to provide a correct description of the water/TiO , (101) anatase surface in-
terface, the methodologies must appropriately describe the two segrate components.
First, we focused on the liquid component of the interface: water.

5.3.1 Water dimer and bulk water properties

We evaluated the strength of a single hydrogen bond (Egx.pong ) @s the binding
energy of a dimer of water molecules. In Table 5.1 we report the values of Ex.pong
and the equilibrium oxygen-oxygen distances (Ryo ), as obtained with the SCC{
DFTB approach using MATSCI, MIO and the combined MATORG+HBD sets of
parameters. As a reference, we show also the corresponding values aibed with the
post-Hartree-Fock CCSD method [299] and density functional theory wih standard
GGA and hybrid functionals. [300] Experimental values, measured by viocity map
imaging [301] (for E ppong ) @nd molecular beam electric resonance spectroscopy
[302] (for Rojo ) are also given.

Table 5.1 { Hydrogen{bond energy (E H.bond ) and oxygen-oxygen distance (Rogo ) of the
water dimer, as obtained with the considered SCC-DFTB methodol ogies (MATSCI, MIO and
MATORG+HBD) and with high-level wavefunction and density func tional methods (CCSD,
PBE and B3LYP). Experimental values from velocity map imaging ( for E 4.ona ) and
molecular beam electric resonance spectroscopy (for R ). The absolute errors, reported
in parenthesis, refers to the di erence with the experimental valu es.

Method | Reference E H-bond Roo
DFTB{MATSCI This work 0.084 ( 0.152) 2.863 ( 0.109)
DFTB{MIO This work 0.144 ( 0.092) 2.862 ( 0.110)
DFTB{MATORG+HBD | This work 0.199 ( 0.037) 2.815 ( 0.157)
CCsD Ref. [299] 0.218 2.912
DFT(PBE) Ref. [300] 0.222 2.889
DFT(B3LYP) Ref. [300] 0.198 2.926
Exp. [ Ref. [301] and [302] 0.236 2.972

As expected, the MATSCI set shows the highest error in the evaluatin of the
H{bond energy, because it was not conceived to describe this kind of sign. A
value of E p{pong in better agreement with the experimental references is obtained
with the MIO set, even if still signi cantly underestimated. Th e inclusion of the
hydrogen-bond damping function (HBD) [291] greatly heales the underestnation,
providing a binding energy closer to the ab initio references andhe experiment (see
MATORG+HBD in Table 5.1). Nonetheless, the HBD correction causes a further
shortening of the oxygen-oxygen distance by 0.05A with respect to the other DFTB
approaches, which are also found to underestimate the hydrogen-bondrght. Thus,
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hydrogen bonds in water systems computed by DFTB are expected to beasnewhat
too short.

Figure 5.2 { Comparison of the (a) oxygen-oxygen (Ow{Ow) and (b) hydrogen-hydrogen
(Hw{H w) radial distribution functions (RDF) of bulk water: dashed black line, experimen-
tal measurement; blue line, DFTB{MATSCI; red line, DFTB{MATORG +HBD with the
modied function for the H-bond.

However, an accurate description of the hydrogen{bond energy is not enoughot
assess the reliability of a method for water systems. Another fundamaal point is the
correct evaluation of the radial distribution function (RDF) of oxygen- oxygen (Oy{
Oyw) and hydrogen-hydrogen (Hy{H ) atoms in bulk water. The radial distribution
functions obtained with MATSCI and MATORG+HBD methods are shown in Figure
5.2 together with the experimental references.

The rst intermolecular peaks in the experimental RDF are located at 2.77 and 2.31
A, respectively for r(0,{O) and r(H,{H ) distances. In the MATSCI RDFs (blue
lines), these two intermolecular density maxima peak at signi cantly longer distances
of 2.92A and 2.96 A, respectively. For r(O,,{O) the shift is in the order 0.3 A,
which proves that water molecules of the rst solvation shell are on aveage too far
apart with the MATSCI method. In addition, the rst water density d epletion is very
broad and its minimum is located at a too large distance, which is approinately the
same of the second solvation shell in the experimental RDF. This meanthat there
are too many water molecules in the rst coordination shell and, consegently, the
long-range bulk water structure is poorly described. Furthermore,the MATSCI H ,,{
H, radial distribution function and the experimental one have extremdy di erent
shapes with the rst intermolecular peak of the former shifted by 0.6 A with respect
to the experiment.

Contrarily, as previously reported, [291] using the MIO set, which isequivalent
in this case to the MATORG set, and introducing the modied  function by the
MATORG+HBD method, there is a considerable improvement of the oxygen{oxygen
RDF, shown as a red line in Figure 5.2a: although too high, the position of he rst
peak is shifted back to 2.75A, hence the RDF function partially overlaps with the
experimental curve for distances lower than 3.3 the density depletion minimum is
closer to the experiment; the second intermolecular peak is locatkat 5.25 A in better



5.3 Assessment of a DFTB-based method61

agreement with the experimental data (4.55A). Finally, the hydrogen{hydrogen radial
distribution function computed with the MATORG+HBD approach in Figu re 5.2b
reproduces the experimental shape and even the rst intermoledar peak at 2.34 A
is consistent with experiments (2.31A).

The e ect of the inclusion of the weak dispersion interaction on bulk water RDF has
been evaluated by the a{posteriori Grimme's D3 method. [275] We observéhat the
rst two intermolecular peaks in the distribution functions r(O ,-Oy) and r(Hy-Hy)
are higher in value but their position is una ected.

Additionally, we have computed the normalized velocity autocorrelation functions
(Cyv) for oxygen and hydrogen to be compared with PBE Car-Parrinello molecudr
dynamics (CPMD) data. [303] These functions are calculated as the expeation value
at time t of the product between the velocity at time 0 and time t:

Cw (t) hv(O)v(t)i (5.5)

Both DFTB autocorrelation functions, given in Figure 5.3, decay approximately
to zero within 500 fs. Nonetheless, the DFTB oxygen and hydrogen ¢ are di erent
from CPMD ones in the rst 200 fs, where they decay more rapidly. As previously
reported, [292] this is related with the slightly weaker H-bonds modetd by the MA-
TORG+HBD approach with respect to DFT(PBE) and experiment (see Tab le 5.1).
This also in uences the self-di usion coe cient of water, which is higher (0.65 0.02
AZ?/ps) but still comparable to the experimental (0.23 0.04 A?/ps) [304] and CPMD
(0.1 A?/ps) ones. [303]

Figure 5.3 { Comparison of the oxygen (blue, solid line) and hydrogen (red, solid line)
velocity autocorrelation function (C ) calculated with DFTB-MATORG+HBD with the
oxygen (blue, dashed line) and hydrogen (red, dashed line) G calculated with CPMD from
Ref. [303]

To sum up this part devoted to the assessment of the ability of MATORG+HBD
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to describe water, we demonstrated that this method overcomes thémits of the pre-
existing MATSCI set, providing satisfactory results both for the hydrogen-bonding
energy and for the bulk water structure and dynamics.

5.3.2 Bulk anatase TiO »

As a next step, we assess the DFTB set of parameters for the descripti of bulk
anatase by comparing the DFTB structural parameters with the DFT and experi-
mental ones, which are reported in Table 5.2.

Table 5.2 { Bulk TiO » Anatase a and c parameters and c=aratio as calculated with the
DFTB and DFT methods and from the experiments. The absolute errors (in parenthesis)
refer to the experimental data.

Method L Reference a (A) c (A) c=a(A)

DFTB-TIORG This work  3.848(+0.066) 9.355( 0.147) 2.431( 0.081)
DFTB-MATSCI This work  3.810(+0.028) 9.732(+0.230) 2.554(+0.042)
DFTB-MATORG+HBD | This work 3.796(+0.014) 9.790(+0.288) 2.579(+0.067)
DFT(PBE) This work 3.789(+0.007) 9.612(+0.110) 2.537(+0.025)
DFT(PBE) Ref. [81] 3.786(+0.004) 9.737(+0.235) 2.572(+0.060)
DFT(B3LYP) Ref. [204] 3.783(+0.001) 9.805(+0.303) 2.592(+0.080)
Exp. | Ref. [61] 3.782 9.502 2.512

Essentially, all the DFTB values are in very good agreement with both OFT and
experimental data. The MATSCI set provides a very accuratea value, but over-
estimates the lattice parameter ¢ and thus also the c=a ratio, although less than
DFT(B3LYP) method. The TIORG parametrization is an exception, since it gives a
small underestimation of the c lattice vector and, consequently, a lowerc=aratio. We
recall that the MATORG+HBD set only di ers from the MATSCI one for the  oxygen
on-site and pair interactions, since they are taken from the MIO set. Rvorably, in
spite of this di erence, bulk parameters from MATORG+HBD are as good as those
from MATSCI. Note that the HBD correction does not have any e ect here, since no
hydrogen atoms are present.

5.3.3 Water/(101) anatase interface
Adsorption Energy

In this section, we discuss the adsorption energy per molecule (g‘d"s') for low and
high water coverages on the anatase Ti@ (101) surface, in both the molecular and
dissociated state, i.e. when all the water molecules in the modedre undissociated or
dissociated, respectively. The values from all the DFTB approacheare compared to
DFT(PBE) results and experimental data in Table 5.3.

Only with the TIORG set, all the binding energies for the water adsorption on the
(101) surface at any coverage and dissociation degree are overestimated. Mbnolayer
coverage water dissociation is even favored, at odds with many expenental [113,114,
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Table 5.3 { Adsorption energies per water molecule (E T ) on the (101) anatase slab
in the molecular (H,0) and dissociated (OH,H) mode at low ( = 0.25) and full ( = 1)
coverage, as obtained with DFT and DFTB methods. The range of adsorption energy of the

water monolayer on the (101) surface from Temperature Programmed Desorption (TPD)

experiments is also given.

calculated with respect to the PBE values from the present work.

The absolute error reported in parenthesis for DFTB data is

Coverage, E M H,0 E T OHH
Method Reference (V) eV)
DFTB{ . 0.25 0.86 (+0.19) _ 0.83 (+0.51)
TIORG This work 1 0.80 (+0.18)  0.98 (+0.55)
DFTB{ This work 0.25 0.79 (+0.12) _ 0.34 (+0.02)
MATSCI 1 0.70 ( 0.08)  0.38 ( 0.05)
DFTB{ This work 0.25 1.08 (+0.41)  0.54 (+0.22)
MATORG 1 0.96 (+0.34)  0.58 (+0.15)
DFTB{ This work 0.25 0.80 (+0.13) _ 0.31 ( 0.01)
MATORG+HBD 1 0.71 (+0.09)  0.40 ( 0.03)
. 0.25 0.67 0.32
DFT(PBE) This work 1 0.62 0.43
0.25 0.74 0.23
DFT(PBE) Ref. [112] 1 0.72 0.44
Exp. (TPD) | Refs. [262,263] 1 0.5/ 0.7

262, 263] and theoretical [60,112] reports. With all the other parametrization sets
this fundamental qualitative feature is always well-reproduced. Given these results,
we ceased to further investigate the reliability of the TIORG set for this specic
water/TiO , benchmark system.

We observe that, in line with DFT calculations, as the water coverage ircreases,
the binding energy per molecule with all DFTB methods decreasesof the molecular
adsorption mode, whereas it slightly increases for the dissociated en Nevertheless,
molecular adsorption energies are in general overestimated by DFTB appaches,
particularly in the case of uncorrected MATORG, with errors up to 0.41 eV. The
inclusion of the HBD corrected function (MATORG+HBD) solves this serious issue,
reducing the absolute errors to less than 0.13 eV, in line with MATSClresults.

Equilibrium Structures

The equilibrium structure of the molecular and of the dissociated vater molecule on
the (101) anatase surface, as computed with DFT(PBE) in the low coverageeagime (
= 0.25), is represented in Figure 5.4. In Table 5.4 bond distances and angle values
(de ned as the angle between the O atom of the water molecule, the Ti siace atom,
bonded to H,O, and its nearest G, atom, H,O{Ti{O ,, see Figure 5.5) are reported
for the DFTB and DFT methodologies.

Molecular water binds to the 5-fold coordinated Ti atom with a bond lenght of
about 2.3 A (see A in Figure 5.4 and Table 5.4). Hydrogen atoms form two identical
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Figure 5.4 { Molecular, H20 (a) and dissociated, OH,H (b) equilibrium geometries in the
low coverage regime, = 0.25, as obtained with DFT(PBE) calculations. Values of bon d
distances are reported in the Table 5.4.

hydrogen bonds, with a lenght of about 2.3A, with the neighboring bridging O »¢
atoms (de ned as B and C in Figure 5.4 and Table 5.4). From the data in Table 5.4,
one can clearly conclude that both DFTB parametrization sets correctly cescribe the
structure of a single water molecule adsorbed on the Ti@ (101) anatase surface, with
the MATORG+HBD being better for T{OH , bond distance. Nevertheless, the bond
angle is larger for both the DFTB methods than the DFT one. Since Ti{OH , bond
lenghts are approximately the same in the two methods, the water moleule is closer
to the surface in the case of the DFTB geometry with respect to the DH one.

As regards the dissociative mode of adsorption of water (right panel of Figuz 5.4
and bottom panels of Table 5.4), one of the hydrogen atoms of the water molecule
binds to a bridging oxygen site (O,c), whereas the residual OH binds to the Tk site.
The Ti{OH equilibrium distance (A 4 in Table 5.4 and Figure 5.4) is just slightly over-
estimated by the two DFTB methods, while the two interatomic distances describing
the H-bonds (By and C4 in Table 5.4 and Figure 5.4) are in satisfactory agreement
with the DFT references.

Similar considerations can be drawn at the full coverage regime (= 1), whose
geometrical parameters of molecular and dissociated water molecules ondlanatase
surface are given in Figure 5.6 and Table 5.5. Indeed, Ti{O bond lenghts are &ll-
described, whereas there is some discrepancies between DFTB ab#T reference for
the hydrogen bonding distances. In particular, in the molecular modeof adsorption,
according to the DFT(PBE) calculations, water molecules of the monolagr form two
asymmetric H-bond with the two neighbour O,; atoms. However, this ne detail is
not properly described by any of the considered DFTB approach.

To conclude this section, we demonstrated that both MATSCI and MATOR G-HBD
sets of parameters provide an accurate picture of the energetic and stctural features
of single and monolayer water adsorption on the anatase surface. Thereforeoth
methods are expected to provide a correct description of the watemonolayer/TiO ,
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Figure 5.5 { De nition of the bond angle between the water molecule and the (101)
anatase slab.

Figure 5.6 { Molecular, H,O (a) and dissociated, OH,H (b) equilibrium geometries in the
full water coverage regime, = 0.25, as obtained with DFT(PBE) calculations. Values of
bond distances are reported in Table 5.5.

interface dynamical properties. However, MATORG+HBD set should outperform
MATSCI when two or more layers of water molecules are deposited on theusface
slab, since water/water interactions are way better described by MAORG+HBD, as
detailed in the previous section.
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Table 5.4 { Geometrical parameters of the equilibrium structures of H ;O (Molecular
Adsorption, top panel) and OH, H ( Dissociative Adsorption, bottom panel) at a single water
molecule coverage ( = 0.25) on the (101) TiO , anatase slab, as obtained with DFTB and
DFT methods. In the dissociative mode of adsorption, we de ne H as the hydrogen atom
of the OH group bound to the Ti atom, whereas H* is the hydrogen ato m bound to the
bridging O ¢ atom. The interatomic distances and the angle  are graphically de ned in
Figure 5.4 and 5.5, respectively. The absolute error reported in parenthesis for DFTB data
is computed with respect to the PBE values from the present work.

Molecular Adsorption

Tl 5c OH2 H 02C

Method Reference A(A) B=C(A) ()
,\DA';E;CI This work  2.37 (+0.06) 233 ( 0.01) 1016
DFTB- This work  2.31 (+0.00) 2.26 ( 0.08) 1055
MATORG+HBD ) ) ’ ’ ’
DFT(PBE) This work 231 2.34 96.2
DFT(PBE) Ref. [112] 2.28 1.96
Dissociative Adsorption

Tisc OH H Og H*  OH
Method Reference Aq(A) By (A) Ca (A)
DFTB- This work  1.90 (+0.07) 4.14 ( 0.17) 2.80 (+0.14)
MATSCI ) ) ’ ' ’ )
DFTB- This work  1.89 (+0.06) 3.92 ( 0.22) 2.92 (+0.26)
MATORG+HBD ) ) ’ ’ ' )
DFT(PBE) This work 1.83 4.31 2.66
DFT(PBE) Ref. [112] 1.85 - 2.39

5.3.4 Molecular dynamics of water multilayers on (101) anatase

As a further step in the assessment of the performances of the novelHIB approach,
here we discuss the results obtained by performing molecular dynaics (MD) sim-
ulations of the (101) anatase surface with a growing amount of water layers usg
the MATORG+HBD set. The results will be compared to previous works based on
Car-Parrinello (PBE) molecular dynamics simulations [118] and other DFT (PBE)
structural investigations. [296]

Monolayer

We will start by considering the water monolayer (ML) in its most stabl e geometry,
i.e. the fully undissociated one shown in Figure 5.7a.

In Figure 5.8a we report the distribution p(z) and time evolution z(t) of vertical
distances between the oxygen atoms of the water molecules and the sfiplane of
the surface, as extracted from the MD simulation run of the water monolagr. As
one would expect from the good static description of the full coveragegee Section
5.3.3), the p(z) distribution is in satisfactory agreement with Car-Parrinello (PB E)
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Figure 5.7 { MATORG+HBD structures for a monolayer (ML, a), bilayers (BL1, b a nd
BL2, c) and trilayers (TL1, d and TL2, e) of water on the (101) TiO , anatase surface.
Dashed lines correspond to H-bonds. The structures reported come fromthe 0 K geometry
optimization of the last snapshots of the molecular dynamic s trajectories.
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Table 5.5 { Geometrical parameters for the equilibrium structures of H ,O (Molecular
Adsorption, top panel) and OH, H ( Dissociative Adsorption, bottom panel) for the adsorption

of a full water monolayer ( = 1) on the (101) TiO , anatase slab, as obtained with DFTB
and DFT methods. In the dissociative mode of adsorption, we de ne H as the hydrogen
atom of the OH group bound to the Ti atom, whereas H* is the hydroge n atom bound to
the bridging O »c atom. The interatomic distances and the angle are graphically de ned in

Figure 5.4 and 5.5, respectively. The absolute error reported in parenthesis for DFTB data

is computed with respect to the PBE values from the present work.

Molecular Adsorption

Tiee OH,  H O H Oy
Method Reference A(A) B (A) C (A) ()
DFTB- This work  2.46 (+0.08) 2.11 ( 0.89) 2.11( 0.23) 104.8
ke . . . . . . .
,\DA';_TFE‘)'RG+HBD This work 2.41 (+0.03) 2.14 ( 0.86) 2.15( 0.19) 105.2
DFT(PBE) This work 2.38 3.00 2.34 93.0
Dissociative Adsorption

Tie OH  H 0, _ F* OH
Method Reference Aq(A) By (A) Ca (A)
DFTB- This work  1.91 (+0.05) 3.48 ( 0.17) 2.65 ( 0.06)
MATSCI : : : : : :
DFTB- This work  1.92 (+0.06) 3.94 (+0.64) 3.10 (+0.39)
MATORG+HBD : : : : : :
DFT(PBE) This work 1.86 3.30 271

molecular dynamics data. [118] Speci cally, the width of the p(z) peak is very similar
to the reference, although it is slighlty shifted by 0.1 A to shorter distances. This is
due to the fact that, even if DFTB methods correctly reproduce the Ti{OH , bond
distance, the angle (H,O{Ti{O ,., see Figure 5.5) is broader than in DFT(PBE)
calculations, as already discussed in Section 5.3.3 and reported in Tab®e5: 105.2
with MATORG+HBD vs 93.0 with PBE and only small oscillations around this
value are recorded during the MD simulation. This more pronounced titing in the
DFTB case is further con rmed by the better overlap of the analogous DFTB and
DFT distributions of the Euclidean Ti{OH , distances, shown in Figure 5.8b, in place
of the vertical distancesp(z).

As shown by the breadth of the oscillations of the time evolutionz(t) in the right
side of Figure 5.8a, each water molecule librates around its equilibriunposition during
the MATORG+HBD molecular dynamics run, similarly to what obtained wi th CPMD
simulations. [118]

In addition, the binding energy per molecule (E g};;' in Table 5.6) for the water
monolayer (ML), as calculated with the MATORG+HBD method, is 0.70 eV, in a
very good quantitative agreement with the DFT(PBE) data. [117]
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Figure 5.8 { (a) MATORG+HBD distribution  p(z) and time evolution z(t) of the distances
between the water molecules (oxygen atoms) of the water mondayer and the titania surface
(Ti sc atoms). (b) Analogous distribution and time evolution for th e Euclidean Ti{O distance.
The DFT Car-Parrinello corresponding distribution p(z) is reported in cyan diamonds. [118]

Table 5.6 { Adsorption energy per molecule (E ™2 ) of the water monolayer (ML), bilayer
(BL1 and BL2) and trilayer (TL1 and TL2) on the (101) TiO , anatase 1 3 slab model, as
obtained with DFT and DFTB approaches after an optimization run of the last snapshot of
the MD simulation. The adsorption energy is de ned as the total energy di erence between
the equilibrium structure of the water/titania interface and the i solated systems, i.e. six
isolated water molecules and the optimized slab with one water layer less.

E mol

Water DETE- ads
. * y
con guration MATORG+HBD DFT(PBE) DFT(PBE)
ML 0.70 0.62 0.69
BL1 0.73 0.67 0.65
BL2 0.84 0.66 -
TL1 0.53 0.53 0.56
TL2 0.51 0.45 -

* This work
Y from Ref. [117]

Bilayer

In the case of the water bilayer (BL), the situation is more complex, shce several
con gurations are possible. Here, we considered two di erent con guraions in line
with previous studies [117,118,296]. These two bilayers, labeled BL1 andlLR, are
shown in Figure 5.7b,c.

In the BL1 con guration each molecule of the rst water layer is bound to T is¢
atoms and establishes two hydrogen bonds with two molecules of the seabdayer.
In turn, the second layer molecules form only one H-bond with an @, of the TiO»,
surface, with the other hydrogen atom pointing towards the vacuum.
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In the BL2 con guration, the rst layer water molecules are also bound to the Tis¢
atom of the surface, but only one hydrogen bond is formed with the second Yer
molecules, which, in this case, establish two H-bonds with the sugr cial O ,.. On the
whole, the number of H-bonds is equal in the two cases. As a matter of factyith our
DFT{PBE setup, we found that the two con gurations are essentially isoenergetic:
the adsorption energy of the second layer for the BL1 case is0.67 eV per molecule,
whereas it is 0.66 eV for the BL2 (see Table 5.6). Analogous results are reported in
ref. [117].

In order to provide a comprehensive picture, we carried out moleciar dynamics
runs starting from both BL1 and BL2 con gurations. The p(z) distribution and z(t)
time evolution of the vertical z component of the distance between the oxygen atoms
of the H,O molecules and the Ti. atoms plane are shown in Figure 5.9, together with
the results from PBE CPMD simulations.

Focusing the attention on the plots for the BL1 bilayer, there is a vary good match
between the DFT and MATORG+HBD p(z) distribution, both for the position of the
peaks and for their broadening: within PBE simulation, the rst layer of molecules is
centered at 2.15A (2.11 A for DFTB), whereas the second one oscillates around the
distance of 2.98A (3.08 A for DFTB). Furthermore, even the value of the angle
(H,O{Ti{O ) of rst layer water molecules with the slab, as de ned in Figure 5.5,
is perfectly reproduced, being around 90 for both DFTB and DFT.

In the case of BL2 plots in Figure 5.9, we can observe that in the MATORG+HBD
p(z) the water molecules of the second layer are closer to the surface than the BL1
case, since the second maximum in the distribution is peaked at shoet distances
(2.69 A and 3.08 A for BL1 and BL2, respectively).

Figure 5.9 { MATORG+HBD distribution  p(z) and time evolution z(t) of the distances
between the water molecules (oxygen atoms) of the BL1 and BL2 water bilayer, de ned in

Figure 5.7, and the titania surface (Ti sc atoms). The DFT Car-Parrinello corresponding

distribution p(z) is reported in cyan diamonds. [118]
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Although the bilayer structures and dynamics as obtained by DFTB match the
DFT ones, the binding energies per molecule (ET in Table 5.6) for both con g-
urations are slightly overestimated in the DFTB case, with the BL2 bilayer slightly
favored with respect to BL1, di erently from DFT(PBE) results wh ere they are isoen-
ergetic. This e ect may be caused by a greater stability of the water nolecules in the
second layer of BL2 when the DFTB method is used with respect to DR (PBE) cal-
culations. In fact, in the case of DFTB, these water molecules are foundo establish
stronger and shorter H-bonds with the O, atoms of the surface, as clearly shown for
a single water molecule in Figure 5.10.

Figure 5.10 { MATORG+HBD and DFT(PBE) (101) anatase slab with a single wate r
molecule in the same position as the second layer water moleales of the BL2 bilayer. Rele-
vant hydrogen bond distances are also given. The strength of the hydrogen bond has been
evaluated with single-point calculations of these structure and the isolated systems.

Even though there are few ne dierences between DFTB and DFT resuts, the
gualitative picture is analogous, i.e. the rst two layers are vertically ordered and
adapt to the TiO , surface lattice.

Trilayer

The trilayer of water molecules (TL) cannot be uniquely de ned since many valid
con gurations are conceivable. Therefore, we devised two represeative starting
con gurations, on the basis of what observed above for the water bilayersThese are
the TL1 and TL2 con gurations shown in Figure 5.7d,e, where the rst two w ater
layers are in the same positions of the BL1 and BL2 models, respectivel

In Figure 5.11 we report the distribution p(z) of the distances along thez coor-
dinate and their evolution during the MD simulation z(t) for both con gurations to
be compared with the available DFT(PBE) CPMD references. [118] The ageement
between the two MATORG+HBD and DFT(PBE) data is rather good. As a matt er
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Figure 5.11 { MATORG+HBD distribution  p(z) and time evolution z(t) of the distances
between the water molecules (oxygen atoms) of the TL1 and TL2 water trilayer, de ned in
Figure 5.7, and the titania surface (Ti sc atoms). The DFT Car-Parrinello corresponding
distribution p(z) is reported in cyan diamonds. [118]

of fact, there is a good overlap between the DFTB curve of the TL1 trilayer, shown
in the top panel of Figure 5.11, and the DFT one: the rst two layers in the DFTB
distribution are vertically ordered and do not change their position for the whole
simulation time, whereas the third layer is less bound and interacs with the second
layer of water molecules. Another proof that the third layer is less ound is given by
the time evolution z(t): at about 12 ps, one water molecule even leaves temporarily
the trilayer. The range of vertical distances explored by the third layer is between
3.6 < z< 5.1 A with DFTB, hence it is closer to the surface than with DFT{PBE
simulations, where the trilayer oscillates between 4.0< z< 6.0A.

The binding energies per molecule (E™! in Table 5.6) for the TL1 and TL2
trilayers is in very good agreement with the DFT(PBE) data. Furthe rmore, in line
with the DFT results, also with MATORG+HBD the TL1 con guration is fou nd to
be more energetically favorable.

In Figure 5.12 the correspondingp(z) and z(t) for the ML (top panel), BLs (middle
panels) and TLs (bottom panels) as extracted from the molecular dynamics isula-
tions with the MATSCI parametrization set are given. As already anticipat ed by the
results for bulk water and water adsorption with the MATSCI set, ther e is a very good
match with the DFT reference only for the monolayer con guration, whereas there
is a poor overlap for the bilayer and trilayer con gurations, because he interactions
between water molecules, underestimated by MATSCI, become moreetevant.

From the present analysis of water multilayers on an anatase TiQ surface, the
main factors governing the water/titania interface, which are correctly addressed by
DFTB, can be highlighted.

Above all, the balance between water/surface and water/water interactiors is
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Figure 5.12 { MATSCI Distribution p(z) and time evolution z(t) of the perpendicular
distances between the water molecule (oxygen atoms) and thetitania surface (Ti sc atoms)
for the monolayer (ML), bilayers (BL1 and BL2) and trilayers (TL1 and TL2) of water
molecules. The DFT Car-Parrinello corresponding distribution p(z) is reported in cyan
diamonds. [118]
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clearly a crucial aspect in the multilayer water adsorption. As evidewced by the
decrease of binding energy between the BLs and TLs, the pure water/wateinterac-
tion is found to be always weaker than the water/surface one, in line wih a previous
DFT study. [117]

In addition, while the position of the water molecules along thez axis are always
xed with a certain degree of oscillation (vertical order) in all the con gurations
considered (ML, BLs and TLs), the order in the xy plane (in-plane order) is present
only for the rst and second layer of molecules, since the third one ifound to be
more free to move, in agreement with another DFT study. [118] The in-phne order is
caused by the strong coordination of the rst layer water molecules wih the surface
Tisc atoms, which keeps the molecules separated and prevents lateral imtctions.
This strong bonding situation still holds for the water molecules of the second layer,
which are hydrogen-bonded to the surface @. atoms, but not for the third layer that
does not directly interact with surface atoms anymore. Lastly, we notied that the
strength of the Ti{OH , bond in the rst water layer increases at coverages higher than
1 ML, as also reported in ref. [118]. This e ect has been proven by the dzeasing
Tiscwater average distance (ML = 2.43A, BL = 2.29 A, TL = 2.28 A), as extracted
from the MATORG+HBD molecular dynamics runs.

Thus, the use of a modied hydrogen bonding damping (HBD) function in the
combined MATORG set allows for the proper description of the balance letween
water/water and water/titania interactions, resulting in a good agreement with the
DFT reference for the p(z) distributions and water layers binding energies, reported
in Figure 5.8, 5.9 and 5.11 and Table 5.6, respectively.

As already performed for static calculations in Section 5.3.3, we tested th e ect of
the inclusion of a{posteriori dispersion corrections in the D3 avor, asdeveloped by S.
Grimme. [275] We observed that binding energies systematically ine@ase by about 0.2
eV, but the qualitative description of the water/titania interface is not improved. As
an example, the issue concerning the relative stability between Bl and BL2 bilayers
still persists.

5.3.5 Energy barrier for water dissociation

In this nal part, we discuss the energy barrier associated to the dgsociation of a
single molecule of water on a T4; site of the anatase TiQ, (101) surface (coverage
= 0.25) as obtained with DFTB methods, which have been recently proen to be
reliable in the prediction of reaction barriers. [305] The results hae been compared
with the energy barriers obtained with DFT methods (see Table 5.7). Not that in
the case of DFT{B3LYP-D* the barrier has been calculated in this work by using the

computational settings detailed in Ref. [306].

We observed that the barrier for the dissociation process is genergiloverestimated
by both DFTB methods considered, in particular with the MATSCI se t of parameters.
Nevertheless, the MATORG+HBD approach partially solves this issue, providing
results in better agreement with the DFT references. Furthernmore, one should notice
that the reaction barrier for water dissociation, as found with DFT(B3LYP -D*), [306]
is higher than the PBE+U reference, with an energy barrier closer tothe one obtained
with MATORG+HBD. In any case, such high barriers (E 0.5 eV) would not

diss



5.4 Water/anatase TiQ spherical nanoparticle interfacel75

Table 5.7 { Energy barrier for the dissociation of a single water molecule on the anatase

TiO2 1 2 model (E § ) and total energy dierence between molecular and dissociated

water adsorption (E giss ).

Method | Reference Ef  E diss
DFTB{MATSCI this work 1.12 0.41
DFTB{MATORG+HBD this work 0.96 0.49
DFT(PBE+U) Ref [116] 052  0.40
DFT(B3LYP-D*) Ref. [306] 081  0.36

allow for spontaneous water dissociation in a reasonably long molecular damics
simulation time.

Table 5.8 { Geometrical parameters, as de ned graphically in Figure 5.13, for the transition
state structure of water dissociation on the (101) anatase slab model with the DFTB methods
and in the DFT reference.

Method | Reference A B C
DFTB{MATSCI thiswork 1.34 144 2.27
DFTB{MATORG+HBD thiswork 1.15 148 2.25
DFT(B3LYP-D%) Ref. [306] 1.18 135 2.06

Finally, in Figure 5.13 and Table 5.8 we report the transition state structure and its
geometrical parameters as computed with DFTB and DFT methods. The useof the
MATORG set instead of MATSCI and the inclusion of the HBD correction greatly
improves the description of the transition state geometry in compari®n to the DFT
reference. However, the MATORG+HBD transition state is found to be somewhat
later than with DFT(B3LYP-D*), i.e. the distance between the oxygen atom of water
and the leaving hydrogen atom (B in Table 5.8) is longer than in the DFT refaence.

To conclude this section devoted to the assessment of the novel MAORG+HBD
set of DFTB parameters, we demonstrated the applicability of SCC-DFTB for the
description of the structural, energetic and dynamical properties ofthe water-multi-
layers/TiO , interface, but only when a proper combination of DFTB parameters and
corrections is used. On the basis of this proven reliability, we aplied this method
to perform computationally e cient molecular dynamics of large and realistic models
of TiO, nano-systems into a solvent surrounding, as it will be discussed ithe next
section.

5.4 Water/anatase TiO , spherical nanoparticle inter-
face
In the following, we will discuss a static and dynamic investigation ofthe water/a-

natase TiO, nanoparticle interface. Speci cally, we will consider the adsorpton of
single water molecules, a water monolayer and a multilayer of water mokles on a
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Figure 5.13 { MATORG+HBD optimized structure of the transition state for the p  rocess
of water dissociation (coverage = 0.25). Values of bond distances are reported in the Table
5.8.

spherical TiO, nanoparticle model.

Up to monolayer coverage, we employed both the DFT(B3LYP) and SCC-DFTB
with the MATORG+HBD parameters for the static description of the ene rgetics
and the structural and electronic properties. At this stage, the MAT ORG+HBD
methodology has been further assessed by the comparison with the DFBELYP)
results.

Finally, a MATORG+HBD molecular dynamics simulation of a multilayer of wa-
ter adsorbed on the nanoparticle has been performed and analyzed with thaim to
describe the dynamic properties of this important solid{liquid int erface.

5.4.1 Single site coverage

A spherical TiO, nanoparticle, such as theNS nanosphere used in this study (see
Section 5.2 for more details on the model), presents a large variety of @irent under-
coordinated surface Ti atoms, which are the preferential water adsorgbn sites. First
of all, as was deeply discussed in Section 3.5.2, in théS system there are four main
categories of Ti sites: Tkc, Tiac, TigscOH and Tiz OH.

In addition, these four main categories may be subdivided in severalubcategories,
which account for the di erent chemical environment of each specic site. For in-
stance, Tisc can be di erentiated by their vacant coordination position, that can be
axial or equatorial. Otherwise, they can be characterized by the presee of bridging
O, species or hydroxyl groups that are close enough to accept an hydrogen bonth
this way, it is possible to distinguish 18 signi cantly inequivalent undercoordinated
surface sites on theNS model, as shown in Figure 5.14.

For the binding of a single water molecule on each of the 18 sites, two adsation
modes have been considered: undissociated water (\Undiss.") and skociated water
with the hydrogen fragment on the closest bridging Q. oxygen (\Diss."). In the case
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Figure 5.14 { Position of the inequivalent undercoordinated titanium site s on the surface
of the NS model. The numbering corresponds to the labels in Table 5.9.

of Tisc(2) and Tis(12) sites, the resulting O,.{H cleaved one Ti{O,. bond during
the DFT(B3LYP) geometry optimization, resulting in the formation of a te rminal
Ti{OH, similarly to what has been reported for the dissociative water adsorption on
anatase (001) surfaces. [93,112,121] Interestingly, this binding mode is mostable
than dissociative adsorption without Ti{O ,. cleavage by 0.4 eV. However, this pe
culiar behaviour will not be considered from now on, because the Ti{Q. bond is
restored upon adsorption of another water molecule at the same Ti site.

The binding energies for water on each site, as obtained with DFT(B3LYP)and
MATORG+HBD methods, are reported in Table 5.9. The DFTB approach is able
to accurately reproduce the DFT(B3LYP) adsorption energies for moleclar water
with a mean absolute error (MAE) of 0.12 eV, whereas it provides not as good ¢r-
formances for dissociated water, being most of the values underestated. The cause
of this underestimation may be related to a rigidity of the DFTB parametrization,
which cannot describe the higher distortion of the Ti{O bonds that is induced by wa-
ter dissociation, contrarily to DFT(B3LYP). These general tendencies can be clearly
observed in Figure 5.15, where the MATORG+HBD binding energies are pbtted
against the DFT(B3LYP) ones.

The distribution of the binding energies for undissociated water,together with the
computed energy di erence between the dissociative and moleculadsorption modes,
is graphically represented in Figure 5.16. Interestingly, we demonsated that on the
surface of a spherical nanoparticle there is a wide variety of water adsption sites
that are characterized by a di erent preferential binding mode and adsorption energy.
This is in line with several experimental works, which postulate, on the surface of
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Table 5.9 { Comparison between the binding energies (E T2 , in eV) for a water molecule
on each specic site of the NS nanoparticle model with the MATORG+HBD and the
DFT(B3LYP) method. Both the undissociated (Undiss.) and the dissociated (Diss.) adsorp-
tion mode are considered. The preferred adsorption mode for each siteis highlighted in bold.
The mean absolute error (MAE, in eV) of DFTB with respect to DFT for un  dissociated and
dissociated water is also given.

. MATORG+HBD DFT(B3LYP)

Site Label  Occurrence Undiss. Diss. | Undiss Diss.

1 8 0.72 0.04 0.97 0.97

2 4 0.68 0.43 0.65 1.05

3 4 0.67 0.28 0.76 0.99

Tige 4 8 1.00 0.15 0.92 0.86

5 4 0.41 0.20 0.55 0.59

6 2 0.34 1.71 0.44 0.51

7 8 0.56 0.08 0.61 0.54

8 4 0.63 0.24 0.61 0.84

9 4 0.98 1.30 0.61 1.58

10 4 0.99 1.16 1.03 1.32

11 4 0.94 1.45 1.17 1.86

Ti ac 12 4 1.11 1.18 1.22 1.78
13 4 0.97 1.39 1.27 1.80

14 4 1.17 0.69 1.57 1.73

15 4 0.95 0.83 0.96 1.05

16 4 1.25 1.27 1.22 0.54

Ti 4c(OH) 17 12 0.40 0.17 0.56 0.46
Ti 3¢(OH) 17 8 0.63 0.39 0.63 0.53

MAE [ 012 067 |

curved TiO, nanoparticle samples, the existence of many inequivalent sites capbbof
binding. [54,307{310] Interestingly, water dissociation is favored over masof the sites
of the TiO, nanosphere, which is an evidence of the higher reactivity of spherad TiO ,
nanoparticles in comparison to faceted ones, where water only moleculgrladsorbs
on the mostly exposed (101) surfaces.

5.4.2 Monolayer coverage

Overall, the number of water molecules that are needed to build a watemonolayer
is given by the amount of e ective vacant positions of coordination on all the Ti
surface sites. This number corresponds to 134 molecules for the (T3 10 H,O
nanosphere model, as it can be derived by the occurrence of each séed its corre-
sponding coordination number in Table 5.9.

On the surface of the nanosphere, the water molecules may be all undisciated, all
dissociated or in an intermediate con guration where a portion of them isdissociated
and the remaining ones are undissociated. In order to discriminate &tween these
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Figure 5.15 { Correlation between the binding energy of undissociated (black circles)
and dissociated (red squares) water molecules as obtained wih DFT(B3LYP) and MA-
TORG+HBD. The xy bisector is shown as a black dashed line.

situations, we de ne the extent of the dissociation reaction ( ) as follows:

= flot 7 Ntot = NH,0 + NoHH (5.6)
Ntot

where non.y  and ny,o are the number of dissociated and undissociated water
molecules in the water monolayer, respectively.

The results for the DFT(B3LYP) binding energies (E ™! in Table 5.9) for each site
may suggest that water would be almost completely dissociated on the stace of the
nanosphere. Nonetheless, one should consider that a high degree of digated water
molecules implies the formation of a large quantity of bridging Q.{H species and a
strong distortion of the surface. In other words, the relative stability of the dissociative
or molecular adsorption modes of water is expected to be coverage-depkmt.

In order to verify this hypothesis, we devised three main modelsof the water
monolayer on theNS nanoparticle model: all undissociated ( = 0.00, Figure 5.17a);
a portion of water molecules (28 out of 134) dissociated and the remaining ones
undissociated ( = 0.21, Figure 5.17b); a portion of water molecules (40 out of 134)
dissociated and the remaining ones undissociated (= 0.30, Figure 5.17c). The
sites where water molecules have been dissociated were seléctn the basis of the
DFT(B3LYP) binding energies in Table 5.9: in the case of =0.21, all the sites with a
E Ml < 1.25eV;inthe case of =0.30, all the siteswitha E M < 1.05eV. For
the less expensive MATORG+HBD computational approach, also other dissciation
degrees have been considered, up to a number of 68 dissociated wateolecules out
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Figure 5.16 { Pictorial representation of the distribution of (a) binding ene rgies (E 72 in

Table 5.9) for undissociated water molecules and (b) energy di erence between undissociated
and dissociated adsorption for each undercoordinated sites of he NS model as obtained with

DFT(B3LYP).
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Figure 5.17 { Optimized structures of the water monolayer with a dierent ext ent of
dissociation ( ) on the NS model, as obtained with DFT(B3LYP): (a) all undissociated (

= 0.00), (b) 28 water molecules out of 134 dissociated ( = 0.21), (c) 40 water molecules
out of 134 dissociated ( = 0.30). Oxygen atoms from undissociated water molecules are
shown in blue. Titanium, oxygen and hydrogen atoms of the nano particle are shown as
cyan, red and white spheres, respectively. Hydrogen and oxygen @&oms from dissociated
water molecules are given in yellow and green, respectively. Hydrogen bonds are shown as
dashed black lines.

of 134.

Table 5.10 { Binding Energy per molecule (E T2 | in eV) for the water monolayer on the
NS and NC models with a di erent degree of dissociation, expressed in terms of fraction of
dissociated molecules and , as obtained with MATORG+HBD and DFT(B3LYP) methods.
The values for the most stable con guration are highlighted in b old.

Fraction of E mol
dissociated HO MATORG+HBD DFT(B3LYP)
NS
0/134 0.00 0.708 0.814
28/134 0.21 0.743 0.878
36/134 0.27 0.729
40/134 0.30 0.727 0.867
48/134 0.36 0.706
68/134 0.51 0.646
NC
4/126 0.03 | 0.744

The binding energies per molecule for the water monolayer with di eent degrees of
dissociation, as obtained by DFT(B3LYP) and MATORG+HBD, are given in Tabl e
5.10. Note that the energy di erences may seem small when one compares thesults
for dierent , butthe E M are averaged on hundreds of water molecules, so that
a dierence of 0.01 eV in binding energy per molecule accounts for morehan 1 eV
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on the whole.

Indeed, the con guration in which the water monolayer is more stable isthe one
in which 28 out of 134 water molecules are dissociated. In addition, the saeresult
is obtained by both MATORG+HBD and DFT(B3LYP) approaches. These ndings
clearly demonstrate that: i) overall, the best con guration in the ful | coverage regime
is the one where water is dissociated only on the more reactive 74 sites; ii) even
though MATORG+HBD has been shown to be not particularly accurate for water
dissociation energy on single sites (see Table 5.9), it gives a correctdgjitative and
even quantitative description of a water monolayer adsorption on a TiQ nanoparticle.
Furthermore, one can notice that there is a smooth decrease of the biridg energy as
a function of the dissociation degree (see MATORG+HBD results in Table 5.10).

Another important result is that the average binding energy of water on a TiO»
nanosphere is considerably larger than that of a faceted nanoparticle by 0.13 eV per
molecule (compareNS and NC model in Table 5.9). This is a computational evidence
of the observed higher chemical reactivity of curved TiQ nanosystems with respect
to well-faceted ones. [31] Furthermore, from a chemical point of viewthe spherical
nanoparticle contains a large number of acidic Ti sites, which can bind arhydroxyl
anion and release a Fl, and basic Q. species, which can accept a proton. Overall,
the extent of dissociation for the most stable con guration gives a measure of the
acid/base reactivity of the nanoparticle. Therefore, the faceted TiO, nanoparticle
shows a signi cantly lower acid/base reactivity than the spherical one, since water
dissociates only on the few corner sites of th&lC model (see Section 4.5.1 for more
details).

Table 5.11 { Connolly surface areas (Sonn in NM?) and surface energies (conn in J/m 2)
for the faceted (NC ) and spherical (NS) TiO > nanoparticle models with and without an
adsorbed monolayer of water molecules, as obtained with DFT(B 3LYP). In the case of the
spherical nanopatrticle, the considered monolayer is the most gable one with 28 out of 134
dissociated water molecules. The Connolly radius is set to 30 A.

[NC NC +H,OML [ NS NS +H,0ML

Scom 23.8 22.1
conn | 0.59 0.04 0.72 0.13

The larger energy gain associated with water adsorption for spherical anatase
nanoparticles with respect to faceted ones is connected with the coputed surface
energies, reported in Table 5.11. In vacuum, the faceted nanoparticle slws a surface
energy lower than the nanosphere (0.59 vs 0.72 J/A), since it exposes highly stable
(101) surfaces. In a water environment, a reversal of the relative stality is observed:
the TiO, nanosphere is more stabilized by water than the faceted nanoparticle,e-
sulting in a more negative surface energy (0.13 vs 0.04 J/m?). In other words, we
provide computational evidences that, in the presence of water moledes, spherical
TiO , nanoparticles would be more stable than faceted nanoparticles.

Note that a negative surface energy implies that the surface is more stablthan the
bulk and this cannot happen for a single component system, e.g. Ti@only. However,
in the case of a multi-component system, such as Ti@ and water, this may happen,
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as demonstrated by N rskov et al. for alumina surfaces in aqueous surroundgs. [311]

Table 5.12 {  Surface densities (in nm 2) of terminal (OH) and bridging (O 2cH) hydroxyl

groups and of water molecules directly bound to a titanium atom (H,O{Ti) or H-bonded

to the surface (H2Owg ) in the DFT(B3LYP) optimized water monolayer on the NS model
with a di erent extent of dissociation (). The values corresponding to the most stable
con guration are highlighted in bold.

\OH OzcH  H2O{Ti H ,0ue

0.00 | 0.9 0.0 4.9 1.1
021 |22 13 4.0 0.8
0.30 | 2.7 1.8 3.6 0.7

The surface composition of water species on the hydratetlS model, reported in
Table 5.12, is consistent with the data from experimental literature, which reports
a mixed molecular and dissociative adsorption for water on curved TiQ nanoparti-
cles. [307{310, 312] Considering the experimental data for nanoparticles witia
size similar to NS, the agreement is even quantitative: for instance, the sum of the
computed density of terminal and bridging OH is 3.5 nm 2, which is in satisfactory
agreement with a measured density of 4.5 nm?. [312] The surface density of undisso-
ciated water molecules cannot be easily compared with the experimeat values since,
in the measurements, it is hard to determine whether only a monolagr is adsorbed
or, instead, more water layers are present on the surface.

Water adsorption causes also an increase in crystallinity in the struture of the
whole spherical TiO, nanopatrticle, as it can be noticed from the simulated EXAFS
in Figure 5.18. In fact, the distribution of the Ti{O distances reported in the EXAFS
spectrum of the bareNS model (see Figure 5.18b) shows a signi cant distortion from
bulk interatomic distances in Figure 5.18a, as widely discussed in Ston 3.5.2. In
contrast, a bulk-like structure is recovered after the adsorptionof a water monolayer
(see Figure 5.18c) which presents a sharpening of the peak centered at95 A in
the rst coordination shell (Ti{O) and a small number of broad peaks close to the
bulk values in the second coordination shell (Ti Tiand Ti  O). This water-driven
recovering of the crystallinity is related with the restoring of the full six-fold coordi-
nation of the surface Ti sites. A similar result has been already repord in a previous
molecular mechanics study on the water/TiO, nanoparticle interface. [98]

The presence of water is expected to in uence also the electronistructure of the
the TiO, nanoparticle. In this regard, the electronic density of states (DOS)for the
bare NS model and for the same system with an adsorbed water monolayer are shown
in Figure 5.19, along with the projections on molecular water (HO), hydroxyls (OH),
bridging oxygen atoms (O,.) and O, species with a bound proton (Q.H). The O{H
bonding states of water are located between 16 and 14 eV, whereas the states
of the lone pairs partially overlap with the valence band of the TiO, nanoparticle
between 13 and 7 eV.

Upon the addition of an undissociated water monolayer to the bareNS nanoparticle
model a clear e ect can be noticed: the valence band edge is shiftedybl.32 eV
towards more positive energies (compare Figure 5.19b with Figure 5.19a); sifarly,
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Figure 5.18 { Simulated EXAFS spectra as obtained with DFT(B3LYP) for bulk an atase
(top panel, a) and for the NS model as it is (middle panel, b) and with a full monolayer of
water molecules ( = 0.21) adsorbed on it (bottom panel, c).

the conduction band edge shifts to higher energies but the extent oftte shift is lower,
causing an overall reduction of the band gap by 0.14 eV. This energy shift isaused
by the interaction of the valence and conduction electronic states wilh water dipoles,
which are mainly oriented with the negative sign close to the surfacefér more details
on the orientation of water see Section 5.4.3).

The water dissociation process induces an almost rigid back-shift ofe valence and
conduction band edges, as one can notice by comparing Figure 5.19c,d with dtire
5.19b. This e ect occurs because valence states are stabilized by thotons adsorbed
on the Oy species, as it can be clearly observed by the more negative energy ofeth
projection onto O,¢H species (in green) with respect to the projections onto @ atoms
(in violet). Very interestingly, also the energy level of the free O, species are shifted
to more negative energies, even if they are not directly involved inthie binding of a H
atom. This implies that the O,. species become less basic, i.e. less prone to bind a
proton, the more water is dissociated.

In Table 5.13 the position of the band edges with respect to the vacuum fothe
bare and hydrated NS are tabulated, along with the HOMO{LUMO (E . ) and
Kohn-Sham (Egks ) energy gaps (for a de nition of these quantities see Section 3.5.3).
As discussed in Chapter 3, the HOMO{LUMO gap may be in uenced by the pregnce
of localized surface states close to the band edges. In order to eluei the e ect of
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Figure 5.19 { Density of states and projected density of states for the bare NS (a), NS
with a monolayer of undissociated water molecules ( = 0.00, b) and with a monolayer of
partially dissociated (= 0.21 for ¢ and 0.30 for d) water molecules. In each panel, the band
gap and the energy shift (in eV) of the valence and conduction band edges with respect to
the bare NS model are given.

water on the band-like states, we report also the Bks gap, which is the di erence
between the highest occupied and lowest unoccupied delocal@ddohn-Sham state.

Noticeably, the E n.. and Egs energy gaps become very similar upon water
monolayer adsorption and they perfectly match in the case of the most stale mono-
layer with a dissociation degree of 0.21. Thus, it appears that the inteaction with
the water monolayer shifts back into the valence band those localizedurface states,
which are instead at the valence band edge of the bar8lS. It is worth noting that
the Egks energy gap in presence of water is much closer to the DFT(B3LYP) bulk
value (3.81 eV, see Table 3.12) than in the bardNS model.
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Table 5.13 { DFT(B3LYP) Kohn-Sham energy values, with respect to the vacuum level,
of the top of the valence band (Top VB) and of the bottom of the ¢ onduction band (Bottom

VB) for the bare and hydrated NS model with di erent degrees of water dissociation ().
Energy di erences between HOMO and LUMO levels (E .. ) and Kohn-Sham energy gap
(Egks ) are also reported.

Bare NS =0.00 =0.21 =0.30
TOP VB 8.02 6.70 7.05 7.13
BOTTOM CB 3.88 2.69 3.00 3.14
E o 4.14 4.00 4.05 3.99
Egks 4.31 4.04 4.05 4.04

Figure 5.20 { Molecular electrostatic potential (MEP) projected on the charg e density
isosurface (isovalue = 0.0001 a.u.) for the bare NS model (a), NS with a monolayer of
undissociated water (b) and partially dissociated one with = 0.21 and 0.30 for ¢ and d,
respectively. Blue areas are positively charged, red areas are negévely charged.

Finally, the molecular electrostatic potentials (MEP), projected on a charge density
isosurface, for the bare (a) and hydrated (b, ¢, d)NS are shown in Figure 5.20. One
can observe that for the bareNS (Figure 5.20a) bright blue spots are present, which
correspond to the positive potential generated by the Ti cations. Upon adsrption of
the undissociated water monolayer, these blue spots disappear and serther regions,
corresponding to groups of Q. species, become negatively charged (red areas in Figure
5.20b). This e ect is mitigated by water dissociation, because of the adsrption of
the H atoms, leading to an overall discharging of the Q. atoms, which become less
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prone to accept a proton from the water surroundings.

5.4.3 Multilayer coverage

The study of the dynamical properties of a water multilayer can provide useful infor-
mation on the behaviour of a TiO, nanoparticle in a water environment. However,
this task is not feasible at the DFT level, hence we employed only tb computationally
e cient MATORG+HBD approach.

The starting con guration for the water multilayer on the NS model has been
constructed by adding a 6A-thick spherical shell of 824 H,O molecules to the geometry
of the most stable water monolayer ( = 0.21), as obtained with the MATORG+HBD
approach.

Figure 5.21 { Last snapshot of the MATORG+HBD molecular dynamics simulat ion of the
NS model with a water multilayer, i.e. a monolayer of water (= 0.21) and an additional

spherical shell of 824 HO molecules, for an overall stoichiometry of (TiO 2)223 978 H,O.
Titanium, oxygen and hydrogen atoms of the nanoparticle are shown as cyan, red and
white spheres, respectively. Oxygen and hydrogen atoms of hydrocyl groups coming from
dissociated water molecules are given in green and yellow, respctively; undissociated water
molecules are shown as blue sticks.

Subsequently, the geometry has been relaxed to an energy minimumt is worth
noting that in the equilibrium structure water molecules have collapsed onto the
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nanoparticle, reducing signi cantly the initial water shell thick ness. The optimized
structure has been used as initial con guration for the MATORG+HBD mole cular dy-
namics run, whose nal snapshot is represented in Figure 5.21. Duringhte simulation
time, no signi cant reactivity has been observed, except for a singt recombination
between a hydrogen adsorbed on a  and a hydroxyl, leading to the formation of a
water molecule.

Being the nanoparticle not perfectly spherical, the radial distribution function
(RDF) from the center of mass is not a meaningful quantity to describethe struc-
ture of the multilayer, because it would be a ected by the shape of tre system. For
instance, a peak in the RDF may appear split in two because in a certai direction
the nanopatrticle is elongated and in another direction is compressed. Fahis reason,
we have analyzed the structure of the water multilayers in terms ofMD-averaged
distribution function g(d) of the minimum distance d between the oxygen of a water
molecule of the multilayer (O,,) and the super cial titanium atoms of the nanopatrticle
(Tisup). Note that, as it is de ned in Section 5.2, the g(d) function is analogous to
the radial distribution function, since the value of g(d) is related to water density at
each distance and would tend to 1 for bulk water.

Figure 5.22 { Distribution function g(d) of the distances d between the oxygen atoms of
water molecules and the closest titanium atom of the surface, as extracted from the MA-
TORG+HBD molecular dynamics run on the NS model with an adsorbed water multilayer.
Roman numbers from | to V indicate the di erent water layers. A dash ed black line is traced
for g(d) = 1, which corresponds to bulk water density.

The distribution function g(d), as derived from the MATORG+HBD molecular
dynamics trajectory, is reported in Figure 5.22. First of all, the MD-averaged distance
of water molecules from the surface extends from about 2Ato 10 A. At 10A the
g(d) is almost zero because of the niteness of the model, hence we widbnsider the
g(d) to be meaningful up to about 8 A. We can notice six clear density maxima in
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the g(d) function and the region around the peaks is assigned to a solvation layer,
as graphically shown in Figure 5.22: the rst two peaks at short Q,{Ti s,p distances

are included in the rst solvation layer ( Layer 1), whereas the other four peaks are
considered to be included inLayer 11, Ill , IV and V, respectively.

The two peaks inLayer | are centered at 1.90 and 2.2°A and are related to disso-
ciated and molecular water directly adsorbed on surface titanium atoms. he second
peak is particularly high (up to a g(d) of 28) and sharp, because many undissociated
water molecules share a similar bond lenght.

Figure 5.23 { (a) Graphical de nition of the angle , i.e. the angle between the O{H bond
vector (in black) and the vector connecting the water oxygen atom with the center of the
NS model (radial vector, in red). The radial vector is translated so t hat it has the same
origin than the O{H bond vector. A cos equals to 1 means that the O{H bond is directed
outwards, whereas a value close to 1 means that the O{H bond is oriented towards the
center of the nanosphere. (b) Probability distributions P(cos ) of the angle for the water
molecules of the multilayer adsorbed on the NS model within Layer | (bottom panel, in
black), Layer Il and Ill (as red and violet points, respectively, in middle panel) and Layer
IV and V (as green and orange points, respectively, in top panel).

In order to better understand the structure of the water multilay er, we report in
Figure 5.23 the probability P(cos ) of the various O{H bond orientation within each
of the ve layers (see Section 5.2 for the de nition of this quantity). Being the angle
between the radial vector and the O{H bond, a value of 1 for the cos implies that
the O{H bond is directed outwards, whereas a value close to 1 means that the O{H
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bond is oriented towards the center of the nanosphere. Note that in the &se that an
undissociated water molecule is considered, both angles are taken into account in
the probability distribution.

In Layer I, the O{H bonds are preferentially oriented outwards. In such a way, he
hydrogen atom of the adsorbed water molecules or hydroxyls can form H-bond h
the outer layers, as it is clearly evidenced in Figure 5.24, where wateadsorbates of
Layer | are shown with a black oxygen atom. Interestingly, both O{H bonds of the
undissociated water molecules are directed outwards, since no othenaximum in the
P(cos ) probability distribution is observed.

Figure 5.24 { Top view of a cross-section of the water multilayer on the NS model, as
obtained from the last snapshot of the MATORG+HBD molecular dy namics simulations.
Oxygen atoms of the adsorbed water molecules and hydroxyls are olored according to their
distance from the closest titanium atom, as described in the legend on the right. Titanium,
oxygen and hydrogen atoms of the nanoparticle are shown as cyan,red and white spheres,
respectively. Hydrogen bonds are represented as dashed black lies.

Between 3 and 5A in the g(d) function, we can observe the second and the third
solvation layers (Layer Il and Il ), which present two peaks centered at 3.8%A and
4.50 A. The probability of the di erent orientations of the O{H bond for these t wo
layers is shown in middle panel of Figure 5.23. In this case, the P(cog9 is more
evenly distributed, which means that water is oriented more randomy than in the
rst layer. Nonetheless, O{H bonds of H,O molecules within Layer Il are more
likely to be oriented inwards, whereas the ones ofayer Ill are preferentially directed
outwards. In fact, as clearly depicted in Figure 5.24, the second solvatiotayer (red
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molecules) is mainly composed of water molecules which donate H-bonds turface
Oy, adsorbed water or hydroxyl groups. On the contrary, water in Layer Il (violet
molecules) mostly accepts H-bonds from water adsorbates in the rst sehtion layer.
Thus, in the third solvation layer the hydrogen atoms of the O{H bond are free to
establish hydrogen bonds with the water overlayers.

Between 5 and 8A, the g(d) distribution function is more complex and two main
broad peaks are located at about 6 and 7A. The orientation of water molecules in
these range of distances may provide a clue to understand the origin dfiese features.
In fact, there is almost an equal probability of any orientation of the O{H bond for
the water molecules within the fourth and fth solvation layer ( Layer IV and Layer
V), as reported in top panels of Figure 5.23. Thus, water in these two layer does
not present a long range order, even though in this region there is a watedensity
slightly higher than in the bulk. However, these features may be cased by a spurious
e ect due to the niteness of the model and further checks with a larger system are
necessary to have a de nite answer.

To sum up, three structured hydration layers have been clearlyobserved in the
solvation shell of a TiO, spherical nanoparticle model: the rst layer (black molecules
in Figure 5.24) is composed by water molecules anchored to the surface ditium sites
as undissociated water or OH groups; then, the second layer (red moleles in Figure
5.24) is more mobile and contains water molecules H-bonded via the hydrogen @n
to surface Oy, adsorbed water or hydroxyls; nally, the third layer (violet molec ules
in Figure 5.24) includes water molecules that accept hydrogen bonding ém water
adsorbates, either OH groups and HO. Water overlayers, i.e. the fourth and fth
layers, may be only weakly a ected by the presence of the TiQ nanopatrticle.

As a nal comment, the g(d) function between 3 and 5A is found to be about 2 on
average, which indicates that in this region the water density is doulled with respect to
that of bulk water. This is in line with the experimentally observed increased density
of water by a factor of 2 in the inner water layers of a hydrated TiO, nanoparticle
sample. [313]

5.5 Conclusions

The rst-principles investigation of the properties of large TiO , models in agueous
surroundings is a very demanding task, that is yet not feasible at a fuIDFT level of
theory, especially if one is interested in the dynamic propertie®f this important solid{
liquid interface. Self-consistent eld density functional tight-binding (SCC-DFTB)
can be a valid option to tackle this challenging task, being a fast DFT-kased algorithm,
which has been proven to be accurate for a wide range of systems in matais science
and (bio)chemistry. Since the computational e ort within SCC-DFTB is much lower
than in DFT, it allows for the simulation of large models up to several thousands of
atoms. However, the accuracy of this approach is dependent on the validit of the
DFTB parameters for the system under study.

Thus, we have rst focused on the assessment of the reliability of SC-DFTB for
the study of the structural, energetic and dynamical properties of the titania/water-
multilayers interface. When a proper combination of the already exising DFTB
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parametrization sets for Ti-containing compounds, together with specic corrections
for water systems, is employed, SCC-DFTB is capable to accurately @scribe the
prototypical anatase (101)/water interface. Speci cally, we combined the parameters
commonly used for solid-state systems (matsci-0-3, MATSCI) with theones largely
tested for organic systems and water (mio-1-1, MIO) in a novel DFTB-basd method-
ology which we have called MATORG+HBD.

First of all, we have assessed the ability of this new approach to modehe two
separated components of the interface: water/water interactions, as evahted by
water dimer H-bond energy and the bulk water radial distribution function, are in
fair agreement with DFT and experimental references, as well as bulkiO, lattice
parameters. As regards the interface, the structural and energetic deeription of water
adsorption on the (101) anatase surface was found to be in line with high-leVeDFT
calculations. Thanks to this good balance between water/water and water/ttania
interactions, the MATORG+HBD methodology has been shown to be succesful also
for the dynamic description of the interface, when compared to DFT-lased Car-
Parrinello molecular dynamics simulations. Furthermore, this DFTB method was also
found to give a satisfactory description of the transition state for water dissociation,
even though the energy barrier is slightly overestimated with resgct to hybrid DFT
calculations. Overall, we found that our combined approach is able to repsduce the
main features of the titania/water-multilayers interface with a DFT -like accuracy but
at a particularly low computational cost.

Given this proven reliability of SCC-DFTB for water/water/titania i nteractions,
we applied this method, in parallel with hybrid DFT, to model the interface between
water and a realistic TiO, spherical nanoparticle with an average diameter of 2.2 nm.
In particular, we have rst investigated the adsorption of a single water molecule on
di erent sites and a full water monolayer on the surface of the TiO, nanosphere. This
nanoparticle model presents a large variety of inequivalent surface iTatoms, which
are the preferential water adsorption sites.

At single-site water coverage, the binding energies on these Ti @5, as obtained
with hybrid DFT, can vary in a wide range between 0.4 and 1.9 eV. Dissociative
adsorption is computed to be favored over molecular one for all the fourdid coor-
dinated Ti sites and, rather surprisingly, also for several ve-fold cordinates ones.
Computed MATORG+HBD adsorption energies for undissociated water moleules
are in very good agreement with hybrid DFT data, whereas the energiegssociated
with water dissociation are systematically underestimated.

At monolayer coverage, in spite of the observed preference for dissiation at
single-site coverage, the most stable con guration is the one where only 20% of
the molecules are dissociated for either hybrid DFT and MATORG+HBD . Upon wa-
ter monolayer adsorption, a recrystallization of the nanoparticle has bee evidenced
by the simulated EXAFS spectra. Furthermore, the monolayer of water mokcules
causes a considerable shift{ 1 eV) of the valence and conduction band edges towards
higher energies. This e ect is stronger for the valence band than for e conduction
one, resulting in a small but signi cant reduction of the band gap with respect to
the vacuum. The water dissociation process is found to partially sht back the band
edges, due to the increase of adsorbed hydrogen species. On the whdales average
binding energy for the full monolayer on a spherical TiG; nanoparticle is considerably
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higher than on a faceted one. As a consequence, the surface energy of a tatdd
nanosphere is lower than the one of a hydrated nanocrystal.

Finally, the multilayer coverage has been investigated by MATORG+HBD molec-
ular dynamics simulations. We observed the formation of ve hydration layers within
a distance from the surface of 8A. The rst layer (up to 3 A) is composed by a
mix of molecular and dissociated water molecules directly adsorbed tohe Ti site,
whereas the second and the third ones (between 3 and &) include water molecules
that donate and accept, respectively, hydrogen bonding with the oxygae species on
the surface. Lastly, the fourth and fth layers (between 5 and 8 A) do not show any
signi cant long-range order, even though their density is still higher than that of bulk
water.

In conclusion, with the present computational study we provided an acurate pic-
ture of the thermodynamic, structural and electronic properties of the water/nano-
TiO , interface. These insights into the molecular-level features of tts interface, which
is relevant for many energy-related and biomedical applications, can bextremely use-
ful for an e cient design of TiO ,-based functional nanomaterials.



Summary and Conclusions

Titanium dioxide (TiO ;) is one of the most investigated materials for the direct
conversion of light photons into electricity (photovoltaics) and chemical energy (pho-
tocatalysis). Although TiO , nanoparticles are commonly used as building blocks for
photoapplications, most of the theoretical studies on titanium dioxide are still focused
on bulk or extended surface TiQ models.

In this thesis, we pushed the boundaries of the state of the art of theaatical
studies on TiO, by devising a computational toolbox for the modelling of realistic
titanium dioxide nanoparticles in vacuum and in aqueous environment vith hybrid
density functional theory (DFT) and approximate-DFT, namely densi ty-functional
tight-binding (DFTB).

First, we prepared and re ned stoichiometric and chemically stable models of
anatase TiO, nanoparticles of both well-faceted and spherical shape. The range
of size considered is from 1.5 to 4.4 nm, approaching the feasible limfor hybrid
DFT calculations and the dimensions of real titania nanoparticles usedn practical
applications. In order to fully relax the less ordered structure of gherical nanoparti-
cles, we performed a simulated high temperature annealing at the DFB level, which
allowed reaching a stable global minimum geometry. A detailed analysis athe mod-
els evidences the main features of faceted and spherical nanopartislenanocrystals
are particularly rich in Ti 5. species, whereas nanospheres expose many highly reactive
four-fold coordinated Ti atoms; spherical nanoparticles present highesurface-to-bulk
ratio, larger surface energy and lower crystallinity than well-facetel ones. We also
computed the electronic structure of these realistic metal oxidesystems in terms of
simulated density of states, energy gaps and frontier orbitals. Overall this work
highlights size and shape dependencies of structural and electronpoperties of TiO,
nanomaterials to exploit for di erent uses and applications.

Secondly, we acquired a rst-principles electronic and atomisticdescription of the
photoinduced processes in real-size Ti@nanoparticles of di erent shape by hybrid
DFT calculations. This level of theory is required to partially correct for the self-
interaction error and correctly localize photoexcited charge carries in TiO,. We
modelled the overall process from electron/hole pair formation, to is separation and
migration to the surface, which is found to be energetically favourabé, proving that
there is a tendency for electrons and holes to travel from the core ofhie nanoparticle
to the surface sites. We determined the role played by low coordiated sites and by the
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surface curvature on the charge trapping: corners and edges of the nanoatals are
poor electron traps but excellent hole traps; curved surfaces on nanpleres promote
the migration of the electrons and holes from the core to subsurface/sustce sites. We
validated the models of photoexcited TiO, nanoparticles by an extensive comparison
with available experimental data from electron paramagnetic resonanceEPR) and
optical transitions experiments.

We exploited these models of photoexcited TiQ for a collaborative study where
infrared and transient absorption measurements were used to invesate the e ect of
water adsorption on the photoexcited charge carriers dynamics. For thiswe devel-
oped a strategy to simulate the coverage-dependent vibrational fregencies of water
adsorbates on the surface of well-faceted and spherical titania nanopadies. The
computed vibrational structures are consistent with the experiments and allow for
the identi cation of water adsorption modes on nanospheres and nanocrysts. We
theoretically determined the stability of hole traps as a function of aurface water cov-
erage, proving a key role played by water on the hole trapping process the case
of spherical nanoparticles but not of well-faceted ones. These ndingpave the way
to novel strategies in the engineering of nanophotocatalysts morphologyof improved
performances in photoapplications.

Finally, we devised a computational approach for the investigation of the omplex
water/TiO , interface at a quantum mechanical level. We demonstrated the applica-
bility of a computationally e cient DFTB methodology, based on the combi nation of
the best available parameters, for the study of the interaction betwen TiO, and water
multilayers. We proved this method to describe bulk TiO,, water/water interactions
and the static/dynamic behavior of a prototypical water/(101) anatase interface with
an accuracy comparable to DFT. Because of the relatively low computationalcost
of this approach, we applied it to the study of large and realistic TiO, systems in
an agueous environment. Starting from the investigation of single water rolecule
adsorption, we increased the water coverage to the mono and then to the uftilayer
regime (up to a thickness of about 1 nm) on a 2.2 nm spherical TiQ nanoparticle.
Up to the monolayer coverage, we compared DFTB results with hybrid DFT and
found that only 20% of the water molecules dissociate. We determined stcture,
density and dipoles orientation for the multilayer coverage through DFTB molecular
dynamics simulations at 300 K.

In conclusion, with the present work we have made a step forward in te under-
standing of the size- and shape-dependent structural, electroniand (photo)chemical
properties of bare and hydrated titanium dioxide hanomaterials. Moreower, we have
developed a computational framework for future investigations on more comigx
TiO ,-based systems, interfaces and composites.
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