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ABSTRACT: In most technological applications, nano-
particles are immersed in a liquid environment. Under-
standing nanoparticles/liquid interfacial effects is extremely
relevant. This work provides a clear and detailed picture of the
type of chemistry and physics taking place at the prototypical
TiO, nanoparticles/water interface, which is crucial in
photocatalysis and photoelectrochemistry. We present a
multistep and multiscale investigation based on hybrid density
functional theory (DFT), density functional tight-binding, and
quantum mechanics/molecular mechanics calculations. We
consider increasing water partial pressure conditions from
ultra-high vacuum up to the bulk water environment. We first
investigate single water molecule adsorption modes on various

types of undercoordinated sites present on a realistic curved nanoparticle (2—3 nm) and then, by decorating all the adsorption
sites, we study a full water monolayer to identify the degree of water dissociation, the Bronsted—Lowry basicity/acidity of the
nanoparticle in water, the interface effect on crystallinity, surface energy, and electronic properties, such as the band gap and
work function. Furthermore, we increase the water coverage by adding water multilayers up to a thickness of 1 nm and perform
molecular dynamics simulations, which evidence layer structuring and molecular orientation around the curved nanoparticle.
Finally, we clarify whether these effects arise as a consequence of the tension at the water drop surface around the nanosphere
by simulating a bulk water up to a distance of 3 nm from the oxide surface. We prove that the nanoparticle/water interfacial
effects go rather long range since the dipole orientation of water molecules is observed up to a distance of S A, whereas water
structuring extends at least up to a distance of 8 A from the surface.

KEYWORDS: titanium dioxide, nanospheres, curved surface, surface acidity/basicity, solid/liquid interface, DFT, QM/MM,

molecular dynamics

1. INTRODUCTION

The short- and long-range interactions between water and
titanium dioxide surfaces are of paramount relevance in many
technological applications, ranging from the traditional use of
TiO, in the pigment industry or in advanced fields, such as
photocatalysis, photoelectrochemistry, fuel production, and
nanomedicine. This is because in these very diverse
applications TiO, materials are employed in an aqueous or
wet environment. Water should not be considered as a mere
spectator of the physical and chemical processes at the metal
oxide surface but, on the contrary, it is probably often an active
actor in many respects.l’2 First, it competes with any other
chemical species for adsorption on surface sites as a donor on
low-coordinated Ti atoms and as an H-bonding species on
low-coordinated O atoms. Secondly, water dissociation at
surface sites or defects leads to the formation of OH species,
which are crucial functional groups for the surface chemistry,
functionalization, and molecular anchoring. Additionally, water
mono or multilayer adsorption may alter the surface electronic
properties and work function, as well as the surface energy
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leading to different reconstructions than in ultra-high vacuum
conditions.” Recently, it was even reported to affect the
trapping dynamics of photogenerated charge carriers in
TiO,.»

Given the recognized importance of water on TiO,, several
first-principles studies have investigated the detailed atomistic
description of water chemistry and multilayer dynamical
structures on low-index flat surfaces.””” However, in practical
applications, TiO, is mostly used in the form of nanoparticles,
which, in a diluted aqueous environment, may partially dissolve
and become round shaped. The curvature present in spherical
nanoparticles or in nanorods leads to the exposition of a larger
number of undercoordinated sites and to a further surface
tension that are expected to largely affect their interaction with
a water environment.
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Modeling of the curved systems is in more demand than the
flat ones because a realistic size of the nanosystem must be
considered to not exaggerate the curvature effect and not to
induce excessive strain. Nanoparticle models with a definite
crystalline phase should contain at least 500—1000 atoms with
a diameter size of at least 2 nm, which is the lower limit of the
experimentally prepared TiO, nanoparticles.'””"> Few water
multilayers around this nanoobject easily sum up to 2000—
2500 atoms. On top of this, a bulk of water surrounding the
hydrated nanoparticles clearly leads to an extremely large
model.

Therefore, on one hand, there is a need for models of several
thousands of atoms. On the other hand, there is a requirement
of reliable accuracy in the description of the complex physics
and chemistry of water,'®'” especially when in contact with
spherical-shaped TiO, nanoparticles. For this, one must resort
to first-principles approaches'®'? that properly describe bond
breaking at the interface, fine structural details, and electronic
effects given the limits of classical force-field methods in these
respects.”” "> A bond order-based force field could be an
alternative choice. Unfortunately, in this specific case of
anatase TiO,/water interface, reaxFF is found to favor water
dissociation with respect to molecular adsorption, in net
contrast with various density functional theory (DFT)
studies™ ™’ and, most importantly, in contrast with the
experimental data from temperature programmed desorption
measurements”" and scanning tunneling microscope imaging.”’

In this work, we push the boundaries of the state-of-the-art
and present a set of hybrid density functional calculations
(B3LYP)*”*" on a spherical anatase TiO, nanoparticles with a
diameter of 2.2 nm with an increasing water coverage from a
single molecule up to a full monolayer (ML). At this very high
level of theory, first, we can correctly describe the electronic
structure of the system, the band gap, and the band edges with
respect to the vacuum; secondly, we can accurately describe
the site and coverage dependency of the water adsorption
mechanism (molecular and/or dissociative modes). Many key
questions are still open on the chemistry of water molecules on
a curved surface presenting several undercoordinated surface
sites, whose basicity/acidity may be quite different from those
on the flat surface.

As a further step, we then resort to a fast, efficient but still
accurate method, the self-consistent charge density functional
tight-binding (SCC-DFTB) ,>? to increase the number of water
layers around the nanosphere (NS), up to a thickness of about
1 nm. This allows expanding the investigation into the
dynamical regime through several molecular dynamics
simulations to not only learn about water structuring around
the nanoparticle but also about the nanoparticle structuring
upon the water multilayer effect. On top of this, we have
simulated a whole bulk of water around the fully hydrated
nanoparticle (up to 3 nm from the surface) by using a
combined quantum mechanics/molecular mechanics (QM/
MM) approach (i.e., SCC-DFTB/MM), where the force-field
description is only applied to the water above 1 nm from the
surface.

The theoretical simulations are analyzed in comparison with
the documented experimental data on controlled surface
hydration of anatase TiO, spherical nanoparticles (in the
range between 2.4 and 7.7 nm) from soft and standard X-ray
s];>ectroscopy,33’_35 '"H NMR spectroscopy,36 thermogravimet-
ric analysis,”*”” infrared spectroscopy, " electron para-
magnetic resonance spectroscopy,”” vis-infrared sum frequency

generation (SEG),*®* Brunauer—Emmett—Teller surface area
analysis,”” transmission electron microscopy,””**** analytical
measurements,”*"*> etc. These studies provide a direct
observation of the presence of OH groups on the surface, an
estimation of their density, surface heterogeneity, water
layering, and surface reconstruction. When this information
is combined to reliable first-principles model calculations, we
achieve a deep understanding of water chemistry at the
nanoparticle surface.

Our multistep and multiscale investigation provides, for the
first time, an accurate description at the electronic and
atomistic level of a realistic TiO, spherical nanoparticle (700
atoms) surrounded by explicit water multilayers and bathed
into a bulk of water (8958 H,O molecules). We present a
specific example of interface (TiO, nanosphere/water) because
it is of high relevance in many semiconducting oxide
technological applications; in a broader context, our study is
also a prototype example for other complex nanostructured
inorganic material/water interfaces. Understanding the funda-
mental properties of such interfaces is crucial for the
development of nanoparticle-based applications.

2. COMPUTATIONAL METHODS

In this theoretical investigation, we mostly used two levels of theory:
DFT(B3LYP) and SCC-DFTB. Both methods have been employed
for electronic structure calculations and geometry optimization,
whereas the molecular dynamics simulations have been performed
only by using the computationally efficient self-consistent charge
density functional tight-binding (SCC-DFTB) approach.

2.1. Electronic Structure Calculations. All the DFT geometry
optimizations and electronic structure calculations have been carried
out with the CRYSTAL14 code,” where the Kohn—Sham orbitals are
expanded in Gaussian-type orbitals (all-electron basis sets are O 8-
411(d1), Ti 86-411(d41), and H 511(p1)). All forces were relaxed to
less than 4.5 X 10~* au. The B3LYP hybrid functional®®*" has been
employed in this study to correctly describe the electronic structure of
the anatase TiO,.

For all the SCC-DFTB calculations, the DFTB+ open source code
has been used.** The SCC-DFTB approach is an approximated DFT-
based methodology derived from the second-order expansion of the
Kohn—Sham DFT total energy with respect to the fluctuations of the
electron density. Assuming this decomposition, the SCC-DFTB total
energy can be written as

1 1

SCC-DFTB

Etot = Z & + E 2 Erep,a/i(Rai) + Z Z y{l/}Aquq/}
i aff aff

(1)
where, the first term in the equation represents the attractive tight-
binding energy, in which the one-electron eigenvalue &; is derived
from the diagonalization of an approximated Hamiltonian matrix,
Erep,aﬂ(R{zﬂ) is a pairwise repulsive potential dependent on the distance
between the pair of atoms a and f, which is an approximation of the
short-range repulsion term, Ag, and Aqy are the charges induced on
the atoms @ and f, respectively, and 7,; is a Coulombic-like
interaction potential. This method has been employed with success to
calculate, with an extremely reduced computational effort in
comparison with standard DFT, the properties of the extended
systems such as bulk TiO, and TiO, surfaces as well as TiO, clusters
of different sizes, giving results in good agreement with the ab initio
(DFT) refs 45—47. Further details about the DFTB method and its
derivation can be found in refs 32, 48, and 49. In the following, DFTB
will be used as a short form for SCC-DFTB.

In this work, we employed the recently developed MATORG +
HBD set of parameters,”® which has been demonstrated to be well-
suited for the description of the water/water/anatase interface. This
parametrization set derives from the combination of the available
“matsci-0-3">" and “tiorg-0-1"*" sets for the description of TiO,
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systems. Furthermore, to improve the accuracy in the description of
H-bonds, the 7,y potential has been modified with a hydrogen-
bonding damping function,”* with an exponent equal to 4.0. For
geometry relaxations, the threshold for the convergence of the self-
consistent charge (SCC) procedure was set to 107° charge au and
forces were relaxed to less than 107 au

2.2. Models of the Nanoparticles. The anatase TiO, nano-
sphere (NS) model used throughout this work has been designed
through global optimization with a simulated annealing process at the
DFTB level of theory in a previous work by some of us.” In this work,
full geometry optimization was performed also at the DFT(B3LYP)
level of theory. Here, we have further reoptimized the DFTB
geometry with “MATORG + HBD” parametrization, whereas we will
make use of the DFT(B3LYP) structure from ref 53. The
stoichiometry of the model is (TiO,),,;-10H,0 and it is characterized
by an equivalent diameter of 2.2 nm. The faceted anatase TiO,
nanoparticle model (NC) has a stoichiometry of (TiO,),s10H,O
and the procedure used to build this model is detailed in ref 54.

Starting geometries for the optimization of the adsorbed water
monolayer have been constructed by saturating molecule by molecule
the undercoordinated titanium atoms on the surface of the NS model.
The initial geometry for the water multilayer on the NS model has
been generated using the PACKMOL code.*® Using this program, a
spherical water shell with an internal radius of 15 A and an external
radius of 21 A has been generated around the NS with an optimized
water monolayer already adsorbed. The water shell has been filled
with 824 nonoverlapping water molecules, corresponding approx-
imately to three water layers with a density of 0.0334 molecules/A* (1
g/dm?).

2.3. Molecular Dynamics Setup and Structural Analysis
Tools. Born—Oppenheimer molecular dynamics (BO-MD) within
DFTB of the water multilayers on the NS model has been carried out
within the canonical ensemble (NVT). The Newton’s equations of
motion were integrated with the Velocity Verlet algorithm and a small
time step of 0.5 fs ensured reversibility. During the MD simulation, a
constant temperature of 300 K has been maintained by using the
Nosé—Hoover thermostat. The system has been equilibrated for 5 ps
and, then, a production run has been performed for 45 ps. No water
molecules have been observed to desorb from the system into the
vacuum.

The direct-space extended X-ray adsorption fine structure
(EXAFS) spectra have been simulated by a Gaussian convolution of
peaks (6 = 0.0005 A) centered at the distance lengths between each
Ti atom and other atoms (O or Ti) from its first, second, and third
coordination shells. Projections have been constructed by considering
only specific titanium atoms with a certain coordination sphere.

Surface areas (Sconn) have been evaluated with the algorithm
developed by Connolly.”**” The procedure involves several steps:
first, the molecular surface is built from the overlap of all the atomic
van der Waals spheres (without considering the few OH groups,
which are not considered part of the oxide surface), then a probe
sphere (with a chosen radius of 3.0 A) is rolled on the previously
obtained surface, defining a series of contact points. Finally, these
points are used to construct arcs that smooth the van der Waals
surface, leading to the Connolly surface.

The g(d) distribution function has been calculated by determining
the MD-averaged number of water molecules within a distance d and
d + Ad away from the nanoparticle surface (Ad = 0.01 A). The
distance d is defined as the minimum value of the distance between
the oxygen atom of water (O,) and the superficial titanium atoms
(Tigp)- The Tig, species not only include all the undercoordinated
titanium atoms (Tis, Ti; Tisc(OH), Tis(OH)), but also fully
coordinated Ti atom (Tig, Sup) when connected to at least one surface
0,..

To determine the orientation of the water molecules with respect
to the surface normal, we evaluated the P(cos®) probability
distribution, where 0 is defined as the angle between the radial
vector, i.e., the vector that connects the water O to the center of the
nanoparticle, and the O—H bond vector. Each point of the P(cos 6)
probability distribution is constructed by normalizing the number of

times the value of cos @ is between cos € and cos 6 + 0.02 in the MD
simulation.

2.4. QM/MM Calculation Setup. The QM/MM calculations
have been performed with the Atomic Simulation Environment.*®
This toolkit is a driver, which interfaces an internal Explicit
Interaction QM/MM scheme®® with external total energy calculators.
Specifically, we made use of the DFTB+ software™* for the treatment
of the QM part at the DFTB level, whereas for the MM part
composed only of water molecules, we employed the Amber16 code®
with water described by the flexible SPC/Fw model.®’ The coupling
between the two regions consists of an electrostatic term calculated as
the Coulomb interaction between the atomic charges of the QM part
and the charges of the MM atoms, whereas all the non-Coulomb
interactions (van der Waals) between the subsystems has been
implemented as a Lennard-Jones type potential

12 6
o, o
s g 3 o 4
AEMM BeQM Rus AB

Values of € and ¢ for oxygen and hydrogen atoms have been taken
from ref 62 where these parameters have been specifically optimized
for the interaction between DFTB and a generic force-field, whereas
for titanium atoms they have been taken from ref 63.

We employed the same setup described in the previous section for
the DFTB calculations. Born—Oppenheimer molecular dynamics
(BO-MD) of QM (DFTB) water multilayers around the NS in a shell
of MM water molecules have been carried out within the canonical
ensemble (NVT). The Newton’s equations of motion were integrated
with the velocity Verlet algorithm and a small time step of 1.0 fs
ensured reversibility. During MD simulation, a constant temperature
of 300 K has been maintained by using the Berendsen thermostat with
a time constant of 500 fs. The system has been equilibrated for S ps
and, then, a production run has been performed for 25 ps.

3. RESULTS AND DISCUSSION

3.1. Intrinsic Water on TiO, Nanospheres. It is
experimentally proved that a small quantity of strongly
bound water on nanospheres is present up to 600—700 K.*
Thus, this can be considered as “intrinsic” water, being
extremely hard to remove. We believe that these molecules are
dissociated at very low-coordinated (3- or 4-fold) Ti sites at
the surface, which are particularly reactive. Therefore, when
modeling a spherical nanoparticle, as in the present study, we
must put some dissociated water molecules in the form of
hydroxyl (OH) groups to achieve the overall chemical stability
of the system. The number of water molecules is assessed
according to the following criteria: (1) keep it the least
possible and (2) maintain stoichiometry. The model, shown in
Figure la, is denominated in terms of the number of TiO,
units constituting the nanoparticle and of these intrinsic water
molecules: (TiO,),,;-10H,0. The distribution of OH groups
resulting from the dissociation of the ten water molecules is
assessed according to the following criteria: (1) lowest
coordination sites first (Tis.), (2) higher binding sites, (3)
no defect states appearing in the band gap. Therefore, the
electronic structure of this nanoparticle does not present any
peculiar feature, with a band gap of 4.1 eV.

3.2. Single Water Molecule Adsorption on TiO,
Nanospheres. The high ionic character of the Ti—O bond
in TiO, is not sufficient to induce water dissociation on a
stoichiometric (101) anatase surface, as it has been well
documented in both the experimental and theoretical literature
studies.”® *”**% We expect that on a curved, highly reactive
nanoparticle surface presenting several low-coordinated sites,
the situation is different. We have performed a systematic
study of the Brensted—Lowry acidity/basicity for H,O
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Figure 1. (a) Optimized structure of the NS model in a vacuum (with
intrinsic water) as obtained with DFT(B3LYP). Ti atoms are shown
in cyan, H atoms in white, and lattice and hydroxyl O atoms in red.
(b) Graphical representation of the distribution of binding energies
for molecular water molecules on each undercoordinated Ti site of
the NS model in a vacuum, as obtained with DFT(B3LYP). The
numbering refers to inequivalent Ti undercoordinated sites on the NS
surface. (c) Total energy difference between the molecular and
dissociative adsorption modes for each Ti site on the surface of the
NS model in a vacuum. A positive sign (red color) indicates that the
dissociative mode is favored, a negative sign (blue color) indicates
that the molecular mode is preferred.

dissociation into OH™ on undercoordinated Ti atoms and H*
on bridging O atoms. The competition between molecular

(H,0) and dissociated (OH + H) adsorption is mostly
governed by the basic strength of the bridging O atom
receiving H'.

We observe that, for undissociated water, the range of
binding energies goes from —0.3 to about —1.5 eV, as
computed at the DFT(B3LYP) level of theory (see Figure 1b).
These values are in line with the experimental measurements
on round-shaped nanoparticles.”** The strongest binding sites
are on the north and south poles (top and bottom) of the
sphere (site 14), where the surface looks very much like a
slightly distorted (001) surface. Then, the other very strong
binding sites are located at the equator of the sphere (sites 9,
10, 11) or on the next upper and lower parallel sites (sites 12
and 13). We evaluated the preference for molecular/
dissociated water adsorption in terms of energy difference on
all sites (Figure 1c). Water is found to favorably dissociate on
these Ti sites at the nanosphere equator (e.g, site 11) and on a
next upper or lower parallel site (e.g, site 12 or 13).

The corresponding images as in Figure 1b,c, based on the
DFTB data, are reported in Figure Slab in the Supporting
Information. The quantitative comparison between DFT and
DFTB binding energies for both molecular and dissociated
water molecules is presented through a correlation graph in
Figure S2. The molecular water adsorption energies are quite
nicely reproduced by DFTB (black bullets), whereas
dissociated water adsorption energies are mostly under-
estimated (red squares). Thus, DFTB tends to excessively
favor molecular adsorption in comparison to DFT, which must
be seriously taken into account here and in the next sections.
Detailed information about water binding energies, as obtained
with DFT and DFTB, for the molecular and dissociated
adsorption modes on various sites is reported in Table SI.

The structural details of a selection of molecular and
dissociated water adsorbates are shown in Figure 2 on the 5-
fold coordinated Ti sites: Tis. (1) and Ti, OH (17), on the 4-
fold coordinated Ti site: Ti, (11) and Ti;,OH (18), as
numbered in Figure la. Note that other possible adsorption
configurations on the nanosphere are shown too, in Figures S3
and S4 of the Supporting Information. We observe that the
undissociated water molecules (top row in Figure 2) establish
H-bonds with neighboring bridging O atoms in most cases.
The Ti—OH, bond length is between 2.16 and 2.29 A. This
long distance provides some flexibility to the structure, and the
water molecules can adjust so as to establish one or two H-
bonds. On the contrary, when the water molecule dissociates
(bottom row in Figure 2) forming one OH (blue sphere)
group and transfers a H to a neighboring bridging O, the Ti—
OH bond length is much shorter, ranging from 1.82 to 1.86 A,
which gives much less flexibility to the group that cannot
establish H-bonds with neighboring bridging O atoms. We
may consider this as “free” OH groups.

Experimentally, it is possible to characterize free or “H-
bonded” OH groups by vibrational spectroscopy since the
latter are quite red-shifted (from 3600—3700 to <3000
em™).>* Our computational DFT vibrational analysis fully
agrees with the experimental data in this regard, proving the
high level of accuracy and reliability of calculations.

3.3. Water Monolayer Adsorption on TiO, Nano-
spheres. Once the mapping of the various sites on the surface
was completed, we decorated all adsorption sites on the surface
so as to reach full (6-fold) coordination of all Ti ions. This
nominal full water monolayer (1 ML) is made up of 134
molecules. The critical issue is to establish the degree of water
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Figure 2. Ball-and-stick representation of a selection (sites 1, 17, 11 and 18) of molecular (a) and dissociated (b) water adsorbates on differently
coordinated Ti sites on the surface of the NS model in a vacuum. The adsorption site and its next neighboring atoms are evidenced by larger
spheres: Ti atoms are shown in cyan, H atoms in white, lattice and hydroxyl O atoms in red, and water O atoms in blue. The number inside the
central Ti atom refers to the numbering in Figure 1b and Table S1. Relevant bond lengths and hydrogen-bonds, shown as thin blue lines, are in A.

a=0.00

a=0.21

a=0.30

Figure 3. Optimized structures of the water monolayer with a different extent of dissociation () on the NS model, as obtained with DFT(B3LYP):
(a) all undissociated (a = 0.00), (b) 28 water molecules out of 134 dissociated (@ = 0.21), (c) 40 water molecules out of 134 dissociated (a =
0.30). Titanium, oxygen, and hydrogen atoms of the nanoparticles are shown as cyan, red, and white spheres, respectively. Oxygen atoms from
undissociated water molecules are shown in blue. Oxygen and hydrogen atoms of the hydroxyl groups coming from dissociated water molecules are

given in green and yellow, respectively.

dissociation on the nanosphere: How much water can really
dissociate? What is the global Bronsted—Lowry basicity of the
bridging O ions on the nanosphere? How many protons are
they willing to accept? To this end, we have investigated
different values of the extent of dissociation reaction (@) on
the nanosphere, which is defined as follows

Nou,H

a= » Mot = My,0 T Mo n

Mot

where, nyo and noyy are the number of molecular and

dissociated water molecules in the water monolayer,
respectively. At the DFT level of theory, we considered: a =
0.0, 0.12, 0.21, and 0.30, as shown in Figures 3 and S5. At the
DFTB level of theory it was affordable to consider several
other a, as documented in Figure SS. The detailed water
adsorption mode distribution on the numerous Ti sites of the

surface is listed in Table S2. We observe that the total energy
of the system (TiO, NP + water monolayer) decreases going
from @ = 0.0 to 0.21 (by —8.48 eV), indicating stabilization
due to the dissociation of 28 water molecules on the best
dissociation sites. On the contrary, going from a = 0.21 to
0.30, the total energy of the system increases again (by 1.39
eV), indicating that further dissociation of other 12 molecules
is not favored. These results are confirmed by the DFTB data
that allowed a broader investigation due to the reduced
computational cost (Figure SS), considering a higher
propensity of DFTB to the molecular adsorption mode, as
discussed in Section 3.2. An extent of dissociation reaction of
the order of 20%, as estimated by DFT calculations, is in
agreement with the experimental evaluation of the amount of
OH groups on a spherical nanoparticle determined by

. . 40—42
titration.
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It is relevant to investigate the effect of the water monolayer
on the structural and electronic properties of the spherical
TiO, nanoparticle.

First, we observe a consistent recrystallization of the
nanosphere that is evident through the comparison of the
simulated EXAFS spectra of bulk anatase, bare, and hydrated
(1 ML of water) TiO, nanosphere, as reported in Figure 4.
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Figure 4. Simulated EXAFS spectra computed with DFT (B3LYP) for
the anatase bulk (a) and for the NS model in a vacuum (b) and with a
water monolayer (@ = 0.21) adsorbed (c). The total distribution of
Ti—O, Ti-Ti, and Ti--O distances is reported in black, whereas the
distribution of the same distances for each type of Ti is color-coded
according to their coordination pattern.

The broadening of the Ti—O and Ti---Ti peaks is largely
reduced upon water adsorption. A similar result has been
already reported in a previous molecular mechanics study on
the water/TiO, nanoparticle interface, based on force-field
calculations.”® From the experimental point of view, there is an
EXAFS report showing that enediol ligand adsorption on
spherical nanoparticles results in partial restoration of the
octahedral Ti coordination environment and restructuring of
the nanoparticle surface,” in line with our findings. Similarly,
ZnS nanoparticle recrystallization in water has been
observed.’® It is extremely interesting to note that this effect
is totally absent in faceted nanoparticles, where water
adsorption does not alter the crystallite ordering. In parallel
to consistent recrystallization, we also observe a large surface
energy reduction upon hydration that makes the spherical
nanoparticles competitive with faceted ones. In a vacuum,
faceted nanoparticle surface energy is lower than that for
nanospheres (0.59 vs 0.72 J/m?), since the former expose
highly stable (101) facets. These values are in excellent
agreement with the experimental ones.’” Upon water
adsorption, the relative stability is reversed: nanospheres are
more stabilized by water than faceted nanoparticles, resulting
in a more negative surface energy (=0.13 vs —0.04 J/m?). In
other words, we provide computational evidence that, in the
presence of water molecules, spherical TiO, nanoparticles
would be more stable than faceted nanoparticles. A
predominant effect of a water layer on the relative stability
of different surface structures was recently proven in the case
of rutile (011) surface by a combined experimental/theoretical
study,” where the presence of water causes deconstruction into
the bulk-terminated (1 X 1) surface. Note that a negative

surface energy implies that the surface is more stable than the
bulk phase. This is not realistic for a single component system,
e.g, pure TiO,. However, in the case of multicomponent
systems, e.g., TiO,/water, this is feasible, as demonstrated by
Selloni et al.”” for anatase TiO, surfaces and by Nerskov et
al.%® for alumina surfaces in aqueous surroundings.

The effect of water adsorption on the electronic structure of
TiO, nanoparticles is analyzed in terms of comparison of the
density of states (DOS) for the nanosphere in a vacuum with
that for the hydrated nanospheres (at a different degree of
dissociation, @ = 0.0, 0.21, and 0.30), as reported in Figure S.

DOS (a.u.)

-6 -14 12 -10 -8 -6 -4 -2 0
Energy (eV)

Figure S. Total (DOS) and projected density of states on different
oxygen species (a) of the NS in a vacuum, (b) of the NS with a
monolayer of molecular water (¢ = 0.00) and (c) and (d) with a
monolayer in which a portion of water is dissociated (a = 0.21, @ =
0.30, respectively). In each panel, the band gap and the energy shift of
the valence and conduction band edges with respect to the NS model
in a vacuum are given in eV. A 0.005 eV Gaussian broadening was
used. The zero energy is set to the vacuum level.

We observe that the presence of an adsorbing water monolayer
upshifts the top of the valence band, and thus reduces the work
function of the system (Figure Sa vs Sb—d). This effect is most
pronounced (+1.32 eV) when all the water molecules on the
surface are undissociated (Figure Sb), because of the dipole
orientation of the water molecules. It reduces slightly and
progressively with the water dissociation degree to +0.97 and
to +0.89 eV, respectively (see Figure Sc,d). The experimental
shift of the valence band due to solvation can be obtained from
the difference between band positions by photoemission
experiments and by electrochemical measurements, as
discussed in detail in ref 69 for rutile TiO,. Considerin§
UPS,” flat-band potential,”’ and potential of zero charge’

data available for anatase TiO,, we could determine the
experimental estimate of the solvation shift to be +1.51 eV, in
fair agreement with our theoretical values above.
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Figure 6. (a) Snapshot of the final structure from the DFTB molecular dynamics run of the NS model with a water multilayer, i.e., a monolayer of
water (@ = 0.21) and an additional spherical shell of 824 H,0 molecules, resulting in an overall stoichiometry of (TiO,),,3-958H,0. Titanium,
oxygen, and hydrogen atoms of the nanoparticles are shown as cyan, red, and white spheres, respectively; oxygen and hydrogen atoms of hydroxyl
groups coming from dissociated water molecules are given in green and yellow, respectively; undissociated water molecules are shown as blue
sticks. (b) Distribution function g(d) as extracted from the DFTB molecular dynamics run on the water multilayer. Roman numbers from I to V
indicate the different water layers. A dashed black line is traced for g(d) = 1, which corresponds to bulk water density. (c) Schematic representation
of the distance d, i.e., the minimum distance between the oxygen of the water molecule and surface titanium atoms of the NS and of the angle 6, i.e.,
the angle between the O—H bond vector and the vector connecting the water oxygen atom with the center of the NS model.

3.4. Water Multilayer Adsorption on TiO, Nano-
spheres. On top of the water monolayer on the TiO,
nanosphere, at increasing water partial pressure, further water
layers adsorb up to an extent where the nanoparticle is
completely immersed in an aqueous medium, which will be
discussed in the next section. Here, we present a dynamic
investigation of a multilayer of water up to a thickness of about
1 nm, as shown in Figure 6a.

We analyzed the results of the DFTB-based molecular
dynamics (45 ps) by plotting the distribution function g(d)
(Figure 6b), where d is defined as the distance of the water O
atom from the closest surface Ti atom (see Figure 6¢ for a
schematic representation). We observe four distinct peaks (two
peaks in layer I, one peak in layer II, and one peak in layer III)
and two broader features that we will assign to layer IV and
layer V (Figure 6b). Various layers are sketched in different
colors in Figure 7a: layer I in black is made up of OH groups
or H,0 molecules that are directly bound to surface Ti atoms
through the O, atom; layer II in red is made up of H,O
molecules that are H-bonded to surface O atoms or to Ti—OH
groups through the H,,., atoms; layer III in violet is made up
of H,O molecules that are H-bonded to Ti—OH groups or
Ti—OH, through the O, atom; layers IV—V in green and
orange are made up of H,O molecules that are H-bonded to
those in the lower layers both through H,,., and O, atoms.
However, the g(d) distribution function may be overstructured
between 5 and 7 A from the surface due to the limitation of the
model. The behavior of water in this range will be further
discussed in the next section, in which we considered the
presence of outer layers.

It is relevant to monitor the degree of order in the
orientation of water molecules in different layers. In Figure 7b,
we plot the probability distribution function of the 8 angle
(defined in Figure 6¢). When @ is above 90°, the OH bond is
oriented toward the center of the nanoparticle, whereas when 6
is below 90° the OH bond is oriented toward the vacuum.
Thus, we infer that layer I of water points toward the vacuum,
layer II points mainly toward the nanoparticle, layer III mostly
points toward the vacuum, whereas for layers IV and V there is
no preferred directionality but the water molecules are rather
randomly oriented with all possible € values represented in the
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distribution function. This analysis is corroborated by the
evaluation of the radial component of the dipole moment for
each water layer averaged with respect to all the water
molecules contained in that layer and with respect to all the
configurations along the simulation run: for layer II it is —2.91
D/molecule, for layer III it is +2.50 D/molecule and for layer
IV it is —0.50 D/molecule. This was not done for layer I
because it involves covalent bonding with surface atoms and
for layer V because it is in contact with the vacuum.

Vibrational sum frequency generation (SFG) spectroscopy
performed on spherical anatase TiO, nanoparticles confirms
that the physisorbed water layer below 4 A (layer II) points
toward the nanoparticle.”® Additionally, this vibrational study
reveals that the chemisorbed layer is a H-bond donor, resulting
in a rather large red-shifted OH vibrational frequency (with
resspect to “free OH”), in line with another study by Shirai et
al.

3.5. TiO, Nanospheres in an Aqueous Medium.
Finally, the behavior of the TiO, nanosphere in a more
realistic aqueous environment has been investigated. To study
outer solvation shells, we made use of a series of QM/MM
calculations, where the QM part has been treated at a DFTB
level of theory, whereas the MM part has been modeled with
the flexible water model SPC/Fw.®' We performed two QM/
MM calculations, which differ for the portion of the system
described at the QM level: in the first one, the QM region is
composed of the NS and a surrounding 0.5 nm thick water
multilayer, which are immersed in a 8 nm-wide MM water
droplet; in the second one the QM region is extended up to 1
nm from the NS surface and again it is immersed in a 8 nm-
wide MM water droplet (see Figure 8a). In other words, in the
former case, labeled as “DFTB 3L + MM, only layers I, II, and
I, as defined in Section 3.4, have been considered in the QM
part, whereas in the latter case, labeled “DFTB SL + MM”, all
the NS + water system of Section 3.4 (see Figure 6a) has been
treated at the QM level of theory.

The QM/MM molecular dynamics runs (30 ns) have been
analyzed in terms of the g(d) distribution function (Figure 8b).
Considering the multilayer surrounded by MM water (blue
curve), we note that layers IV and V from the DFTB-only
calculation (DFTB SL, black curve) merged to give a single
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Figure 7. (a) Top view of the cross-section of the water multilayer on
the NS model, as obtained from the last snapshot of the DFTB
molecular dynamics simulation. Oxygen atoms of the adsorbed water
molecules and OH groups are color-coded according to their distance
from the closest titanium atom. Titanium, oxygen, and hydrogen
atoms of the nanoparticle are shown as cyan, red, and white spheres,
respectively. Hydrogen bonds are represented as dashed black lines.
(b) Probability distribution P(cos 6) of the angle 6 between the O—H
bond vector and the vector connecting water O atom to the center of
the NS model for the molecules of the water multilayer adsorbed on
the NS model within layer I (bottom panel, in black), Layers II and
III (as red and violet points, respectively, in the middle panel) and
layers IV and V (as green and orange points, respectively, in the top
panel). 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 toward the center of the nanosphere.

broad peak in the blue line for DFTB SL + MM. This is a clear
indication that the observed excessive layering from S to 7 A,
discussed in the previous section, is due to the limited size of
the model rather than to a real physical feature. Comparing
now the DFTB 5L + MM with the DFTB 3L + MM molecular
dynamics, where the QM region is limited to layers I, II, and

III, we can conclude that the QM level of theory is crucial in
the description of the water distribution between 5 and 7 A. In
fact, in DFTB 3L + MM no peak is observed for distances
larger than those included in the QM region, meaning that
molecular mechanics is not able to reproduce the increase in
the density of water at around 6 A from the NS surface. Some
long-range effect on water structuring has been previously
reported for the (100) TiO, anatase surface by ab initio
molecular dynamics.””
boundary conditions could have introduced spurious effects
due to the limited volume available for the solvent and due to
the potential of the repeated slab surface.”

Another relevant difference with the DFTB-only calculation
(DFTB SL in Figure 8b) is the decrease in the density of the

However, in this case, periodic

5
L — DFTB5L
AN — DFTB5L + MM
— DFTB 3L + MM
3_
T L
>
2_
1___ ____________ -
0 | L | . \1 . | . |
2 4 6 8 10 12 14

d (A

Figure 8. (a) Representation of the NS model with a water multilayer
(in blue) enclosed in a water droplet (in gray), resulting in an overall
stoichiometry of (TiO,);,3-8958H,0. Titanium, oxygen, and hydro-
gen atoms of the nanoparticle are shown as cyan, red, and white
spheres, respectively; oxygen and hydrogen atoms of hydroxyl groups
coming from dissociated water molecules are given in green and
yellow, respectively; undissociated water molecules of the multilayer
(treated at the DFTB level of theory) are shown with blue sticks,
whereas the rest of the water (treated at the MM level of theory) is
represented by gray lines. (b) Distribution function g(d) as extracted
from the QM(DFTB)/MM molecular dynamics runs of the water
multilayer (for definition of 3L and SL see text) on the NS model in
an 8 nm water droplet.
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second and, even more dramatically, of the third layer in the
g(d) distance distribution. We assign this to a screening effect,
weakening the Coulombic interaction and hence the water H-
bonds with the NS surface oxygen species. Consequently, the
formation of dense and compressed solvation layers in close
contact to the nanoparticle is disfavored.

Analogous to Section 3.4, we analyze the water molecule
orientation in I, II, III and the merged IV + V solvation layers,
as averaged along the DFTB SL + MM molecular dynamics
(see Figure S6 in the Supporting Information). The probability
distribution of cos @ in different layers is very similar to the one
already discussed for the multilayer in Section 3.4. In
particular, it is even clearer here that the merged IV + V
water layers are composed of randomly oriented molecules and
the presence of the nanoparticle only causes an increase in the
density with respect to bulk water between about S and 7 A.

From this analysis, we conclude that not only water affects
the NS properties, but also that the NS influences the
surrounding water up to a distance of 1 nm from the surface.
Moreover, if one could further extend the QM region, we
expect that some more density peaks in the water distribution
function g(d) may appear at longer distances (above 8 A), due
to a long-range effect of the NS on water structuring.

4. CONCLUSIONS

In this work, we presented a multistep and multiscale
investigation based on DFT, DFTB, and QM(DFTB)/MM
calculations. Increasing water partial pressure conditions were
considered.

At the DFT level of theory, we investigated single water
molecule adsorption modes on various types of uncoordinated
sites present on a realistic curved nanoparticle (700 atoms).
Water is found to favorably dissociate, mostly on the
undercoordinated Ti sites at the equator of the sphere, in
contrast to what is observed on flat (101) surfaces in faceted
nanocrystals. Dissociated OH groups cannot form H-bonds
with surface oxygens (free OH), whereas molecularly adsorbed
water does.

Then, by decorating all the adsorption sites, we studied the
full water monolayer coverage (134 H,O molecules). We
observed large nanoparticle recrystallization by simulating the
EXAFS spectrum. This largely reduces the surface energy, so
that we observe a stability inversion with respect to faceted
nanoparticles. We also determined that the optimal extent of
water dissociation, defined as the number of dissociated water
out of the total number of adsorbed water molecules, is around
20% (a = 0.2). Nanoparticle work function is rather altered by
the presence of a water monolayer shifting by about 1 eV.

At increasing water partial pressure, further layers are
expected to add to the surface. At the DFTB level of theory, we
considered water multilayer adsorption up to a thickness of 1
nm (134+824=958 H,0O molecules) and performed molecular
dynamics simulations, which evidenced layer structuring and
molecular orientation around the curved nanoparticle. Five
water layers were identified by analyzing the distribution
function of water distances from the surface. In layer I,
molecules point toward the vacuum, in layer II toward the
nanoparticle, in layer III toward the vacuum again, and then no
preferential directionality could be identified.

We clarified whether these effects arise as a consequence of
tension at the water drop surface around the nanosphere by
simulating a bulk water up to a distance of 3 nm from the oxide
surface with the QM(DFTB)/MM approach (958 (QM) +

8000 (MM) = 8958 H,O molecules). We proved that the
nanoparticle/water interaction goes rather long range since the
dipole orientation of water molecules is confirmed and
observed up to a distance of S A, whereas water structuring
extends at least up to a distance of 8 A from the surface.

To conclude, with this work we provided a very detailed and
accurate description, mostly at a quantum mechanical level, of
TiO, spherical nanoparticle interaction with water, starting
from the short-range (chemical) adsorption at low water
partial pressure, increasing it through water multilayers
adsorption, up to a bulk water environment, with a QM/
MM approach, where long-range (physical) effects clearly
emerge.
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